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LFU violation in charged current
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• ~ 4σ excess over the SM prediction 
• Good agreement by three (very) different experiments 
• Consistent with ~15% universal enhancement in tree 

level bL → cL τL νL amplitude (left-handed currents) 
• Our estimate:  

Motivation (1a): Test of LFU in charged currents
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R
0

⌘ g`gq
g2

m2

W

m2

V

' 0.13 (1)

RV V ⌘ �(⌘ ! V V )

�(⌘ ! ��)
=
�(pp ! ⌘ ! V V )

�(pp ! ⌘ ! ��)
(2)

L⇢BB = g⇢a
⇢
 B̄ �

µ⌧aB ⇢
a
µ (3)

Le↵ ⇠ 1

⇤2

F

   �  
SM

(4)

cijf
⇤2

F

( ̄
TC

�µ 
TC

)(f̄ i
SM

�µf
j
SM

) (5)

|Bdi
(3,1,�1/3) / |QLLi ⇠ dR (6)

R⌧/`
D⇤ =

B(B ! D⇤⌧⌫)
exp

/B(B ! D⇤⌧⌫)
SM

B(B ! D⇤`⌫)
exp

/B(B ! D⇤`⌫)
SM

= 1.25± 0.08 , (7)

R⌧/`
D =

B(B ! D⌧⌫)
exp

/B(B ! D⌧⌫)
SM

B(B ! D`⌫)
exp

/B(B ! D`⌫)
SM

= 1.32± 0.17 , (8)

R⌧/`(D)

R⌧/`
SM

(D)
=

R⌧/`(D⇤)

R⌧/`
SM

(D⇤)
(9)

R
0

=
1

2

 
R⌧/`(D(⇤))

R⌧/`
SM

(D(⇤))
� 1

!
' 0.13 + 0.03 (10)

⇠ �4GFp
2
Vcb(c̄L�µbL)(⌧̄L�

µ⌫⌧ ) (11)

�L = �4GFp
2
R

0

�qij�
`
kl(q̄

i
LT

a�µq
j
L)(

¯̀k
LT

a�µ`lL) (12)

gqg`
⇤2

�qij�
`
kl(q̄

i
LT

a�µq
j
L)(

¯̀k
LT

a�µ`lL) (13)

1

m2

V

gq�
q
ij(q̄

i
LT

a�µq
j
L) g`�

`
kl(¯̀

k
LT

a�µ`lL) (14)

Ja
µ = gq�

q
ij(q̄

i
LT

a�µq
j
L) + g`�

`
kl(¯̀

k
LT

a�µ`lL) (15)

�qij �`kl Ja
µ (16)

(Rµ/e
K )SM = 1.0003± 0.0001 (17)

�qij = �i3�3j + (✏�i3V̂3j + ✏⇤V̂ ⇤
3i�3j) (18)

�qbs�
`
µµ ⌧ 1 (19)

1



David Marzocca Edinburgh, 30.06.2016 5

~ 2.6σ deviation in decays to muons w.r.t. electrons [LHCb 1406.6482]
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1 Introduction

Recent experimental data in B physics hint toward deviations of Lepton Flavor Universality
(LFU) in semi-leptonic decays, both in the case of b ! c charged-current transitions, as well as
in the case of b ! s neutral currents. The statistically most significant results can be summarized
as follows:

• 3.8� + 2.0� deviation of ⌧/` universality (` = µ, e) in b ! c transitions, encoded by [1–3]:

R⌧/`
D⇤ =

B(B ! D⇤⌧⌫)
exp

/B(B ! D⇤⌧⌫)
SM

B(B ! D⇤`⌫)
exp

/B(B ! D⇤`⌫)
SM

= 1.28± 0.08 , (1)

R⌧/`
D =

B(B ! D⌧⌫)
exp

/B(B ! D⌧⌫)
SM

B(B ! D`⌫)
exp

/B(B ! D`⌫)
SM

= 1.37± 0.18 , (2)

• 2.6� deviation of µ/e universality in b ! s transitions [4]:1

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

����
q22[1,6]GeV

= 0.745+0.090
�0.074 ± 0.036 . (3)

1The result in Eqs. (1) and (2) are obtained using B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
exp

= 0.323 ± 0.021 and
B(B ! D⌧⌫)/B(B ! D`⌫)

exp

= 0.41± 0.05 from the average of Babar [1], Belle [2], and LHCb [3], assuming e/µ
universality in b ! c`⌫ decays, as indicated by b ! c`⌫ data [5] (see Sect. 3.1), together with the theory predictions
B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)

SM

= 0.252 ± 0.003 [6] and B(B ! D⌧⌫)/B(B ! D`⌫)
SM

= 0.31 ± 0.02 [7]. The

SM expectation of Rµ/e
K is |(Rµ/e

K )
SM

� 1| < 1% [8] while, by construction, R⌧/`
D⇤ = R

⌧/`
D = 1 within the SM.

2

LFU violation in neutral current

3-4σ anomaly is also present in the P5’ observable in differential 
distributions in B → K* µ+µ-. However: sizable QCD uncertainties.

bL → sL µL µL

3

Motivation (1b): Test of LFU in neutral currents

•  B → K*μμ angular distribution: P5'   

LHCb-PAPER-2015-051

• 2.6� deviation of µ/e universality in b ! s transitions [4]:1

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

����
q22[1,6]GeV

= 0.745+0.090
�0.074 ± 0.036 . (1.3)

In addition to these LFU ratios, whose deviation from unity would clearly signal physics

beyond the Standard Model (SM), B-physics data exhibit other tensions with SM expecta-

tions in semi-leptonic observables. Most notably, a ⇠ 3� deviation from the SM expectation

has been reported by LHCb [9] in the so-called P 0
5

di↵erential observable of B ! K⇤µ+µ�

decays [10]. Moreover, in charged current transitions there is a long-standing ⇠ 2.5�

discrepancy in the determination of both |Vcb| and |Vub| from exclusive vs. inclusive semi-

leptonic decays [11].

These deviations from the SM have triggered a series of theoretical speculations about

possible New Physics (NP) interpretations, see in particular Ref. [13–28]. Among these

recent papers, two particularly interesting observations are: i) the proposal of Ref. [18] to

explain both Rµ/e
K and the P 0

5

anomaly by means of NP coupled dominantly to the third

generation of quarks and leptons, with a small non-negligible mixing between third and

second generations; ii) the observation of Ref. [19] that is natural to establish a connection

between Rµ/e
K and R⌧/`

D⇤ if the e↵ective four-fermion semi-leptonic operators are build in

terms of left-handed doublets.

Despite this recent progress, a coherent dynamical picture explaining all the anomalies

has not emerged yet. On the one hand, a significantly improved fit of experimental data can

be obtained with a specific set of four-fermion operators of the type Jq⇥J`, where Jq and J`
are flavor-non-universal left-handed quark and lepton currents [19, 28]. On the other hand,

even within an E↵ective Field Theory (EFT) approach, it is hard to believe that this set of

e↵ective operators is the only relevant one in explicit NP models. In particular, explicit NP

models should face the tight constraints on four-quark and four-lepton operators dictated

by meson-antimeson mixing, and by the bounds on Lepton Flavor Violation (LFV) and LF

non-universality in pure leptonic processes. Moreover, the size of the SM modifications in

Eqs. (1.1)–(1.3) points toward relatively light new degrees of freedom, that could well be

within the reach (or already excluded) by direct searches at the LHC.

In this paper we present an attempt to build a simplified coherent dynamical model

able to explain, at least in part, these violations of LFU. The guiding principle of our

construction is the idea that the Jq ⇥ J` e↵ective operators are generated by the exchange

of one set (or more sets) of massive vector bosons that transform as a SU(2)L triplet, and

that are coupled to both quark and lepton currents. This hypothesis allows us to establish

a connection between quark-lepton, quark-quark, and lepton-lepton e↵ective operators.

We further assume that the flavor structure of the new currents is consistent with an

1The result in Eqs. (1.1) and (1.2) are obtained using B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
exp

= 0.323± 0.021

and B(B ! D⌧⌫)/B(B ! D`⌫)
exp

= 0.41 ± 0.05 from the average of Babar [1], Belle [2], and LHCb [3],

assuming e/µ universality in b ! c`⌫ decays, as indicated by b ! c`⌫ data [5] (see Sect. 3.1), together

with the theory predictions B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
SM

= 0.252± 0.003 [6] and B(B ! D⌧⌫)/B(B !
D`⌫)

SM

= 0.31± 0.02 [7]. The SM expectation of Rµ/e
K is |(Rµ/e

K )
SM

� 1| < 1% [8] while, by construction,

R
⌧/`
D⇤ = R

⌧/`
D = 1 within the SM.

– 2 –

• μ/e universality in b → s transitions

Phys. Rev. Lett. 113 (2014) 151601
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Figure 6: Allowed regions in the plane of new physics contributions to the Wilson coe�cients
Cµ
9 vs. Ce

9 (left) and the plane of the SU(2)L invariant combinations of Wilson
coe�cients Cµ

9 = �Cµ
10 vs. Ce

9 = �Ce
10 (right). The blue contours correspond to the

1 and 2� best fit regions. The diagonal line corresponds to lepton flavour universality.

As mentioned already in the introduction, the recent measurement of the ratio RK of B !
Kµ+µ� and B ! Ke+e� branching ratios in the q2 bin [1, 6] GeV2 by LHCb [6] shows a 2.6�
tension with the SM prediction

RK =
BR(B ! Kµ+µ�)[1,6]
BR(B ! Ke+e�)[1,6]

= 0.745+0.090
�0.074 ± 0.036 , RSM

K ' 1.00 . (26)

The theoretical error of the SM prediction is completely negligible compared to the current
experimental uncertainties. The tension between the SM prediction and the experimental data
is driven by the reduced B ! Kµ+µ� branching ratio, while the measured B ! Ke+e�

branching ratio is in good agreement with the SM. In our extended global fit we do not
use the RK measurement directly but instead include the B ! Kµ+µ� and B ! Ke+e�

branching rations separately, taking into account the correlations of their theory uncertainties.
As the theory uncertainties of BR(B ! Kµ+µ�) and BR(B ! Ke+e�) are essentially 100%
correlated, our approach is to a good approximation equivalent to using RK .
In fig. 6 we show the result of two fits that allow for new physics in Cµ

9 and Ce
9 (left plot) and

new physics along the SU(2)L invariant directions Cµ
9 = �Cµ

10 and Ce
9 = �Ce

10. Recall that
in section 3.3 we found that new physics in these scenarios gives the by far best description of
the experimental b ! sµ+µ� data. As expected, we again find that a Cµ

9 significantly smaller
than in the SM is clearly preferred by the fits. The best fit regions for Cµ

9 and Cµ
9 = �Cµ

10

approximately coincide with the regions found for C9 and C9 = �C10 in section 3.3. The
Wilson coe�cients Ce

9 and Ce
9 = �Ce

10 on the other hand are perfectly consistent with the
SM prediction. Lepton flavour universality, i.e. Cµ

9 = Ce
9 and Cµ

10 = Ce
10 as indicated by the

diagonal line in the plots is clearly disfavoured by the data. Our results are consistent with
similar findings in recent fits to part of the available experimental data [8, 9].
Working under the assumption that the electron modes are indeed SM like, we can make

predictions for ratios of observables that test lepton flavour universality using the best fit

21
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• Combined fit (3.9σ) 
• New physics contribution 

to muonic left-left operator  
(bL γμ sL)(μL γμ μL)
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As mentioned already in the introduction, the recent measurement of the ratio RK of B !
Kµ+µ� and B ! Ke+e� branching ratios in the q2 bin [1, 6] GeV2 by LHCb [6] shows a 2.6�
tension with the SM prediction

RK =
BR(B ! Kµ+µ�)[1,6]
BR(B ! Ke+e�)[1,6]

= 0.745+0.090
�0.074 ± 0.036 , RSM

K ' 1.00 . (26)

The theoretical error of the SM prediction is completely negligible compared to the current
experimental uncertainties. The tension between the SM prediction and the experimental data
is driven by the reduced B ! Kµ+µ� branching ratio, while the measured B ! Ke+e�

branching ratio is in good agreement with the SM. In our extended global fit we do not
use the RK measurement directly but instead include the B ! Kµ+µ� and B ! Ke+e�

branching rations separately, taking into account the correlations of their theory uncertainties.
As the theory uncertainties of BR(B ! Kµ+µ�) and BR(B ! Ke+e�) are essentially 100%
correlated, our approach is to a good approximation equivalent to using RK .

In fig. 6 we show the result of two fits that allow for new physics in Cµ
9 and Ce

9 (left plot) and
new physics along the SU(2)L invariant directions Cµ

9 = �Cµ
10 and Ce

9 = �Ce
10. Recall that

in section 3.3 we found that new physics in these scenarios gives the by far best description of
the experimental b ! sµ+µ� data. As expected, we again find that a Cµ

9 significantly smaller
than in the SM is clearly preferred by the fits. The best fit regions for Cµ

9 and Cµ
9 = �Cµ

10

approximately coincide with the regions found for C9 and C9 = �C10 in section 3.3. The
Wilson coe�cients Ce

9 and Ce
9 = �Ce

10 on the other hand are perfectly consistent with the
SM prediction. Lepton flavour universality, i.e. Cµ

9 = Ce
9 and Cµ

10 = Ce
10 as indicated by the

diagonal line in the plots is clearly disfavoured by the data. Our results are consistent with
similar findings in recent fits to part of the available experimental data [8, 9].

Working under the assumption that the electron modes are indeed SM like, we can make
predictions for ratios of observables that test lepton flavour universality using the best fit
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Global fit assuming left-handed interaction:

3

Motivation (1b): Test of LFU in neutral currents

•  B → K*μμ angular distribution: P5'   

LHCb-PAPER-2015-051

• 2.6� deviation of µ/e universality in b ! s transitions [4]:1

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

����
q22[1,6]GeV

= 0.745+0.090
�0.074 ± 0.036 . (1.3)

In addition to these LFU ratios, whose deviation from unity would clearly signal physics

beyond the Standard Model (SM), B-physics data exhibit other tensions with SM expecta-

tions in semi-leptonic observables. Most notably, a ⇠ 3� deviation from the SM expectation

has been reported by LHCb [9] in the so-called P 0
5

di↵erential observable of B ! K⇤µ+µ�

decays [10]. Moreover, in charged current transitions there is a long-standing ⇠ 2.5�

discrepancy in the determination of both |Vcb| and |Vub| from exclusive vs. inclusive semi-

leptonic decays [11].

These deviations from the SM have triggered a series of theoretical speculations about

possible New Physics (NP) interpretations, see in particular Ref. [13–28]. Among these

recent papers, two particularly interesting observations are: i) the proposal of Ref. [18] to

explain both Rµ/e
K and the P 0

5

anomaly by means of NP coupled dominantly to the third

generation of quarks and leptons, with a small non-negligible mixing between third and

second generations; ii) the observation of Ref. [19] that is natural to establish a connection

between Rµ/e
K and R⌧/`

D⇤ if the e↵ective four-fermion semi-leptonic operators are build in

terms of left-handed doublets.

Despite this recent progress, a coherent dynamical picture explaining all the anomalies

has not emerged yet. On the one hand, a significantly improved fit of experimental data can

be obtained with a specific set of four-fermion operators of the type Jq⇥J`, where Jq and J`
are flavor-non-universal left-handed quark and lepton currents [19, 28]. On the other hand,

even within an E↵ective Field Theory (EFT) approach, it is hard to believe that this set of

e↵ective operators is the only relevant one in explicit NP models. In particular, explicit NP

models should face the tight constraints on four-quark and four-lepton operators dictated

by meson-antimeson mixing, and by the bounds on Lepton Flavor Violation (LFV) and LF

non-universality in pure leptonic processes. Moreover, the size of the SM modifications in
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In this paper we present an attempt to build a simplified coherent dynamical model
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construction is the idea that the Jq ⇥ J` e↵ective operators are generated by the exchange
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a connection between quark-lepton, quark-quark, and lepton-lepton e↵ective operators.

We further assume that the flavor structure of the new currents is consistent with an

1The result in Eqs. (1.1) and (1.2) are obtained using B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
exp

= 0.323± 0.021

and B(B ! D⌧⌫)/B(B ! D`⌫)
exp

= 0.41 ± 0.05 from the average of Babar [1], Belle [2], and LHCb [3],

assuming e/µ universality in b ! c`⌫ decays, as indicated by b ! c`⌫ data [5] (see Sect. 3.1), together

with the theory predictions B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
SM

= 0.252± 0.003 [6] and B(B ! D⌧⌫)/B(B !
D`⌫)

SM

= 0.31± 0.02 [7]. The SM expectation of Rµ/e
K is |(Rµ/e

K )
SM

� 1| < 1% [8] while, by construction,

R
⌧/`
D⇤ = R

⌧/`
D = 1 within the SM.

– 2 –

• μ/e universality in b → s transitions

Phys. Rev. Lett. 113 (2014) 151601
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Figure 6: Allowed regions in the plane of new physics contributions to the Wilson coe�cients
Cµ
9 vs. Ce

9 (left) and the plane of the SU(2)L invariant combinations of Wilson
coe�cients Cµ

9 = �Cµ
10 vs. Ce

9 = �Ce
10 (right). The blue contours correspond to the

1 and 2� best fit regions. The diagonal line corresponds to lepton flavour universality.

As mentioned already in the introduction, the recent measurement of the ratio RK of B !
Kµ+µ� and B ! Ke+e� branching ratios in the q2 bin [1, 6] GeV2 by LHCb [6] shows a 2.6�
tension with the SM prediction

RK =
BR(B ! Kµ+µ�)[1,6]
BR(B ! Ke+e�)[1,6]

= 0.745+0.090
�0.074 ± 0.036 , RSM

K ' 1.00 . (26)

The theoretical error of the SM prediction is completely negligible compared to the current
experimental uncertainties. The tension between the SM prediction and the experimental data
is driven by the reduced B ! Kµ+µ� branching ratio, while the measured B ! Ke+e�

branching ratio is in good agreement with the SM. In our extended global fit we do not
use the RK measurement directly but instead include the B ! Kµ+µ� and B ! Ke+e�

branching rations separately, taking into account the correlations of their theory uncertainties.
As the theory uncertainties of BR(B ! Kµ+µ�) and BR(B ! Ke+e�) are essentially 100%
correlated, our approach is to a good approximation equivalent to using RK .

In fig. 6 we show the result of two fits that allow for new physics in Cµ
9 and Ce

9 (left plot) and
new physics along the SU(2)L invariant directions Cµ

9 = �Cµ
10 and Ce

9 = �Ce
10. Recall that

in section 3.3 we found that new physics in these scenarios gives the by far best description of
the experimental b ! sµ+µ� data. As expected, we again find that a Cµ

9 significantly smaller
than in the SM is clearly preferred by the fits. The best fit regions for Cµ

9 and Cµ
9 = �Cµ

10

approximately coincide with the regions found for C9 and C9 = �C10 in section 3.3. The
Wilson coe�cients Ce

9 and Ce
9 = �Ce

10 on the other hand are perfectly consistent with the
SM prediction. Lepton flavour universality, i.e. Cµ

9 = Ce
9 and Cµ

10 = Ce
10 as indicated by the

diagonal line in the plots is clearly disfavoured by the data. Our results are consistent with
similar findings in recent fits to part of the available experimental data [8, 9].

Working under the assumption that the electron modes are indeed SM like, we can make
predictions for ratios of observables that test lepton flavour universality using the best fit

21

Altmannshofer and Straub,  
Eur.Phys.J. C75 (2015) 8, 382 

• Combined fit (3.9σ) 
• New physics contribution 
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*See also a talk by J. Virto
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-14% of SM (1-loop).
~3.9σ deviation, consistent with

New Physics only in muons.

See also:
[Altmannshofer, Straub 1411.3161, 1503.06199; Crevellin, Pokorski 1407.1320; Hiller, Schmaltz 1408.1627; Alonso, Grinstein, Camalich 1407.7044, 
1505.05164; Gosh, Nardecchia, Renner 1408.4097; Glashow, Guadagnoli, Lane 1411.0565; Crevellin D’Ambrosio, Heeck 1503.03477]

Theoretically
very clean!
~ 1% error.
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the Monte-Carlo extrapolation approach discussed in Section 6.1 and the uncertainty on the shape of the
background mass distribution is shown in Figure 4. The uncertainties on the normalization of the signal
yield, discussed in Section 4.4, a�ect only the limits on the production cross sections.

8.1 Results of the search for a spin-0 resonance

200 400 600 800 1000 1200 1400 1600

Ev
en

ts
 / 

20
 G

eV

1−10

1

10

210

310

410
ATLAS  Preliminary

Spin-0 Selection
-1 = 13 TeV, 3.2 fbs

Data

Background-only fit

 [GeV]γγm
200 400 600 800 1000 1200 1400 1600

D
at

a 
- f

itt
ed

 b
ac

kg
ro

un
d

10−

5−
0
5

10
15

Figure 5: Distribution of the invariant mass of the diphoton candidates for the selection used in the search for a
spin-0 resonance with the best background-only fit (top). The di�erence between the data and this fit is shown in
the bottom panel. The arrows indicate values outside the range shown in the bottom panel.

Figure 5 shows the diphoton invariant mass distribution for the selection optimized for the spin-0 resonance
search together with the best background-only fit (N

S

=0).

The compatibility with the background-only hypothesis, quantified with the local p0-value, is shown in
Figure 6 as a function of the hypothesized resonance mass and width for the spin-0 search. For small
assumed signal widths, the local significance is slightly overestimated because it does not include the
e�ective additional look-elsewhere e�ect induced by the resolution uncertainty. This uncertainty is taken
into account when estimating the global significance.

The largest deviation is observed near a mass of 750 GeV. It corresponds to a local excess over the
background-only hypothesis of 3.9 standard deviations, for a width of ⇡ 45 GeV. The global significance
evaluated using the search region of 200 � 2000 GeV in mass and 1% � 10% in �

X

/m
X

is 2.0 standard
deviations. The statistical uncertainty from the number of pseudo-experiments is ±0.1.

The local significance of the excess with floating width reported here, 3.9 standard deviations, is compatible
with that reported in Ref. [17], where also a narrow-width fit was performed. The global significance
of the floating-width excess reported here is lower than that reported in Ref. [17] due to an improved
estimation using pseudo-experiments.
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CMS PAS EXO-16-018

9

6 Diphoton mass spectrum

In the B = 3.8 T data sample, a total of 1236 (665) diphoton pairs are selected in the EBEB (EBEE)
category. Out of these, 97 (184) pairs have an invariant mass above 500 GeV. In the B = 0 T
data sample, a total of 278 (118) diphoton pairs are selected in the EBEB (EBEE) category. Out
of these, 13 (37) pairs have an invariant mass above 500 GeV.

The invariant mass distribution of the selected events is shown in Fig. 4. A parametrisation
of the spectrum of the form f (mgg) = ma+b·log(mgg)

gg , obtained through an unbinned maximum
likelihood fit to the selected events, is shown. This parametric form corresponds to the one
chosen to model the background in the hypothesis tests, as detailed in Section 9.
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Figure 4: Observed invariant mass spectra for the EBEB (left) and EBEE (right). Top (bottom)
row shows the B = 3.8 T (B = 0 T) dataset. The results of parametric fits to the data are also
shown.

ATLAS-CONF-2016-018

+  ~ 2σ excesses also in Run-1 in both experiments at the same mass.

Diphoton excess @ 750GeV
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Diphoton excess @ 750GeV
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Motivation (2): Diphoton resonance excess

Figure 7: Combination of the diphoton cross section from ATLAS [1] and CMS [2] with both 8 and
13 TeV data, interpreting the resonance as a narrow-width pseudoscalar produced in gluon fusion.
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A Updated diphoton signal-strength combination

Our combination of the most recent analysis of the diphoton excess performed by ATLAS [1]
and CMS [2], is shown in Fig. 7. We use the published CMS combination of the 8 TeV and
13 TeV data (red solid line), while the ATLAS 8 TeV (dotted blue) and 13 TeV (dashed blue)
constraints are extracted from the available information by assuming they follow a Poisson
distribution, as already done in Ref. [24]. The 13 TeV distribution is obtained by imposing that
a 3.5� significance (for the narrow-width case) and an observed excluded cross section at 95%CL
of �excl
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fb are reproduced, where ✏
acc

⇠ 0.6 is our estimate of the acceptance in the
fiducial region [24]. The 8 TeV distribution is instead obtained imposing a 1.9� significance and
a compatibility with the 13 TeV data of 1.2� assuming production via gluon-fusion. The final
combination is shown in Fig. 7 (black solid line), and corresponds approximately to

�
13 TeV

(pp ! ⌘) ⇥ B(⌘ ! ��) = 4.7+1.2
�1.1 fb . (65)
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Why diphoton searches?
•  Clean signal over smooth and well known background (e.g. H(125)!γγ) 
•  Several extensions of the Standard Model predict high-mass states 

decaying to two photons
•  Benchmark models…

Marco Delmastro Diphoton searches in ATLAS 2

Spin-2 analysis
e.g. Randall-Sundrum graviton

Spin-0 analysis
e.g. extended Higgs sector

•  2HDM
"  5 physical states h0, H0, A0, H±

"  Under certain conditions, scalar and/or 
pseudo-scalar states can have sizable 
branching ratio to diphoton

•  Model predicts tower of Kaluza-Klein 
graviton states with TeV mass scale

•  Phenomenology
"  mG* = mass of lightest KK excitation

"  κ/MPl = dimensionless coupling to SM 
fields 

X

?

• Diphoton resonance searches at 
ATLAS and CMS: 
Excess of events at mγγ ~ 750 GeV

• Local significance (narrow width): 
ATLAS: 3.6σ 
CMS: 3.4σ

• All data consistent with 
(pseudo)scalar resonance signal: 
g g → X → γ γ

ATLAS-CONF-2016-018 
CMS-PAS-EXO-16-018

See for example: [Buttazzo, AG, Marzocca]

Buttazzo, Greljo, D. M.   Eur. Phys. J.  [1512.04929]
Buttazzo, Greljo, Isidori, D. M.   [1604.03940]

By Moriond 2016:
ATLAS: ~3.6σ
   CMS: ~3.4σ

Our combination
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These anomalies could all be
statistical flukes or unknown uncertainties…

but..

For the patient ones: sit and wait, data will tell.
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Pattern fits in U(2) flavour symmetry
Barbieri, Isidori, Jones-Perez, Lodone, Straub  1105.2296

in the mass-basis of charged-leptons 
and down-type quarks
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2(ūL�µcL)
2

(35)

����
gq
g`

���� . 5.4 (36)

�`
ee ⌧ �`

µµ (37)

�L = � g2`
2m2

V

�`
µµ(⌧̄L�µµL)(⌫̄⌧�

µ⌫µ) (38)

�L = � g2`
4m2

V

�`
⌧µ�

`
µµ(⌧̄L�µµL)(µ̄L�

µµL) (39)

gq
g`

=
✏q
✏`

(40)

V a
µ � �

Z 0
µ , W 0

µ

�
(41)

2

5.5 Flavor fit

Since the main features of the flavor fit are captured already in the minimal model (I), we present
detailed numerical results only for such framework. The most significant qualitative di↵erences
arising in model II are briefly outlined at the end of this section.

As discussed in Sect. 3.1 and 4.1, the vector resonances coupled to SM fermions in the
minimal model are the L̄L states (⇢ and !) and the Q̄Q states (color-octet and color singlet,
both singlets under SU(2)L). Employing the predictive flavor-mixing mechanism discussed in
Sect. 4 (TC baryon mixing), the L̄L flavored vector resonances couple to both quark and lepton
currents, while the Q̄Q resonances couple only to quarks. The main features arising by their
contributions to low-energy observables can be summarized as follows:

(L̄L) states: The results of the fit considering only ⇢ and ! exchange are shown in Fig. 4. In
addition to the flavor relations in Eq. (33), to further reduce the number of independent free
parameters we set ✏q,` = ✏0q,`, as expected by a näıve evaluation of the relevant connected TC
amplitudes. The four parameters entering the low-energy fit are therefore {✏q, ✏`, �q

bs, �
`
⌧µ}. In

Fig. 4 we show the two-dimensional planes obtained marginalizing over the remaining variables,
and requiring |✏q(`)| < 1. Shown in green, yellow and grey are the preferred regions at 68.3% (1�),
95.5% (2�) and 99.7% (3�) C.L., respectively. For comparison, the SM point has ��2

SM

= 19.6,
with respect to the best fit point. The main conclusions are: (i) the preferred region in the
(✏q, ✏`) plane is driven by the B ! D⇤(D)⌧⌫ anomaly (R

0

= ✏q✏`), as shown in the top-left
plot, (ii) �q

bs is somewhat smaller with respect to its natural expectation from the U(2) flavor
symmetry (|�q

bs| ⇠ |Vts|) due to the Bs mixing constraints (top-right plot), (iii) the discrepancy
in �Cµ

9

can not be fully explained, mainly due to the combined constraints from Bs mixing and
LFU in ⌧ ! µ/e (bottom plot). These conclusions, which are very similar to those derived in
Ref. [32], do not change significantly relaxing the assumption ✏q,` = ✏0q,`.

(Q̄Q) states: These resonances a↵ect only the �F = 2 amplitudes. A näıve evaluation
of the relevant connected amplitudes points to the cancellation of the color singlet and octet
contributions (see Sect. 5.2). However, this cancellation is not protected by any symmetry and
is likely to be violated in a realistic evaluation of the corresponding (non-perturbative) couplings
in the underlying TC theory. To illustrate the potential impact of these resonances we perform
a second fit assuming a non-vanishing coupling for the color-octet resonance (✏O). The latter
should be interpreted as the net contribution resulting from the two sets of QQ̄ states, � and V .
For simplicity, we assume ✏I ⌘ ✏q = ✏`. The results are shown in Fig. 5. As can be seen, with
a proper tuning of the e↵ective coupling ✏O it is possible to obtain a very good fit to all data.
For comparison, the SM point has ��2

SM

= 35, with respect to the best fit point. Moreover,
in addition to having an excellent fit of both R

0

and �Cµ
9

, the value of �q
bs can be close to its

natural value (top-left plot). However, the price to pay for this nice consistency with data is
a non-neglible fine-tuning among two apparently unrelated non-perturbative TC parameters,
namely ✏O and ✏I (top-right plot).
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R0 ~ 0.13 Better think of a tree-level mediator!

• Vector triplet (1,3,0) 

• Leptoquark triplet (3,3,2/3)
• Leptoquark singlet (3,1,2/3)

Greljo, Isidori, DM 1506.01705 

Barbieri, Isidori, Pattori, Senia
1512.01560 

Flavour Dynamics

- If same structure as SM: constructing interference.
- Couplings of scalar mediators suppressed by light fermion masses.

Preferred interpretations: Spin-1 states:
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Figure 7: Combination of the diphoton cross section from ATLAS [1] and CMS [2] with both 8 and
13 TeV data, interpreting the resonance as a narrow-width pseudoscalar produced in gluon fusion.
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and CMS [2], is shown in Fig. 7. We use the published CMS combination of the 8 TeV and
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constraints are extracted from the available information by assuming they follow a Poisson
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Why diphoton searches?
•  Clean signal over smooth and well known background (e.g. H(125)!γγ) 
•  Several extensions of the Standard Model predict high-mass states 

decaying to two photons
•  Benchmark models…

Marco Delmastro Diphoton searches in ATLAS 2

Spin-2 analysis
e.g. Randall-Sundrum graviton

Spin-0 analysis
e.g. extended Higgs sector

•  2HDM
"  5 physical states h0, H0, A0, H±

"  Under certain conditions, scalar and/or 
pseudo-scalar states can have sizable 
branching ratio to diphoton

•  Model predicts tower of Kaluza-Klein 
graviton states with TeV mass scale

•  Phenomenology
"  mG* = mass of lightest KK excitation

"  κ/MPl = dimensionless coupling to SM 
fields 

X

?

• Diphoton resonance searches at 
ATLAS and CMS: 
Excess of events at mγγ ~ 750 GeV

• Local significance (narrow width): 
ATLAS: 3.6σ 
CMS: 3.4σ

• All data consistent with 
(pseudo)scalar resonance signal: 
g g → X → γ γ

ATLAS-CONF-2016-018 
CMS-PAS-EXO-16-018

See for example: [Buttazzo, AG, Marzocca]

MANY possible explanations, some basic common features:

• Use vectorlike quarks (& leptons) to enhance ηgg & ηγγ couplings,
• If it is a pNGB, then these couplings could arise via the axial anomaly (as π⁰→γγ),
• Having other tree-level decays (large width) is challenging: 

need even stronger couplings,
• Most explanations in this setup are strongly coupled (at a nearby scale).
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Marco Delmastro Diphoton searches in ATLAS 2
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"  Under certain conditions, scalar and/or 
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fields 
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• Diphoton resonance searches at 
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Excess of events at mγγ ~ 750 GeV

• Local significance (narrow width): 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• All data consistent with 
(pseudo)scalar resonance signal: 
g g → X → γ γ

ATLAS-CONF-2016-018 
CMS-PAS-EXO-16-018

See for example: [Buttazzo, AG, Marzocca]

Possible interpretation:

η is a pNGB of a new strongly-coupled sector at the TeV scale,
coupled to photons and gluons via the axial anomaly.

[Franceschini et al. 1512.04933; Harigaya, Nomura 1512.04850+1602.01092+1603.05774; 
Nakai et al. 1512.04924]First day! →

[Bian et al. 1512.05759; Braig et al. 1512.07733; Bai et al. 1512.05779; Kamenik, Redi 1603.07719]

See in particular [Redi, Strumia, Tesi, Vigniani 1602.07297]

Diphoton
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Vectorlike Confinement

η, π±, π⁰, …
NF2 - 1   pNGB

SM

GSM

h,W,Z,γ,g
ψSM

Ψi ~ GSM irrep.

ΨiL, ΨiR ~ (N, riSM)

gg → η → γγ π⁰ → γγ
Via axial anomaly

Like

SU(N)TC

SU(NF)L×SU(NF)R×U(1)V

SU(NF)V×U(1)V

ΨiL, ΨiR

〈Ψ̅iΨj〉f

Kilic, Okui, Sundrum 0906.0577, 1001.4526
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Our setup for combining both anomalies
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Flavorful Vectorlike Confinement

SU(NTC)
ΨiL, ΨiR

SU(NF)L×SU(NF)R×U(1)V

SU(NF)V×U(1)V

SM

GSM

η, π±, π⁰, …
pNGB

gg → η → γγ

Vector Mesons
 ρaµ = (1,3,0) 
Uµ  = (3,1,2/3) 
Uaµ = (3,3,2/3) 
…

h,W,Z,γ,g
ψSM

Baryons
Bψ

Ψi ~ GSM irrep.

Bψ ψSM

Flavor physics mediators
e.g. through baryon-SM mixing

〈Ψ̅iΨj〉f
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B̄

B

Vµ

 ̄SM

 SM

Figure 1: Schematic diagram of the mechanism generating the coupling of the composite vector mesons
Vµ with SM fermions  

SM

via the mixing with TC baryons B.

As in Ref. [21], we stress that such anomaly computations are only strictly valid for m⌘ ⌧ ⇤.
In the case of QCD ⌘ and ⌘0 mesons the uncertainty due to this approximation is ⇠ 30%, and
we assume a similar error also for our computations. Note that this uncertainty is still smaller
than the present experimental one on the diphoton cross section.

The global symmetry breaking due to the SM gauge interactions generates, at one loop, a
quadratically-divergent contribution to the mass of the pNGB which are charged under G

SM

, to
be added in quadrature to the one due to techni-quark masses (1), which can be estimated by
(see e.g. Ref. [18])

�m2

⇡a ⇠ 3⇤2

16⇡2

X

i

g2

i C
i
2

(⇡a) , (10)

where the sum is over the SM gauge groups under which ⇡a is charged, and C i
2

(⇡a) are the
corresponding Casimirs in the representation of ⇡a.3 For the representations relevant to our
work, this is given by

�m2

(1,3,0) ⇠ (0.13⇤)2 , �m2

(8,1,0) ⇠ (0.26⇤)2 , �m2

(8,3,0) ⇠ (0.28⇤)2 ,

�m2

(3,1,Y )

⇠ (0.17⇤)2 , �m2

(3,2,Y )

⇠ (0.19⇤)2 , �m2

(3,3,Y )

⇠ (0.21⇤)2 ,
(11)

where we neglect the small contribution from the hypercharge in the second line, and stress that
the singlet does not receive any such correction to its mass.

2.2 Coupling to SM fermions

We assume that the new sector interacts with the SM fermions not only via SM gauge interaction,
but also via an additional (flavor) dynamics occurring at a scale ⇤F > ⇤ and respecting an
approximate U(2)5 = U(2)qL ⇥ U(2)uR ⇥ U(2)dR ⇥ U(2)`L ⇥ U(2)`R flavor symmetry. The latter
implies that only the third generation of SM fermions (singlets under U(2)5) can have non-
vanishing Yukawa couplings in the limit of exact symmetry [32]. We assume that also the

3For the fundamental of SU(N), C2(N) = N2�1
2N , while for the adjoint C2(R) = N .

6

17

Partial compositeness

This generates the necessary
flavor phenomenology

to describe the anomalies

As shown in Sect. 3, with a proper choice of hypercharge assignments we can restrict the attention
to models where the only techni-baryon with the quantum numbers of SM fermions are the Bq

and B` states (that could mix with qL and `L, respectively). Under this further assumption,
the flavor structure of the vector resonances is particularly simple, as discussed below. Possible
consequences of less restrictive assumptions about the underlying mechanism responsible for the
mixing between TC and SM fermions will be briefly outlined at the end of this section.

4.1 Mixing with TC baryons

On general grounds, we can parameterize the vectorlike interactions of the vector mesons with
the TC baryons as follows

LU = g⇢ aU
q` B̄q�

µB` Uµ + h.c. , (25)

L! = g⇢ (a!
q B̄q�

µBq + a!
` B̄`�

µB`) !µ , (26)

and similarly for the SU(2)L triplets ⇢a
µ and Ua

µ with the corresponding baryonic currents
(B̄q(`)�

µ�aBq(`)). The parameters aV
x depend on the details of the techni-dynamics and are

di�cult to be estimated. However, for the case NTC = 3, we expect the following O(1) relations
to hold:

(LL̄) The valence techni-quarks of the ⇢ and ! states are such that they can couple via connected
diagrams to baryons containing an L techni-quark. In the minimal model, as well as in
model II A, they could couple to both Bq and B`, and we expect both a⇢,!

q and a⇢,!
` to be

O(1). In model II B they can couple only to Bq, and we thus expect a⇢,!
` ⌧ 1.

(QQ̄) The valence techni-quarks of the �, V and ⇢0 states (some of them only present in the
extended model) are such that they could couple only to baryons containing a Q field
via connected diagrams. In the models I and II A we thus expect a�,V,⇢0

q = O(1) and

|a�,V,⇢0
` | ⌧ 1, while in model II B all the coe�cients are expected to be of O(1).6

(LQ̄) As far as leptoquarks are concerned, in the minimal model they do not have quantum
numbers that allow a coupling to Bq and B` alone; in the extended model we expect both
aU
q` and aU

q` to be O(1).

As a result of the e↵ective couplings of the SM quark and lepton doublets (qL and `L) with the
TC baryons, generated at the scale ⇤F , we can write

Bq ! q�
q
i q

i
L , B` ! `�

`
i`

i
L , (27)

where the couplings �q(`) can be decomposed as follows (in flavor space):

�q(`) =

0

@
"
q(`)
1

"
q(`)
2

1

1

A . (28)

6In the minimal model, a näıve evaluation of the relevant connected amplitudes leads to the relations 2a!
q =

a⇢
q = aV

q =
p

3/2a�
q and aV

` = a�
` = 0.
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Minimal model - SU(5F)
We require baryons with same SM quantum numbers of  qL & ℓL.
The minimal set of TC-fermions is

Q = (NTC, 3, 1, YQ) 
L  = (NTC, 1, 2, YL)NTC = 3

Model Flavor structure G
SM

irrep pNGB Mass

I

(Q̄Q) (8,1, 0) m2

(

¯QQ)

= 2B
0

mQ

(L̄Q) + h.c. (3,2, �Y ) + h.c. m2

(

¯LQ)

= B
0

(mL + mQ)

(L̄L) (1,3, 0) m2

(

¯LL)
= 2B

0

mL

3(L̄L) � 2(Q̄Q) (1,1, 0) m2

⌘ = 2

5

B
0

(3mL + 2mQ)

II

(Q̄Q) (8,3, 0), (8,1, 0), (1,3, 0) m2

(

¯QQ)

= 2B
0

mQ

(L̄Q) + h.c. (3,1, �Y ), (3,3, �Y ) + h.c. m2

(

¯LQ)

= B
0

(mL + mQ)

(L̄L) (1,3, 0) m2

(

¯LL)
= 2B

0

mL

3(L̄L) � (Q̄Q) (1,1, 0) m2

⌘ = 1

2

B
0

(3mL + mQ)

Table 1: pNGB spectrum in the minimal model (I) and in the extended model (II). �Y =
YQ � YL.

Tab. 1 (up), where �Y = YQ � YL. The anomaly couplings of the singlet (⌘) are given by

A⌘
BB = �2

r
3

5
NTC

�
Y 2

L � Y 2

Q

�
, A⌘

WW = �1

2

r
3

5
NTC , A⌘

gg =

r
3

5
NTC . (12)

In particular, we consider two choices for the hypercharges of the TC fermions: {YQ, YL} =
{�1

6

, 1

6

} and {YQ, YL} = {0,�1

6

}. As we discuss below, for NTC = 3 these choices allow to
construct techni-baryons with the quantum numbers of the SM quark and lepton doublets.
Fitting the diphoton excess, see Eq. (65), and neglecting other decay channels than those in
dibosons (see Sect. 4.2 for a discussion on this point) we get, for the first (second) hypercharge
assignment:

f ⇡ 71 (79) NTC GeV . (13)

This is also shown in Fig. 2. Given the hypercharge assignments above, we can predict the ratios
of the cross section in other diboson channels with respect to the diphoton one, Eq. (8),

Model I

(YQ, YL) RZ� RZZ RWW

A: (�1

6

, 1

6

) 6.7 11 37

B: (0,�1

6

) 5.0 9.1 34

. (14)

Both hypercharge assignments predict signals in these channels comparable with the present
experimental bounds shown in Eq. (9). This implies that, in this model, signals in all these
diboson channels are expected to show up very soon during the forthcoming LHC run. Setting
m⌘ = 750 GeV and varying the ratio mL/mQ leads to the spectrum of pNGB masses reported
in Fig. 3 (left), before the gauge corrections in Eq. (11) (to be summed in quadrature). Fixing
f ⇠ 220 GeV and B

0

⇡ 20f , from m⌘ = 750 GeV we obtain that the elementary TC fermion
masses are mL . 100 and mQ . 150, therefore they are both much lighter than ⇤.
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Model I: pNGB spectrum

Figure 3: pNGB spectrum in the minimal model (left) and the extended model (right), without the
gauge contribution of Eq. (11). The mass of the diphoton candidate resonance is fixed to m⌘ = 750 GeV.

There are two independent, unbroken, and non-anomalous U(1) factors: the diagonal sub-
group of SU(5)V , and U(1)V . These two global charges also correspond to the Q- and L-numbers,
and after mixing of the techni-baryons with the SM quark and lepton doublets, are matched to
the SM baryon and lepton numbers. One combination of them is identified with the SM hyper-
charge. Notice that, since the hypercharge assignment of the techni-quarks is never such that
it can be matched to the diagonal SU(5) generator, an embedding of the model into SU(5)

gauge

requires also the second U(1) to be gauged.

3.2 Extendend model: Q = (N
TC

,3,2, YQ) and L = (N
TC

,1,2, YL)

An extended spectrum of vector-meson resonances, including in particular vector leptoquarks,
is obtained if we assume that Q is a doublet of SU(2)L, rather than a singlet as in the minimal
model, Q = (NTC,3,2, YQ) and L = (NTC,1,2, YL). This leads to a SU(8)L ⇥ SU(8)R global
flavor symmetry. The corresponding set of 63 pNGB is listed in Tab. 1 (bottom). The anomalous
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p
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. (18)

The hypercharge assignments that allow to construct techni-baryons with the quantum numbers
of SM quark and lepton doublets, for NTC = 3, are

YQ 1/6 1/2 1/6 0 �1/6
YL �1/2 �1/6 0 �1/6 1/6

. (19)

The latter leads to a vanishing anomalous coupling to photons in Eq. (18), therefore we discard
that option. In the first two (third and fourth) cases the diphoton excess can be fit with

f ⇡ 70 (9) NTC GeV , (20)
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- From QCD:  B0 ~ 20f ,
- TC quark mass ~ 100 GeV

mη = 750 GeV

B̄

B

Vµ

 ̄SM

 SM

Figure 1: Schematic diagram of the mechanism generating the coupling of the composite vector mesons
Vµ with SM fermions  

SM

via the mixing with TC baryons B.

As in Ref. [21], we stress that such anomaly computations are only strictly valid for m⌘ ⌧ ⇤.
In the case of QCD ⌘ and ⌘0 mesons the uncertainty due to this approximation is ⇠ 30%, and
we assume a similar error also for our computations. Note that this uncertainty is still smaller
than the present experimental one on the diphoton cross section.

The global symmetry breaking due to the SM gauge interactions generates, at one loop, a
quadratically-divergent contribution to the mass of the pNGB which are charged under G

SM

, to
be added in quadrature to the one due to techni-quark masses (1), which can be estimated by
(see e.g. Ref. [18])

�m2

⇡a ⇠ 3⇤2

16⇡2

X

i

g2

i C
i
2

(⇡a) , (10)

where the sum is over the SM gauge groups under which ⇡a is charged, and C i
2

(⇡a) are the
corresponding Casimirs in the representation of ⇡a.3 For the representations relevant to our
work, this is given by

�m2

(1,3,0) ⇠ (0.13⇤)2 , �m2

(8,1,0) ⇠ (0.26⇤)2 , �m2

(8,3,0) ⇠ (0.28⇤)2 ,

�m2

(3,1,Y )

⇠ (0.17⇤)2 , �m2

(3,2,Y )

⇠ (0.19⇤)2 , �m2

(3,3,Y )

⇠ (0.21⇤)2 ,
(11)

where we neglect the small contribution from the hypercharge in the second line, and stress that
the singlet does not receive any such correction to its mass.

2.2 Coupling to SM fermions

We assume that the new sector interacts with the SM fermions not only via SM gauge interaction,
but also via an additional (flavor) dynamics occurring at a scale ⇤F > ⇤ and respecting an
approximate U(2)5 = U(2)qL ⇥ U(2)uR ⇥ U(2)dR ⇥ U(2)`L ⇥ U(2)`R flavor symmetry. The latter
implies that only the third generation of SM fermions (singlets under U(2)5) can have non-
vanishing Yukawa couplings in the limit of exact symmetry [34]. We assume that also the

3For the fundamental of SU(N), C2(N) = N2�1
2N , while for the adjoint C2(R) = N .

6

pNGB mass from SM gauge:
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Extended model - SU(8F)

Q = (NTC, 3, 2, YQ) 
L  = (NTC, 1, 2, YL)NTC = 3

Figure 3: pNGB spectrum in the minimal model (left) and the extended model (right), without the
gauge contribution of Eq. (11). The mass of the diphoton candidate resonance is fixed to m⌘ = 750 GeV.

There are two independent, unbroken, and non-anomalous U(1) factors: the diagonal sub-
group of SU(5)V , and U(1)V . These two global charges also correspond to the Q- and L-numbers,
and after mixing of the techni-baryons with the SM quark and lepton doublets, are matched to
the SM baryon and lepton numbers. One combination of them is identified with the SM hyper-
charge. Notice that, since the hypercharge assignment of the techni-quarks is never such that
it can be matched to the diagonal SU(5) generator, an embedding of the model into SU(5)

gauge

requires also the second U(1) to be gauged.

3.2 Extendend model: Q = (N
TC

,3,2, YQ) and L = (N
TC

,1,2, YL)

An extended spectrum of vector-meson resonances, including in particular vector leptoquarks,
is obtained if we assume that Q is a doublet of SU(2)L, rather than a singlet as in the minimal
model, Q = (NTC,3,2, YQ) and L = (NTC,1,2, YL). This leads to a SU(8)L ⇥ SU(8)R global
flavor symmetry. The corresponding set of 63 pNGB is listed in Tab. 1 (bottom). The anomalous
couplings of the singlet pseudoscalar meson are

A⌘
BB =

p
3NTC

�
Y 2

Q � Y 2

L

�
, A⌘

WW = 0 , A⌘
gg =

NTC

2
p

3
. (18)

The hypercharge assignments that allow to construct techni-baryons with the quantum numbers
of SM quark and lepton doublets, for NTC = 3, are

YQ 1/6 1/2 1/6 0 �1/6
YL �1/2 �1/6 0 �1/6 1/6

. (19)

The latter leads to a vanishing anomalous coupling to photons in Eq. (18), therefore we discard
that option. In the first two (third and fourth) cases the diphoton excess can be fit with

f ⇡ 70 (9) NTC GeV , (20)
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Model II: pNGB spectrum

Figure 3: pNGB spectrum in the minimal model (left) and the extended model (right), without the
gauge contribution of Eq. (11). The mass of the diphoton candidate resonance is fixed to m⌘ = 750 GeV.

There are two independent, unbroken, and non-anomalous U(1) factors: the diagonal sub-
group of SU(5)V , and U(1)V . These two global charges also correspond to the Q- and L-numbers,
and after mixing of the techni-baryons with the SM quark and lepton doublets, are matched to
the SM baryon and lepton numbers. One combination of them is identified with the SM hyper-
charge. Notice that, since the hypercharge assignment of the techni-quarks is never such that
it can be matched to the diagonal SU(5) generator, an embedding of the model into SU(5)

gauge

requires also the second U(1) to be gauged.

3.2 Extendend model: Q = (N
TC

,3,2, YQ) and L = (N
TC

,1,2, YL)

An extended spectrum of vector-meson resonances, including in particular vector leptoquarks,
is obtained if we assume that Q is a doublet of SU(2)L, rather than a singlet as in the minimal
model, Q = (NTC,3,2, YQ) and L = (NTC,1,2, YL). This leads to a SU(8)L ⇥ SU(8)R global
flavor symmetry. The corresponding set of 63 pNGB is listed in Tab. 1 (bottom). The anomalous
couplings of the singlet pseudoscalar meson are
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�
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WW = 0 , A⌘
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NTC

2
p

3
. (18)

The hypercharge assignments that allow to construct techni-baryons with the quantum numbers
of SM quark and lepton doublets, for NTC = 3, are

YQ 1/6 1/2 1/6 0 �1/6
YL �1/2 �1/6 0 �1/6 1/6

. (19)

The latter leads to a vanishing anomalous coupling to photons in Eq. (18), therefore we discard
that option. In the first two (third and fourth) cases the diphoton excess can be fit with

f ⇡ 70 (9) NTC GeV , (20)
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Model Flavor structure G
SM

irrep pNGB Mass

I

(Q̄Q) (8,1, 0) m2

(

¯QQ)

= 2B
0

mQ

(L̄Q) + h.c. (3,2, �Y ) + h.c. m2

(

¯LQ)

= B
0

(mL + mQ)

(L̄L) (1,3, 0) m2

(

¯LL)
= 2B

0

mL

3(L̄L) � 2(Q̄Q) (1,1, 0) m2

⌘ = 2

5

B
0

(3mL + 2mQ)

II

(Q̄Q) (8,3, 0), (8,1, 0), (1,3, 0) m2

(

¯QQ)

= 2B
0

mQ

(L̄Q) + h.c. (3,1, �Y ), (3,3, �Y ) + h.c. m2

(

¯LQ)

= B
0

(mL + mQ)

(L̄L) (1,3, 0) m2

(

¯LL)
= 2B

0

mL

3(L̄L) � (Q̄Q) (1,1, 0) m2

⌘ = 1

2

B
0

(3mL + mQ)

Table 1: pNGB spectrum in the minimal model (I) and in the extended model (II). �Y =
YQ � YL.

Tab. 1 (up), where �Y = YQ � YL. The anomaly couplings of the singlet (⌘) are given by

A⌘
BB = �2

r
3

5
NTC

�
Y 2

L � Y 2

Q

�
, A⌘

WW = �1

2

r
3

5
NTC , A⌘

gg =

r
3

5
NTC . (12)

In particular, we consider two choices for the hypercharges of the TC fermions: {YQ, YL} =
{�1

6

, 1

6

} and {YQ, YL} = {0,�1

6

}. As we discuss below, for NTC = 3 these choices allow to
construct techni-baryons with the quantum numbers of the SM quark and lepton doublets.
Fitting the diphoton excess, see Eq. (65), and neglecting other decay channels than those in
dibosons (see Sect. 4.2 for a discussion on this point) we get, for the first (second) hypercharge
assignment:

f ⇡ 71 (79) NTC GeV . (13)

This is also shown in Fig. 2. Given the hypercharge assignments above, we can predict the ratios
of the cross section in other diboson channels with respect to the diphoton one, Eq. (8),

Model I

(YQ, YL) RZ� RZZ RWW

A: (�1

6

, 1

6

) 6.7 11 37

B: (0,�1

6

) 5.0 9.1 34

. (14)

Both hypercharge assignments predict signals in these channels comparable with the present
experimental bounds shown in Eq. (9). This implies that, in this model, signals in all these
diboson channels are expected to show up very soon during the forthcoming LHC run. Setting
m⌘ = 750 GeV and varying the ratio mL/mQ leads to the spectrum of pNGB masses reported
in Fig. 3 (left), before the gauge corrections in Eq. (11) (to be summed in quadrature). Fixing
f ⇠ 220 GeV and B

0

⇡ 20f , from m⌘ = 750 GeV we obtain that the elementary TC fermion
masses are mL . 100 and mQ . 150, therefore they are both much lighter than ⇤.
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Model Flavor structure G
SM

irrep pNGB Mass

I

(Q̄Q) (8,1, 0) m2

(

¯QQ)

= 2B
0

mQ

(L̄Q) + h.c. (3,2, �Y ) + h.c. m2

(

¯LQ)

= B
0

(mL + mQ)

(L̄L) (1,3, 0) m2

(

¯LL)
= 2B

0

mL

3(L̄L) � 2(Q̄Q) (1,1, 0) m2

⌘ = 2

5

B
0

(3mL + 2mQ)

II

(Q̄Q) (8,3, 0), (8,1, 0), (1,3, 0) m2

(

¯QQ)

= 2B
0

mQ

(L̄Q) + h.c. (3,1, �Y ), (3,3, �Y ) + h.c. m2

(

¯LQ)

= B
0

(mL + mQ)

(L̄L) (1,3, 0) m2

(

¯LL)
= 2B

0

mL

3(L̄L) � (Q̄Q) (1,1, 0) m2

⌘ = 1

2

B
0

(3mL + mQ)

Table 1: pNGB spectrum in the minimal model (I) and in the extended model (II). �Y =
YQ � YL.

Tab. 1 (up), where �Y = YQ � YL. The anomaly couplings of the singlet (⌘) are given by

A⌘
BB = �2

r
3

5
NTC

�
Y 2

L � Y 2

Q

�
, A⌘

WW = �1

2

r
3

5
NTC , A⌘

gg =

r
3

5
NTC . (12)

In particular, we consider two choices for the hypercharges of the TC fermions: {YQ, YL} =
{�1

6

, 1

6

} and {YQ, YL} = {0,�1

6

}. As we discuss below, for NTC = 3 these choices allow to
construct techni-baryons with the quantum numbers of the SM quark and lepton doublets.
Fitting the diphoton excess, see Eq. (65), and neglecting other decay channels than those in
dibosons (see Sect. 4.2 for a discussion on this point) we get, for the first (second) hypercharge
assignment:

f ⇡ 71 (79) NTC GeV . (13)

This is also shown in Fig. 2. Given the hypercharge assignments above, we can predict the ratios
of the cross section in other diboson channels with respect to the diphoton one, Eq. (8),

Model I

(YQ, YL) RZ� RZZ RWW

A: (�1

6

, 1

6

) 6.7 11 37

B: (0,�1

6

) 5.0 9.1 34

. (14)

Both hypercharge assignments predict signals in these channels comparable with the present
experimental bounds shown in Eq. (9). This implies that, in this model, signals in all these
diboson channels are expected to show up very soon during the forthcoming LHC run. Setting
m⌘ = 750 GeV and varying the ratio mL/mQ leads to the spectrum of pNGB masses reported
in Fig. 3 (left), before the gauge corrections in Eq. (11) (to be summed in quadrature). Fixing
f ⇠ 220 GeV and B

0

⇡ 20f , from m⌘ = 750 GeV we obtain that the elementary TC fermion
masses are mL . 100 and mQ . 150, therefore they are both much lighter than ⇤.

8

- TC quark mass ~ 100 GeV

mη = 750 GeV
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pNGB dynamics

fermions, with particular attention to the flavor structure. A detailed discussion of the low-
energy flavor-physics phenomenology, with a global fit of the free parameters in the explicit
model with minimal particle content is presented in Section 5. The main features of the high-pT
phenomenology of the new states is discussed in Section 6. The results are summarized in the
Conclusions.

2 General set-up

As in Refs. [14–23], we add a new non-abelian gauge interaction with symmetry group SU(NTC)
which confines at a scale ⇤ = O(1 TeV), and a set of elementary vectorlike fermions (denoted
techni-quarks or TC quarks in the following) in the fundamental representation of this group and
in some representations of the SM gauge group G

SM

. The number and type of SM representations
define the number NF of independent techni-quarks, from the point of view of the new strong
dynamics, and the corresponding approximate non-anomalous global symmetry G = SU(NF )L⇥
SU(NF )R⇥U(1)V . This symmetry is explicitly broken by the masses of the fundamental techni-
quarks, which we assign independently to each SM irreducible representation, and by the SM
gauging itself. We assume this theory condenses, like QCD, such that h ̄i ji = �f 2B

0

�ij,
breaking the (techni) flavor symmetry to the diagonal subgroup H = SU(NF )V ⇥U(1)V . The SM
gauge group is contained in this vectorial global symmetry, so that EW symmetry is preserved
by the strong condensate. This symmetry-breaking pattern provides N2

F � 1 pseudo-Nambu-
Goldstone bosons (pNGB), classified in some G

SM

representation.

2.1 General aspects of pNGB dynamics

The low-energy dynamics of the pNGB is described by an e↵ective chiral Lagrangian completely
analogous to the QCD one. The leading two-derivatives operator and the mass terms are 1

L�PT =
f 2

4

�
Tr

⇥
(DµU)†(DµU)

⇤
+ 2B

0

(Tr[MU ] + Tr[M†U †])
 

, (1)

where f is the pNGB decay constant, M is the fundamental fermion matrix in flavor space,

and U(x) = exp
⇣
2i⇡

a
(x)
f

ta
⌘

is the pNGB matrix, transforming under G as U ! gRUg†
L. The

SU(NF ) generators ta are normalized such that Tr[tatb] = 1

2

�ab.
The neutral pNGB can have a coupling to two photons and gluons via the anomaly. In terms

of the chiral field U these are all included in the Wess-Zumino-Witten term, however for our
purposes it is enough to write the relevant couplings as (see also [21])

LWZW � � gbgc
16⇡2

⇡a

f
A⇡a

V bV c F b
µ⌫
eF cµ⌫ , (2)

1In the QCD case the value of B0 can be extracted from the ratio between the pion mass, m2
⇡ = B0(mu+md),

and the quark masses, obtaining B0 ⇡ 20 ⇥ f⇡.

4

where the anomalous coupling is given by A⇡a

V bV c = 2NTCTr
⇥
tatbtc

⇤
, ta is the SU(NF )V generator

corresponding to the ⇡a, V b,c and gb,c represent the SM gauge fields and couplings embedded

in the same group, and finally eF b
µ⌫ = 1

2

✏µ⌫⇢�F
b⇢�. We take one of the neutral pions coupled to

both gluons and photons, in particular a singlet ⌘ of G
SM

,2 to fit the 750 GeV diphoton excess.
Specifying the anomalous couplings to this case one has

LWZW � � ⌘

16⇡2f

⇣
g02A⌘

BBBµ⌫
eBµ⌫ + g2A⌘

WWW i
µ⌫
fW iµ⌫ + g2

sA
⌘
GGGA

µ⌫
eGAµ⌫

⌘
, (3)

where

A⌘
BB = 2NTCTr

⇥
t⌘Y

2

⇤
, A⌘

WW �ij = 2NTCTr
⇥
t⌘⌧

i⌧ j
⇤

, A⌘
GG�AB = 2NTCTr

⇥
t⌘T

ATB
⇤

,
(4)

and Y is the diagonal NF ⇥ NF matrix with the hypercharges of the fundamental fermions,
while TA and ⌧ i are the generators of SU(3)c and SU(2)L embedded in SU(NF )V . In terms of
couplings with the gauge bosons mass eigenstates, these translate to

LWZW � � e2

16⇡2

⌘

f

✓
A⌘

��Fµ⌫
eF µ⌫ + 2A⌘

Z�Fµ⌫
eZµ⌫ + A⌘

ZZZµ⌫
eZµ⌫ +

2

sin2 ✓W
A⌘

WWW+

µ⌫
fW�µ⌫

◆
, (5)

with

A⌘
�� = A⌘

BB + A⌘
WW = 2NTCTr

⇥
t⌘Q

2

⇤
,

A⌘
Z� = A⌘

WW cot ✓W � A⌘
BB tan ✓W , A⌘

ZZ = A⌘
WW cot2 ✓W + A⌘

BB tan2 ✓W .
(6)

The decay widths to pairs of photons and gluons are then readily obtained as

�⌘!�� =
↵2

64⇡3

A⌘
��

m3

⌘

f 2

, �⌘!gg =
↵2

s

64⇡3

A⌘
gg

m3

⌘

f 2

, (7)

and the ratios of other diboson decay widths to the diphoton one are

RZ� ⌘ �⌘!Z�

�⌘!��

⇡ 2

✓
A⌘

Z�

A⌘
��

◆
2

, RZZ ⌘ �⌘!ZZ

�⌘!��

⇡
✓

A⌘
ZZ

A⌘
��

◆
2

,

RWW ⌘ �⌘!WW

�⌘!��

⇡ 2

✓
A⌘

WW

sin2 ✓WA⌘
��

◆
2

.

(8)

The total width of such a state is of order of a few hundreds of MeV for f ⇠ O(102 GeV),
therefore negligible with respect to the experimental diphoton invariant mass resolution. For a
diphoton cross section of about 5 fb at 13 TeV, the limits from ATLAS and CMS searches at 8
TeV on these ratios are (see e.g. Refs. [14, 24])

RZ� . 5.6 , RZZ . 11 , RWW . 36 . (9)

2Neutral pNGB in non-singlet representation of SU(2)L have necessarily a vanishing anomalous coupling to
gluons, due to the traceless structure of the SU(2)L generators.
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Coupling of the pNGB via the anomaly:

����� �-�
����� �-�
����� ��-���
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�
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(η
→
γγ

) �
�
��
�
[��

]

Figure 2: Diphoton cross section from the pseudoscalar singlet ⌘ via the anomalous coupling to photons
and gluons, as a function of f for NTC = 3. The blue (green) line is for the model I with the first
(second) hypercharge assignment while the red line is for the model II. In this plot we assume the ⌘
decay width to be dominated by decays to gluons.

The spectrum of vector mesons states, |Viji = |( ̄i j)J=1

i, can also be easily deduced from
Tab. 1: it consists of a color-octet SU(2)L-singlet (VA), a complex SU(2)L-doublet leptoquark
(U↵

i ), and finally one SU(2)L-triplet and two SU(2)L-singlet colorless vectors as in QCD. In
analogy with QCD, we label and normalize the colorless vectors as

|⇢ai
(1,3,0) =

1p
2
|L̄�aLi , |!i

(1,1,0) =
1p
2
|L̄Li , |�i

(1,1,0) =
1p
3
|Q̄Qi . (15)

The mass of a generic vector meson Vij can be written as

m2

Vij
= c2

0

(4⇡f)2 + c2
1

B
0

(m
¯ i

+ m j) , (16)

with c
0

< 1 and c
1

= O(1).4

For later purpose, we notice that for NTC = 3 we can construct two techni-baryons with the
quantum numbers of the SM quark and lepton doublets (or anti-doublets), namely

|B̄`(B`)i
(1,2,±1/2) / |LLLi and |B̄qi

(3̄,2,�1/6) / |QQLi , (17)

where the hypercharge assignment of the |LLLi state depends on the two possible choices for YQ

and YL. In the case {YQ, YL} = {0,�1

6

} we can also construct a techni-baryon with the quantum
numbers of dR, namely |QLLi,5 while no other techni-baryon with the quantum numbers of SM
fermions is allowed for {YQ, YL} = {�1

6

, 1

6

}.
4In the NTC = 3 case, extrapolating from the QCD spectrum, we expect c20 ⇡ 0.5 and c21 ⇡ 1.
5Although the mixing of such a state with dR would violate lepton and baryon number conservation.

9

NTC = 3

f ~ 230 GeV

fermions, with particular attention to the flavor structure. A detailed discussion of the low-
energy flavor-physics phenomenology, with a global fit of the free parameters in the explicit
model with minimal particle content is presented in Section 5. The main features of the high-pT
phenomenology of the new states is discussed in Section 6. The results are summarized in the
Conclusions.

2 General set-up

As in Refs. [14–23], we add a new non-abelian gauge interaction with symmetry group SU(NTC)
which confines at a scale ⇤ = O(1 TeV), and a set of elementary vectorlike fermions (denoted
techni-quarks or TC quarks in the following) in the fundamental representation of this group and
in some representations of the SM gauge group G

SM

. The number and type of SM representations
define the number NF of independent techni-quarks, from the point of view of the new strong
dynamics, and the corresponding approximate non-anomalous global symmetry G = SU(NF )L⇥
SU(NF )R⇥U(1)V . This symmetry is explicitly broken by the masses of the fundamental techni-
quarks, which we assign independently to each SM irreducible representation, and by the SM
gauging itself. We assume this theory condenses, like QCD, such that h ̄i ji = �f 2B

0

�ij,
breaking the (techni) flavor symmetry to the diagonal subgroup H = SU(NF )V ⇥U(1)V . The SM
gauge group is contained in this vectorial global symmetry, so that EW symmetry is preserved
by the strong condensate. This symmetry-breaking pattern provides N2

F � 1 pseudo-Nambu-
Goldstone bosons (pNGB), classified in some G

SM

representation.

2.1 General aspects of pNGB dynamics

The low-energy dynamics of the pNGB is described by an e↵ective chiral Lagrangian completely
analogous to the QCD one. The leading two-derivatives operator and the mass terms are 1

L�PT =
f 2

4

�
Tr

⇥
(DµU)†(DµU)

⇤
+ 2B

0

(Tr[MU ] + Tr[M†U †])
 

, (1)

where f is the pNGB decay constant, M is the fundamental fermion matrix in flavor space,

and U(x) = exp
⇣
2i⇡

a
(x)
f

ta
⌘

is the pNGB matrix, transforming under G as U ! gRUg†
L. The

SU(NF ) generators ta are normalized such that Tr[tatb] = 1

2

�ab.
The neutral pNGB can have a coupling to two photons and gluons via the anomaly. In terms

of the chiral field U these are all included in the Wess-Zumino-Witten term, however for our
purposes it is enough to write the relevant couplings as (see also [21])

LWZW � � gbgc
16⇡2

⇡a

f
A⇡a

V bV c F b
µ⌫
eF cµ⌫ , (2)

1In the QCD case the value of B0 can be extracted from the ratio between the pion mass, m2
⇡ = B0(mu+md),

and the quark masses, obtaining B0 ⇡ 20 ⇥ f⇡.

4

where the anomalous coupling is given by A⇡a

V bV c = 2NTCTr
⇥
tatbtc

⇤
, ta is the SU(NF )V generator

corresponding to the ⇡a, V b,c and gb,c represent the SM gauge fields and couplings embedded

in the same group, and finally eF b
µ⌫ = 1

2

✏µ⌫⇢�F
b⇢�. We take one of the neutral pions coupled to

both gluons and photons, in particular a singlet ⌘ of G
SM

,2 to fit the 750 GeV diphoton excess.
Specifying the anomalous couplings to this case one has

LWZW � � ⌘

16⇡2f

⇣
g02A⌘

BBBµ⌫
eBµ⌫ + g2A⌘

WWW i
µ⌫
fW iµ⌫ + g2

sA
⌘
ggG

A
µ⌫

eGAµ⌫
⌘

, (3)

where

A⌘
BB = 2NTCTr

⇥
t⌘Y

2

⇤
, A⌘

WW �ij = 2NTCTr
⇥
t⌘⌧

i⌧ j
⇤

, A⌘
GG�AB = 2NTCTr

⇥
t⌘T

ATB
⇤

,
(4)

and Y is the diagonal NF ⇥ NF matrix with the hypercharges of the fundamental fermions,
while TA and ⌧ i are the generators of SU(3)c and SU(2)L embedded in SU(NF )V . In terms of
couplings with the gauge bosons mass eigenstates, these translate to

LWZW � � e2

16⇡2

⌘

f

✓
A⌘

��Fµ⌫
eF µ⌫ + 2A⌘

Z�Fµ⌫
eZµ⌫ + A⌘

ZZZµ⌫
eZµ⌫ +

2

sin2 ✓W
A⌘

WWW+

µ⌫
fW�µ⌫

◆
, (5)

with

A⌘
�� = A⌘

BB + A⌘
WW = 2NTCTr

⇥
t⌘Q

2

⇤
,

A⌘
Z� = A⌘

WW cot ✓W � A⌘
BB tan ✓W , A⌘

ZZ = A⌘
WW cot2 ✓W + A⌘

BB tan2 ✓W .
(6)

The decay widths to pairs of photons and gluons are then readily obtained as

�⌘!�� =
↵2

64⇡3

A⌘
��

m3

⌘

f 2

, �⌘!gg =
↵2

s

64⇡3

A⌘
gg

m3

⌘

f 2

, (7)

and the ratios of other diboson decay widths to the diphoton one are

RZ� ⌘ �⌘!Z�

�⌘!��

⇡ 2

✓
A⌘

Z�

A⌘
��

◆
2

, RZZ ⌘ �⌘!ZZ

�⌘!��

⇡
✓

A⌘
ZZ

A⌘
��

◆
2

,

RWW ⌘ �⌘!WW

�⌘!��

⇡ 2

✓
A⌘

WW

sin2 ✓WA⌘
��

◆
2

.

(8)

The total width of such a state is of order of a few hundreds of MeV for f ⇠ O(102 GeV),
therefore negligible with respect to the experimental diphoton invariant mass resolution. For a
diphoton cross section of about 5 fb at 13 TeV, the limits from ATLAS and CMS searches at 8
TeV on these ratios are (see e.g. Refs. [14, 24])

RZ� . 5.6 , RZZ . 11 , RWW . 36 . (9)

2Neutral pNGB in non-singlet representation of SU(2)L have necessarily a vanishing anomalous coupling to
gluons, due to the traceless structure of the SU(2)L generators.

5

Given the model,
diphoton cross section fixes f
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Other diboson channels
Given the diphoton cross section of ~5fb (@13TeV),

one can predict the rate in other diboson channels in each model

which shows that only the first two are phenomenologically viable for NTC = 3. The prediction
for the cross sections in the other diboson channels at 750 GeV are given by

Model II

(YQ, YL) RZ� RZZ RWW

A: (1
2

,�1

6

)
0.6 0.09 0

B: (1
6

,�1

2

)

. (21)

In Fig. 3 (right) we show the pNGB spectrum as a function of mL/mQ fixing m⌘ = 750 GeV,
again neglecting the gauge corrections of Eq. (11). In this case the TC quark masses are bounded
by mL . 100 GeV and mQ . 300 GeV, again much smaller than ⇤.

As anticipated, the interest of considering this extended model lies in the modified spectrum
of vector mesons, that contains more exotic states. In addition to the color-octet SU(2)L-singlet
(VA) there is also a color-octet SU(2)L-triplet (VA,a), and vector leptoquarks appears both in
singlet (U) and triplet (Ua) representations of SU(2)L. The colorless states include the ⇢a, !,
and � appearing already in the minimal model, plus a second SU(2)L triplet

|(⇢0)ai
(1,3,0) / |Q̄�aQi . (22)

The only techni-baryons with the quantum numbers of SM fermions, for NTC = 3 and for
the first two hypercharge assignments of (19), are

A: |B`i
(1,2,�1/2) / |LLLi and |Bqi

(3,2,1/6) / |QLLi , (23)

B: |B̄`i
(1,2,1/2) / |QQQi and |B̄qi

(3̄,2,�1/6) / |QQLi . (24)

4 Couplings of the composite mesons to SM fermions

Most of the heavy vectors appearing in the composite models could have e↵ective couplings of
the type V µ

AJµ
A,SM, where Jµ

A,SM is an appropriate current constructed from SM fermions. In
general, several of such couplings are severely constrained from flavor-physics experiments and
collider searches. However, as shown in Ref. [30,31] (see also [35]), a framework that is naturally
consistent with existing bounds and could possibly alleviate the present tensions in B physics
is obtained under the assumption that the heavy vectors couple mainly to third-generation
fermions. More explicitly, in order to obtain a maximally predictive framework, in the following
we assume that

I. The interactions between the heavy vectors and the SM fermions arise only as the e↵ect of
the mixing between SM fermions and techni-baryons (that, in turn, are strongly coupled
to the heavy vectors).

II. The above mixing respects an approximate U(2)5 flavor symmetry, under which techni-
quarks and third-generation SM fermions are singlets.

III. The leading corrections to the exact U(2)5 limit are obtained introducing two spurions
transforming as doublets of U(2)qL and U(2)`L , respectively (consistently with the domi-
nant U(2)5 breaking terms observed in the SM quark Yukawa couplings [32, 36]).
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Model Flavor structure G
SM

irrep pNGB Mass

I

(Q̄Q) (8,1, 0) m2

(

¯QQ)

= 2B
0

mQ

(L̄Q) + h.c. (3,2, �Y ) + h.c. m2

(

¯LQ)

= B
0

(mL + mQ)

(L̄L) (1,3, 0) m2

(

¯LL)
= 2B

0

mL

3(L̄L) � 2(Q̄Q) (1,1, 0) m2

⌘ = 2

5

B
0

(3mL + 2mQ)

II

(Q̄Q) (8,3, 0), (8,1, 0), (1,3, 0) m2

(

¯QQ)

= 2B
0

mQ

(L̄Q) + h.c. (3,1, �Y ), (3,3, �Y ) + h.c. m2

(

¯LQ)

= B
0

(mL + mQ)

(L̄L) (1,3, 0) m2

(

¯LL)
= 2B

0

mL

3(L̄L) � (Q̄Q) (1,1, 0) m2

⌘ = 1

2

B
0

(3mL + mQ)

Table 1: pNGB spectrum in the minimal model (I) and in the extended model (II). �Y =
YQ � YL.

Tab. 1 (up), where �Y = YQ � YL. The anomaly couplings of the singlet (⌘) are given by

A⌘
BB = �2

r
3

5
NTC

�
Y 2

L � Y 2

Q

�
, A⌘

WW = �1

2

r
3

5
NTC , A⌘

gg =

r
3

5
NTC . (12)

In particular, we consider two choices for the hypercharges of the TC fermions: {YQ, YL} =
{�1

6

, 1

6

} and {YQ, YL} = {0,�1

6

}. As we discuss below, for NTC = 3 these choices allow to
construct techni-baryons with the quantum numbers of the SM quark and lepton doublets.
Fitting the diphoton excess, see Eq. (65), and neglecting other decay channels than those in
dibosons (see Sect. 4.2 for a discussion on this point) we get, for the first (second) hypercharge
assignment:

f ⇡ 71 (79) NTC GeV . (13)

This is also shown in Fig. 2. Given the hypercharge assignments above, we can predict the ratios
of the cross section in other diboson channels with respect to the diphoton one, Eq. (8),

Model I

(YQ, YL) RZ� RZZ RWW

A: (�1

6

, 1

6

) 6.7 11 37

B: (0,�1

6

) 5.0 9.1 34

. (14)

Both hypercharge assignments predict signals in these channels comparable with the present
experimental bounds shown in Eq. (9). This implies that, in this model, signals in all these
diboson channels are expected to show up very soon during the forthcoming LHC run. Setting
m⌘ = 750 GeV and varying the ratio mL/mQ leads to the spectrum of pNGB masses reported
in Fig. 3 (left), before the gauge corrections in Eq. (11) (to be summed in quadrature). Fixing
f ⇠ 220 GeV and B

0

⇡ 20f , from m⌘ = 750 GeV we obtain that the elementary TC fermion
masses are mL . 100 and mQ . 150, therefore they are both much lighter than ⇤.
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where the anomalous coupling is given by A⇡a

V bV c = 2NTCTr
⇥
tatbtc

⇤
, ta is the SU(NF )V generator

corresponding to the ⇡a, V b,c and gb,c represent the SM gauge fields and couplings embedded

in the same group, and finally eF b
µ⌫ = 1

2

✏µ⌫⇢�F
b⇢�. We take one of the neutral pions coupled to

both gluons and photons, in particular a singlet ⌘ of G
SM

,2 to fit the 750 GeV diphoton excess.
Specifying the anomalous couplings to this case one has

LWZW � � ⌘

16⇡2f

⇣
g02A⌘

BBBµ⌫
eBµ⌫ + g2A⌘

WWW i
µ⌫
fW iµ⌫ + g2

sA
⌘
GGGA

µ⌫
eGAµ⌫

⌘
, (3)

where

A⌘
BB = 2NTCTr

⇥
t⌘Y

2

⇤
, A⌘

WW �ij = 2NTCTr
⇥
t⌘⌧

i⌧ j
⇤

, A⌘
GG�AB = 2NTCTr

⇥
t⌘T

ATB
⇤

,
(4)

and Y is the diagonal NF ⇥ NF matrix with the hypercharges of the fundamental fermions,
while TA and ⌧ i are the generators of SU(3)c and SU(2)L embedded in SU(NF )V . In terms of
couplings with the gauge bosons mass eigenstates, these translate to

LWZW � � e2

16⇡2

⌘

f

✓
A⌘

��Fµ⌫
eF µ⌫ + 2A⌘

Z�Fµ⌫
eZµ⌫ + A⌘

ZZZµ⌫
eZµ⌫ +

2

sin2 ✓W
A⌘

WWW+

µ⌫
fW�µ⌫

◆
, (5)

with

A⌘
�� = A⌘

BB + A⌘
WW = 2NTCTr

⇥
t⌘Q

2

⇤
,

A⌘
Z� = A⌘

WW cot ✓W � A⌘
BB tan ✓W , A⌘

ZZ = A⌘
WW cot2 ✓W + A⌘

BB tan2 ✓W .
(6)

The decay widths to pairs of photons and gluons are then readily obtained as

�⌘!�� =
↵2

64⇡3

A⌘
��

m3

⌘

f 2

, �⌘!gg =
↵2

s

64⇡3

A⌘
gg

m3

⌘

f 2

, (7)

and the ratios of other diboson decay widths to the diphoton one are

RZ� ⌘ �⌘!Z�

�⌘!��

⇡ 2

✓
A⌘

Z�

A⌘
��

◆
2

, RZZ ⌘ �⌘!ZZ

�⌘!��

⇡
✓

A⌘
ZZ

A⌘
��

◆
2

,

RWW ⌘ �⌘!WW

�⌘!��

⇡ 2

✓
A⌘

WW

sin2 ✓WA⌘
��

◆
2

.

(8)

The total width of such a state is of order of a few hundreds of MeV for f ⇠ O(102 GeV),
therefore negligible with respect to the experimental diphoton invariant mass resolution. For a
diphoton cross section of about 5 fb at 13 TeV, the limits from ATLAS and CMS searches at 8
TeV on these ratios are (see e.g. Refs. [14, 24])

RZ� . 5.6 , RZZ . 11 , RWW . 36 . (9)

2Neutral pNGB in non-singlet representation of SU(2)L have necessarily a vanishing anomalous coupling to
gluons, due to the traceless structure of the SU(2)L generators.

5

LHC bounds:

Predictions:

SU(5)

SU(8)

Already near the 
bounds. Measurable 
in the near future!

E.g. from Buttazzo, Greljo, D. M.  [1512.04929]

R
0

⌘ g`gq
g2

m2

W

m2

V

' 0.13 (1)

RV V ⌘ �(⌘ ! V V )

�(⌘ ! ��)
=
�(pp ! ⌘ ! V V )

�(pp ! ⌘ ! ��)
(2)

L⇢BB = g⇢a
⇢
 B̄ �

µ⌧aB ⇢
a
µ (3)

Le↵ ⇠ 1

⇤2

F

   �  
SM

(4)

cijf
⇤2

F

( ̄
TC

�µ 
TC

)(f̄ i
SM

�µf
j
SM

) (5)

R⌧/`
D⇤ =

B(B ! D⇤⌧⌫)
exp

/B(B ! D⇤⌧⌫)
SM

B(B ! D⇤`⌫)
exp

/B(B ! D⇤`⌫)
SM

= 1.25± 0.08 , (6)

R⌧/`
D =

B(B ! D⌧⌫)
exp

/B(B ! D⌧⌫)
SM

B(B ! D`⌫)
exp

/B(B ! D`⌫)
SM

= 1.32± 0.17 , (7)

R
0

=
1

2

 
R⌧/`(D(⇤))

R⌧/`
SM

(D(⇤))

!
' 0.13 + 0.03 (8)

⇠ �4GFp
2
Vcb(c̄L�µbL)(⌧̄L�

µ⌫⌧ ) (9)

�L =
8GFp

2
R

0

�qij�
`
kl(q̄

i
LT

a�µq
j
L)(

¯̀k
LT

a�µ`lL) (10)

gqg`
⇤2

�qij�
`
kl(q̄

i
LT

a�µq
j
L)(

¯̀k
LT

a�µ`lL) (11)

1

m2

V

gq�
q
ij(q̄

i
LT

a�µq
j
L) g`�

`
kl(¯̀

k
LT

a�µ`lL) (12)

Ja
µ = gq�

q
ij(q̄

i
LT

a�µq
j
L) + g`�

`
kl(¯̀

k
LT

a�µ`lL) (13)

�qij �`kl Ja
µ (14)

(Rµ/e
K )SM = 1.0003± 0.0001 (15)

�qij = �i3�3j + (✏�i3V̂3j + ✏⇤V̂ ⇤
3i�3j) (16)

�qbs�
`
µµ ⌧ 1 (17)

✏`,q =
g`,qmW

gmV
(18)

✏⌧ 1 (19)

1

~ 5fb
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Vector Mesons

• In the minimal model
- (LL)   ρµ  = (1,3,0) ,   ωµ = (1,1,0)
- (LQ)  Leptoquark doublet   Dµ = (3,2,ΔY)
- (QQ)  φµ = (1,1,0) ,  VAµ = (8,1,0)

• Extra/different states in the extended model:
- (QQ)  Extra triplets: ρ'µ  = (1,3,0) , VA,aµ = (8,3,0)
- (LQ)   Leptoquark singlet Uµ = (3,1,ΔY) and triplet Uaµ = (3,3,ΔY)

Figure 2: Diphoton cross section from the pseudoscalar singlet ⌘ via the anomalous coupling to photons
and gluons, as a function of f for NTC = 3. The blue (green) line is for the model I with the first
(second) hypercharge assignment while the red line is for the model II. In this plot we assume the ⌘
decay width to be dominated by decays to gluons.

The spectrum of vector mesons states, |Viji = |( ̄i j)J=1

i, can also be easily deduced from
Table 1: it consists of a color-octet SU(2)L-singlet (VA), a complex SU(2)L-doublet leptoquark
(U↵

i ), and finally one SU(2)L-triplet and two SU(2)L-singlet colorless vectors as in QCD. In
analogy with QCD, we label and normalize the colorless vectors as

|⇢ai
(1,3,0) =

1p
2
|L̄�aLi , |!i

(1,1,0) =
1p
2
|L̄Li , |�i

(1,1,0) =
1p
3
|Q̄Qi . (15)

The mass of a generic vector meson Vij can be written as

m2

Vij
= c2

0

(4⇡f)2 + c2
1

B
0

(m
¯ i

+ m j) , (16)

with c
0

< 1 and c
1

= O(1).4

For later purpose, we notice that for NTC = 3 we can construct two techni-baryons with the
quantum numbers of the SM quark and lepton doublets (or anti-doublets), namely

|B̄`(B`)i
(1,2,±1/2) / |LLLi and |B̄qi

(3̄,2,�1/6) / |QQLi , (17)

where the hypercharge assignment of the |LLLi state depends on the two possible choices for YQ

and YL. In the case {YQ, YL} = {0,�1

6

} we can also construct a techni-baryon with the quantum
numbers of dR, namely |QLLi,5 while no other techni-baryon with the quantum numbers of SM
fermions is allowed for {YQ, YL} = {�1

6

, 1

6

}.
4In the NTC = 3 case, extrapolating from the QCD spectrum, we expect c20 ⇡ 0.5 and c21 ⇡ 1.
5Although the mixing of such a state with dR would violate lepton and baryon number conservation.

9

From the diphoton anomaly:  
f ~ 230 GeV  →  mV ~ 1.5 ÷ 2 TeV

Their mass is
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Baryons
We are interested in the baryons with quantum numbers of SM fermions

Figure 2: Diphoton cross section from the pseudoscalar singlet ⌘ via the anomalous coupling to photons
and gluons, as a function of f for NTC = 3. The blue (green) line is for the model I with the first
(second) hypercharge assignment while the red line is for the model II. In this plot we assume the ⌘
decay width to be dominated by decays to gluons.
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In the minimal model:

In the extended model:

The hypercharge assignments that allow to construct techni-baryons with the quantum numbers
of SM quark and lepton doublets, for NTC = 3, are

YQ 1/6 1/2 1/6 0 �1/6
YL �1/2 �1/6 0 �1/6 1/6

. (19)

The latter leads to a vanishing anomalous coupling to photons in Eq. (18), therefore we discard
that option. In the first two (third and fourth) cases the diphoton excess can be fit with

f ⇡ 70 (9) NTC GeV , (20)

which shows that only the first two are phenomenologically viable for NTC = 3. The prediction
for the cross sections in the other diboson channels at 750 GeV are given by

Model II

(YQ, YL) RZ� RZZ RWW

A: (1
2

,�1

6

)
0.6 0.09 0

B: (1
6

,�1

2

)

. (21)

In Fig. 3 (right) we show the pNGB spectrum as a function of mL/mQ fixing m⌘ = 750 GeV,
again neglecting the gauge corrections of Eq. (11). In this case the TC quark masses are bounded
by mL . 100 GeV and mQ . 300 GeV, again much smaller than ⇤.

As anticipated, the interest of considering this extended model lies in the modified spectrum
of vector mesons, that contains more exotic states. In addition to the color-octet SU(2)L-singlet
(VA) there is also a color-octet SU(2)L-triplet (VA,a), and vector leptoquarks appears both in
singlet (U) and triplet (Ua) representations of SU(2)L. The colorless states include the ⇢a, !,
and � appearing already in the minimal model, plus a second SU(2)L triplet

|(⇢0)ai
(1,3,0) / |Q̄�aQi . (22)

The only techni-baryons with the quantum numbers of SM fermions, for NTC = 3 and for
the first two hypercharge assignments of (19), are 7

A: |B`i
(1,2,�1/2) / |LLLi and |Bqi

(3,2,1/6) / |QLLi , (23)

B: |B̄`i
(1,2,1/2) / |QQQi and |B̄qi

(3̄,2,�1/6) / |QQLi . (24)

4 Couplings of the composite mesons to SM fermions

Most of the heavy vectors appearing in the composite models could have e↵ective couplings of
the type V µ

AJµ
A,SM, where Jµ

A,SM is an appropriate current constructed from SM fermions. In
general, several of such couplings are severely constrained from flavor-physics experiments and

7With a proper combination of spin and SU(2)L indices we are able to build a completely antisymmetric wave
function for |QQQi baryon that is a (2,2) of spin and SU(2)L (and is antisymmetric irrespective of color and
TC indices), and a singlet of color and TC indices.
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in model I-B also:
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Baryons’ group theory
Q = (NTC, 3, 1, YQ) 
L  = (NTC, 1, 2, YL)NTC = 3 SU(5F)Ψ

|ΨΨΨ〉 The wave function should be antisymmetric.
SU(NTC) → antisymmetric
(flavor) x (spin) = SU(5)F x SU(2)s ⊂ SU(10) → symmetric

Baryons are in

10 x 10 x 10 = 120A + 220S + 2 x 330

220S = (40,2) + (35,4) of  SU(5)F x SU(2)s

of SU(10).

40 = (1,2) + (3,1) + (3,2) + (3,3) + (6,2) + (8,1) of  SU(3)c x SU(2)L

L qL
|LLL〉 |QQL〉
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Meson-Baryon coupling: OZI rule

≫

suppressed by 1/NTC

Estimate the size of the various couplings

aρB ~ O(1)

RV V ⌘ �(⌘ ! V V )

�(⌘ ! ��)
(1)

L⇢BB = g⇢a
⇢
 B̄ �

µ⌧aB ⇢aµ (2)

R⌧/`
D⇤ =

B(B ! D⇤⌧⌫)
exp

/B(B ! D⇤⌧⌫)
SM

B(B ! D⇤`⌫)
exp

/B(B ! D⇤`⌫)
SM

= 1.25± 0.08 , (3)

R⌧/`
D =

B(B ! D⌧⌫)
exp

/B(B ! D⌧⌫)
SM

B(B ! D`⌫)
exp

/B(B ! D`⌫)
SM

= 1.32± 0.17 , (4)

R
0

=
1

2

 
R⌧/`(D(⇤))

R⌧/`
SM

(D(⇤))

!
' 0.13 + 0.03 (5)

⇠ �4GFp
2
Vcb(c̄L�µbL)(⌧̄L�

µ⌫⌧ ) (6)

�L =
8GFp

2
R

0

�q
ij�

`
kl(Q̄

i
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a�µQ
j
L)(L̄

k
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i
LT

a�µQ
j
L)(L̄

k
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1
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q
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i
LT

a�µQ
j
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`
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k
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a�µLl
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�q
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µ (10)

(Rµ/e
K )SM = 1.0003± 0.0001 (11)

�q
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1

aρB ≪ 1
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Low-energy constraints
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Low-energy Lagrangian

For E ≪ mρ the effective Lagrangian can be

written in terms of a single SU(2)L current           :

⇠ �4GFp
2
Vcb(c̄L�µbL)(⌧̄L�

µ⌫⌧ ) (1)

gqg`
⇤2

�q
ij�

`
kl(Q̄

i
LT

a�µQ
j
L)(L̄

k
LT

a�µLl
L) (2)

�q
ij �`

kl Ja
µ (3)

1

of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian

�L(T )

4f = � 1

2m2

V

Ja
µJ

a
µ , (4)

where Ja
µ is a fermion current transforming as a SU(2)L triplet, built in terms of SM quarks

and lepton fields:

Ja
µ = gq�

q
ij

⇣
Q̄i

L�µT
aQj

L

⌘
+ g`�

`
ij

⇣
L̄i
L�µT

aLj
L

⌘
. (5)

Here �q,` are Hermitian flavor matrices and, by convention, �q
33

= �`
33

= 1.
We define Qi

L and Li
L to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L and Li
L transform as 2q ⇥ 1`

and 1q ⇥ 2`, respectively, and all other fermions are singlets. In the limit of unbroken flavor
symmetry only the Yukawa couplings for third generation fermions are allowed and the flavor
couplings in Eq. (5) are �q,`

ij = �i3�3j .
In the quark case, the leading corrections to the symmetry limit are expected to be generated

by spurions transforming as doublets of U(2)q [21]. Their flavor structure can be determined by
the SM Yukawa couplings and is unambiguously connected to the CKM matrix (V ). We can
thus expand �q

ij as follows:

�q
ij = �i3�3j + (✏

1

�i3V̂3j + ✏⇤
1

V̂ ⇤
3i�3j) + ✏

2

(V̂ ⇤
3iV̂3j) + . . . , V̂

3j = V
3j � �

3jV3j . (6)

As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

Among the four-fermion operators generated by the model, the ones most relevant to flavor

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [22].

4

Correlate
qqqq, qqℓℓ and ℓℓℓℓ

processes

Let’s focus on the 
ρµ  = (1,3,0)where Ja

µ (J0

µ) is a fermion current transforming as a SU(2)L triplet (singlet), built in terms of
the SM quarks and lepton doublets:

Ja
µ = gq�

q
ij

�
q̄iL�µ⌧

aqjL
�

+ g`�
`
ij

�
¯̀i
L�µ⌧

a`jL
�

, (39)

J0

µ =
1

2
g0

q�
q
ij

�
q̄iL�µq

j
L

�
+

1

2
g0

`�
`
ij

�
¯̀i
L�µ`

j
L

�
. (40)

Here �q,` are the Hermitian flavor matrices (�q,`
33

= 1), ⌧a = �a/2, and, in first approximation, in
the following we assume degenerate masses m⇢ = m! (see Eq. (16)). Comparing with Eq. (30),
we obtain g0

q = 2g⇢a!
q 2

q, and similarly for other couplings. Among the four-fermion operators
generated by the model, the ones most relevant to flavor phenomenology are:

�L
c.c. = � gqg`

2m2

⇢

h
(V �q)ij�

`
ab

⇣
ūi
L�µdjL

⌘⇣
¯̀a
L�µ⌫b

L

⌘
+ h.c.

i
, (41)

�L
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= �
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ab�

q
ij

4m2

⇢

⇣
d̄iL�µdjL

⌘ h
(g0qg

0

` + gqg`)
⇣

¯̀a
L�µ`bL

⌘
+ (g0qg

0

` � gqg`)
⇣
⌫̄a
L�µ⌫b

L

⌘i

��`
ab(V �qV †)ij

4m2

⇢

⇣
ūi
L�µuj

L

⌘ h
(g0qg

0

` � gqg`)
⇣

¯̀a
L�µ`bL

⌘
+ (g0qg

0

` + gqg`)
⇣
⌫̄a
L�µ⌫b

L

⌘i
, (42)

�L
�F=2

= �
g2q + (g0q )

2

8m2

⇢


(�q

ij)
2

⇣
d̄iL�µdjL
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2

+ (V �qV †)2ij

⇣
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L
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2

�
, (43)

�L
LFV

= �g2` + (g0` )
2

8m2

⇢
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ab�
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cd(¯̀

a
L�µ`bL)(¯̀cL�µ`dL) , (44)

�L
LFU

= � 1

2m2
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
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2 � g2`
2
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cd + g2`�
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ad�
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cb
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(¯̀aL�µ`bL)(⌫̄c

L�µ⌫d
L) . (45)

The low-energy observables entering the fit depend on the three flavor-non-universal cou-
plings �q

bs, �`
µµ, �`

⌧µ, and the four flavor-independent combinations

✏
(0)

`,q ⌘
g
(0)

`,q mW

g m⇢

⇡ g
(0)

`,q

122 GeV

m⇢

, (46)

which we assume to be bounded as |✏(0)`,q | < 1 (for m⇢ = 1.5 TeV this implies |g(0)

`,q | . 12). The
contributions to the flavor observables defined in Ref. [30] are summarized in Table 2.

5.2 Vector color-octet contributions to �F = 2

For the color-octet singlet and triplet fields,

VA
µ : (8,1, 0) and VA,a

µ : (8,3, 0) , (47)

we write the e↵ective couplings to quark currents as follows

L � 1

2
gO�q

ij q̄iL�µTAqjL VA
µ + g0

O�q
ij q̄iL�µTA⌧aqjL VA,a

µ , (48)
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where Ja
µ (J0

µ) is a fermion current transforming as a SU(2)L triplet (singlet), built in terms of
the SM quarks and lepton doublets:
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Here �q,` are the Hermitian flavor matrices (�q,`
33

= 1), ⌧a = �a/2, and, in first approximation, in
the following we assume degenerate masses m⇢ = m! (see Eq. (16)). Comparing with Eq. (30),
we obtain g0

q = 2g⇢a!
q 2

q, and similarly for other couplings. Among the four-fermion operators
generated by the model, the ones most relevant to flavor phenomenology are:
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The low-energy observables entering the fit depend on the three flavor-non-universal cou-
plings �q

bs, �`
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⌧µ, and the four flavor-independent combinations
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which we assume to be bounded as |✏(0)`,q | < 1 (for m⇢ = 1.5 TeV this implies |g(0)

`,q | . 12). The
contributions to the flavor observables defined in Ref. [30] are summarized in Table 2.

5.2 Vector color-octet contributions to �F = 2

For the color-octet singlet and triplet fields,
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µ : (8,1, 0) and VA,a
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5.5 Flavor fit

Since the main features of the flavor fit are captured already in the minimal model (I), we present
detailed numerical results only for such framework. The most significant qualitative di↵erences
arising in model II are briefly outlined at the end of this section.

As discussed in Sect. 3.1 and 4.1, the vector resonances coupled to SM fermions in the
minimal model are the L̄L states (⇢ and !) and the Q̄Q states (color-octet and color singlet,
both singlets under SU(2)L). Employing the predictive flavor-mixing mechanism discussed in
Sect. 4 (TC baryon mixing), the L̄L flavored vector resonances couple to both quark and lepton
currents, while the Q̄Q resonances couple only to quarks. The main features arising by their
contributions to low-energy observables can be summarized as follows:

(L̄L) states: The results of the fit considering only ⇢ and ! exchange are shown in Fig. 4. In
addition to the flavor relations in Eq. (33), to further reduce the number of independent free
parameters we set ✏q,` = ✏0q,`, as expected by a näıve evaluation of the relevant connected TC
amplitudes. The four parameters entering the low-energy fit are therefore {✏q, ✏`, �q

bs, �
`
⌧µ}. In

Fig. 4 we show the two-dimensional planes obtained marginalizing over the remaining variables,
and requiring |✏q(`)| < 1. Shown in green, yellow and grey are the preferred regions at 68.3% (1�),
95.5% (2�) and 99.7% (3�) C.L., respectively. For comparison, the SM point has ��2

SM

= 19.6,
with respect to the best fit point. The main conclusions are: (i) the preferred region in the
(✏q, ✏`) plane is driven by the B ! D⇤(D)⌧⌫ anomaly (R

0

= ✏q✏`), as shown in the top-left
plot, (ii) �q

bs is somewhat smaller with respect to its natural expectation from the U(2) flavor
symmetry (|�q

bs| ⇠ |Vts|) due to the Bs mixing constraints (top-right plot), (iii) the discrepancy
in �Cµ

9

can not be fully explained, mainly due to the combined constraints from Bs mixing and
LFU in ⌧ ! µ/e (bottom plot). These conclusions, which are very similar to those derived in
Ref. [32], do not change significantly relaxing the assumption ✏q,` = ✏0q,`.

(Q̄Q) states: These resonances a↵ect only the �F = 2 amplitudes. A näıve evaluation
of the relevant connected amplitudes points to the cancellation of the color singlet and octet
contributions (see Sect. 5.2). However, this cancellation is not protected by any symmetry and
is likely to be violated in a realistic evaluation of the corresponding (non-perturbative) couplings
in the underlying TC theory. To illustrate the potential impact of these resonances we perform
a second fit assuming a non-vanishing coupling for the color-octet resonance (✏O). The latter
should be interpreted as the net contribution resulting from the two sets of QQ̄ states, � and V .
For simplicity, we assume ✏I ⌘ ✏q = ✏`. The results are shown in Fig. 5. As can be seen, with
a proper tuning of the e↵ective coupling ✏O it is possible to obtain a very good fit to all data.
For comparison, the SM point has ��2

SM

= 35, with respect to the best fit point. Moreover,
in addition to having an excellent fit of both R

0

and �Cµ
9

, the value of �q
bs can be close to its

natural value (top-left plot). However, the price to pay for this nice consistency with data is
a non-neglible fine-tuning among two apparently unrelated non-perturbative TC parameters,
namely ✏O and ✏I (top-right plot).
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Flavor Fit

4 parameters

Obs. Oi Exp. bound (µi ± �i) Def. Oi(x↵)

R
0

(D⇤) 0.14± 0.04 ✏`✏q
R

0

(D) 0.19± 0.09 ✏`✏q
�Rµe

b!c 0.00± 0.01 2✏`✏q�`
µµ

�R�F=2
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0.0± 0.1 ✏2q |�

q
bs|2(|V ⇤

tbVts|2Rloop
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)�1

�Cµ
9

�0.53± 0.18 �(⇡/↵
em

)�`
µµ✏`✏q�

q
bs/|V ⇤

tbVts|
�R⌧!µ/e

0.0040± 0.0032 2✏2`
�
�`
µµ � 1

2

|�`
⌧µ|2

�

⇤�2

⌧µ
(0.0± 4.1)⇥ 10�9 [GeV�2] (GF /

p
2)✏2`�

`
µµ�

`
⌧µ

⇤�2

uc (0.0± 5.6)⇥ 10�14 [GeV�2] (GF /
p
2)✏2q |VubV ⇤

cb|2

Table 1: Observables entering in the fit with their experimental bound (assuming the uncer-
tainties follow the Gaussian distribution) and the expression in terms of the parameters of our
model.

3.5 Combined fit and discussion

The low-energy observables discussed above depend on the three flavor-non-universal couplings
�q
bs, �

`
µµ, �

`
⌧µ, and the two flavor-independent combinations

✏`,q ⌘
g`,q mW

g mV
⇡ g`,q

122GeV

mV
, (40)

which we assume to be bounded by |✏`,q| < 2. We have performed a combined fit of these
parameters using the experimental constraints reported in Table 1. For simplicity, we have
assumed Gaussian errors for all the observables. The preferred region of the model parameters
(x↵) has been determined minimizing the �2 distribution

�2(x↵) =
X

i

(Oi(x↵)� µi)2

�2

i

. (41)

The best-fit point is found for

✏` ⇡ 0.37 , ✏q ⇡ 0.38 , �q
bs ⇡ 2.3⇥ 10�3 , �`

µµ ⇡ 2.0⇥ 10�2 , �`
⌧µ ⇡ 4.8⇥ 10�2 . (42)

The �2 improvement of the best-fit point with respect to the SM limit is �2(x
SM

)� �2(x
BF

) =
18.6 for 5 d.o.f., which corresponds to a p-value for the SM hypothesis of 0.002. In Fig. 1 we
show the 68%CL and 95%CL regions in the (✏q, ✏`), (�

q
bs,�

`
µµ), (�

`
µµ,�

`
⌧µ), and (�Cµ

9

,�RBs)
planes, after having marginalised over the other parameters.

The best-fit point implies a small non-standard contribution to Cµ
9

. This is because of
the bounds on |�`

µµ| and |�q
bs| dictated by LFU in ⌧ decays and �mBq mixing (see sect. 3.4).

However, in the 95%CL (68%CL) preferred region of the model parameters the e↵ective coupling
|�`

µµ| can exceed 0.10 (0.05). In this case �Cµ
9

can be within 1� or 2� of its central value (see
right panels in Fig. 1).6

6A “perfect fit” of �Cµ
9

can be obtained extending the minimal version of the model, at the cost of introducing

11

+

⇠ �4GFp
2
Vcb(c̄L�µbL)(⌧̄L�

µ⌫⌧ ) (1)

gqg`
⇤2

�q
ij�

`
kl(Q̄

i
LT

a�µQ
j
L)(L̄

k
LT

a�µLl
L) (2)

1

⇤2
gq�

q
ij(Q̄

i
LT

a�µQ
j
L) g`�

`
kl(L̄

k
LT

a�µLl
L) (3)

�q
ij �`

kl Ja
µ (4)

�q
ij = �i3�3j + (✏�i3V̂3j + ✏⇤V̂ ⇤

3i�3j) (5)

✏ ⌧ 1 (6)

�bd ⌧ �bs ⌧ �bb = 1 �ss ⇠ �2
bs (7)

Q30
L = Q3

L + ✏V3↵Q
↵
L , ↵ = 1, 2 (8)

Q̄30
LT

a�µQ30
L ⌘ �q

ijQ̄
i
LT

a�µQj
L (9)

�q '
✓

|✏|2V ⇤
3↵V3� ✏⇤V ⇤

3↵

✏V3� 1

◆
(10)

R0 ⌘
g`gq
g2

m2
W

m2
V

= ✏`✏q (11)

1

+

⇠ �4GFp
2
Vcb(c̄L�µbL)(⌧̄L�

µ⌫⌧ ) (1)

gqg`
⇤2

�q
ij�

`
kl(Q̄

i
LT

a�µQ
j
L)(L̄

k
LT

a�µLl
L) (2)

1

⇤2
gq�

q
ij(Q̄

i
LT

a�µQ
j
L) g`�

`
kl(L̄

k
LT

a�µLl
L) (3)

�q
ij �`

kl Ja
µ (4)

�q
ij = �i3�3j + (✏�i3V̂3j + ✏⇤V̂ ⇤

3i�3j) (5)

✏ ⌧ 1 (6)

�bd ⌧ �bs ⌧ �bb = 1 �ss ⇠ �2
bs (7)

Q30
L = Q3

L + ✏V3↵Q
↵
L , ↵ = 1, 2 (8)

Q̄30
LT

a�µQ30
L ⌘ �q

ijQ̄
i
LT

a�µQj
L (9)

�q '
✓

|✏|2V ⇤
3↵V3� ✏⇤V ⇤

3↵

✏V3� 1

◆
(10)

R0 ⌘
g`gq
g2

m2
W

m2
V

= ✏`✏q (11)

R⌧/`
D = R⌧/`

D⇤ ' 1 + 2R0 R0 = 0.14± 0.04 (12)

�(b ! c(u)µ⌫)

�(b ! c(u)e⌫)
' 1 + 2R0�

`
µµ (13)

�L = � gqg`
2m2

V

Vcb(c̄L�µbL)(⌧̄L�
µ⌫⌧L) (14)

�L = �
g2q

8m2
V

(�bs)
2(b̄L�µsL)

2 �L = �
g2q

8m2
V

(VubV
⇤
cb)
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Input data:
Obs. Oi Prediction Oi(x↵) Experimental value

R
0

✏`✏q 0.13 ± 0.03

�Cµ
9

�(⇡/↵
em

) �`
µµ(✏`✏q + ✏0`✏

0

q) �q
bs/|V ⇤

tbVts| �0.58 ± 0.16

�R�F=2

Bs

�
✏2q + (✏0q)

2

�
|�q

bs|2 (|V ⇤
tbVts|2Rloop

SM

)�1 �0.10 ± 0.07

�Rµe
b!c 2✏`✏q�`

µµ 0.00 ± 0.01

R⌧!µ/e

��1 + ✏2`�
`
µµ + 1

2

�
(✏0`)

2 � ✏2`
�
|�`

⌧µ|2
��2 +

��1
2

�
✏2` + (✏0`)

2

�
�`
⌧µ

��2 1.0040 ± 0.0032

⇤�2

⌧µ (GF/
p

2)
�
✏2` + (✏0`)

2

�
�`
µµ�

`
⌧µ (0.0 ± 4.1) ⇥ 10�9 GeV�2

⇤�2

uc (GF/
p

2)
�
✏2q + (✏0q)

2

�
|VubV

⇤
cb|2 (0.0 ± 5.6) ⇥ 10�14 GeV�2

RK(⇤)⌫

h
2 +

��1 + (⇡/↵
em

)(✏`✏q � ✏0`✏
0

q)�
q
bs/(|V ⇤

tbVts|CSM

⌫ )
��2
i
/3 0.0 ± 2.6

Table 2: Observables entering in the fit, together with their predictions in terms of the model
parameters describing the contributions due to ⇢ and ! exchange, and the corresponding exper-
imental bounds (assuming Gaussian uncertainties).

where TA are the generators of color (TA = �A/2 where �A are Gell-Mann matrices) and gO
(g0

O) is the corresponding coupling constant for the color-octet, electroweak singlet (triplet),
vector resonance. The singlet contribution to meson mixing is the same as in Table 2 with the
replacement (✏0q)

2 ! �2✏2O/3, where

✏O ⌘ gO mW

g mO

⇡ gO
122 GeV

mO

. (49)

Note that this implies a cancellation between � and VA contributions to meson mixing in the
limit aV

q =
p

3/2 a�
q , that is what is expected by a näıve evaluation of the relevant connected

TC amplitudes contributing to these couplings.
Similarly, the contribution of the triplet is obtained via the replacement (✏q)2 ! �2(✏0O)2/3.

5.3 Vector leptoquark contributions to semi-leptonic operators

For the vector LQ representations

Ua
µ : (3,3, 2/3) and Uµ : (3,1, 2/3) , (50)

we define the interactions to the SM quarks and leptons as follows

LU = gT �ij q̄iL�µ⌧a`jL Ua
µ + h.c. , (51)

LU =
1

2
gS �ij q̄iL�µ`jL Uµ + h.c. , (52)

16

1) b→c τ ν
2) b→s µ µ 
3) Bs mix 
4) b→ cνµ(e)
5) τ → ννµ(e)
6) τ → 3µ
7) D mix
8) b→s ν ν

ρ + ω   contribution

Greljo, Isidori, DM [1506.01705]
Buttazzo, Greljo, Isidori DM  [1604.03940]
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Low-energy Fit

εℓ,q ~ 0.4  driven mainly by R0

5.5 Flavor fit

Since the main features of the flavor fit are captured already in the minimal model (I), we present
detailed numerical results only for such framework. The most significant qualitative di↵erences
arising in model II are briefly outlined at the end of this section.

As discussed in Sect. 3.1 and 4.1, the vector resonances coupled to SM fermions in the
minimal model are the L̄L states (⇢ and !) and the Q̄Q states (color-octet and color singlet,
both singlets under SU(2)L). Employing the predictive flavor-mixing mechanism discussed in
Sect. 4 (TC baryon mixing), the L̄L flavored vector resonances couple to both quark and lepton
currents, while the Q̄Q resonances couple only to quarks. The main features arising by their
contributions to low-energy observables can be summarized as follows:

(L̄L) states: The results of the fit considering only ⇢ and ! exchange are shown in Fig. 4. In
addition to the flavor relations in Eq. (33), to further reduce the number of independent free
parameters we set ✏q,` = ✏0q,`, as expected by a näıve evaluation of the relevant connected TC
amplitudes. The four parameters entering the low-energy fit are therefore {✏q, ✏`, �q

bs, �
`
⌧µ}. In

Fig. 4 we show the two-dimensional planes obtained marginalizing over the remaining variables,
and requiring |✏q(`)| < 1. Shown in green, yellow and grey are the preferred regions at 68.3% (1�),
95.5% (2�) and 99.7% (3�) C.L., respectively. For comparison, the SM point has ��2

SM

= 19.6,
with respect to the best fit point. The main conclusions are: (i) the preferred region in the
(✏q, ✏`) plane is driven by the B ! D⇤(D)⌧⌫ anomaly (R

0

= ✏q✏`), as shown in the top-left
plot, (ii) �q

bs is somewhat smaller with respect to its natural expectation from the U(2) flavor
symmetry (|�q

bs| ⇠ |Vts|) due to the Bs mixing constraints (top-right plot), (iii) the discrepancy
in �Cµ

9

can not be fully explained, mainly due to the combined constraints from Bs mixing and
LFU in ⌧ ! µ/e (bottom plot). These conclusions, which are very similar to those derived in
Ref. [32], do not change significantly relaxing the assumption ✏q,` = ✏0q,`.

(Q̄Q) states: These resonances a↵ect only the �F = 2 amplitudes. A näıve evaluation
of the relevant connected amplitudes points to the cancellation of the color singlet and octet
contributions (see Sect. 5.2). However, this cancellation is not protected by any symmetry and
is likely to be violated in a realistic evaluation of the corresponding (non-perturbative) couplings
in the underlying TC theory. To illustrate the potential impact of these resonances we perform
a second fit assuming a non-vanishing coupling for the color-octet resonance (✏O). The latter
should be interpreted as the net contribution resulting from the two sets of QQ̄ states, � and V .
For simplicity, we assume ✏I ⌘ ✏q = ✏`. The results are shown in Fig. 5. As can be seen, with
a proper tuning of the e↵ective coupling ✏O it is possible to obtain a very good fit to all data.
For comparison, the SM point has ��2

SM

= 35, with respect to the best fit point. Moreover,
in addition to having an excellent fit of both R

0

and �Cµ
9

, the value of �q
bs can be close to its

natural value (top-left plot). However, the price to pay for this nice consistency with data is
a non-neglible fine-tuning among two apparently unrelated non-perturbative TC parameters,
namely ✏O and ✏I (top-right plot).
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ρ + ω   contribution

Strong coupling

From diphoton:

1σ
2σ3σ

-1.0 -0.5 0.0 0.5 1.0
-1.0

-0.5

0.0

0.5

1.0

ϵq

ϵ ℓ

Marginalized Δχ2

Figure 4: Model I (L̄L triplet + singlet only): Preferred regions at 1� (green), 2� (yellow) and 3�
(gray) from the fit to low-energy data in Table 2 projected to two dimensional planes while marginalizing
over other variables. Compare with ��2

SM

= 19.6. Here ✏q (✏`) are the same for triplet and singlet
(✏q,` = ✏0q,`). Also, �`

µµ = |�`
⌧µ|2 and |✏q(`)| < 1. Shown in the bottom plot in red are the experimental

values for R
0

and �Cµ
9

entering the fit (see Table 2), while the SM point is shown with the blue star.
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Table 2: Observables entering in the fit, together with their predictions in terms of the model
parameters describing the contributions due to ⇢ and ! exchange, and the corresponding exper-
imental bounds (assuming Gaussian uncertainties).
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The low-energy observables entering the fit depend on the three flavor-non-universal cou-
plings �q

bs, �`
µµ, �`

⌧µ, and the four flavor-independent combinations

✏
(0)

`,q ⌘
g
(0)

`,q mW
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⇡ g
(0)

`,q
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, (46)

which we assume to be bounded as |✏(0)`,q | < 1 (for m⇢ = 1.5 TeV this implies |g(0)

`,q | . 12). The
contributions to the flavor observables defined in Ref. [32] are summarized in Table 2.
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5.5 Flavor fit

Since the main features of the flavor fit are captured already in the minimal model (I), we present
detailed numerical results only for such framework. The most significant qualitative di↵erences
arising in model II are briefly outlined at the end of this section.

As discussed in Sect. 3.1 and 4.1, the vector resonances coupled to SM fermions in the
minimal model are the L̄L states (⇢ and !) and the Q̄Q states (color-octet and color singlet,
both singlets under SU(2)L). Employing the predictive flavor-mixing mechanism discussed in
Sect. 4 (TC baryon mixing), the L̄L flavored vector resonances couple to both quark and lepton
currents, while the Q̄Q resonances couple only to quarks. The main features arising by their
contributions to low-energy observables can be summarized as follows:

(L̄L) states: The results of the fit considering only ⇢ and ! exchange are shown in Fig. 4. In
addition to the flavor relations in Eq. (33), to further reduce the number of independent free
parameters we set ✏q,` = ✏0q,`, as expected by a näıve evaluation of the relevant connected TC
amplitudes. The four parameters entering the low-energy fit are therefore {✏q, ✏`, �q

bs, �
`
⌧µ}. In

Fig. 4 we show the two-dimensional planes obtained marginalizing over the remaining variables,
and requiring |✏q(`)| < 1. Shown in green, yellow and grey are the preferred regions at 68.3% (1�),
95.5% (2�) and 99.7% (3�) C.L., respectively. For comparison, the SM point has ��2

SM

= 19.6,
with respect to the best fit point. The main conclusions are: (i) the preferred region in the
(✏q, ✏`) plane is driven by the B ! D⇤(D)⌧⌫ anomaly (R

0

= ✏q✏`), as shown in the top-left
plot, (ii) �q

bs is somewhat smaller with respect to its natural expectation from the U(2) flavor
symmetry (|�q

bs| ⇠ |Vts|) due to the Bs mixing constraints (top-right plot), (iii) the discrepancy
in �Cµ

9

can not be fully explained, mainly due to the combined constraints from Bs mixing and
LFU in ⌧ ! µ/e (bottom plot). These conclusions, which are very similar to those derived in
Ref. [32], do not change significantly relaxing the assumption ✏q,` = ✏0q,`.

(Q̄Q) states: These resonances a↵ect only the �F = 2 amplitudes. A näıve evaluation
of the relevant connected amplitudes points to the cancellation of the color singlet and octet
contributions (see Sect. 5.2). However, this cancellation is not protected by any symmetry and
is likely to be violated in a realistic evaluation of the corresponding (non-perturbative) couplings
in the underlying TC theory. To illustrate the potential impact of these resonances we perform
a second fit assuming a non-vanishing coupling for the color-octet resonance (✏O). The latter
should be interpreted as the net contribution resulting from the two sets of QQ̄ states, � and V .
For simplicity, we assume ✏I ⌘ ✏q = ✏`. The results are shown in Fig. 5. As can be seen, with
a proper tuning of the e↵ective coupling ✏O it is possible to obtain a very good fit to all data.
For comparison, the SM point has ��2

SM

= 35, with respect to the best fit point. Moreover,
in addition to having an excellent fit of both R

0

and �Cµ
9

, the value of �q
bs can be close to its

natural value (top-left plot). However, the price to pay for this nice consistency with data is
a non-neglible fine-tuning among two apparently unrelated non-perturbative TC parameters,
namely ✏O and ✏I (top-right plot).
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Figure 4: Model I (L̄L triplet + singlet only): Preferred regions at 1� (green), 2� (yellow) and 3�
(gray) from the fit to low-energy data in Table 2 projected to two dimensional planes while marginalizing
over other variables. Compare with ��2

SM

= 19.6. Here ✏q (✏`) are the same for triplet and singlet
(✏q,` = ✏0q,`). Also, �`

µµ = |�`
⌧µ|2 and |✏q(`)| < 1. Shown in the bottom plot in red are the experimental

values for R
0

and �Cµ
9

entering the fit (see Table 2), while the SM point is shown with the blue star.
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Some residual tension in 
b→s µ µ remains.

This is due to the bounds from
Bs mixing,  LFU/V in τ decays, and
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5.5 Flavor fit

Since the main features of the flavor fit are captured already in the minimal model (I), we present
detailed numerical results only for such framework. The most significant qualitative di↵erences
arising in model II are briefly outlined at the end of this section.

As discussed in Sect. 3.1 and 4.1, the vector resonances coupled to SM fermions in the
minimal model are the L̄L states (⇢ and !) and the Q̄Q states (color-octet and color singlet,
both singlets under SU(2)L). Employing the predictive flavor-mixing mechanism discussed in
Sect. 4 (TC baryon mixing), the L̄L flavored vector resonances couple to both quark and lepton
currents, while the Q̄Q resonances couple only to quarks. The main features arising by their
contributions to low-energy observables can be summarized as follows:

(L̄L) states: The results of the fit considering only ⇢ and ! exchange are shown in Fig. 4. In
addition to the flavor relations in Eq. (33), to further reduce the number of independent free
parameters we set ✏q,` = ✏0q,`, as expected by a näıve evaluation of the relevant connected TC
amplitudes. The four parameters entering the low-energy fit are therefore {✏q, ✏`, �q

bs, �
`
⌧µ}. In

Fig. 4 we show the two-dimensional planes obtained marginalizing over the remaining variables,
and requiring |✏q(`)| < 1. Shown in green, yellow and grey are the preferred regions at 68.3% (1�),
95.5% (2�) and 99.7% (3�) C.L., respectively. For comparison, the SM point has ��2

SM

= 19.6,
with respect to the best fit point. The main conclusions are: (i) the preferred region in the
(✏q, ✏`) plane is driven by the B ! D⇤(D)⌧⌫ anomaly (R

0

= ✏q✏`), as shown in the top-left
plot, (ii) �q

bs is somewhat smaller with respect to its natural expectation from the U(2) flavor
symmetry (|�q

bs| ⇠ |Vts|) due to the Bs mixing constraints (top-right plot), (iii) the discrepancy
in �Cµ

9

can not be fully explained, mainly due to the combined constraints from Bs mixing and
LFU in ⌧ ! µ/e (bottom plot). These conclusions, which are very similar to those derived in
Ref. [32], do not change significantly relaxing the assumption ✏q,` = ✏0q,`.

(Q̄Q) states: These resonances a↵ect only the �F = 2 amplitudes. A näıve evaluation
of the relevant connected amplitudes points to the cancellation of the color singlet and octet
contributions (see Sect. 5.2). However, this cancellation is not protected by any symmetry and
is likely to be violated in a realistic evaluation of the corresponding (non-perturbative) couplings
in the underlying TC theory. To illustrate the potential impact of these resonances we perform
a second fit assuming a non-vanishing coupling for the color-octet resonance (✏O). The latter
should be interpreted as the net contribution resulting from the two sets of QQ̄ states, � and V .
For simplicity, we assume ✏I ⌘ ✏q = ✏`. The results are shown in Fig. 5. As can be seen, with
a proper tuning of the e↵ective coupling ✏O it is possible to obtain a very good fit to all data.
For comparison, the SM point has ��2

SM

= 35, with respect to the best fit point. Moreover,
in addition to having an excellent fit of both R

0

and �Cµ
9

, the value of �q
bs can be close to its

natural value (top-left plot). However, the price to pay for this nice consistency with data is
a non-neglible fine-tuning among two apparently unrelated non-perturbative TC parameters,
namely ✏O and ✏I (top-right plot).
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and 3� (gray) from the fit to low-energy data in Table 2 projected to two dimensional planes while

marginalizing over other variables. Compare with ��2

SM

= 35. Here ✏I = ✏(0)q = ✏(0)` both for triplet
and singlet. Also, �`

µµ = |�`
⌧µ|2 and |✏O(I)| < 1. In the bottom plot, the measurement of R

0

and �Cµ
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from Table 2 is shown in red, while the SM point is shown with the blue star.
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Perfect fit of ΔC9 possible.

5.5 Flavor fit

Since the main features of the flavor fit are captured already in the minimal model (I), we present
detailed numerical results only for such framework. The most significant qualitative di↵erences
arising in model II are briefly outlined at the end of this section.

As discussed in Sect. 3.1 and 4.1, the vector resonances coupled to SM fermions in the
minimal model are the L̄L states (⇢ and !) and the Q̄Q states (color-octet and color singlet,
both singlets under SU(2)L). Employing the predictive flavor-mixing mechanism discussed in
Sect. 4 (TC baryon mixing), the L̄L flavored vector resonances couple to both quark and lepton
currents, while the Q̄Q resonances couple only to quarks. The main features arising by their
contributions to low-energy observables can be summarized as follows:

(L̄L) states: The results of the fit considering only ⇢ and ! exchange are shown in Fig. 4. In
addition to the flavor relations in Eq. (33), to further reduce the number of independent free
parameters we set ✏q,` = ✏0q,`, as expected by a näıve evaluation of the relevant connected TC
amplitudes. The four parameters entering the low-energy fit are therefore {✏q, ✏`, �q

bs, �
`
⌧µ}. In

Fig. 4 we show the two-dimensional planes obtained marginalizing over the remaining variables,
and requiring |✏q(`)| < 1. Shown in green, yellow and grey are the preferred regions at 68.3% (1�),
95.5% (2�) and 99.7% (3�) C.L., respectively. For comparison, the SM point has ��2

SM

= 19.6,
with respect to the best fit point. The main conclusions are: (i) the preferred region in the
(✏q, ✏`) plane is driven by the B ! D⇤(D)⌧⌫ anomaly (R

0

= ✏q✏`), as shown in the top-left
plot, (ii) �q

bs is somewhat smaller with respect to its natural expectation from the U(2) flavor
symmetry (|�q

bs| ⇠ |Vts|) due to the Bs mixing constraints (top-right plot), (iii) the discrepancy
in �Cµ

9

can not be fully explained, mainly due to the combined constraints from Bs mixing and
LFU in ⌧ ! µ/e (bottom plot). These conclusions, which are very similar to those derived in
Ref. [32], do not change significantly relaxing the assumption ✏q,` = ✏0q,`.

(Q̄Q) states: These resonances a↵ect only the �F = 2 amplitudes. A näıve evaluation
of the relevant connected amplitudes points to the cancellation of the color singlet and octet
contributions (see Sect. 5.2). However, this cancellation is not protected by any symmetry and
is likely to be violated in a realistic evaluation of the corresponding (non-perturbative) couplings
in the underlying TC theory. To illustrate the potential impact of these resonances we perform
a second fit assuming a non-vanishing coupling for the color-octet resonance (✏O). The latter
should be interpreted as the net contribution resulting from the two sets of QQ̄ states, � and V .
For simplicity, we assume ✏I ⌘ ✏q = ✏`. The results are shown in Fig. 5. As can be seen, with
a proper tuning of the e↵ective coupling ✏O it is possible to obtain a very good fit to all data.
For comparison, the SM point has ��2

SM

= 35, with respect to the best fit point. Moreover,
in addition to having an excellent fit of both R

0

and �Cµ
9

, the value of �q
bs can be close to its

natural value (top-left plot). However, the price to pay for this nice consistency with data is
a non-neglible fine-tuning among two apparently unrelated non-perturbative TC parameters,
namely ✏O and ✏I (top-right plot).
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Flavor Predictions of the Model
Charged Current.
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In summary, we find that the e↵ective Lagrangian in Eq. (4) provides a significantly improved
fit to low-energy data. It is worth stressing that, even from the EFT point of view, this model
is highly constrained given the underlying set of dynamical hypotheses. As a result, the model
leads to a series of predictions often di↵erent (more precise) than those obtained using more
general EFT approaches (see e.g. [16, 17, 20]). The main predictions, which can be used to test
the model in a more stringent way in view of future data, can be summarized as follows:

Charged currents. The b ! c(u)⌧⌫ charged currents should exhibit a universal enhancement

(independent of the hadronic final state). This implies, in particular, RB⌧⌫ = R⌧/µ
D = R⌧/µ

D⇤ .
LFU violations between b ! c(u)µ⌫ and b ! c(u)e⌫ can be as large as O(1%). The
inclusive |Vcb| and |Vub| determinations are enhanced over the exclusive ones because of
the ⌧ contamination in the corresponding samples.

FCNC. The modification of the b ! s`+`� operators are purely left-handed. This implies,
in particular, �Cµ

9

= ��Cµ
10

, hence a suppression (in the 10%–20% range) of B(Bs,d !
µ+µ�) rates compared to their SM expectations. The central value of the anomaly in Rµ/e

K

is likely to decrease (to ⇠ 10% or less). The NP contribution to the b ! s⌧+⌧� amplitude
is likely to be close, in magnitude, to the SM one. This implies a rate enhancement of at
most a factor of ⇡ 5 compared to the SM (constructive interference) or a strong suppression
(destructive interference). The magnitude of the FCNC-LFV transitions b ! sµ±⌧⌥ is at
most 10% (in the rates) compared to the b ! s`+`� ones.

Meson-antimeson mixing. A O(10%) deviation from the SM is expected Bs mixing, if the

anomaly in Rµ/e
K persists. According to the most plausible breaking structure of the U(2)q

symmetry, this deviation should be present also in Bd mixing and should preserve the
relation �MBs/�MBd

= (�MBs/�MBd
)
SM

. The D–D̄ mixing amplitude should acquire
a CP-violating phase, whose magnitude could be just below the current experimental
bounds.

⌧ decays. The ⌧ ! 3µ and µ ! 3e processes are generated at the tree level (contrary to
LFV dipole transitions `i ! `j�) and could be close to the present experimental bounds,
although no precise correlations with other observables can be derived at present. If the

anomaly in Rµ/e
K persists, violations of LFU in ⌧ ! µ⌫̄⌫ vs. ⌧ ! e⌫̄⌫ are expected to be

just below the current experimental bounds.

4 Constraints on the dynamical model

4.1 Bounds from LEP-I

Since the couplings of the heavy vector with SM fermions in this model are strongly non-
universal, we cannot apply the LEP-I constraints as encoded in the bound on the S-parameter.
Instead, we consider the non-universal fit of LEP-I data performed in the context of dimension-6

more free parameters. In particular, a natural extension is obtained with the inclusion of a SU(2)L singlet, coupled
to the current J0

µ obtained by Ja
µ in Eq. (5) with the replacement T a ! 1, gq` ! g0q`.
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In summary, we find that the e↵ective Lagrangian in Eq. (4) provides a significantly improved
fit to low-energy data. It is worth stressing that, even from the EFT point of view, this model
is highly constrained given the underlying set of dynamical hypotheses. As a result, the model
leads to a series of predictions often di↵erent (more precise) than those obtained using more
general EFT approaches (see e.g. [16, 17, 20]). The main predictions, which can be used to test
the model in a more stringent way in view of future data, can be summarized as follows:

Charged currents. The b ! c(u)⌧⌫ charged currents should exhibit a universal enhancement

(independent of the hadronic final state). This implies, in particular, RB⌧⌫ = R⌧/µ
D = R⌧/µ

D⇤ .
LFU violations between b ! c(u)µ⌫ and b ! c(u)e⌫ can be as large as O(1%). The
inclusive |Vcb| and |Vub| determinations are enhanced over the exclusive ones because of
the ⌧ contamination in the corresponding samples.

FCNC. The modification of the b ! s`+`� operators are purely left-handed. This implies,
in particular, �Cµ
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, hence a suppression (in the 10%–20% range) of B(Bs,d !
µ+µ�) rates compared to their SM expectations. The central value of the anomaly in Rµ/e

K

is likely to decrease (to ⇠ 10% or less). The NP contribution to the b ! s⌧+⌧� amplitude
is likely to be close, in magnitude, to the SM one. This implies a rate enhancement of at
most a factor of ⇡ 5 compared to the SM (constructive interference) or a strong suppression
(destructive interference). The magnitude of the FCNC-LFV transitions b ! sµ±⌧⌥ is at
most 10% (in the rates) compared to the b ! s`+`� ones.

Meson-antimeson mixing. A O(10%) deviation from the SM is expected Bs mixing, if the
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a CP-violating phase, whose magnitude could be just below the current experimental
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⌧ decays. The ⌧ ! 3µ and µ ! 3e processes are generated at the tree level (contrary to
LFV dipole transitions `i ! `j�) and could be close to the present experimental bounds,
although no precise correlations with other observables can be derived at present. If the

anomaly in Rµ/e
K persists, violations of LFU in ⌧ ! µ⌫̄⌫ vs. ⌧ ! e⌫̄⌫ are expected to be

just below the current experimental bounds.

4 Constraints on the dynamical model

4.1 Bounds from LEP-I

Since the couplings of the heavy vector with SM fermions in this model are strongly non-
universal, we cannot apply the LEP-I constraints as encoded in the bound on the S-parameter.
Instead, we consider the non-universal fit of LEP-I data performed in the context of dimension-6

more free parameters. In particular, a natural extension is obtained with the inclusion of a SU(2)L singlet, coupled
to the current J0

µ obtained by Ja
µ in Eq. (5) with the replacement T a ! 1, gq` ! g0q`.
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High-energy searches
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Figure 8: Tree level diagrams for vector resonance contribution to b b̄ ! ⌧�⌧+ production at hadron
collider.

where ⌧
min

= (mmin

⌧⌧ )2/s
0

. The central factorization scale is set to µF = m⇢/2. By inspecting
more closely the narrow-width case, we find that varying the scale by a factor of two leads to a
small deviation in the total cross section. Using 68% C.L. PDF sets, we also estimate the PDF
uncertainty to be at the level of ⇠ 20%.

Vector leptoquarks Ua
µ and Uµ: The relevant diagram is shown in Fig. 8 (right). The

partonic cross section for b b̄ ! ⌧�⌧+, due to the t�channel LQ exchange, is

�(ŝ) =
⇣gT (S)

2

⌘
4 ŝ(2 + ŝ/m2

U) + 2(m2

U + ŝ) ln(m2

U/(m2

U + ŝ))

48⇡ŝ2
, (71)

where gT (S) is the LQ triplet (singlet) coupling defined in Eq. (52) (Eq. (51)).
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Flavor anomalies → ττ and bb signals

Large deviations in B → D(*)τν strongly suggests tree-level mediators

strongly coupled to 3rd-gen. fermions

Expect signal in ττ (or bb) channel at LHC, 

from bb-fusion production.
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Vector meson Mass & Width
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Figure 6: Top left: Total width to mass ratio isolines for ⇢0 (solid-blue). Shown in green and
yellow is the preferred region from the b ! c⌧⌫ anomaly at 68% and 95% CL respectively, assuming
the contribution from a single vector triplet resonance. Top right: Normalized ⌧⌧ invariant mass
distribution in pp ! ⌧+⌧� at 8 TeV for m⇢ = 1.7 TeV and width to mass ratio; 0.01 (red), 0.2 (blue)
and 0.5 (green). Bottom: pp ! ⌧+⌧� production cross section at 8 TeV for m⌧⌧ > 850 GeV assuming
⇢0 contribution only and gq = g` (solid blue). The preferred region from b ! c⌧⌫ assuming gq = g` is
shown in green and yellow.
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With this definition, the two body V ! f̄ifj decay width is

�(V ! f̄ifj) =
mV

24⇡
NC |cVij |2F

✓
mfi

mV
,
mfj

mV

◆
, (45)

where

F(x, y) =

✓
1� x2 + y2

2
� (x2 � y2)2

2

◆p
1� 2(x2 + y2)� (x2 � y2)2 , (46)

NC is the dimension of the color representation of the fermions, and we have assumed mV >
mfi +mfj .

Due to the approximate U(2)q⇥U(2)` symmetry, the total decay width of the vector bosons
is dominated by decays to third-generation fermions. In the limit m2

V � 4m2

t ,

�V ±

mV ±
⇡ �V 0

mV 0

⇡ 1

48⇡
(g2` + 3g2q ) . (47)

The neutral vector boson predominantly decays to ⌧+⌧�, ⌫̄⌧⌫⌧ , b̄b, and t̄t final states. The
relative impact of the leptonic and hadronic decay modes is driven by the ratio g`/gq (and the
phase-space corrections to the large top-quark mass). The decay to a muon pair is parametrically
suppressed by the smallness of �`

µµ. In particular, the following relation holds

B(V 0 ! µ+µ�) = |�`
µµ|2 B(V 0 ! ⌧+⌧�) . (48)

The dominant charged vector decay modes are tb̄ and ⌧+⌫⌧ . In the following we assume mV +

>
mt, such that the V + state cannot be produced on-shell from top decays. We checked by explicit
computation that when this criteria is satisfied the corrections to t ! b⌧+⌫⌧ decay are well below
present experimental sensitivity. The decays of both charged and neutral states to SM gauge
bosons are strongly suppressed due to the strong limits on the ✏H parameter from electroweak
precision data (see Sect. 4.1).

The single vector bosons production at the LHC is dominated by Drell-Yan type processes,
i.e. pp ! V + X, where X stands for additional hadronic activity. While resonance searches
in general impose severe limits on sequential (SM–like) W 0 and Z 0 bosons, we find significantly
milder limits within our model. This is because of the specific flavor structure which suppresses
both the production cross section and the decays into muon or electron final states.

In order to derive the present collider limits on the model, we have confronted the predictions
of the model to a number of ATLAS and CMS searches for heavy W 0 and Z 0 resonances [44–50].
To this purpose, we have implemented the model in Universal FeynRules Output (UFO) [53]
using the FeynRules [52] package version 2.3.1. We have used the MG5 aMC v2.2.3 [54] package
to simulate the tree-level pp ! V ± and pp ! V 0 production at

p
s = 8 TeV in the 5-flavor

scheme. Finally, we have validated the implementation of the heavy vector triplet couplings to
fermions by simulating decays and comparing the numerical results with the analytic expressions
in Eq. (45).

In Fig. 3 (left) we show the predicted cross sections (in pb) for pp ! V ± (pp ! V + plus
pp ! V �) and pp ! V 0, as obtained in the limit �q

ij = �i3�3j (i.e. exact flavor symmetry, but
for the breaking terms induced by the SM Yukawa couplings). In this limit the production cross
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From the diphoton anomaly:  
f ~ 230 GeV  →  mV ~ 2 TeV
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From Flavor Fit: Very Large Width
Triplet:

Decay into pNGB is subleading.
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Vector Triplet / Singlet

With this definition, the two body V ! f̄ifj decay width is
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NC is the dimension of the color representation of the fermions, and we have assumed mV >
mfi +mfj .

Due to the approximate U(2)q⇥U(2)` symmetry, the total decay width of the vector bosons
is dominated by decays to third-generation fermions. In the limit m2

V � 4m2

t ,

�V ±

mV ±
⇡ �V 0

mV 0

⇡ 1

48⇡
(g2` + 3g2q ) . (47)

The neutral vector boson predominantly decays to ⌧+⌧�, ⌫̄⌧⌫⌧ , b̄b, and t̄t final states. The
relative impact of the leptonic and hadronic decay modes is driven by the ratio g`/gq (and the
phase-space corrections to the large top-quark mass). The decay to a muon pair is parametrically
suppressed by the smallness of �`

µµ. In particular, the following relation holds

B(V 0 ! µ+µ�) = |�`
µµ|2 B(V 0 ! ⌧+⌧�) . (48)

The dominant charged vector decay modes are tb̄ and ⌧+⌫⌧ . In the following we assume mV +

>
mt, such that the V + state cannot be produced on-shell from top decays. We checked by explicit
computation that when this criteria is satisfied the corrections to t ! b⌧+⌫⌧ decay are well below
present experimental sensitivity. The decays of both charged and neutral states to SM gauge
bosons are strongly suppressed due to the strong limits on the ✏H parameter from electroweak
precision data (see Sect. 4.1).

The single vector bosons production at the LHC is dominated by Drell-Yan type processes,
i.e. pp ! V + X, where X stands for additional hadronic activity. While resonance searches
in general impose severe limits on sequential (SM–like) W 0 and Z 0 bosons, we find significantly
milder limits within our model. This is because of the specific flavor structure which suppresses
both the production cross section and the decays into muon or electron final states.

In order to derive the present collider limits on the model, we have confronted the predictions
of the model to a number of ATLAS and CMS searches for heavy W 0 and Z 0 resonances [44–50].
To this purpose, we have implemented the model in Universal FeynRules Output (UFO) [53]
using the FeynRules [52] package version 2.3.1. We have used the MG5 aMC v2.2.3 [54] package
to simulate the tree-level pp ! V ± and pp ! V 0 production at

p
s = 8 TeV in the 5-flavor

scheme. Finally, we have validated the implementation of the heavy vector triplet couplings to
fermions by simulating decays and comparing the numerical results with the analytic expressions
in Eq. (45).

In Fig. 3 (left) we show the predicted cross sections (in pb) for pp ! V ± (pp ! V + plus
pp ! V �) and pp ! V 0, as obtained in the limit �q

ij = �i3�3j (i.e. exact flavor symmetry, but
for the breaking terms induced by the SM Yukawa couplings). In this limit the production cross
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Single production ( bb → ρ0, bc → ρ± )

Figure 8: Tree level diagrams for vector resonance contribution to b b̄ ! ⌧�⌧+ production at hadron
collider.

where ⌧
min

= (mmin

⌧⌧ )2/s
0

. The central factorization scale is set to µF = m⇢/2. By inspecting
more closely the narrow-width case, we find that varying the scale by a factor of two leads to a
small deviation in the total cross section. Using 68% C.L. PDF sets, we also estimate the PDF
uncertainty to be at the level of ⇠ 20%.

Vector leptoquarks Ua
µ and Uµ: The relevant diagram is shown in Fig. 8 (right). The

partonic cross section for b b̄ ! ⌧�⌧+, due to the t�channel LQ exchange, is

�(ŝ) =
⇣gT (S)

2

⌘
4 ŝ(2 + ŝ/m2

U) + 2(m2

U + ŝ) ln(m2

U/(m2

U + ŝ))

48⇡ŝ2
, (71)

where gT (S) is the LQ triplet (singlet) coupling defined in Eq. (52) (Eq. (51)).
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enhance the meson contribution to flavor observables, thus allowing for smaller couplings to
fermions; (b) the form factors associated with the TC meson-baryon couplings are expected to
decrease at high energies. The common consequence of all these e↵ects is to reduce both the
predicted cross-section for the resonances, thus relaxing the present and future LHC limits, as
well as the width of the meson states, which turn out to be quite large in our minimal setup.

SU(2)L triplet ⇢a
µ: The vector triplet ⇢a

µ ⌘ (1,3, 0) is in direct connection with the b ! c⌧⌫
anomaly, and its LHC phenomenology has been discussed in Ref. [32]. Here, we extend the
discussion to the relevant high-mass region. The resonances (⇢0 and ⇢±) primarily decay to
third generation fermions. In particular, the partial widths of the neutral component (⇢0) are

�(⇢0 ! ⌧+⌧� (⌫⌧ ⌫̄⌧ )) =
g2

`

96⇡
m⇢ , �(⇢0 ! bb̄ (tt̄)) =

g2

q

32⇡
m⇢ . (59)

The decay to a pair of triplet pNGB, ⇡a ⇠ L̄�aL, is expected to be the dominant channel in
such strongly-coupled models. However, due to the large couplings to third generation fermions
required by the flavor fit, it is sub-leading (or at most of the same order) as the ones discussed
above. Parametrizing the interaction as L⇢⇡⇡ = 1

2

g⇢⇡⇡✏
abc⇢a

µ ⇡b@µ⇡
c, with g⇢⇡⇡ . 4⇡, one finds

�(⇢ ! ⇡⇡) =
g2

⇢⇡⇡

192⇡
m⇢

✓
1 � 4m2

⇡

m2

⇢

◆
. (60)

Finally, the decay width into SM vector bosons is small if the Higgs field is not directly coupled
to the TC sector, as is the case in our setup, and only arises at the one-loop level. In Fig. 6 (top
left) we show the total width of ⇢0 into fermions (blue lines) in the (gq, g`) plane, normalized to
its mass fixed at m⇢ = 1.7 TeV. We conclude that, in the region relevant for the R

0

anomaly,
the resonance is very wide with �/m⇢ ⇠ 30 ÷ 60%. This can however easily be reduced by a
factor of a few in a more complete model.

As shown in Ref. [32], the main production mechanism at a hadron collider is bb̄ ! ⇢0. In
the standard vectorlike confinement setup, the ⇢a

µ resonances mix with the SM gauge bosons W a
µ

with a mixing angle ⇠ g/g⇢, inducing diagonal couplings to light SM quarks which determine
the production cross section at the LHC [13] via Drell-Yan. In our case, instead, the bottom
fusion production mechanism is the dominant one. The ratio of bb̄- to uū-induced cross sections
is

Rb¯b/uū ⇡
g2

q

(g2/g⇢)2
Lb¯b

Luū

, (61)

where Lb¯b,uū are the respective parton luminosities. For example, fixing gq ⇠ 5 and m⇢ ⇠
1.7 TeV, consistently with the flavor fit, we find Rb¯b/uū ⇠ 7. In the numerical results presented
in this section, we convolute the analytical formulas derived in Appendix B with the MMHT
2014 NNLO parton distribution functions (PDF) [56]. All the results have also been checked
with MadGraph [57] implementing the model in FeynRules [58].

The best present limits on the model are due to the ATLAS search for heavy Z 0 decaying
to ⌧+⌧� [59], which sets the limit �(pp ! Z 0 + X) ⇥ B(Z 0 ! ⌧+⌧�) . 4 (7) fb assuming a
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fermions; (b) the form factors associated with the TC meson-baryon couplings are expected to
decrease at high energies. The common consequence of all these e↵ects is to reduce both the
predicted cross-section for the resonances, thus relaxing the present and future LHC limits, as
well as the width of the meson states, which turn out to be quite large in our minimal setup.
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µ ⌘ (1,3, 0) is in direct connection with the b ! c⌧⌫
anomaly, and its LHC phenomenology has been discussed in Ref. [32]. Here, we extend the
discussion to the relevant high-mass region. The resonances (⇢0 and ⇢±) primarily decay to
third generation fermions. In particular, the partial widths of the neutral component (⇢0) are

�(⇢0 ! ⌧+⌧� (⌫⌧ ⌫̄⌧ )) =
g2

`

96⇡
m⇢ , �(⇢0 ! bb̄ (tt̄)) =

g2

q

32⇡
m⇢ . (59)

The decay to a pair of triplet pNGB, ⇡a ⇠ L̄�aL, is expected to be the dominant channel in
such strongly-coupled models. However, due to the large couplings to third generation fermions
required by the flavor fit, it is sub-leading (or at most of the same order) as the ones discussed
above. Parametrizing the interaction as L⇢⇡⇡ = 1
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Finally, the decay width into SM vector bosons is small if the Higgs field is not directly coupled
to the TC sector, as is the case in our setup, and only arises at the one-loop level. In Fig. 6 (top
left) we show the total width of ⇢0 into fermions (blue lines) in the (gq, g`) plane, normalized to
its mass fixed at m⇢ = 1.7 TeV. We conclude that, in the region relevant for the R

0

anomaly,
the resonance is very wide with �/m⇢ ⇠ 30 ÷ 60%. This can however easily be reduced by a
factor of a few in a more complete model.

As shown in Ref. [32], the main production mechanism at a hadron collider is bb̄ ! ⇢0. In
the standard vectorlike confinement setup, the ⇢a

µ resonances mix with the SM gauge bosons W a
µ

with a mixing angle ⇠ g/g⇢, inducing diagonal couplings to light SM quarks which determine
the production cross section at the LHC [13] via Drell-Yan. In our case, instead, the bottom
fusion production mechanism is the dominant one. The ratio of bb̄- to uū-induced cross sections
is

Rb¯b/uū ⇡
g2

q

(g2/g⇢)2
Lb¯b

Luū

, (61)

where Lb¯b,uū are the respective parton luminosities. For example, fixing gq ⇠ 5 and m⇢ ⇠
1.7 TeV, consistently with the flavor fit, we find Rb¯b/uū ⇠ 7. In the numerical results presented
in this section, we convolute the analytical formulas derived in Appendix B with the MMHT
2014 NNLO parton distribution functions (PDF) [56]. All the results have also been checked
with MadGraph [57] implementing the model in FeynRules [58].

The best present limits on the model are due to the ATLAS search for heavy Z 0 decaying
to ⌧+⌧� [59], which sets the limit �(pp ! Z 0 + X) ⇥ B(Z 0 ! ⌧+⌧�) . 4 (7) fb assuming a
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enhance the meson contribution to flavor observables, thus allowing for smaller couplings to
fermions; (b) the form factors associated with the TC meson-baryon couplings are expected to
decrease at high energies. The common consequence of all these e↵ects is to reduce both the
predicted cross-section for the resonances, thus relaxing the present and future LHC limits, as
well as the width of the meson states, which turn out to be quite large in our minimal setup.

SU(2)L triplet ⇢a
µ: The vector triplet ⇢a

µ ⌘ (1,3, 0) is in direct connection with the b ! c⌧⌫
anomaly, and its LHC phenomenology has been discussed in Ref. [32]. Here, we extend the
discussion to the relevant high-mass region. The resonances (⇢0 and ⇢±) primarily decay to
third generation fermions. In particular, the partial widths of the neutral component (⇢0) are
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The decay to a pair of triplet pNGB, ⇡a ⇠ L̄�aL, is expected to be the dominant channel in
such strongly-coupled models. However, due to the large couplings to third generation fermions
required by the flavor fit, it is sub-leading (or at most of the same order) as the ones discussed
above. Parametrizing the interaction as L⇢⇡⇡ = 1
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Finally, the decay width into SM vector bosons is small if the Higgs field is not directly coupled
to the TC sector, as is the case in our setup, and only arises at the one-loop level. In Fig. 6 (top
left) we show the total width of ⇢0 into fermions (blue lines) in the (gq, g`) plane, normalized to
its mass fixed at m⇢ = 1.7 TeV. We conclude that, in the region relevant for the R

0

anomaly,
the resonance is very wide with �/m⇢ ⇠ 30 ÷ 60%. This can however easily be reduced by a
factor of a few in a more complete model.

As shown in Ref. [32], the main production mechanism at a hadron collider is bb̄ ! ⇢0. In
the standard vectorlike confinement setup, the ⇢a

µ resonances mix with the SM gauge bosons W a
µ

with a mixing angle ⇠ g/g⇢, inducing diagonal couplings to light SM quarks which determine
the production cross section at the LHC [13] via Drell-Yan. In our case, instead, the bottom
fusion production mechanism is the dominant one. The ratio of bb̄- to uū-induced cross sections
is

Rb¯b/uū ⇡
g2

q

(g2/g⇢)2
Lb¯b

Luū

, (61)

where Lb¯b,uū are the respective parton luminosities. For example, fixing gq ⇠ 5 and m⇢ ⇠
1.7 TeV, consistently with the flavor fit, we find Rb¯b/uū ⇠ 7. In the numerical results presented
in this section, we convolute the analytical formulas derived in Appendix B with the MMHT
2014 NNLO parton distribution functions (PDF) [56]. All the results have also been checked
with MadGraph [57] implementing the model in FeynRules [58].

The best present limits on the model are due to the ATLAS search for heavy Z 0 decaying
to ⌧+⌧� [59], which sets the limit �(pp ! Z 0 + X) ⇥ B(Z 0 ! ⌧+⌧�) . 4 (7) fb assuming a
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Usually, in such models the leading decay channel of vector mesons is in pNGB:

In our case, due to large coupling with 3rd generation fermion,
this is subleading, or at most of the same order, w.r.t. the fermionic ones.
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Figure 3: Predicted cross sections for single and pair production of charged and neutral vector
bosons for 8 TeV pp collisions as a function of gq and mV in the limit of approximate flavor
symmetry.

Figure 4: Preferred region from flavor data and exclusion limits from LHC. See text for details.
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Experimental bound

enhance the meson contribution to flavor observables, thus allowing for smaller couplings to
fermions; (b) the form factors associated with the TC meson-baryon couplings are expected to
decrease at high energies. The common consequence of all these e↵ects is to reduce both the
predicted cross-section for the resonances, thus relaxing the present and future LHC limits, as
well as the width of the meson states, which turn out to be quite large in our minimal setup.

SU(2)L triplet ⇢a
µ: The vector triplet ⇢a

µ ⌘ (1,3, 0) is in direct connection with the b ! c⌧⌫
anomaly, and its LHC phenomenology has been discussed in Ref. [30]. Here, we extend the
discussion to the relevant high-mass region. The resonances (⇢0 and ⇢±) primarily decay to
third generation fermions. In particular, the partial widths of the neutral component (⇢0) are

�(⇢0 ! ⌧+⌧� (⌫⌧ ⌫̄⌧ )) =
g2

`

96⇡
m⇢ , �(⇢0 ! bb̄ (tt̄)) =

g2

q

32⇡
m⇢ . (59)

The decay to a pair of triplet pNGB, ⇡a ⇠ L̄�aL, is expected to be the dominant channel in
such strongly-coupled models. However, due to the large couplings to third generation fermions
required by the flavor fit, it is sub-leading (or at most of the same order) as the ones discussed
above. Parametrizing the interaction as L⇢⇡⇡ = 1

2

g⇢⇡⇡✏
abc⇢a

µ ⇡b@µ⇡
c, with g⇢⇡⇡ . 4⇡, one finds

�(⇢ ! ⇡⇡) =
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Finally, the decay width into SM vector bosons is small if the Higgs field is not directly coupled
to the TC sector, as is the case in our setup, and only arises at the one-loop level. In Fig. 6 (top
left) we show the total width of ⇢0 into fermions (blue lines) in the (gq, g`) plane, normalized to
its mass fixed at m⇢ = 1.7 TeV. We conclude that, in the region relevant for the R

0

anomaly,
the resonance is very wide with �/m⇢ ⇠ 30 ÷ 60%. This can however easily be reduced by a
factor of a few in a more complete model.

As shown in Ref. [30], the main production mechanism at a hadron collider is bb̄ ! ⇢0. In
the standard vectorlike confinement setup, the ⇢a

µ resonances mix with the SM gauge bosons W a
µ

with a mixing angle ⇠ g/g⇢, inducing diagonal couplings to light SM quarks which determine
the production cross section at the LHC [13] via Drell-Yan. In our case, instead, the bottom
fusion production mechanism is the dominant one. The ratio of bb̄- to uū-induced cross sections
is

Rb¯b/uū ⇡
g2

q

(g2/g⇢)2
Lb¯b

Luū

, (61)

where Lb¯b,uū are the respective parton luminosities. For example, fixing gq ⇠ 5 and m⇢ ⇠
1.7 TeV, consistently with the flavor fit, we find Rb¯b/uū ⇠ 7. In the numerical results presented
in this section, we convolute the analytical formulas derived in Appendix B with the MMHT
2014 NNLO parton distribution functions (PDF) [52]. All the results have also been checked
with MadGraph [53] implementing the model in FeynRules [54].

The best present limits on the model are due to the ATLAS search for heavy Z 0 decaying
to ⌧+⌧� [55], which sets the limit �(pp ! Z 0 + X) ⇥ B(Z 0 ! ⌧+⌧�) . 4 (7) fb assuming a
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[work in progress by Kamenik, Greljo et al.]

Expected to show up soon at LHC
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Vector Leptoquark

For  mU ≫ mττ/2  angular distr. is similar to s-channel exchangeFigure 8: Tree level diagrams for vector resonance contribution to b b̄ ! ⌧�⌧+ production at hadron
collider.

where ⌧
min

= (mmin

⌧⌧ )2/s
0

. The central factorization scale is set to µF = m⇢/2. By inspecting
more closely the narrow-width case, we find that varying the scale by a factor of two leads to a
small deviation in the total cross section. Using 68% C.L. PDF sets, we also estimate the PDF
uncertainty to be at the level of ⇠ 20%.

Vector leptoquarks Ua
µ and Uµ: The relevant diagram is shown in Fig. 8 (right). The

partonic cross section for b b̄ ! ⌧�⌧+, due to the t�channel LQ exchange, is

�(ŝ) =
⇣gT (S)

2

⌘
4 ŝ(2 + ŝ/m2

U) + 2(m2

U + ŝ) ln(m2

U/(m2

U + ŝ))

48⇡ŝ2
, (71)

where gT (S) is the LQ triplet (singlet) coupling defined in Eq. (52) (Eq. (51)).
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narrow (moderate) width resonance in the mass window 1.5—2.0 TeV. In Fig. 6 (top right),
we show the normalized di↵erential cross section in the ⌧ ⌧̄ invariant mass in pp ! ⌧+⌧� at 8
TeV, for three cases: (a) narrow width (�⇢0/m⇢ = 0.01), (b) moderate width (�⇢0/m⇢ = 0.2),
and (c) wide resonance (�⇢0/m⇢ = 0.5), while fixing m⇢ = 1.7 TeV. Obviously, the limits on
a narrow (moderate) width resonance cannot trivially apply for (c), which is the relevant case
for the flavor anomalies. Moreover, the final event selection in Ref. [59] is based on the total
transverse mass variable (mtot
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), which is optimized for a narrow resonance search. In particular,
for mZ0 > 1.5 TeV, mtot

T

is required to be grater than 850 GeV in the signal region (See Table 4
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diphoton and flavor anomalies. Clearly, future search strategies for the ⇢0 in this model should
be optimized for a wide resonance.

Another important decay channel is the one into a pair of b quarks. Since the flavor fit
constrains the product ✏` ✏q, this channel can turn out to be relevant if the quark coupling is larger
than the lepton coupling. The CMS search for narrow resonance G decaying into (b-enriched)
dijets [60] at present constrains the cross-section �(pp ! G + X) ⇥ B(G ! jj) ⇥ A . 150 fb
(where A is the acceptance) at a resonance mass of 1.9 TeV, where it shows an excess at the
level of about 2.5�. These limits are significantly weakened in the case of a broad resonance.

A few comments are in order for the specific model realization discussed above. In model I
(Sect. 3.1), with the flavor structure generated via mixing with TC baryons (Sect. 4.1), the con-
tribution from the vector singlet resonance !µ ⌘ (1,1, 0) is expected to interfere constructively
with the ⇢0 one, enhancing the cross section by a factor ⇠ 4 with respect to Fig. 6 (bottom). If,
instead, the baryon-mixing assumption is relaxed (Sect. 4.3), the interference pattern is arbitrary
and a destructive one would also be possible.

To summarize, a positive signal in ⌧+⌧� (or bb̄) searches is a generic prediction if a vector
triplet resonance (⇢a

µ) is involved in the solution of R
0

anomaly.

Vector leptoquarks Ua
µ and Uµ: Let us now consider the case in which a vector leptoquark

(Ua
µ ⌘ (3,3, 2/3), or Uµ ⌘ (3,1, 2/3)) is responsible for the b ! c⌧⌫ anomaly, a possibility

discussed in the context of the second model. The large coupling to bottom quark and tau
lepton, required to fit the excess, also gives rise to sizable bb̄ ! ⌧+⌧� signal at the LHC via
t�channel LQ exchange (see Appendix B).

In the limit mU � m⌧⌧/2, the tau leptons angular distribution is similar to the one in
the s�channel production. Otherwise, in the opposite limit, tau leptons are very forward and
can easily escape the detection. Interestingly, in our case the hadronic cross section is usually
saturated at low m⌧⌧ , implying that the contribution to the signal region is expected to be as
sizable as before. For example, fixing mU = 1.7 TeV and requiring R
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= 0.13 (which translates
to gT (S) = 7.1) one finds �(pp ! ⌧+⌧�) ⇠ 10 fb for m⌧⌧ � 850 GeV. Naively comparing with
the quoted excluded cross sections for the narrow s-channel resonance [59], a vector leptoquark
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Phenomenology of the other pNGBs
Lightest pNGB:       mπ ~ 400 - 800 GeVπa = (1,3,0)

π0 → tt,  π+ → tb̅

that fully saturates R(D⇤) is also expected to show up very soon in LHC ⌧+⌧� searches.
It is interesting to point out that in the case of comparable Uµ and ⇢0

µ contributions to
the b ! c⌧⌫ anomaly, with fine adjustment of the parameters one can achieve destructive
interference between s� and t� channel diagrams shown in Fig. 8, lowering the total cross
section even by an order of magnitude.

6.2 Pseudoscalars

SU(2)L triplet ⇡a: For mL < mQ the lightest pNGB multiplet in both models is a SU(2)L
triplet ⇡a ⇠ (1,3, 0), with mass m2

⇡ ' 2B
0

mL + �m2

(1,3,0), where the gauge contribution is
shown in Eq. (11). EWSB e↵ects are expected to further generate a small mass splitting inside
the triplet, increasing the mass of the charged ones, as for the QCD pions. The lightest techni-
hadron in these models, therefore, is likely to be the neutral component ⇡0. As for the singlet
⌘, also this triplet is expected to couple to the SM fermion doublets of the third generation via
strong interactions with two baryons, Eq. (34):

�L = ig⇡BB⇡a(B̄`�
5�aB` + B̄q�

5�aBq). (62)

After baryon-SM fermion mixing, Eq. (27), the most relevant couplings generated are

�L = i
g⇡BB2

qmt

mB

✓
⇡0t̄�5t +

1p
2
⇡+t̄L�5bR +

1p
2
⇡�b̄�5t

◆
. (63)

Contrary to the ⌘ coupling to Bq in model I, the pions do not have a suppression of
p

15, thus
g⇡BB ⇠ g⇢. For this reason, and given the absence of an anomalous coupling to two gluons, the
decay to tt̄ is expected to be the dominant one for the neutral pion ⇡0. A subleading decay mode
is due to the anomalous coupling to two photons (as well as to the other EW gauge bosons),
given by A⇡0

�� = 2NTCYL, which induces a decay width

�(⇡0 ! ��) =
N2

TC↵2Y 2

L

16⇡3

m3

⇡0

f 2

. (64)

The main production mechanism for these states at the LHC is pair production via Drell-Yan,
qq̄ ! W±⇤ ! ⇡±⇡0 or qq̄ ! Z⇤/�⇤ ! ⇡+⇡�. The electroweak production mode, the mass
m⇡ & 400 GeV, see Fig. 3, and the decay channels with many tops in the final state make the
search for these states quite challenging at the LHC.

Color octets ⇡̃: A discussion of the phenomenology of the color-octets pNGB, ⇡̃
1

⇠ (8,1, 0)
and ⇡̃

3

⇠ (8,3, 0), can be found for example in Ref. [18]. Their mass is given by m2

⇡̃1(3)
=

2B
0

mQ + �m2

(8,1(3),0), thus for mQ > mL they are expected to be the heaviest pNGB, see also
Fig. 3. At the LHC they can be singly produced in gluon-fusion via the anomalous coupling, as
well as doubly produced via strong gauge interaction. Another relevant coupling specific to our
setup is the one with a tt̄ pair via the mixing with baryons, similarly to what is discussed above
for the ⌘ and the ⇡a. This opens up the decay channel to tt̄, which may be comparable in size
to the one in two gluons.
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Challenging to look for at the LHC

Production
Decay

π̃A(a) = (8,1,0) + (8,3,0) Heaviest pNGB:      mπ̃ ~ 1 - 1.5 TeV
Production

Decay

g g → π̃A ,    g g → π̃A π̃A

π̃A → tt, gg, gγ
Already very strong bound: signal should be expected soon.

[Bai, Barger, Berger 1604.07835]

Model I:   D = (3,2,ΔY) + h.c.
Model II:   S, Ta = (3,1,3/2) + (3,3,3/2) + h.c.

Leptoquarks m ~ 1 TeV
→  stable in minimal model.

They are both pair produced, present bounds ~ 700GeV.
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Conclusions

Interesting anomalies are present both
in low-energy flavour observables & in high-pT searches.

Vectorlike confinement could offer a setup to explain both:
a pNGB for the observed diphoton excess &
vector mesons as mediators of flavour anomalies.

Many testable predictions can be derived:
new resonances and flavour signatures: a new spectroscopy!

Does this have anything to do with reality?
Soon we will know more.

Exciting times ahead!
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Thank you!

SU(NTC)
ΨiL, ΨiR

SU(NF)L×SU(NF)R×U(1)V

SU(NF)V×U(1)V

SM

GSM

η, π±, π⁰, …
pNGB

gg → η → γγ

Vector Mesons
 ρaµ = (1,3,0) 
Uµ  = (3,1,2/3) 
Uaµ = (3,3,2/3) 
…

h,W,Z,γ,g
ψSM

Baryons
Bψ

Ψi ~ GSM irrep.

Bψ ψSM

Flavor physics mediators
e.g. through baryon-SM mixing

〈Ψ̅iΨj〉f
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Backup
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UV completion for partial compositeness
[D. Kaplan ’91]
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R(D(⇤)) ⌘ B(B0 ! D(⇤)+⌧⌫)

B(B0 ! D(⇤)+`⌫)
, ` = µ, e (52)

For our purposes it is not necessary to specify the underlying dynamics responsible for
the mixing between TC baryons and SM fermions. However, we note that a simple UV
completion can be obtained via the exchange of a scalar field with mass mF ⌘ ⇤F (around
or slightly above the scale ⇤TC)1 charged under SU(NTC) ⇥ GSM. A detailed realization
of a very similar setup was proposed in the seminal paper about partial compositeness
[?]. Following this work we can introduce extra elementary scalars in the fundamental of
SU(NTC) and also charged under the SM, with Yukawa-type interaction to SM fermions
and TC quarks. As an explicit example, let us take the minimal model (version A) and let
us introduce two complex scalar fields

� ⌘ (3̄, 1, 1)
1/3 , � ⌘ (3̄, 3̄, 1)�1/3 , (53)

with the following Yukawa-type interaction

L � y� ¯̀
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LLL�+ z�Q̄

C
LQL�

⇤ + h.c. . (54)

Provided that m�,�
>⇠ ⇤TC , the scalars can be integrated out obtains the following dimension-

6 operators
Leff � �y�z�

m2

�

¯̀C
LLLL̄

C
LLL � y�z�

m2

�

q̄CLLLQ̄
C
LQL , (55)

1
In order to have a sizable mixing, either ⇤F ⇠ ⇤TC or, if ⇤F > ⇤TC , the operator should have a sizable

anomalous dimension. The latter option has shown to be difficult to achieve in realistic models [?]. Still,

it is worth to note that other four-fermion operators made of SM fields, which could mediate potentially

dangerous flavor effects, cannot have such a sizable anomalous dimension since they are necessarily formed

by conserved currents.

3

Add two scalars charged 
under SU(NTC)×GSM

Mass:    mφ,χ ≳ ΛTC
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B(B0 ! D(⇤)+`⌫)
, ` = µ, e (52)

For our purposes it is not necessary to specify the underlying dynamics responsible for
the mixing between TC baryons and SM fermions. However, we note that a simple UV
completion can be obtained via the exchange of a scalar field with mass mF ⌘ ⇤F (around
or slightly above the scale ⇤TC)1 charged under SU(NTC) ⇥ GSM. A detailed realization
of a very similar setup was proposed in the seminal paper about partial compositeness
[?]. Following this work we can introduce extra elementary scalars in the fundamental of
SU(NTC) and also charged under the SM, with Yukawa-type interaction to SM fermions
and TC quarks. As an explicit example, let us take the minimal model (version A) and let
us introduce two complex scalar fields

� ⌘ (3̄, 1, 1)
1/3 , � ⌘ (3̄, 3̄, 1)�1/3 , (53)

with the following Yukawa-type interaction

L � y� ¯̀
C
LLL�+ z�L̄

C
LLL�

⇤ + y�q̄
C
LLL�+ z�Q̄

C
LQL�

⇤ + h.c. . (54)

Provided that m�,�
>⇠ ⇤TC , the scalars can be integrated out obtains the following dimension-

6 operators
Leff � �y�z�

m2

�

¯̀C
LLLL̄

C
LLL � y�z�

m2

�

q̄CLLLQ̄
C
LQL , (55)

1
In order to have a sizable mixing, either ⇤F ⇠ ⇤TC or, if ⇤F > ⇤TC , the operator should have a sizable

anomalous dimension. The latter option has shown to be difficult to achieve in realistic models [?]. Still,

it is worth to note that other four-fermion operators made of SM fields, which could mediate potentially

dangerous flavor effects, cannot have such a sizable anomalous dimension since they are necessarily formed

by conserved currents.

3

Q = (NTC, 3, 1, 1/6) 
L  = (NTC, 1, 2, -1/2)NTC = 3

Below their mass:
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ρ - SM fermion coupling - 2

Assume that at the flavor scale ΛF ≳ ΛTC,
a 4-fermion operator is generated

Another possibility without invoking baryons:
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= 1.32± 0.17 , (6)
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K )SM = 1.0003± 0.0001 (13)
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↵
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L ⌘ �qijQ̄

i
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1

This framework is more general (less predictive) than the baryon-mixing one.
Also, the doublets can be contracted to form a singlet: coupling not suppressed.
For these reasons we focus on the baryon-mixing case.
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Heavy Vector Triplet

phenomenology are:
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2.2 Step II: simplified dynamical model

In order to generate �L(T )

4f in a dynamical way, we introduce the heavy spin-1 triplet, V a
µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [34]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads

LV = �1

4
D

[µV
a
⌫]D

[µV ⌫]a +
m2

V

2
V a
µ V

µa + gHV a
µ (H

†T ai
$
Dµ H) + V a

µ J
a
µ , (12)

where T a = �a/2, D
[µV

a
⌫] = DµV a

⌫ �D⌫V a
µ and DµV a

⌫ = @µV a
⌫ + g✏abcW b

µV
c
⌫ .

3

By integrating out at the tree-level the heavy spin-1 triplet and keeping only e↵ective oper-
ators of dimension  6, we obtain the e↵ective Lagrangian

Ld=6

e↵

= � 1

2m2

V

Ja
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a
µ � g2H

2m2
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(H†T ai
$
Dµ H)(H†T ai

$
Dµ H)� gH
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(H†T ai
$
Dµ H)Ja

µ . (13)

By construction, the first term is �L(T )

4f in Eq. (4). The second term, in the unitary gauge, is
simply

�g2Hv2

4m2
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✓
m2

WW+

µ W�
µ +

m2

Z

2
ZµZµ

◆✓
1 +

h

v

◆
4

. (14)

This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.
The last term, instead, describes non-universal deviations in the Z and W couplings to SM
quarks and leptons that lead to non-trivial constraints on the parameter space of the model (see
sect. 4.1).

3With respect to Ref. [34] we dropped interaction terms with two or more insertions of V a
µ , since such terms do

not contribute to the low-energy e↵ective Lagrangian at the dimension-6 level and are thus largely unconstrained
by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
the heavy vector triplet. The relative shift in the heavy vector masses mV is only of O(g2Hm2

W v2/m4

V )

5

of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian

�L(T )

4f = � 1

2m2
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Ja
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a
µ , (4)

where Ja
µ is a fermion current transforming as a SU(2)L triplet, built in terms of SM quarks

and lepton fields:
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aLj
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⌘
. (5)

Here �q,` are Hermitian flavor matrices and, by convention, �q
33

= �`
33

= 1.
We define Qi

L and Li
L to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L and Li
L transform as 2q ⇥ 1`

and 1q ⇥ 2`, respectively, and all other fermions are singlets. In the limit of unbroken flavor
symmetry only the Yukawa couplings for third generation fermions are allowed and the flavor
couplings in Eq. (5) are �q,`

ij = �i3�3j .
In the quark case, the leading corrections to the symmetry limit are expected to be generated

by spurions transforming as doublets of U(2)q [21]. Their flavor structure can be determined by
the SM Yukawa couplings and is unambiguously connected to the CKM matrix (V ). We can
thus expand �q

ij as follows:

�q
ij = �i3�3j + (✏

1

�i3V̂3j + ✏⇤
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As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

Among the four-fermion operators generated by the model, the ones most relevant to flavor

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [22].

4

These 4-fermion operators can naturally be generated by integrating out
a heavy Vector Boson, triplet of SU(2)L:

Coupling to the Higgs current

phenomenology are:
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2.2 Step II: simplified dynamical model

In order to generate �L(T )

4f in a dynamical way, we introduce the heavy spin-1 triplet, V a
µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [34]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads
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This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.
The last term, instead, describes non-universal deviations in the Z and W couplings to SM
quarks and leptons that lead to non-trivial constraints on the parameter space of the model (see
sect. 4.1).

3With respect to Ref. [34] we dropped interaction terms with two or more insertions of V a
µ , since such terms do

not contribute to the low-energy e↵ective Lagrangian at the dimension-6 level and are thus largely unconstrained
by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
the heavy vector triplet. The relative shift in the heavy vector masses mV is only of O(g2Hm2
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5

The dimension-6 operators obtained by integrating it out are:

4-fermion op. Z, W masses, hVV couplings Zff and Zhff couplings

[Pappadopulo, Thamm, Torre, Wulzer 1402.4431]
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EW-scale effects: Z-pole

phenomenology are:
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this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
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This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.
The last term, instead, describes non-universal deviations in the Z and W couplings to SM
quarks and leptons that lead to non-trivial constraints on the parameter space of the model (see
sect. 4.1).

3With respect to Ref. [34] we dropped interaction terms with two or more insertions of V a
µ , since such terms do

not contribute to the low-energy e↵ective Lagrangian at the dimension-6 level and are thus largely unconstrained
by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
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Figure 2: Results of the combined flavor and electroweak fit: 68%CL (green) and 95%CL (yellow)
allowed regions in the (✏q, ✏H) plane after having marginalized over the other parameters. The black dots
represent the best-fit points.

operators in Ref. [35]. To do this, we translate the e↵ective Lagrangian of Eq. (13) to the Higgs
basis used for the fit.

Since the constraints on the Z couplings to third generation (left-handed) quarks and leptons
are of the same order as the bounds on the couplings to lighter fermions, while in our model
the third generation is the one with biggest couplings, the strongest constraints on the model
will arise from the bounds on Z couplings to third generation fermions. This motivates us to
simplify the analysis of the EFT fit by neglecting �q,`

ij for i, j 6= 3. In this limit the fit only
depends on these two combinations of parameters:

✏` ✏H ⌘ g`gHm2
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g2m2
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= (4.3± 8.7)⇥ 10�4 , ✏q ✏H ⌘ gqgHm2

W
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V

= (�0.8± 1.4)⇥ 10�3 , (43)

and the correlation is negligible. We introduced the adimensional parameters ✏X ⌘ gXmW /gmV ,
with X = `, q,H. With this notation the constraint in Eq. (18) from charged current B-decays
can be written as R

0

= ✏` ✏q = 0.14± 0.04. In Fig. 2 we combine these experimental constraints
with the ones from flavor physics and show the 68%CL and 95%CL allowed regions in the (✏q, ✏H)
plane. From this we conclude that |✏H | . 5 ⇥ 10�3. This result allows us to conclude that, in
absence of new degrees of freedom in the model, the massive vectors decay dominantly to SM
fermions by means of the last term (V a

µ J
a
µ) in Eq. (12).

4.2 High-energy searches

We parametrize massive vector boson couplings to SM fermions (in their mass-eigenstate basis)
as follows
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a
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µf j

LVµ . (44)
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basis used for the fit.
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with X = `, q,H. With this notation the constraint in Eq. (18) from charged current B-decays
can be written as R

0

= ✏` ✏q = 0.14± 0.04. In Fig. 2 we combine these experimental constraints
with the ones from flavor physics and show the 68%CL and 95%CL allowed regions in the (✏q, ✏H)
plane. From this we conclude that |✏H | . 5 ⇥ 10�3. This result allows us to conclude that, in
absence of new degrees of freedom in the model, the massive vectors decay dominantly to SM
fermions by means of the last term (V a
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Figure 2: Results of the combined flavor and electroweak fit: 68%CL (green) and 95%CL (yellow)
allowed regions in the (✏q, ✏H) plane after having marginalized over the other parameters. The black dots
represent the best-fit points.
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phenomenology are:
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ūiL�µu

j
L

⌘i⇣
¯̀a
L�µ`

b
L � ⌫̄aL�µ⌫

b
L

⌘
, (8)

�L(T )

�F=2

= �
g2q

8m2

V


(�q

ij)
2

⇣
d̄iL�µd

j
L

⌘
2

+ (V �qV †)2ij

⇣
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2.2 Step II: simplified dynamical model

In order to generate �L(T )

4f in a dynamical way, we introduce the heavy spin-1 triplet, V a
µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [34]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads
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By integrating out at the tree-level the heavy spin-1 triplet and keeping only e↵ective oper-
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By construction, the first term is �L(T )
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This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.
The last term, instead, describes non-universal deviations in the Z and W couplings to SM
quarks and leptons that lead to non-trivial constraints on the parameter space of the model (see
sect. 4.1).

3With respect to Ref. [34] we dropped interaction terms with two or more insertions of V a
µ , since such terms do

not contribute to the low-energy e↵ective Lagrangian at the dimension-6 level and are thus largely unconstrained
by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
the heavy vector triplet. The relative shift in the heavy vector masses mV is only of O(g2Hm2

W v2/m4
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This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.
The last term, instead, describes non-universal deviations in the Z and W couplings to SM
quarks and leptons that lead to non-trivial constraints on the parameter space of the model (see
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µ , since such terms do

not contribute to the low-energy e↵ective Lagrangian at the dimension-6 level and are thus largely unconstrained
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=

Unphysical W and Z mass shift, deviations in Higgs couplings ~ εH.

Irrelevant given the constraint on εH from LEP-I. |εH| < 0.005
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Charged Current3 Low-energy implications of the four-fermion operators

3.1 New physics e↵ects in charged currents

Since the new interactions are purely left-handed, in the case of charged currents their e↵ect is
simply an overall (flavor non-universal) rescaling of the SM amplitudes:
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Using this expression, the LFU breaking ratio in Eq. (1) assumes the form
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where we have assumed |�`
µµ,ee| ⌧ 1 and |�q

ij | ⌧ |V ⇤
3iV3j |. The first condition is required by the

smallness of deviations from the SM in b ! c`⌫ decays (see below), the second condition follows
by the consistency of the bounds from �F = 2 amplitudes (see Sect. 3.2). We are thus able to
fix the overall strength of the new e↵ective charged-current interaction (compared to the Fermi
coupling):
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The model predicts the same violation of ⌧/` universality for all type of b ! c and b ! u

transitions. This implies, in particular, R⌧/`
D = R⌧/`

D⇤ , that is perfectly consistent with the
experimental result in Eq. (2).

In principle, violations of LFU universality are expected also between b ! c(u)µ⌫ and b !
c(u)e⌫ modes. Unfortunately, it is very di�cult to get experimental bounds on the latter using
published data, since most of the high-statistics semi-leptonic analyses are performed combining
µ and e modes [5]. Using the PDG fit for the combined B±/B0 sample [5], that is separated for
µ and e modes, we deduce that deviations between �(b ! c(u)µ⌫) and �(b ! c(u)e⌫) as large
as ⇠ 2% are allowed by present data. Within our model, we expect
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The strong constraints on LFU involving only quarks and leptons of the first two generations
(⇡ and K decays, CKM unitarity, and µ decay [23]) implies |�`
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µµ|. As a result, the

constraints on µ-e charged-current LFU can be used to set the approximate bound
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fix the overall strength of the new e↵ective charged-current interaction (compared to the Fermi
coupling):
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b b̅

ss̅
B̅ B

that justifies having neglected �`
µµ in Eq. (17). After this bound is imposed, violations of LFU

universality in K and ⇡ semileptonic decays turn out to be unobservables, given the additional
suppression factor |Vub(�

q
bq)

⇤/Vuq|, for q = s, d, compared to Eq. (19).
The universal 30% excess to ⌧ semi-leptonic charged-current decays is likely to explain, at

least in part, the tension between exclusive and inclusive determinations of |Vcb| and |Vub|. The
argument goes as follows: the B ! Xc,u⌧⌫ decays followed by ⌧ ! X`⌫⌫ represent a background
for the inclusive B ! Xc,u`⌫ analyses. At present, this background is subtracted via montecarlo
simulations that assume a SM-like B(B ! Xc,u⌧⌫) [24]. This procedure therefore underestimates
the background events and leads to an enhanced B ! Xc,u`⌫ signal. On the other hand, the
problem is not present in the exclusive decays of the type B ! D(⇤)`⌫, where the kinematical
closure of the events prevents the contamination from ⌧ decays. A precise estimate of the e↵ect
would require a re-analysis of B ! Xc,u`⌫ data and is beyond the scope of the present paper.
However, we note that this e↵ect necessarily goes in the right direction (enhanced signal in
inclusive modes), and that is likely to be larger in b ! u compared to b ! c, given the di↵erent
kinematical cuts. We are then led to the conclusion that the most reliable estimates of |Vcb| and
|Vub| are those obtained by means of exclusive decays and, more specifically, exclusive decays
into electron final states.

As a result of this discussion, we urge the experimental collaborations to reanalyze all semi-
leptonic charged-current B decays without imposing LFU, both as far as signal and as far as
background are concerned.

3.2 Bounds from �F = 2

Also in the case of �F = 2 transitions the new interaction amounts to an overall flavor non-
universal rescaling of the SM amplitudes. It is therefore convenient to define the ratios
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where5
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⇡ 6.5⇥ 10�3 . (22)

The consistency with experimental results on down-type �F = 2 amplitudes, where no signifi-
cant deviations from the SM are observed (up to the 10%-30% level depending on the specific
amplitude) implies |�q

ij | <⇠ 10�1|V ⇤
3iV3j |, for R

0

= 0.15 and g`/gq = O(1). As anticipated, this
justifies the expansion on the r.h.s. of Eq. (17).

If the corrections of �q
ij from the leading term are generated by U(2)q breaking spurions, as

proposed in Eq. (6), the R�F=2

Bq
terms should respect the U(2)3 prediction [21]
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that, in turn, implies no corrections to the clean ratio �MBs/�MBd
. Furthermore, if the ✏

1

parameter in the expansion (6) is real, we expect no corrections to the CP -violating phases of
Bs and Bd mixing.

5For the SM amplitude and the definition for the loop function S
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2

W ) ⇡ 2.4 see e.g. Ref [27].
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R0  is fixed bound on λbq and gq/g .

To discuss the NP impact in b ! s`+`� decays we need to establish a precise upper bound on
|�q

bs|. According to the U(2)3 fit of meson-antimeson mixing of Ref. [26], we set R�F=2
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Even in the limit of negligible �q
ij for i 6= 3 or j 6= 3, a potentially sizable contribution to

�C = 2 is generated by CKM mixing, starting from the leading term in Eq. (6). This can be
written as
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Remarkably, for g`/gq = O(1) this result is compatible with the existing bounds from CP
violation in D-D̄ mixing that require ⇤uc > 3⇥103 TeV [28]. For R

0

= 0.15 this fixes |gqg` | . 5.4.

3.3 Bounds from LFU and LFV in ⌧ decays, and neutrino physics

LFU in ⌧ decays has been tested at the permil level. Assuming �`
ij is negligible if i = e or j = e,

and imposing |�q
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3iV3j |, such tests can be used to set stringent limits on |�`
µµ| and |�`
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Moreover, a strong limit on the product |�`
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µµ| follows from the upper bound on B(⌧ ! 3µ).
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As far as LFU tests are concerned, the observable we consider is [29]
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=

����1 +R
0

g`
gq

✓
�`
µµ � 1

2
|�`

⌧µ|2
◆����

2

+

����
R

0

2

g`
gq

�`
⌧µ

����
2

= 1.0040± 0.0032 , (28)

where x` =
m`
m⌧

, f(x2µ)/f(x
2

e) = 0.9726 is a phase space factor, and we summed over neutrinos of
arbitrary flavor. The numerical result on the r.h.s. of Eq. (28) is obtained using PDG data [5].
Expanding to first order in R

0

and assuming |�`
⌧µ|2 ⌧ |�`

µµ| we obtain
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This constraint is significantly stronger than the bound from b ! cµ(e)⌫ universality (Eq. (20)),
unless gq/g` � 1.
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Even in the limit of negligible �q
ij for i 6= 3 or j 6= 3, a potentially sizable contribution to

�C = 2 is generated by CKM mixing, starting from the leading term in Eq. (6). This can be
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Remarkably, for g`/gq = O(1) this result is compatible with the existing bounds from CP
violation in D-D̄ mixing that require ⇤uc > 3⇥103 TeV [28]. For R

0

= 0.15 this fixes |gqg` | . 5.4.

3.3 Bounds from LFU and LFV in ⌧ decays, and neutrino physics

LFU in ⌧ decays has been tested at the permil level. Assuming �`
ij is negligible if i = e or j = e,

and imposing |�q
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3iV3j |, such tests can be used to set stringent limits on |�`
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Moreover, a strong limit on the product |�`

⌧µ||�`
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As far as LFU tests are concerned, the observable we consider is [29]
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where x` =
m`
m⌧

, f(x2µ)/f(x
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e) = 0.9726 is a phase space factor, and we summed over neutrinos of
arbitrary flavor. The numerical result on the r.h.s. of Eq. (28) is obtained using PDG data [5].
Expanding to first order in R
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and assuming |�`
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This constraint is significantly stronger than the bound from b ! cµ(e)⌫ universality (Eq. (20)),
unless gq/g` � 1.
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Even in the limit of negligible �q
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Remarkably, for g`/gq = O(1) this result is compatible with the existing bounds from CP
violation in D-D̄ mixing that require ⇤uc > 3⇥103 TeV [28]. For R
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= 0.15 this fixes |gqg` | . 5.4.

3.3 Bounds from LFU and LFV in ⌧ decays, and neutrino physics
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(ūL�µcL)
2 + h.c. , (25)

⇤uc =


GFp
2
R

0

gq
g`
|VubV

⇤
cb|2

��1/2

⇡ 6.9⇥ 103 TeV ⇥
����
g`
gq

����
1/2✓0.15

R
0

◆
1/2

. (26)

Remarkably, for g`/gq = O(1) this result is compatible with the existing bounds from CP
violation in D-D̄ mixing that require ⇤uc > 3⇥103 TeV [28]. For R

0

= 0.15 this fixes |gqg` | . 5.4.

3.3 Bounds from LFU and LFV in ⌧ decays, and neutrino physics
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and imposing |�q
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⌧µ|.
Moreover, a strong limit on the product |�`
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µµ| follows from the upper bound on B(⌧ ! 3µ).
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As far as LFU tests are concerned, the observable we consider is [29]
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where x` =
m`
m⌧

, f(x2µ)/f(x
2

e) = 0.9726 is a phase space factor, and we summed over neutrinos of
arbitrary flavor. The numerical result on the r.h.s. of Eq. (28) is obtained using PDG data [5].
Expanding to first order in R
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and assuming |�`
⌧µ|2 ⌧ |�`

µµ| we obtain
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This constraint is significantly stronger than the bound from b ! cµ(e)⌫ universality (Eq. (20)),
unless gq/g` � 1.
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The scale probed is:
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LFU in τ decays

Tau decays well measured (permil), no deviation from LFU observed:
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Even in the limit of negligible �q
ij for i 6= 3 or j 6= 3, a potentially sizable contribution to

�C = 2 is generated by CKM mixing, starting from the leading term in Eq. (6). This can be
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Remarkably, for g`/gq = O(1) this result is compatible with the existing bounds from CP
violation in D-D̄ mixing that require ⇤uc > 3⇥103 TeV [28]. For R

0

= 0.15 this fixes |gqg` | . 5.4.

3.3 Bounds from LFU and LFV in ⌧ decays, and neutrino physics

LFU in ⌧ decays has been tested at the permil level. Assuming �`
ij is negligible if i = e or j = e,

and imposing |�q
ij | ⌧ |V ⇤

3iV3j |, such tests can be used to set stringent limits on |�`
µµ| and |�`
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As far as LFU tests are concerned, the observable we consider is [29]

B(⌧ ! µ⌫̄⌫)f(x2e)
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where x` =
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, f(x2µ)/f(x
2

e) = 0.9726 is a phase space factor, and we summed over neutrinos of
arbitrary flavor. The numerical result on the r.h.s. of Eq. (28) is obtained using PDG data [5].
Expanding to first order in R
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and assuming |�`
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µµ| we obtain
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This constraint is significantly stronger than the bound from b ! cµ(e)⌫ universality (Eq. (20)),
unless gq/g` � 1.
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LFV:    τ → 3µ
µ

τ
µ̅
µ

Experimental bound:

In principle, an independent bound on |�`
µµ| can be obtained by neutrino trident production,

namely muon pair production from ⌫µ scattering on a heavy nuclei. The inclusive cross section
�(⌫µN ! ⌫µNµ+µ�) is proportional to the combination of e↵ective couplings (C2
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CV,A = CSM

V,A +�CV,A [30], and the SM reference values are CSM

V = 1/2 + 2 sin2 ✓W and CSM

A =
1/2 [30]. The corrections to these couplings in our model are

�CV = �CA =
m2

W g2`
2m2

V g
2

|�`
µµ|2 . (30)

Combining the reported cross section measurements from the CHARM-II collaboration (�/�SM =
1.58± 0.57 [31]) and the CCFR collaboration (�/�SM = 0.82± 0.28 [32]), we find
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that is well below the LFU bound in Eq. (29).
As far as LFV is concerned, the B(⌧ ! 3µ) < 2.1 ⇥ 10�8 bound [5] implies ⇤⌧µ > 11 TeV,

that can be translated into
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If |�`
µµ| assumes the maximal allowed by Eq. (29), we are left with the bound |�`
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latter is compatible with the hypothesis that �`
ij admits an expansion similar to that of �q

ij in
Eq. (6), or that the leading breaking of the U(2)` flavor symmetry is determined by spurions
transforming as U(2)` doublets.
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In principle, an independent bound on |�`
µµ| can be obtained by neutrino trident production,

namely muon pair production from ⌫µ scattering on a heavy nuclei. The inclusive cross section
�(⌫µN ! ⌫µNµ+µ�) is proportional to the combination of e↵ective couplings (C2
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A) where
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Combining the reported cross section measurements from the CHARM-II collaboration (�/�SM =
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that is well below the LFU bound in Eq. (29).
As far as LFV is concerned, the B(⌧ ! 3µ) < 2.1 ⇥ 10�8 bound [5] implies ⇤⌧µ > 11 TeV,
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If |�`
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In principle, an independent bound on |�`
µµ| can be obtained by neutrino trident production,

namely muon pair production from ⌫µ scattering on a heavy nuclei. The inclusive cross section
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Combining the reported cross section measurements from the CHARM-II collaboration (�/�SM =
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|�`
µµ| < 1.5

����
gq
g`

����
1/2✓0.15

R
0

◆
1/2

, (31)

that is well below the LFU bound in Eq. (29).
As far as LFV is concerned, the B(⌧ ! 3µ) < 2.1 ⇥ 10�8 bound [5] implies ⇤⌧µ > 11 TeV,

that can be translated into
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If |�`
µµ| assumes the maximal allowed by Eq. (29), we are left with the bound |�`

⌧µ| <⇠ 0.15. The

latter is compatible with the hypothesis that �`
ij admits an expansion similar to that of �q

ij in
Eq. (6), or that the leading breaking of the U(2)` flavor symmetry is determined by spurions
transforming as U(2)` doublets.

3.4 New-physics e↵ects in b ! s`+`�

The e↵ective Lagrangian encoding NP e↵ects in b ! s`+`�(` = e, µ, ⌧) is

�L(V )

b!s`+`� = �2GFp
2
R

0

�q
bs

�
b̄L�µsL

� ⇣
⌧̄L�µ⌧L + �`

µµµ̄L�µµL + �`
eeēL�µeL

⌘
. (33)

Using �L(V )

b!s`+`� to determine modified matching conditions for the Wilson coe�cients of the
most general b ! s`+`� e↵ective Hamiltonian,

Hb!s
e↵

= �4GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

(C`
iO

`
i + C`0

i O
`0) + h.c. (34)

leads to

�C⌧
9

= ��C⌧
10

= �⇡R
0

↵
em

�q
bs

V ⇤
tbVts

, �Cµ(e)
9

= ��Cµ(e)
10

= ��`
µµ(ee)�C⌧

10

, (35)

where
O`

9

= (s̄L�
⌫bL)¯̀�⌫` , O`

10

= (s̄L�
⌫bL)¯̀�⌫�

5` . (36)
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3 Low-energy implications of the four-fermion operators

3.1 New physics e↵ects in charged currents

Since the new interactions are purely left-handed, in the case of charged currents their e↵ect is
simply an overall (flavor non-universal) rescaling of the SM amplitudes:

Rb!c
`i =

A(b ! c `i⌫̄i)
SM+NP

A(b ! c `i⌫̄i)
SM

= 1 +R
0

�`
ii

✓
1 +

Vcs(�
q
bs)

⇤ + Vcd(�
q
bs)

⇤

Vcb

◆
, (15)

where

R
0

=
gqg`m2

W

g2m2

V

⌘ G(T )

F

GSM

F

. (16)

Using this expression, the LFU breaking ratio in Eq. (1) assumes the form

R⌧/`
D⇤ ⇡ 1 + 2R

0

Re

" 
1�

�`
µµ + �`

ee

2

!✓
1 +

Vcs(�
q
bs)

⇤ + Vcd(�
q
bd)

⇤

Vcb

◆#
⇡ 1 + 2R

0

, (17)

where we have assumed |�`
µµ,ee| ⌧ 1 and |�q

ij | ⌧ |V ⇤
3iV3j |. The first condition is required by the

smallness of deviations from the SM in b ! c`⌫ decays (see below), the second condition follows
by the consistency of the bounds from �F = 2 amplitudes (see Sect. 3.2). We are thus able to
fix the overall strength of the new e↵ective charged-current interaction (compared to the Fermi
coupling):

R
0

=
1

2

⇣
R⌧/`

D⇤ � 1
⌘
= 0.14± 0.04 . (18)

The model predicts the same violation of ⌧/` universality for all type of b ! c and b ! u

transitions. This implies, in particular, R⌧/`
D = R⌧/`

D⇤ , that is perfectly consistent with the
experimental result in Eq. (2).

In principle, violations of LFU universality are expected also between b ! c(u)µ⌫ and b !
c(u)e⌫ modes. Unfortunately, it is very di�cult to get experimental bounds on the latter using
published data, since most of the high-statistics semi-leptonic analyses are performed combining
µ and e modes [5]. Using the PDG fit for the combined B±/B0 sample [5], that is separated for
µ and e modes, we deduce that deviations between �(b ! c(u)µ⌫) and �(b ! c(u)e⌫) as large
as ⇠ 2% are allowed by present data. Within our model, we expect

�(b ! c(u) µ⌫̄)
SM+NP

�(b ! c(u) e⌫̄)
SM+NP

⇡ 1 + 2R
0

Re
⇣
�`
µµ � �`

ee

⌘
. (19)

The strong constraints on LFU involving only quarks and leptons of the first two generations
(⇡ and K decays, CKM unitarity, and µ decay [23]) implies |�`

ee| ⌧ |�`
µµ|. As a result, the

constraints on µ-e charged-current LFU can be used to set the approximate bound

|�`
µµ| <⇠ 0.07

✓
0.15

R
0

◆
, (20)
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Given that

from b→c(u)μν
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In principle, an independent bound on |�`
µµ| can be obtained by neutrino trident production,

namely muon pair production from ⌫µ scattering on a heavy nuclei. The inclusive cross section
�(⌫µN ! ⌫µNµ+µ�) is proportional to the combination of e↵ective couplings (C2

V +C2

A) where
CV,A = CSM

V,A +�CV,A [30], and the SM reference values are CSM

V = 1/2 + 2 sin2 ✓W and CSM

A =
1/2 [30]. The corrections to these couplings in our model are

�CV = �CA =
m2

W g2`
2m2

V g
2

|�`
µµ|2 . (30)

Combining the reported cross section measurements from the CHARM-II collaboration (�/�SM =
1.58± 0.57 [31]) and the CCFR collaboration (�/�SM = 0.82± 0.28 [32]), we find

|�`
µµ| < 1.5

����
gq
g`

����
1/2✓0.15

R
0

◆
1/2

, (31)

that is well below the LFU bound in Eq. (29).
As far as LFV is concerned, the B(⌧ ! 3µ) < 2.1 ⇥ 10�8 bound [5] implies ⇤⌧µ > 11 TeV,

that can be translated into

|�`
µµ�

`
⌧µ| < 0.005

����
gq
g`

����

✓
0.15

R
0

◆
. (32)

If |�`
µµ| assumes the maximal allowed by Eq. (29), we are left with the bound |�`

⌧µ| <⇠ 0.15. The

latter is compatible with the hypothesis that �`
ij admits an expansion similar to that of �q

ij in
Eq. (6), or that the leading breaking of the U(2)` flavor symmetry is determined by spurions
transforming as U(2)` doublets.

3.4 New-physics e↵ects in b ! s`+`�

The e↵ective Lagrangian encoding NP e↵ects in b ! s`+`�(` = e, µ, ⌧) is

�L(V )

b!s`+`� = �2GFp
2
R

0

�q
bs

�
b̄L�µsL

� ⇣
⌧̄L�µ⌧L + �`

µµµ̄L�µµL + �`
eeēL�µeL

⌘
. (33)

Using �L(V )

b!s`+`� to determine modified matching conditions for the Wilson coe�cients of the
most general b ! s`+`� e↵ective Hamiltonian,

Hb!s
e↵

= �4GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

(C`
iO

`
i + C`0

i O
`0) + h.c. (34)

leads to

�C⌧
9

= ��C⌧
10

= �⇡R
0

↵
em

�q
bs

V ⇤
tbVts

, �Cµ(e)
9

= ��Cµ(e)
10

= ��`
µµ(ee)�C⌧

10

, (35)

where
O`

9

= (s̄L�
⌫bL)¯̀�⌫` , O`

10

= (s̄L�
⌫bL)¯̀�⌫�

5` . (36)
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The experimental measurement
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1 Introduction

Recent experimental data in B physics hint toward deviations of Lepton Flavor Universality
(LFU) in semi-leptonic decays, both in the case of b ! c charged-current transitions, as well as
in the case of b ! s neutral currents. The statistically most significant results can be summarized
as follows:

• 3.8� + 2.0� deviation of ⌧/` universality (` = µ, e) in b ! c transitions, encoded by [1–3]:

R⌧/`
D⇤ =

B(B ! D⇤⌧⌫)
exp

/B(B ! D⇤⌧⌫)
SM

B(B ! D⇤`⌫)
exp

/B(B ! D⇤`⌫)
SM

= 1.28± 0.08 , (1)

R⌧/`
D =

B(B ! D⌧⌫)
exp

/B(B ! D⌧⌫)
SM

B(B ! D`⌫)
exp

/B(B ! D`⌫)
SM

= 1.37± 0.18 , (2)

• 2.6� deviation of µ/e universality in b ! s transitions [4]:1

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

����
q22[1,6]GeV

= 0.745+0.090
�0.074 ± 0.036 . (3)

1The result in Eqs. (1) and (2) are obtained using B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
exp

= 0.323 ± 0.021 and
B(B ! D⌧⌫)/B(B ! D`⌫)

exp

= 0.41± 0.05 from the average of Babar [1], Belle [2], and LHCb [3], assuming e/µ
universality in b ! c`⌫ decays, as indicated by b ! c`⌫ data [5] (see Sect. 3.1), together with the theory predictions
B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)

SM

= 0.252 ± 0.003 [6] and B(B ! D⌧⌫)/B(B ! D`⌫)
SM

= 0.31 ± 0.02 [7]. The

SM expectation of Rµ/e
K is |(Rµ/e

K )
SM

� 1| < 1% [8] while, by construction, R⌧/`
D⇤ = R

⌧/`
D = 1 within the SM.

2

and all other b → sμμ̅ transitions get a contribution from:

Present b ! sµ+µ� anomalies and Rµ/e
K seems to indicate a LF non-universal modification

in the Wilson coe�cients Cµ
9

compared to the SM (see e.g. Ref. [13, 14]). However, a good
fit to present data is also obtained assuming �Cµ

9

= ��Cµ
10

6= 0 and �Ce
9,10 = 0, that is

compatible with the modification expected in our NP framework for |�`
µµ| � |�`

ee|. The best fit
thus obtained implies �Cµ

9

= ��Cµ
10

= �0.53± 0.18 [33].
In order to reproduce this result within our model we must impose

�q
bs�

`
µµ = (3.4± 1.1)⇥ 10�4 ⇥

✓
0.15

R
0

◆
. (37)

This result is in some tension with the bounds on |�`
µµ| and |�q

bs| dictated by LFU in ⌧ decays and
�mBq mixing, respectively. To express this tension more clearly, it is convenient to normalize
Eq. (37) to the maximal value of |�q

bs| allowed by �mBq mixing. This leads to

�q
bs

|�q
bs|max

✓
R

0

0.15

◆
1/2 ����

g`
gq

����
1/2

�`
µµ = (0.09± 0.03) , (38)

that should be compared with the constraint on |�`
µµ| from Eq. (29). Given the di↵erent scaling

of Eq. (38) and Eq. (29) in terms of g`/gq, the tension decreases for |g`/gq| < 1.
As far as b ! s⌧+⌧� decays are concerned, for R

0

= 0.15 and gq = g`, we find

�C⌧
9

= ��C⌧
10

⇡ �5.6⇥ �q
bs

|�q
bs|max

, vs. (C⌧
9

)
SM

⇡ �(C⌧
10

)
SM

⇡ 4.2 . (39)

Thus if �q
bs is close to |�q

bs|max

, as favored by b ! sµ+µ� anomalies and Rµ/e
K , depending on

arg(�q
bs) we have two very di↵erent non-standard predictions for b ! s⌧+⌧� decays. In the

case of maximal constructive interference of NP and SM amplitudes, b ! s⌧+⌧� rates could
be enhanced up to a factor ⇡ 5 over the SM; in the case of maximal destructive interference,
b ! s⌧+⌧� rates could be strongly suppressed (even less than 1/10) compared to the SM
expectation. This possible enhancement or suppression would hold also for the b ! s⌫⌧ ⌫̄⌧ rates,
but it would appear “diluted” by a factor of ⇡ 3 in the measurable b ! s⌫⌫̄ rates summed over
all neutrino species.

In principle, the e↵ective four-fermion Lagrangian in Eq. (4) could allow also FCNC–LFV
transitions of the type b ! s`±i `

⌥
j , with the largest amplitude expected for b ! s⌧±µ⌥. The

latter can be estimated by means of Eq. (35), with the replacement �`
µµ ! �`

⌧µ. Given the

constraint on |�`
⌧µ| in Eq. (32), we find that FCNC–LFV helicity-conserving transitions (B !

K⌧±µ⌥, B ! K⇤⌧±µ⌥, . . . ) can have rates which are at most 10% of those of the corresponding
di-muon modes in the SM. Similarly, we find B(Bs ! ⌧±µ⌥) <⇠ 10�8. These bounds makes the
experimental search of these FCNC–LFV transitions very challenging, at least in the short
term. We also note that such bounds are saturated only if B(⌧ ! 3µ) is just below its current
experimental bound.
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case of maximal constructive interference of NP and SM amplitudes, b ! s⌧+⌧� rates could
be enhanced up to a factor ⇡ 5 over the SM; in the case of maximal destructive interference,
b ! s⌧+⌧� rates could be strongly suppressed (even less than 1/10) compared to the SM
expectation. This possible enhancement or suppression would hold also for the b ! s⌫⌧ ⌫̄⌧ rates,
but it would appear “diluted” by a factor of ⇡ 3 in the measurable b ! s⌫⌫̄ rates summed over
all neutrino species.

In principle, the e↵ective four-fermion Lagrangian in Eq. (4) could allow also FCNC–LFV
transitions of the type b ! s`±i `

⌥
j , with the largest amplitude expected for b ! s⌧±µ⌥. The

latter can be estimated by means of Eq. (35), with the replacement �`
µµ ! �`

⌧µ. Given the

constraint on |�`
⌧µ| in Eq. (32), we find that FCNC–LFV helicity-conserving transitions (B !

K⌧±µ⌥, B ! K⇤⌧±µ⌥, . . . ) can have rates which are at most 10% of those of the corresponding
di-muon modes in the SM. Similarly, we find B(Bs ! ⌧±µ⌥) <⇠ 10�8. These bounds makes the
experimental search of these FCNC–LFV transitions very challenging, at least in the short
term. We also note that such bounds are saturated only if B(⌧ ! 3µ) is just below its current
experimental bound.
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Combining with the bound from B ↔ B̅:

To discuss the NP impact in b ! s`+`� decays we need to establish a precise upper bound on
|�q

bs|. According to the U(2)3 fit of meson-antimeson mixing of Ref. [26], we set R�F=2

Bs
2 [0.8, 1.2]

at 95%CL, that implies

|�q
bs| < |�q

bs|max

= 0.093 |Vts|
����
g`
gq

����
1/2✓0.15

R
0

◆
1/2

. (24)

Even in the limit of negligible �q
ij for i 6= 3 or j 6= 3, a potentially sizable contribution to

�C = 2 is generated by CKM mixing, starting from the leading term in Eq. (6). This can be
written as

�L(V )

�C=2

= � 1

⇤2

uc

(VubV ⇤
cb)

2

|VubV ⇤
cb|2

(ūL�µcL)
2 + h.c. , (25)

⇤uc =


GFp
2
R

0

gq
g`
|VubV

⇤
cb|2

��1/2

⇡ 6.9⇥ 103 TeV ⇥
����
g`
gq

����
1/2✓0.15

R
0

◆
1/2

. (26)

Remarkably, for g`/gq = O(1) this result is compatible with the existing bounds from CP
violation in D-D̄ mixing that require ⇤uc > 3⇥103 TeV [28]. For R

0

= 0.15 this fixes |gqg` | . 5.4.

3.3 Bounds from LFU and LFV in ⌧ decays, and neutrino physics

LFU in ⌧ decays has been tested at the permil level. Assuming �`
ij is negligible if i = e or j = e,

and imposing |�q
ij | ⌧ |V ⇤

3iV3j |, such tests can be used to set stringent limits on |�`
µµ| and |�`

⌧µ|.
Moreover, a strong limit on the product |�`

⌧µ||�`
µµ| follows from the upper bound on B(⌧ ! 3µ).

The relevant modified e↵ective Lagrangians are

�L(T )

LFU

= � g2`
2m2

V

✓
�`
µµ � 1

2
|�`

⌧µ|2
◆
(⌧̄L�µµL)(⌫̄µ�µ⌫⌧ ) +

1

2
�`
⌧µ(⌧̄L�µµL)(⌫̄⌧�µ⌫⌧ ) + h.c.

�
,

�L(T )

LFV

= � 1

⇤2

⌧µ

(⌧̄L�µµL)(µ̄L�µµL) , ⇤⌧µ =


GFp
2
R

0

g`
gq

�`
µµ�

`
⌧µ

��1/2

. (27)

As far as LFU tests are concerned, the observable we consider is [29]

B(⌧ ! µ⌫̄⌫)f(x2e)

B(⌧ ! e⌫̄⌫)f(x2µ)
=

����1 +R
0

g`
gq

✓
�`
µµ � 1

2
|�`

⌧µ|2
◆����

2

+

����
R

0

2

g`
gq

�`
⌧µ

����
2

= 1.0040± 0.0032 , (28)

where x` =
m`
m⌧

, f(x2µ)/f(x
2

e) = 0.9726 is a phase space factor, and we summed over neutrinos of
arbitrary flavor. The numerical result on the r.h.s. of Eq. (28) is obtained using PDG data [5].
Expanding to first order in R

0

and assuming |�`
⌧µ|2 ⌧ |�`

µµ| we obtain

�`
µµ = (0.013± 0.011)⇥ gq

g`

✓
0.15

R
0

◆
. (29)

This constraint is significantly stronger than the bound from b ! cµ(e)⌫ universality (Eq. (20)),
unless gq/g` � 1.
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From LFU in τ decays:

Some tension to saturate the excess in B → K μμ.

From Global analysis 
[Altmannshofer, Straub 1411.3161, 1503.06199]

In summary, we find that the e↵ective Lagrangian in Eq. (4) provides a significantly improved
fit to low-energy data. It is worth stressing that, even from the EFT point of view, this model
is highly constrained given the underlying set of dynamical hypotheses. As a result, the model
leads to a series of predictions often di↵erent (more precise) than those obtained using more
general EFT approaches (see e.g. [16, 17, 20]). The main predictions, which can be used to test
the model in a more stringent way in view of future data, can be summarized as follows:

Charged currents. The b ! c(u)⌧⌫ charged currents should exhibit a universal enhancement

(independent of the hadronic final state). This implies, in particular, RB⌧⌫ = R⌧/µ
D = R⌧/µ

D⇤ .
LFU violations between b ! c(u)µ⌫ and b ! c(u)e⌫ can be as large as O(1%). The
inclusive |Vcb| and |Vub| determinations are enhanced over the exclusive ones because of
the ⌧ contamination in the corresponding samples.

FCNC. The modification of the b ! s`+`� operators are purely left-handed. This implies,
in particular, �Cµ

9

= ��Cµ
10

, hence a suppression (in the 10%–20% range) of B(Bs,d !
µ+µ�) rates compared to their SM expectations. The central value of the anomaly in Rµ/e

K

is likely to decrease (to ⇠ 10% or less). The NP contribution to the b ! s⌧+⌧� amplitude
is likely to be close, in magnitude, to the SM one. This implies a rate enhancement of at
most a factor of ⇡ 5 compared to the SM (constructive interference) or a strong suppression
(destructive interference). The magnitude of the FCNC-LFV transitions b ! sµ±⌧⌥ is at
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= (�MBs/�MBd
)
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pNGB - πa

Couples to 3rd gen. fermions via mixing with baryons:

For mL < mQ it is the lightest pNGB.      
mπ ~ 400 - 800 GeV

πa = (1,3,0)

that fully saturates R(D⇤) is also expected to show up very soon in LHC ⌧+⌧� searches.
It is interesting to point out that in the case of comparable Uµ and ⇢0

µ contributions to
the b ! c⌧⌫ anomaly, with fine adjustment of the parameters one can achieve destructive
interference between s� and t� channel diagrams shown in Fig. 8, lowering the total cross
section even by an order of magnitude.

6.2 Pseudoscalars

SU(2)L triplet ⇡a: For mL < mQ the lightest pNGB multiplet in both models is a SU(2)L
triplet ⇡a ⇠ (1,3, 0), with mass m2

⇡ ' 2B
0

mL + �m2

(1,3,0), where the gauge contribution is
shown in Eq. (11). EWSB e↵ects are expected to further generate a small mass splitting inside
the triplet, increasing the mass of the charged ones, as for the QCD pions. The lightest techni-
hadron in these models, therefore, is likely to be the neutral component ⇡0. As for the singlet
⌘, also this triplet is expected to couple to the SM fermion doublets of the third generation via
strong interactions with two baryons, Eq. (34):

�L = ig⇡BB⇡a(B̄`�
5�aB` + B̄q�

5�aBq). (62)

After baryon-SM fermion mixing, Eq. (27), the most relevant couplings generated are

�L = i
g⇡BB2

qmt

mB

✓
⇡0t̄�5t +

1p
2
⇡+t̄L�5bR +

1p
2
⇡�b̄�5t

◆
. (63)

Contrary to the ⌘ coupling to Bq in model I, the pions do not have a suppression of
p

15, thus
g⇡BB ⇠ g⇢. For this reason, and given the absence of an anomalous coupling to two gluons, the
decay to tt̄ is expected to be the dominant one for the neutral pion ⇡0. A subleading decay mode
is due to the anomalous coupling to two photons (as well as to the other EW gauge bosons),
given by A⇡0

�� = 2NTCYL, which induces a decay width

�(⇡0 ! ��) =
N2

TC↵2Y 2

L

16⇡3

m3

⇡0

f 2

. (64)

The main production mechanism for these states at the LHC is pair production via Drell-Yan,
qq̄ ! W±⇤ ! ⇡±⇡0 or qq̄ ! Z⇤/�⇤ ! ⇡+⇡�. The electroweak production mode, the mass
m⇡ & 400 GeV, see Fig. 3, and the decay channels with many tops in the final state make the
search for these states quite challenging at the LHC.

Color octets ⇡̃: A discussion of the phenomenology of the color-octets pNGB, ⇡̃
1

⇠ (8,1, 0)
and ⇡̃

3

⇠ (8,3, 0), can be found for example in Ref. [18]. Their mass is given by m2

⇡̃1(3)
=

2B
0

mQ + �m2

(8,1(3),0), thus for mQ > mL they are expected to be the heaviest pNGB, see also
Fig. 3. At the LHC they can be singly produced in gluon-fusion via the anomalous coupling, as
well as doubly produced via strong gauge interaction. Another relevant coupling specific to our
setup is the one with a tt̄ pair via the mixing with baryons, similarly to what is discussed above
for the ⌘ and the ⇡a. This opens up the decay channel to tt̄, which may be comparable in size
to the one in two gluons.
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π0 → tt,  π+ → tb̅Leading decay modes:
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Also:

Pair-production via Drell-Yan:
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Challenging to look for at the LHC
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Model I: pNGB spectrum

Figure 3: pNGB spectrum in the minimal model (left) and the extended model (right), without the
gauge contribution of Eq. (11). The mass of the diphoton candidate resonance is fixed to m⌘ = 750 GeV.

There are two independent, unbroken, and non-anomalous U(1) factors: the diagonal sub-
group of SU(5)V , and U(1)V . These two global charges also correspond to the Q- and L-numbers,
and after mixing of the techni-baryons with the SM quark and lepton doublets, are matched to
the SM baryon and lepton numbers. One combination of them is identified with the SM hyper-
charge. Notice that, since the hypercharge assignment of the techni-quarks is never such that
it can be matched to the diagonal SU(5) generator, an embedding of the model into SU(5)

gauge

requires also the second U(1) to be gauged.

3.2 Extendend model: Q = (N
TC

,3,2, YQ) and L = (N
TC

,1,2, YL)

An extended spectrum of vector-meson resonances, including in particular vector leptoquarks,
is obtained if we assume that Q is a doublet of SU(2)L, rather than a singlet as in the minimal
model, Q = (NTC,3,2, YQ) and L = (NTC,1,2, YL). This leads to a SU(8)L ⇥ SU(8)R global
flavor symmetry. The corresponding set of 63 pNGB is listed in Tab. 1 (bottom). The anomalous
couplings of the singlet pseudoscalar meson are

A⌘
BB =

p
3NTC

�
Y 2

Q � Y 2

L

�
, A⌘

WW = 0 , A⌘
gg =

NTC

2
p

3
. (18)

The hypercharge assignments that allow to construct techni-baryons with the quantum numbers
of SM quark and lepton doublets, for NTC = 3, are

YQ 1/6 1/2 1/6 0 �1/6
YL �1/2 �1/6 0 �1/6 1/6

. (19)

The latter leads to a vanishing anomalous coupling to photons in Eq. (18), therefore we discard
that option. In the first two (third and fourth) cases the diphoton excess can be fit with

f ⇡ 70 (9) NTC GeV , (20)
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pNGB - π̃A(a)

As before, they couple to 3rd gen. fermions via mixing with baryons.

These are the heaviest pNGB.      mπ̃ ~ 1 - 1.5 TeV

π̃A(a) = (8,1,0) + (8,3,0)

Single-production at LHC in gluon-fusion via the anomalous coupling,
pair-production in gluon-fusion with strong coupling.

Decays to gg or gγ are the most relevant ones if no fermionic decay is open.

See e.g. [Craig, Draper, Kilic, Thomas 1512.07733], [Redi, Strumia, Tesi, Vigniani 1602.07297]

[Bai, Barger, Berger 1604.07835]

In our setup: Decay to t t̅   could be dominant, or comparable to gg.
expect a signal in this channel soon.
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pNGB - Leptoquarks

They couple to 3rd gen. fermions via mixing with baryons.

mD ~ 0.8 - 1 TeV
Model I:   D = (3,2,ΔY) + h.c.

Pair-production in gluon-fusion.
LHC bounds on 3rd gen. leptoquarks:

Leptoquarks D, S, and T a: The minimal model I contains a pNGB multiplet with SM
quantum numbers D ⇠ |L̄Qi ⇠ (3,2, �Y ), where �Y = YQ�YL = �1

3

(1
6

) with the hypercharge
assignment A (B) and masses m2

D = B
0

(mL + mQ) + �m2

(3,2,�Y )

⇠ (1 TeV)2. These states
can be pair-produced at the LHC through gluon fusion and, in the minimal version of the
model presented in this paper, cannot decay into SM particles. This can be easily understood
by noticing that they carry baryon and lepton numbers B = 1

6

and L = �1

2

, which cannot
be reproduced by any combination of SM states. If the leptoquarks do not decay, they will
hadronize and form stable uncolored states. If the lightest of these states is neutral, as is e.g.
the case for |Dq̄Li in model I B, it could even be a Dark Matter candidate. If, on the contrary,
stable charged states are present in the spectrum, this constitutes a problem for cosmology and
calls for an extension of the model.10 This, however, goes beyond the purpose of the present
paper and we leave a more detailed study of this issue to future work.

In model II, the SU(2)L singlet S ⇠ (3,1, 2

3

) and triplet T a ⇠ (3,3, 2

3

) pNGB leptoquarks
have masses & 1 TeV and decay dominantly to third generation fermions through baryon-SM
fermion mixing, as already discussed above. In particular, the relevant decays are S, T

2/3 !
t⌫̄⌧ , T

5/3 ! t⌧̄ and T�1/3 ! b⌫̄⌧ . The present limits from LHC on QCD pair-produced third
generation LQs exclude m

LQ

. 700 ÷ 750 GeV [61, 62], and are therefore still not sensitive to
our setup.

7 Conclusions

The Standard Model successfully describes fundamental interactions over a wide range of ener-
gies. So far no conclusive evidence indicating the need of new degrees of freedom around the TeV
scale has been found; however, recent LHC data, both at high pT and in precise flavor-physics
measurements, show increasing tensions with the SM predictions.

In this paper we have proposed a coherent framework for the interpretation of the two largest
set of anomalies: the 750 GeV diphoton excess and the hints of deviations from Lepton Flavor
Universality observed in B decays. These two phenomena could be two correlated manifestations
of the lowest-lying resonances of a new strongly-coupled sector with vectorlike confinement.

The interpretation of the 750 GeV diphoton excess as the decay, via the anomaly, of a
pNGB of a new strongly interacting sector has already been widely discussed in the literature.
We have shown that the same framework can provide a natural ultraviolet picture for the
e↵ective theories with heavy vector mediators (both color singlets and leptoquarks) proposed
to explain the evidences of LFU violation in B decays. We have presented and analyzed two
explicit examples of such models, with di↵erent particle content and number of free parameters.
Already in the minimal model, that predicts no leptoquark contributions to B decays, it is
possible to obtain a very good fit of both low- and high-energy data. In particular, we find that
the solution of the anomaly in B ! D(⇤)`⌫ decays is quite robust and does not require specific
tuning of the parameters of the model.

10A decay channel for the leptoquarks can be opened e.g. allowing a tiny baryon number violating coupling
to SM fermions, or introducing further light DM states.
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B = 1/6,    L = -1/2 →   No decay to SM fermions.

After hadronization, if lightest state neutral → possible DM candidate
if charged → problems with cosmology → need to extend the model.

Model II:   S, Ta = (3,1,3/2) + (3,3,3/2) + h.c. mS,T  ~ 1 - 1.5 TeV

Pair-production at the LHC.
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