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Flavor

Generational structure & mixing is a feature of the SM and many
BSM particles. VIRTUES:

i) high sensitivity to BSM in flavor violation, notably FCNCs
b— sll, . — evy,.. we may discover BSM in flavor physics (even first)

i) flavorful processes are intrinsically linked to the "flavor puzzle”:
masses, i.e., Yukawa matrices in Lgy = —QY, HU — QY,;HD + ...
do not appear to be random but rather structured - from where?
with a BSM-signal, we may be able to progress here

i) plenty of modes s - d,¢c - u, b — s,d, t = c,u, p — e, 7 — u,e
plus charged ones and h — ff’; ongoing & future experiments, too.
we may identify Lgsyr; complementary to direct searches
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LHCb 2014: Ry = 0.745 0525 +£0.036 < 1 at 2.6 o
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601, arXiv:1406.6482 [hep-eX]

physics highlight: http://physics.aps.org/articles/v7/102

apriori too few muons, or too many electrons, or combination thereof.




R measurement

B* — K*ee and B* — K* . events at LHCb. Full data set, 3fb™*,
from 7 and 8 TeV LHC run.

1‘\—.) LA B B BN A I | B

—
T T T T T T
|

> K pt po)/ds * 107 [Gev-?]

o
o

dB(B

Fig from 9910221, solid: SM, dotted and dot-dashed: BSM scenario

Select low dilepton mass window: 1 < ¢*> < 6 GeV” below J/ V.




R measurement

situation for numerator pp and denominator ee of Ry separately:

LHCb® SM?
B(B — Kup)pg | (1.21£0.09 4 0.07) - 1077 | (1.751059) - 1077
B(B — Kee)pg (1.56% 012 00q) - 1077 same
Rl g 0.745 £9:09 40.036 ~ 1

%1209.4284 (1) and 1406.6482 (e) bBobeth, GH, van Dyk '12, form factors from 1006.4945

Individual branching ratios make presently no case for new physics,
although muons are a bit below SM. The ratio Ry is much cleaner.
Primary reason for considering Ry in first place.




b — sf¢{ FCNCs model-independently
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Construct EFT H.g = —4% Vo Vs > Ci()O; (1) at dim 6

V,A operators Og = [5v, Ppb] [{v*£€], Of =[5y, Prb] [fy"£]
O10 = [y PLb] [ty ysl),  Ohg = [5vuPrY] [Ey* 5]

S,P operators Og = [sPgrb] [€¢], OF = [sPpb][ef], ONLY Oy, O19 are SM, all other BSM
Op = [5Prb] [lysl], O = [SPLY] [fy5]

and tensors Ot = [30,,,b] [lorVl], Ors = [30,,b] [LoHV 5L

lepton specific C;0; — C*O% (= e, u, T




Ri~interpretations

Model-independent R -interpretations with V,A operators: oaseta 1406 6681

0.7 < Rel X — X < 1.5,
XE _ Cé\TPE 4+ Clﬁ (CNPK + C{%)

The required NP is sizeable C5M ~ —C7M ~ 4.2.

Tensors and S,P muon operators are excluded as sole sources of Rx; S,P electronic operators

allowed at 2 o and require cancellations, testable with B — Kee angular distributions.
NP /
B(Bs, — up) gives 0 < Re[Cg ¥ — O] S 1.

X¢~0and X* ~ Cy"* ~ —1 is consistent with global fitto b — s
data (without Rg).




b — s fits: operator structure

Descotes-Genon et al

Global fits: 2D hypotheses
2:1 """""""""""""""" T LA o "_
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1 ' (CF,Cy") (0.0,-1.1) 4.2
) ' )) (CYF.CNF)y  (-1.1,02) 4.2
S > I (C3F,Ca) (-1.0,-0.1) 4.2
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Ri~Interpretation with Models

Leptoquark model £ = —\y ¢ (dP.¢) with scalar leptoquark (3,2) 6
with mass M ; includes R-parity viqlating MSSM

o

Moy = — 2 (AP, 1) (Zde) _ DaP? [deRd] [0, Pp(]

2M?

In terms of the usual Wilson coefficients:

e e )\se>\*€ T L )\86)\*6
Cip = —Cy" = %bV?Z ae 4M\é§GF = — 55 (24TeV)?
Ry -data implies: Ase Al /M2 ~ 1/(24TeV)?
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Ri~Interpretation with Models

Viable parameters of the (scalar) leptoguarks read

1TeV < M < 48 TeV
21070 < [Aehi] S 4

The upper limit on M arises from correlation with B, mixing, which
constrains (A, A\ )/ M=

— SU(2) implies corresponding effects in b — svv (only
electron-neutrinos affected, signal diluted over 3 species).

B(B — Kvv) reduced by 5 %, B(B — K*vv) enhanced by 5 %, F7,
enhanced by 2 % w.r.t SM.

— Further correlation with b — s+, and direct searches.

— Decay modes of p-dublet: 0?3 s bet, o /3 by
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A leptoquark -triplet model

L= _)\b,u ©* qzla — >\s,u ©* qala, 90(37 3)—1/3
AT _ - _ -
Hep = — =25 (@7 Pras] [(2m, Prlo] + 3@y Pras) [la7, Prls))

NPu _ NPu _ mw AspMop V2 o, .
gives C —Chw " = v gy =~ —0.5 and similar mass
range as other model.

Decay modes of p-triplet:

2/3

Y — tv
gp_l/?’ — brv,tu
@—4/3 5} :UJ_

more leptoquarks and Ry Fajfer, Kosnikm Nisandzic, Gripaios, Nardeccia, Renner, et al ..
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Distinguish R explanations

Leptoquark triplet or doublet? That is, more generally,
C' (V-A-quark currents) versus ¢’ (V+A quark currents)?

By parity and lorentz invariance, C', C' enter decay amplitudes
B — K/l etc as

cC+C: KKI,...
C — Cl . K0(1430), E)k,H7 “.

and at both high and low ¢* windows K* subleading, so different
ratios Rx, Ri+ etc are complementary, double ratios Rx«/ Ry are
cleanly probing right-handed currents!

predictions: Rx = R,, Rk~ = Rs plus correlations among Ry .
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Distinguish R explanations

Re./Rk

Rk

Green band: Rx 1 o LHCb. Ddifferent BSM scenarios are red dashed: pure C, 1, (LQ triplet). Black
solid: Crr, = —2CRyr. Blue: Cgrr (LQ dublet). Orange band is prediction for Rx+ (not significantly

measurend) based on Ry and B — X00: RE1'09 = 042 £0.25, RE*B"13 = 0.58 £ 0.19.
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LNU 1 vs e

Why are muons different from electrons? — flavor physics

e e
vl
SR
| )BQ Al

()\Che )‘CILU )‘CI1T\
Leptoquark coupling matrix: Ay = | A Ao Agor

\ )\QSG )‘Q:W )‘Q:sT /
— 1. Size of BSM effects depends on flavor and 2. Links of LNU

W|th LFV Guadagnoli, Varzielas,Pas, etal Wh|Ch however |S nOt St”Ct Alonso et al, Fuentes, Jung et al
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Diagnosing quark and lepton flavor

Explaining Rx with muons and electrons requires theory of flavor.
Thats an opportunity to access origin of flavor 1sos.010s4

()\qle )\qllu )\qlT\ (pd/{ Pd pd\
LQ coupling matrix: Ay = | Ao Apu Awr |~ | o5 p p

\)‘q:ae Agsp )\Q?ﬂ') \ . 1)
rows =quarks, columns= leptons

data:
pa $0.02, k<05, 1007°SpSt, k/pS05, pa/pS16.

Froggatt-Nielsen:
pr~et pa~eore, (Qr) pre€ pg~eore’, (Dg)with e~ 0.2.
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LFV

observable current 90 % CL limit constraint future sens.
B(u — e) 5.7-10~13 MEG AgeAl,l < ﬁ 610~ 14 MEG
2
B(T — G’Y) 1.2 - 10_8 Be”e |)\qe)\27-| 5 (11]%—\/)2
2
B(T — p) 4.4 - 108 Babar Aqurir| S (O%—GV)Q 5-1079 [B2]
B(t — un) 6.5 - 103 Belle Asp | < % 2.10~9 [B2]
2
B(B — K:uieq:) 3.8 -10~° BaBar \/|>‘3N>\ze|2 + |>‘b,u>‘§e|2 S (19.%1‘e\/)2
2
B(B — Kr%eF) 3.0-10~% PDG \/|ASTA;;€|2 +Mor A S g
2
B(B — Ku*r¥) 4.8 -10~° PDG \/|ASW\;’;T|2 + | App A |2 S (291‘%—6\,)2 < 106 K.Petridis

B(B — muteT)

9.2-10—8 BaBar

M2

\/|>‘du)‘ze|2 + |>\bﬂ>\:<le|2 N (15.6 TeV)2

Table 1 . Selected LFV data, constraints and future sensitivities. Here, qg = d,s,b. The Belle Il projections [B2] are for

50 ab— 1. For the constraint from B(T — wpn) we ignored the possibility of cancellations with AdMAZT, see e.g., [?]. We ignore tuning

between leading order diagrams in the ¢ — ¢/~ amplitudes. Rz : 0.7 < Re[Age NS, — Asu\f

M2

*
AapAspl 3 (183TeV)2

(24TeV)?

M?2 ~

1.5, K-decays
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LFV

predictions:
B(B — Ku©eT) ~3.107°&? (1 (;;;KY , (1)
B(B — Ke*rT) ~ 21078 x* (1 (;2}51{)2 , (2)
B(B— KutF)~2.1078 (1 (IQ?K)Q , (3)
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LFV
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LFV

asymmetric branching ratios:

B(B, = (T0'~) m

SN

~ . Left-h I I
BB, = (- 07) = m2 eft-nanded leptons only (8)
B(B, — pute) , (1—Rg\’
~ (.01 K~ -
B(Bs — putpu=)sum 001k 0.23 ’ ©)
- o 2
B(Bs — putpu=)sm 0.23

(11)

B(BS%T+,LL_) ~ 4 1 — Rk °
B(Bs — ptu=)sm 0.23 ’
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Quark and Lepton Flavor Patterns

Use U (1)-flavor-symmetry for quarks (rows) and non-abelian one
e.g. A, for leptons (columns) and assume Higgs to be uncharged.
Predicts generically hierarchies for quarks and "zeros” and "ones” for
leptons. Explicit realizations include

(pd/f,odpd\ (O*O\ /*OO\

Ao~ pe p op | 0 x 0 |, 0 %« 0 |,...

k1 1) \Nox0/) \o=x o0/

LQs make interesting link between quark (hierarchy) and lepton
(anarchy? non-abelian discrete?) flavor 1sos.010s.
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Impact on ¢ — ull?
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Resonance contributions vs BSM
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BSM windows in D — wl*l~ branching ratios at high and very low ¢*
only; BSM Wilson coefficients need to be very large, ~ 1.

CE(¢? = 1.5GeV?)| ~ 0.8 versus |C7 M (g2 > 1GeV?)| < 5-107%.

To observe BSM in rare charm either i) BSM is very large (plot to the
right) or ii) contributes to SM null tests (LFV, LNU, CP, angular distr.)
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Bottom-up leptoquark effects

Sample flavor patterns of leptoquark coupling matrix A (rows=quark
flavor, columns=Ilepton flavor) that follow from U (1) x A,

/pd/ipdpd\ /O*O\ (*OO\

My~ pg p p |, Mg~ 0 % 0|, Apg~]| 0 % 0

ko011 \0 = 0 \ 0 0
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Predictions for charm decays

B(DT = ntpuTpu™) B(DY — pTpu™) B(DT — 7T+6:l:/L:F) B(DY — ,u:te:F) B(DT — ntui)
i SM-like SM-like <2.10713 <7.1071° <3.10713
i) | <7-1078(2-1078) <3.107° 0 0 <8.1078
ii.2) SM-like <4.10713 0 0 <4.10712
i.1) SM-like SM-like <2.107° <4.10°8 <2.107°6
ii.2) SM-like SM-like <8-1071° <2.10716 <9.1071°

Table 2: Branching fractions for the full g?-region (high ¢2-region) for different classes of leptoquark
couplings. Summation of neutrino flavors is understood. "SM-like” denotes a branching ratio which is
dominated by resonances or is of similar size as the resonance-induced one. All ¢ — ue™e™ branching
ratios are "SM-like” in the models considered. Note that in the SM B(D° — ppu) ~ 10713,

LHCb: arXiv:1512.00322 [hep-ex] B(D°® — e u¥) < 1.3- 108 at 90 % CL

1): hierarchy, ii) muons only Iii) skewed, 1) no kaon bounds 2) kaon
bounds apply for SU(2).-dublets Q) = (¢, s)
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Summary

— Great prospects to test the SM and look for BSM physics in
semileptonic rare decays.

— Whether new Physics can be seen depends on flavor, and vice
versa, links between K, D, B-physics and LFV can provide new
insights into flavor.

— Current anomalies in the flavor sector have triggered new types of
bottom-up model-building (Z’, leptoquarks, ..), that deserves
attention in direct searches.

25



Summary

BACK-UP
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¢ — u SM GIM-suppression

¢ — u amplitudes are strongly GIM-suppressed:
Acsu = sin Oc[f (m/miy) — f(m3/myy)] + O(sin’ O¢)
Resulting (non-resonant) SM branching ratios are 1072 — 1015:

g2-bin B(DT — xtptp—)SM 90% CL limit LHCb'13
. — 16 4 8 6 _

full g2: | 3.7-10712 (£1,+3,712 41,771,712, 715) 7.3-1078%

low ¢2: | 7.4-10713 (1, 44,157 110 11 1208 15 2.0-108

high ¢?: | 7.5-10713 (£1,46,115 46,13 7136 +27 2.6-10~8

Table 3: Non-negligible uncertainties correspond to (normalization,
Me, M, s Mo, Les f+), FESPECtively, given in percent amiv:1s10.00s1

Largest uncertainty: u.-scale dependence m./v2 < u. < v2me..
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Resonance contributions

D — oM — 7lti—, with M =n"), p, w, ®

Model with Breit-Wigners, branching ratio data and relative phases:

0.001p

dB(D*>ntut )/ dg? [GeV-2]

0.0 0.5 1.0 1.5 2.0 2.5 3.0
q? [GeV?]

solid blue: SM with p.-uncertainty, dashed 90% CL upper limit, gray: resonance contribution
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Model-independent constraints on BSM
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C — UL \C"(//,)A| < 1 (illustrated above), |Cr 15| < 1, ]Cg)P\ < 0.1.
BSM weak loop Ayp = O(5) TeV, BSM tree level Ayp = weak scale.

¢ — uee. constraints are weaker (data) by a (2-4) x muon bounds.
c — uep. weaker by (6-7) x muon bounds.
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Probing even small couplings: Acp

GIM-suppression can be eased by the resonances, which are less
SU(S)F'Symmet”C than the nr- COﬂthbUtIOﬂS also "resonance-catalyzed CP”, Fajfer et al ’13

ootof ' ' ' ' 0.10
T £
E 0.005} /\ | % 0.05
™ // 'E"I g —
=8 - ! - e —
5 0.000f —_— | R e
i \ + B — — —
2 “\ y ? — —
I ,f !
- L h\¥ g2 -
5 —0.005 \\’%\ / % - 0.05
< <
LY/ /
—0.010} A5 —-0.10
1.00 1.02 1.04 1.06 1.08 1.6 18 20 22 24 26 2.8 3.0
q? [GeV?] q? [GeV?]

Large uncertainties, however, large BSM signals possible
(JAZM| < few1073) even independent of strong phases around @.

Opportunity to probe SM-like lorentz-structure Cy, 4 even in presence
of SU(2)-link to K-physics — links between charm and b-physics
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SM null tests

O: angle between negatively charged lepton and D in dilepton cms

df(g;:gl_) _ %(1 _ FH)(l — OS2 @) + Appcos© + FH/2 Bobeth et al 07

SM: Arg, Fy ~ 0 by lorentz-structure and small lepton masses. Both
require S,P- and or tensor operators.

Model-independently, striking BSM signals possible (high ¢*):

|Appg(DT = 7T ™) < 0.6, |[Apg(DT — nrete™)| < 0.8 and
Fu(Dt — ntl*l™) <2forl =e, p.

LFV-rates and dineutrino modes which vanish in SM can be just
around the corner (model-independently).

31



Ry -interpretations — SU(2)1,

Lets use the chiral basis:
O, = (05— 019)/2, Opp=(0y+ 0Oyy)/2,
Ory = (05 — 01p)/2,  Org = (0g + Ox)/2.
Ry sensitive to left-handed leptons:
CﬁL — Cg _ Cfo ) CRL — Cs/f _ Ci% ’

right-handed leptons: C¢ . = C§ + C{,, CL, = C&F + C1

This suggests to use in global fits invariant-constraints such as
CNPE CNPE CNP/£ CNP/E _

)
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Ry -interpretations — SU(2)1,

e Desa 02 ........................... [:]gscn.
[JesxcL [ [Jesw= cL
= 0
Q ;
iz I
Q f
© .0.2
.................................... 4.
2 -1 . 0 1 0 -2 1 0SM 1 2
oG /Cl 8Cq /Cl}

Fig from 1410.4545 — global fit including R g
— Bounds stronger for uu (y-axis) than for ee (z-axis).

— Both left-handed quarks C';;, (left-handed plot) and right-handed
quarks C'gy, (right-handed plot) can be sizable.
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Ry -interpretations — SU(2);, muons -B, — uu

If we assume new physics in muons alone employ B(B, — )

B(Bs — )P
B(Bs — pp)SM

= 0.79 £ 0.20 is suppressed currently .

00 S Re[Crp+Ch, —CLp, —Crel S1.9, (B(Bs — pup))
0.7 < —RelC;, +Ch ] S 15, (R)

This isolates C%; as the only single operator (particle) interpretation
of Rx. Note: this is V-A. Iff B(B, — uu) would be enhanced this
would isolate C%;; ~ —1, V+Al b — see way less constrained.
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c — ull: SM

Of course charm FCNCs are of interest by themselves, however, the
recent anomalies in semileptonic B-decays add to the physics case
of charm decays into leptons.

|mpr0ved (N)NLO Ca|Cu|atI0n in SM S de Boer et al, to appear, DO-TH 15-11
2-step matching:

Eweak 4GF

S 2immy = 72 22 VégVaa (CL P () + G2 P ) (12)

q=d,s,b

4G . ~ _ 10 ~
LG iy pzme =~ D VigVaa (cl () P{® (1) + Co(p) P5™ () - Zcz-(ma-(u)) - (13)
1=3

qg=d,s

Pl(fg: tree-level W-induced. Ps..10: penguins
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c — ull: SM

j=1 | j=2 | j=7| j=8 | j=9 |j=10
e\ -1.0275 | 1.0925 0 0 -0.0030 0
(as/(4m)) CSY | 0.3214 | -0.0549 | 0.0035 | -0.0020 | 0.0004 0
(as/(4m))2 CS?) | 0.0787 | -0.0035 | 0.0002 | -0.0001 | -0.0048 0
¢, -0.6274 | 1.0341 | 0.0037 | -0.0021 | -0.0074 0

Table 4: The ith order contributions (a,/(4w))" C, i =0,1,2 to the

J
SM Wilson coefficients, at 1 = m,.. The last row gives their sum,

C;(m.). For j =3,4,5,6 see 1510.00311.
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