Heavy Flavors at High pT, Edinburgh Dec 1, 2023
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Solid QFT principles . .
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» SM fields and symmetries 0 (_pfy“TILr)(stmIQt)

e Scale separation
* Higher-dimensional operators encode
generic short-distance physics

e(
Attractive because of current state of affairs 02
* No preferred BSM model-building direction
e SM works well as a low-energy limit
* Experiments headed towards the precision era
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Challenge:
Large number of parameters (2499 for 3 gen, flavor!)
SMEFT operators will impact observables from vastly different classes

Towards a global SMEFT likelihood

o \ e smelli Aebischer; Kumar, Stangl, Straub,1810.07698
LFV wilson Aebischer, Kumar, Straub, |804.05033
CD \ &9 flavio Straub,1810.08132
| ) 'l Also: HEPfit, SMEFIT, ECS, ...
T j Csmierr(Anp)

+ + +
I 11l

Eﬂxf

d—)U> \ CSMEFT ,Uh EWPO

Lglobal ( C)
QFV SM
Lglobal
LFV
MDM

[not up to date]

Crucially relies on RGE&matching computations
1308.2627, 1310.4838, 1312.2014, 1709.04486, 1908.05295, ...
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Example interplay in SMEFT

Low-energy meson decays vs high-mass Drell-Yan

1210.4553, 1605.07114, 1609.07138, 1704.09015, 1806.02370, 1809.01161,
1811.07920, 2002.05684, 2003.12421, 2008.07541, 2207.10714, 2303.07521, ... ANP —

pp — () TeV

S— [Ol(ql)]ms =1

— SM

| EFT enhancement

10! 102 103
my, |GeV]

Low-energy GeV
flavor
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https://arxiv.org/abs/1704.09015

In this talk:

How realistic is it to discover short-distance NP in a given sector,
given the global data?

1. Choose a WET sector (b — s£¢ and b — uf’v)

2. Study sector in the SMEFT including correlated effects from other
observables (either minimalistic, or with a flavor assumption)

3. Assuming perturbativity, study additional leading correlations as
imposed by UV completions
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m . ) Rare b decays meet high-mass Drell-Yan
|
Exa ple 1 b Sff Greljo, Salko, AS, Stangl; JHEP 05 (2023) 087

% pp — ¢, Cv with all dim. 6 Cls
A now available in flavio
v, Z flav-io.github.io

e ATLAS  |2006.12946 1906.05609

(light leptons for now)
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http://flav-io.github.io

b — s in WET

Greljo, Salko, AS, Stangl; 2212.10497

Weak effective Hamiltonian:

4G
HNP = r Z VpVECH 0P 1 .c.
q £,

Local operators: <

3
Obq% (Gy"Pb)(¢ 7,0) QQS

|

0{’3”” ‘= @rPb st

, <
observables ~ (7 .q) g@@
<

NP could shift the values of WCs from SM

(rely on determinations of non-perturbative quantities)

Data mostly driven by LHCb (many modes)

CMS and ATLAS contribute
importantly to fully leptonic

|
B, — 1 .
—1.07 pi e flavio
B RK & RK* 10’, 20
_o0sd b— suu lo, 20
' rare B decays lo, 20, 30
—0.6 A
—0.4 A
—0.2 - LA )
WL (4
~N
0.2 7
Similarly aniV' = — Cilgi“
0.4 | | | |
-20 -15 —-1.0 -0.5 0.0 0.5 1.0

Cuan

Preference for lepton flavor universal NP
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Flavorful connections in the SMEFT

Consider the Q(l) operator + assume MFV flavor structure:

G 1Ty, DG 7" ,)
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Flavorful connections in the SMEFT

Consider the Q(l) operator + assume MFV flavor structure:

[Clr D@ a) =[GV, = 8,C 5+ X YDICH Ty y;

flavor conserving

1 0O
010
0 0 1
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Flavorful connections in the SMEFT

Consider the Q(l) operator + assume MFV flavor structure:

G LTy D@ sr*a) = [C)1, = 841C 015 + (VYDC )y v

o !

flavor conserving flavor violating

o b — dtt
1 O O th VtsV;Z’

010 ~y | VaVE V2

O O 1 \ th V;[X; Vl‘S Vl?lx;

: 1 1
Two UV parameters: [Cl(q )]s and [Cl(q )]YMY;
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Flavorful connections in the SMEFT

Consider the Q(l) operator + assume MFV flavor structure:

[Clr D@ a) =[GV, = 8,C 5+ X YDAC Ty y;

0.03
flavio
0.02 -
(- —
£ ¥
% = 0.00 O
= %3 | SM
§ .
] —0.01 A
—
—0.02 -
—0.03 . .
—0.03 —002 —001 0.00 0.01 0.02 0.03
(1)
[Clq ]5

flavor conserving
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Flavorful connections in the SMEFT

Consider the Q(l) operator + assume MFV flavor structure:

[CL D@ a) = [C01 = S IC N5+ (VYD CPly

0.03
oo tile flavio
+———————>DYMQﬁawmmwde
0.02 -
= N
© >3
o — 000 O
> 3@3 S
§ ~.
] —0.01 A
o=
~0.02 -
—0.03 . .
2003 —0.02 —0.01 000 001 002 003
(1)
[Clq ]5

flavor conserving
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Flavorful connections in the SMEFT

Consider the Q(l) operator + assume MFV flavor structure:

[CL D@ a) = [C01 = S IC N5+ (VYD CPly

0.03 —
o tile flavio
— b—slllo, 20 -4—> DY plays a major role
0.02 -
= N
© >3
o — 000 O
> %E' S
§ ~.
S —0.01 -
o
—0.02 -
—0.03 . .
2003 —0.02 —0.01 000 001 002 003
(1)
[Clq ]5

flavor conserving
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Flavorful connections in the SMEFT

Consider the Q(l) operator + assume MFV flavor structure:

[CL D@ a) = [C01 = S IC N5+ (VYD CPly

0.03 —
— ppo o flavio
—— b—slllo, 20 -4—> DY plays a major role
0.029 —— olobal 10, 20
=
© >3
o — 000 O
> T3 S
= O
o = /\
=> i /
Y] —0.01
= [ \
— Presently dominated by b — s
\\
—0.03
2003 —0.02 —0.01 0.00 001 002 0.03
(1)
[Clq ]5

flavor conserving
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Flavorful connections in the SMEFT

Consider the Q(l) operator + assume MFV flavor structure:

G LTy D@ sr*a) = [C )1, = 8,[C 015 + (VYDG[C )y v

0.03 —

o ttle flavio

—— b—dll 10, 20 -4—> DY plays a major role

0029 —— p 5 sp¢ lo, 20
| —— global lo, 20
S 3
e
© >3
o = 0.0
> 3
5 O L
=> _ /
®© —0.01 /\
(e
— Presently dominated by b — s
N Improvements in b — d will allow

—0.03 to test flavorful BSM hypotheses
2003 —0.02 —0.01 000 001 002 003

1
Vs A. Greljo, J. Salko, AS, P. Stangl, 2212.10497
flavor conserving [see also 2209.04457]
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If there is (LFU) NP in b — s£¢, what could it be?

Systematic approach: start with leading effects, tree-level models

4
b >,Z\/<
% b % S
, / f
—_—
4 S 4
\) b . ¢
WET SMEFT LO
(1,3) :
O, OZq S el 7

Then RGE, loop, etc.

But models imply further correlations
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(simplified) models in a nutshell

Z/
b Z’ 4 Can easily be LFU (e.g. U(1)z_)),
* ¢ stringent complementary constraints
) (there is wiggle room)
s s € LEP2 ¢ [2211.11766, 2212.10497, 2306.08660, .. ]
Z/
€ £
b 4 y Not that easily LFU because of
: LO . stringent cLFV constraints, can be
. N done if LQ e.g. lepton-flavored
§ b /7 R [1503.01084,1706.08511,2212.10497, 2307.15117, ...]
LFV
b T Y RG effect, connection with Ry with 7,
Y also possible through 4q operator
[1109.1826, 1701.09183, 1712.01919, 1807.02068,
1809.08447,1903.09578, 1910.12924, 2210.13422,
] 4 2304.07330, 2308.00034, 2309.01311, 2309.07205, ...]
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Examp'e - b — ufy SMEFT restrictions on exclusive b — uf’v decays
Greljo, Salko, AS, Stangl; JHEP 11 (2023) 023
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Is there room for NPin b — ufv? Greljo, Salko, AS, Stangl; 2306.09401

Step 1: WET - Limited amount of flavor data available (Belle&BaBar)

See also 2302.05268

i
flavio /|

1.2

0.20

—— B = 7wlv lo
— B —evlo

vio

1.0 1 0.15

—— ¢global 10,20

05 - 0.10

0.05
0.6 1

(£)
Vr

/Q?Cg 0.00
D .

0.4 -
—0.05 -

B
0.2 - — uv lo

—— B — 71lv 1o —0.10 A
&
—— B = wlv lo ‘ ,~\
004 B = plv 1o —0.15 1
—— global 10, 20
—0.2 T T T T T —0.20 !
~1.00 —-0.75 —0.50 —0.25 0.00 —0.2 —0.1 0.0 0.1 0.2

e i Cs,
gNP _ _F
_ - C.O, — 7
0‘(,12 = (ay" b )Uryv) P = Z Oé? = (lgb)(Igyy)
0‘(,2 = (Ugy" D)y, i) 0;? = (drbp)(gyy)
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Is there room for NPin b — u?r? Greljo, Salko, AS, Stangl; 2306.09401

Step 2: SMEFT

u 1%
Contact interactions Vertex corrections
3 7 — a <_> —
Q( ) (lp’)/,uo-al )(q_37M0- qt) ng) (¢T~Z D Z¢)(QPUCL'Y'LLQT)
Qlfidq (lper)(dSQtj) quud (quZD“gb) (’L_Lp’)/'udr)
Ques | @er)ejn(@ur)
Ql(e3qu (lpauyer)ejk(QS O-'L“/ut)
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Is there room for NPin b — u?r? Greljo, Salko, AS, Stangl; 2306.09401

Step 2: SMEFT

u 1%
Contact interactions Vertex corrections
3 1 — a v _
Cy, Ql(q) (UpVuoalr) (@7 0% qt) ng) (#1i D §,6)(@poar*ar) = C,
Cs, €& Qlf’idq (lpe"“)(dsqtj ) Qpud (QbTiDqu) (UpyHdr) —p Cy,
CSL l Ql(e )u (lpe"“)ejk'(qs ut)
3 v
Cr 4— Ql(equ (Bpover)e k(o™ u)

But SMEFT implies correlations!
e.g. 0.4, contributes also to b — d¢’Z, DY, ...
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Is there room for NPin b — utv?

Contact interactions: scalars and tensor

0.03

Greljo, Salko, AS, Stangl; 2306.09401

Hierarchy of constraints

|

9
i —_— B ee
A=1TeV flavio
81 ——— b — dee
0.02 -
— — B ev
/l 71 — b utv
0.01 - 6 - pp — ee
= —— pp — ev
—
—_ C\]X O
—~ =, 0.00
\C‘?/§ /. 4 4
zQ /
—0.01 A 3 -
'/ — gp — zv ia ) -
—0.02 - |- 2~ wrle
— B —evlo 1
—— global 10,20
—0.03 - . T . 0 -v—mT —
—0.03 —-0.02 —-0.01 0.00 0.01 0.02 0.03 10~
~(1)
[Clequl1131

104

108
[Cledg)1131

Important complementary constraints, DY, neutral currents
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Is there room for NPin b — utv?

Greljo, Salko, AS, Stangl; 2306.09401

Interesting scenario: (QV, 0% O suq) in line with (CVL, CVR) tension

lg * =lqg °
0.012 1= 0.035 — | | —
A flavio _ ZBEY ftavf
0.010 A A 1 Tev / 0.030 - A =1 Tev — b—dvv lo
AN 4
\ — b= wlv lo
0.008 + 0.025 - B —1vlo
0.006 —— global 10,20
o 0020
XD i
= 00047 T 0015-
SORSS N
= N
Q. 0.002 - O
0.010 A
0.000 A
— b—=dvv lo 0.005 A
—0.0024 — b— uwlv lo \ \
b— dil 1o AN 0.000 .JSM
A
—0.004 1 global 10', 20 C'd)ud prOﬂIe\H
| 1 _0.005 1 1
—0.010 —0.005 0.000 0.005 —0.02 —0.01 0.00 0.01 0.02
= (1) ~(1) _ A3
[Clq ]%13 [Olq ]%13 — [Olq ]5513

[(C(;z), C(ﬁ[)) case dominated by complementary constraints]
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Is there room for NPin b — u?r? Greljo, Salko, AS, Stangl; 2306.09401

Step 3: Tree-level mediators

New scalar, fermionic, or vector mediators, with renormalizable couplings to SM fields

Operator Mediator Operator Mediator But these imply directions..
(3 1 __) SON(1)27 %)S e.g
; (~(3,3,—3)s || [Quedglees1 | U~ (3,1,2)y )'}1'
[Q( Nz | W~ (1,3,0)v Q5 ~ (3,2,-2)v Gy e ¢
Uz ~ (3,1, %)V X p~ (1,2, %)S Ewl
X ~(3,3,2)y [Ql(egu]eem wy ~ (3,1,—3)s ¢ —y'3—f
~ (3,1, 3)F 7 ~ (3,2, §)s
DoGBL-Dr | ooy | @~ @ L-Ds v
(3) 3 Q( ) 31 » T3
Qichis | 1y ~ (3,3, ~1)p || Pemd e~ @328)s o2 _eo 2 M
1o ~ (3 3 ) [Q ] Ql ~ (3a 21 %)F e e 4MC%1
W~ (1, 3,0)V pudils B~ (1,1,1)y

Notation and matching from 1711.10391
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Is there room for NPin b — u?r? Greljo, Salko, AS, Stangl; 2306.09401

0.012 0.020

A — flavio lavio
oor04 h=1"TeV 0.015 - -
0.008 - 0.010 -

- 0.006- . . 0.005 -

S A g (3,2, 5)s
= 0.004 - I~ — , U = o
o & = 5 0000 :
Q. 0.002 - QO 3)s

— —0.005 -
0.000 R
. 5 55 \ 0.010 -
—0.0024 >

—0.015 -

_0.004 - / —— global 10,20 —— global 10,20

- - ! a —0.020 — . - -
—0.010 —0.005 0.000 0.005 —0.004 —0.002 0.000  0.002  0.004
~(1) ~(1)
G, Jenrs (Croguleesn

Exclusive semileptonic b — ufv (significantly) sensitive
to only a handful of UV mediators - modulo cancellations
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Is there room for NPin b — u?r? Greljo, Salko, AS, Stangl; 2306.09401

Take wq ~ (3, 1 - 1/3)5 (gives Cl(ql) - — Cl(q3))
and Q) ~ (3,2,1/6)f (gives Cy, 4 also Cy,,, C,;, profiled)

Y1
0.6 7 flavio | m——
0.4 - :
| 3
= 0.2 -
> .
) = \ pp— o but also
— — pp —lv lo
23 0.0 — b—wlv lo Y1
= —— global 10,20 1
>, —0.2 :a)
= [ L
—0.4 + V3
—0.6 A

—0.15 —Ol.lO —OI.05 0.00 O.IO5 0.10 0.15
(v )1 /M, [TeV ] There is room, but not much

(also consistent with the rest of the smelli global likelihood, e.g. EWPT, -decays, ...)
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Summary

* Model-independent approach to heavy NP
-> tools for global analyses indispensable
-> more can be done in terms of reporting exp. analyses

e Complicated data analyses done in the SMEFT parameter space
-> relative importance of data can be assessed
-> efficient reinterpretation in concrete heavy NP models possible
-> e.g. tree-level completions imply interesting directions

* High complementarity between observables from different sectors
-> e.g. low-energy flavor observables and high-mass DY,

also EWPT, APV, LEP, ...
-> more can be done, e.qg. inclusion of b-tagged jets, study dijets, etc

Thank you
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Additional slides
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hep-ph/0207036, 2005.05366, 2203.09561

NP is expected to have some kind of flavor protection, e.g. MFV

dim. 6 SMEFT Physics Briefing Book
flavor anarchic 1910.11775
107§ < A S ? < 5107
106 o & ¥ 1% s 108
SO < 5 XN .
UL AERE] | R B <51
S 10% = 5 ? $ € 104
= = < . % X 2 2
2 10°. = . T3 5 X108
102 - NN*\’*EHOZ
. = * ‘? =
10" S 1117 10
100; § § § E $ - 100
~ D ~
SHEISES SIS I H
Observable
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With a flavour assumption we correlate various SMEFT Wilson coefficients and
decrease the number of free parameters

Minimal flavour violation:
all the flavor structure is contained in Y, u.q @lso beyond the SM

Gpr = UB3), X UB3), X UB),

0~ (3.1,1) $ Y, ~ 33,1
u~ (1,3,1) Y, ~ (3,1,3)
d ~(1,1,3)

Then we can decompose coefficients with spurion insertions:

[C(l)]ustLl}/ﬂLlQ }/ﬂQt — [C(l)]zzst — st[C(l)] + ( YZ)SI[CZ(L]I)]YMYJ

)
(and similar for other operators involving QQ ( th ’ VISV;XZZ thV;fl
2 2
~ Vi | VidVi Vis Vi Vi
%
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b— d,sin WET

bqt't . Greljo, Salko, AS, Stangl; 2212.10497
0" = (@r"PLb)(Cy, L)

047" = (qy*Pb)(Ly,yst)

—
b > dup b = Sup
0 ) By — up 1o .
BY — uu 1o flavio R & R 1o. %0 flavio
1254 —— By, — K %uu 1o 15 - K K ’
—— B muulo : — b—suu lo, 20
10.0 1 —— global 10, 20
1.0 1
7.5 -
2 3
%O 5 0 - %O 0 5 -
> — . o — .
O O
2.5 1
0.0
0.0
—0.5 A
—2.5 1
_5.0 1 1 _1.0 1 1 1 I
—15 —10 -5 0 5 -20 —-15 -—-10 -0.5 0.0 0.5 1.0
b
ngu,u 093/1»,“

B — 7 FFs from 2102.07233
Also e.g. R. Bause et al (2209.04457), M. Ciuchini et al (2212.10516)
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Greljo, Salko, AS, Stangl; 2212.10497

LFU Z' LFU LQ
E.g. doublet of scalar §; LQs: S% ~ (3,3,1/3)

LD —XELS* +h.c)

|
JH = ]g_L + Eeij Qi}/'uq]'

€;=—k Vi (0p0i3+ 030))

3_
— ee— U 1lo — pp — U 1o
449 — pp— Ul lo g 1o
— AF =210 9 - S
b— sup lo
2_
1_
€ 0 £ 04—
_]_-
_2—
_2-
_4—
B— L, case (i) LFU Leptoquark
) I I I I I I _3_
2x 103 3x10%4 x 103 6 x 103 104 2 x 10% 2%x10° 3x1034x10% 6 x 103 104
mx/gx |GeV] m/|Al

See 2306.08669 for variations
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[(Céﬁlq), C(ﬁ])) case dominated by complementary constraints]
Greljo, Salko, AS, Stangl; 2306.09401

7\ . _ / o
0021 A — ] TeV flavio A=1"TeV awio
\ 0.001 -
0.000 1
\ 0.000
—0.002 -
= 2 _0.001 -
™ 2 —0.004 1 N s o
\S) AN N O Lo.002-
—0.006 - RN b — dVT/ lo
— b= uwly lo
 AM, 1o —0.003 -
00089 4 g 10
— Syk lo —0.004 -
—0.0104 ——
| globalI lo, 20\ \ \ — global 10,20
—0.005 0.000 0.005 0.010 —0.005 ’ ; ;
- (1) —0.002 0.000 0.002 0.004
[C¢q ]13 [é(l)]
bq 13
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Why high-mass Drell-Yan?

5 flavors in the proton

1
dx
gqq(ﬁ HE) = [ _fq(x, ﬂF)fq(T/xa Up), T= mL%f/S
-1 x
140 fb™ (13 TeV) T
> 180 I
3 1078 \Rr| sR 4 Data CMS NNPDF 4.0
10 TIY/Z —ptw
mtt, tW, WW, WZ, ZZ, <t

[ ]Jets
[ ] Total Background (NR)

— Gy k/Mp, =0.05, M = 3.5 TeV
- Z'sgmy M =5 TeV

J 0.75

7 =
—5 I| | | | | | (I I| i
910 1_ T T T T I T P ] g 028
= * ++W| =095 —
B =05 o o
g 170 100 200 300 1000 20'02 T -0.75 200 500 1000 3000
= m(u*w) [GeV]

: Tryy [Ge\/]
[myin CC]
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Why high-mass Drell-Yan?

Many operators contribute, especially sensitive to contact interactions

2
qd; 4 qd; 4 1
. o Q7 | Upvule) (@ ar)
Gpart ~ T Q(g) (lp’YuUzlr)(CYS’YMUZQt)
g; sy 4 Qu (pYuly ) (s ut)
Qud (lp%Ll?")( sYHdy)
Qge ( _prMQT) (EsvHet)
N % ~q9 - -
Ohad ‘S/p qq Gpart Qeu (epﬁ’y@r)(’tfs’}’“ Ut )
Qed (épY/{e?‘)(SZS”YMdt)
Qledq (ZI]?GT) (dsC_th )
o (Bher)esn(at
) _— e lequ per)€jk(dsut)
— 10% Oy o223 =1 (3 = e
2 —_— QM Qlequ (lpo'uuer)sjk(qSO"M ut)
/—i 100
3
T 102
=
o 1074
10! 102 103 PDF suppression compensated by

my,, |GeV] energy enhancement
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Sensitivity of DY to Cls

Bound saturates at bins of ~TeV

20
CMS pp — up
].O'_ [Cl(ql)]nll/ C?
.- 5% [Cz(;)bzu E
% 17 [Cledq]2211 —
= 21— [Cz(;)]zzze, / N<:
<‘ S 1 Gyl \:
0.5 i
\-Q)N
02- A/\/m<mcut/\/g E— -
200 500 1000 3000 bt
Meut |GeV] 0.5 0.75 1 125 1.5 1.75 2 2.25

. Mcut [TeV]
Greljo, Salko, AS, Stangl; 2212.10497

Allwicher, Faroughy, Jaffredo,
Sumensari, Wilsch; 2207.10714
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Charm Physics Confronts High-pT Lepton Tails

Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez; 2003.12421

Rare ¢ — uf¢ decays

e Efficient GIM suppression 10 - ]
e long-distance dominated Z |
c £ > -vic ‘
e 0 | :
u £ | L

o/ el pp - ("~ ]

B €V _ — i [CMS 140 fb-1]
S L (ie) (71, ) | _
(15TeV) _10FD > 1, bt —

High-mass DY leads to compatible/ -40  -20 0 20 40

stronger constraints E%
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Probing LFV in Meson Decays with LHC Data

Descotes-Genon, Faroughy, Plakias,
Sumensari; 2303.07521

Comparing pp — L”l-fj (CMS, 140 fb-1)
to LFV meson decays
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See also 2002.05684

Observable LHC (140 fb~') HL-LHC (3 ab™')| Exp. limit
B(B® — p*7T) 8 x 1074 1.7 x 10~* 1.4x107°
B(BT = atpu*r¥)| 1.1x107* 2 x 107° 9.4 x 107°
B(Bs — K2u*rT) 4x107° 8 x107° =
B(B® — pu*rT) 7x107° 1.5x107° -
B(B, = pErT) 8 x 1073 1.7 x 1073 4.2 x107°
B(BY - KTp*r%)| 9x10™* 1.9 x 10~* 3.9x 1075
B(B® - K*°u*7F)| 4x107* 1.0 x 1074 -
B(B, = ¢u*rT) 5x107* 1.0 x 10~* =
B(B® — e*77) 1.7 x 1073 4x10* 2.1 x 1075
B(Bt — nte®rT) 2 x 1074 5x 1075 9.8 x 107°
B(B, - Kse*rT) 8 x 1075 1.7 x 1075 -
B(B® — pe*rT) 1.4x 1074 3x107° —
B(Bs — e*77) 1.8 x 1072 4%x1073 7.3x 1074
B(BT — Kte*rT) 2 x 1073 4 %1074 3.9%x107°
B(B® —» K*%*7%)| 1.1x1073 2 x 1074 -
B(Bs — ¢errT) 1.2 x 1073 2 x 1074 -
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Drell-Yan Tails Beyond the Standard Model

Allwicher, Faroughy, Jaffredo, Sumensari, Wilsch; 2207.10714
See also 1609.07138

U1 g (3, 1, 2/3)

Study of pp — ¢, £v in SMEFT (up to d=8)
+ concrete UV mediators
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Dominated by b — ctv

Released HighPT Mathematica package
(2207.10756, github.com/HighPT)
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http://github.com/HighPT

