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Motivation

e Effective Field Theories (EFTs) provide the most general description of New Physics,
provided there is not enough energy to produce them on-shell (£ < A):

Lswv (renormalizable)

N (d)
Lot = Lgouge(A, ¥) + Liiges (A, U, H)+ ) e O (AW, H),
d>5
Operators of dim \f') made of SM fields

Sm -ﬁu‘e‘ds = b\-\P(H



Motivation

e Effective Field Theories (EFTs) provide the most general description of New Physics,
provided there is not enough energy to produce them on-shell (E <« A):

Lswv (renormalizable)

A (d)
Lot = Lamge( A, ) + Lriggs(4, U, H) + > =5 O (4,0, H),
d>5
Operators of dim \f? made of SM fields

Sm -ﬁiz‘ds = A-IP(H

e The SMEFT is defined for A > vgyw and is invariant under SU(3), X SU(2); X U(1)y:

= Challenge: N = 2499 dim-6 operators that conserve B and L. — rich flavor structure!




Motivation

e Effective Field Theories (EFTs) provide the most general description of New Physics,
provided there is not enough energy to produce them on-shell (£ < A):

LM (renormallza ble)

(d)

Eeff — Egauge(A \11) + £H1ggs(A \I’ H + Z n )(A, \Ila H) )
d>5
Operators of dim \,') made of SM fields

Sm -ﬁie.‘ds = b\-\P(H

e The SMEFT is defined for A > vgyw and is invariant under SU(3), X SU(2); X U(1)y:

= Challenge: N = 2499 dim-6 operators that conserve B and L. — rich flavor structure!

e The best probes of the EFT operators are rare/forbidden processes in the SM:

= However, these processes can be suppressed in [1910.11775]
concrete scenarios (e.g., MFV, UQR)> ). 107 3 i
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This talk: Drell-Yan complementarity to flavor searches

Observable



How to probe flavor at high-p+?

Flavorful New Physics?

pp — Ll + TeV
4+ Mmw

M — gk&

Ek — flM

M — M’K}cgl 1T Mc

High-p searches (CMS and ATLAS) can probe the same four-fermion operators
constrained by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-ll...).

Many works on EFTs and Drell-Yan: Cirigliano et al. '12, '18], [de Blas et al. '13], [Farina et al. '16], [Dawson et al. '18, "21], [Greljo et al. '18], [Shepherd
et al. '18], [Fuentes-Martin et al. '20], [Marzocca et al. '20], [Endo et al. '21], [Boughezal et al. '21], [Angelescu et al. '20], [Allwicher et al. '23]...



LHC as a flavor experiment

[PDFALHC15 nnlo  mc]
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i) LHC collides quarks with five flavors
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LHC as a flavor experiment POFCLS e o

10,

Vs =13 TeV

i) LHC collides quarks with five flavors

Parton luminosities Partonic cross-section |

g |
10‘2;

o(pp — ') = Z / Lo T @@y = U pmer

ul
dd
8§ |-
cc

1073

T=3§/s b |
s =m2, 100203 0405 I >3 4
V5 =13 TeV Vs [TeV]
“) Energy helps precision cf. e.g. [Farina et al. '16]
£(6) (Vs < A) . ) )
Eeff D FO(G) + . > 0 = OsM + Oint + ONP2
! s
S A2 A4

Energy-growth can partially overcome heavy-flavor PDF suppression.



Indirect searches at the LHC

19.7 b ee and uu (8 TeV)
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Goal: Probe flavor transitions that are poorly constrained at low energies (e.g., b — s77)

Strategy: Recast di-lepton searches and look for NP effects in the tails of the invariant-

mass distributions (where S/B is large).



Indirect searches at the LHC
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Goal: Probe flavor transitions that are poorly constrained at low energies (e.g., b — s77)

Strategy: Recast di-lepton searches and look for NP effects in the tails of the invariant-

mass distributions (where S/B is large).

Caveat: EFT must be valid (E < A). Otherwise, use explicit model (e.g., leptoquark or Z').



SMEFT and Drell-Yan



SMEFT operators

o Warsaw basis d = 6 :

[Buchmuller, Wyler. '85], [Grzadkowski et al. '10]

e Operator classes contributing to pp — £¢" at tree-level: w*, v’ XH, w’D’H

i) Four-fermion: y*

9
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iii) Z/W-coupling modifications: y*D*H
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SMEFT operators

e Warsaw basis d = 6 [Buchmuller, Wyler. '85], [Grzadkowski et al. '10]

e Operator classes contributing to pp — £¢’ at tree-level: w* " XH, w’D*H

Dimension d=26 d=38
Operator classes P v2H?’D ?’XH | ¢*D? Vv*H? ?H*D ?H?D?
Amplitude scaling | E?/A%?2 v2/A%2  vE/A%? | E*/A* 02E%/A*  ov'/AY v2E? /A%
# Re | 456 45 48 168 171 44 52
Parameters
# [lm | 399 25 48 54 63 12 12

*only d = 8 terms interfering with the SM

Too many operators...



SMEFT operators

e Warsaw basis d = 6 [Buchmuller, Wyler. '85], [Grzadkowski et al. '10]

e Operator classes contributing to pp — £¢’ at tree-level: w* " XH, w’D*H

Dimension d=26 d=38
Operator classes P v?H?’D ?’XH | ¢*D? Vv*H? ?H*D ?H?D?
Amplitude scaling | E?/A? v2/A? wE/A? | E*/A* 02E%?/A*  oi/AY 02E?/A4
# Re | 456 45 48 168 171 44 52
Parameters
# [lm | 399 25 48 54 63 12 12

*only d = 8 terms interfering with the SM

Two possible strategies:

Too many operators... e To invoke a flavor symmetry (e.g., MFV, U(2)°...) or a

specific model. | |
see e.g. [Grunwald et al. '23, Greljo et al. '23]

e To focus on a specific transition and/or subset of operators.

= This talk!



HighPT: A Tool for high-p, Drell-Yan Tails Beyond the SM

ini5):= << HighPT"

HighPT

Reinterpretation of latest LHC Drell-Yan
@ searches for New Physics scenarios with

general flavor structure.

Authors: Lukas Allwicher, Darius A. Recast procedure:
Faroughy, Florentin Jaffredo, Olcyr Sumensari, and Felix Wilsch
References: arXiv:2207.10756, arXiv:2207.10714 MadGraph 5 _/_ Pythia + Delphes

Website: https://highpt.github.io
HighPT is free software released under the terms of the MIT License.

Version: 1.0.2

Searches available (140 fb™!): Main functionalities:

e Consider SMEFT (d < 8) and specific

[arXiv:2002.12223] CMS,/! .
pp — TT Z mediators (LQs, Z', ...).
pp — ee, [l CMS-PAS-EX0-19-019 #
@ e Computes cross-sections, event yields
pp — TV ATLAS-CONF-2021-025 i and likelihoods as a function of NP
pp — ev, uv [arXiv:1906.05609] couplings.
pp — e, €T, UT [arXiv:2205.06709] e SMEFT likelihoods can be exported in

the WCxf format.
*more to be included (see GitHub page) IAclbealier & gl AT,



Low vs high-energy searches

Examples:

e b— ctvand b — stT
e b — sub (indirectly)

.. with comments on SM predictions.

Other examples: See back-up!

Charm decayS [Fuentes-Martin et al. "20]

LFV meson decays [Angelescu et al. '20, Descotes-Genon et al. 23]



Example i) b — cto

0.4 llllllllllllllIllllllllllllIlllllllllllll

m Ay* = 1.0 contours
Prelim. 2023

BaBarl2

R(D¥*)

e ~ B(B = D™W7v) .
P ™ B(B — DO ) |

Bellel5

- PRL 123 (2019) 091801 =037
R(D*)=0254%0.005  1pic 50 (20202, 74 P

PRD 105 (2022‘ 034503
I A L1l

P(x2) = 25%

03 " -
0~ C LHCb23 \* LHCb22
fr— [ ] h
W~ B 025 -{-\-\\Bgl]el
1% ' | T
b C =
g > Bellel7 PRD 94 (2016) 094008
B V:‘{) D (%) B PRD 95 (2017) 115008 World Average
0.2 =  $HFLAV SM Prediction  JHEP 1712 2017) 060 R(D) = 0356 £ 0.029, ,,
B R(D) = 0.298 + 0.004 PLB 795 (2019) 386 R(D*)=0.284 £0.013,
d

02 025 03 035 04 045 05  0.55
R(D)

® R and R, : dominated by BaBar!

e LHCb also measured Rje/’;f and R/iXp, but with limited precision.

c

® |t can only be accommodated by New Physics with A < 10 TeV .

Needs urgent clarification from Belle-1l and LHCb (run-2) data!




[Intermezzo]: B - D¢ in the SM

14

| 5< }

o () (&@%O (DW|ey b |BY = > KL Fuld?)

For light (heavy) leptons:

Form-factors (from lattice, exp...)
e B — D : one (two) form-factors with f,(0) = £, (0) at g° = 0;

= Lattice QCD at g* # g2 for both form-factors. [MILC/Fermilab "15, HPQCD "15]

Rl — 0.293(5) R H = 0.295(3) FLAG 21

B— DY (I=e,p)

[JLQCD.'23]
o | Latt.
. ettt e
o B — D¥*: three (four) form-factors; S
. . ° 1 Latt. ~ 2.40-
= [NEW] First lattice results at g # g2 | . .
= Tensions with B = D*{U exp. data... [FNAL/MILC.'21]
’ ° 4 Latt. ~ 130_
... for [MILC/Fermilab '21, HPQCD '23] . Latt. + exp.
l P T I R TR S N T S N PRI T\ | I T R

0.22 0.24 0.26 0.28 0.3 0.32 0.34

SM
RSN



[Intermezzo]: Warning]!

db 2 2 2
* 2 2 _ M+ mp — ¢
(B — D*lv) o< |Vep|” | F(w)] w =
0.0014 . 0.0016
Lattice QCD x|V, —— HPQCD B — D*liy,
Belle untagged +  Belle B — D*"e*r,
0.0012 W BaBar 0.0014 +  Belle B D* 'y,
¢ Lattice QCD
<4 Belle untagged e~ 0.0012
~ 0.0010 4 Belle untagged pu~
) ¢ - BaBar synthetic ‘\'—30'0010
£ 3
g §:0065 "% 0.0008
5 3
= 0.0006 £ 0.0006
0.0004
0.0004
. HPQCD, 23
[FNAL/MILC, '21] [HPQCD, "23]
0.0002
1.0 1.1 1.2 1.3 1.4 1.5 00010 L1 12 13 14 15

w

= Needs clarification to reliably extract |V | from B — D*/v...

NB. Recent JLQCD agrees well with exp. datal See talk by Lytle

Way out: independent LQCD results + Belle-Il data!

10



[Intermezzo] How to improve our R}, predictions?

e Th. uncertainties are related to m_ (only source of LFU breaking in the SM):
2

o3 (B = D"17) = (@) ) | Ho (@) + " Hs(a)|

} |

x A1(q%), Aa:(q?), V(g®) x Ao(q?)

dBb
dg?

o A simple redefinition can reduce these uncertainties:

Gmax B T B .
/ dg” — (B — D*1v) , dg’ da2 — (B = D7)
Imax B . /qmax dq? 2 45 — (B — D" up)
dq d—q2(B — D :LLV) g2 dq

Observable | Latt. (FNAL)

Usual definition —» Rp+ 0.27(1) [5 %)

Definition with same bins ————® | Rp.[m2] |0.343(6) [2 %)

11



[Intermezzo] How to improve our R}, predictions?

e Th. uncertainties are related to m_ (only source of LFU breaking in the SM):

@(B . D*Kﬂ) _ (I)(QQ)CUE(QQ) [HV(C]2)2 4 mg2 HS(C]2)2]

dq2 m£2 + 2q2

} |

x A1(q%), Aa:(q?), V(g®) x Ao(q?)

o A simple redefinition can reduce these uncertainties:

Cox  _ dB Tmax B o
/ dqzﬁ(B — D*TD) N /2 dq2d_qQ(B — D TV)
R(T*//L) — m? q s Rg*/ﬂ) [qunin] _ ~ 9min
7 Tmax B / " a2l 9B g pe
[ e = D) g @) P !

[Isidori, OS. '20]
Observable| Latt. (FNAL)

Usual definition ————» Rp~ 0.27(1) [5 %]

Definition with same bins ——— | Rp=[m?2] | 0.343(6) [2 %)

Definition with same bins ——p | Rp«[m?2] |1.080(4) [0.4 %]
and re-weighting

11



EFT for b —» cti

see e.g. [Angelescu, Becirevic, Faroughy, Jaffredo, OS, '21]

Log = —2V2GrVy, [(1 + gv.) (€vubr) (Cvuve) + 9vi (CrYubr) (Covuve)

+ 95, (€Lbr) (Crve) + gs, (Crbr) (Lrve) + 91 (CrOuwbL) (ZRJWVL)} + h.c.

o SUQB). X SU2); X U(1)y gauge invariance implies that only 8y, + &, » &, and g;

can break LFU at d = 6.

e Few scenarios can accommodate data:

- U ~@Q,1L2/3): gy, g,
- Ry ~(3,2,7/6) © g5 =487

S~ @B L,1/3): gg =—4gr, gy

Only scalar/vector leptoquarks can do the job!

1.2

0.8

0.6

14

Exp
_— /M L
, _~ = -
m - 9v
SRS gSL — _49T
SR gSL = +4gT
i — gs, = t4gr €iR
[ 1 I 1 | 1 | 1 1 1 I
0.6 0.8 1. 1.2 14
SM
Rp/Rp

12



Example: Ul ~ (3, 1, 2/3) [L. Allwicher, D. Faroughy, F. Jaffredo, OS, F. Wilsch. '22]

£U1 D, [xf]ia Ul’u qq;’)/,ula + h.c.

First considered by [Eboli, ‘88]
cf. also [Faroughy et al. "15]

LHC 7+ 7v
i Flavor i
(4 —3L . ]
I ighPT -
(’ R PR NN SR AN TR TR N M N W SN N PR NN SR AN TR T N N NN N SN N
—1.5 —1. —0.5 0. 0.5 1. 1.5
L7123
[5’71]

Complementarity between LHC data, flavor and EWPT

*see back-up for the other models! .



Exa m ple ii) b —> STT [Allwicher et al., in preparation|

e Related to b — ctv for some operators through SU(2); invariance, L, = (v, L”Ll-)T .

e Extremely difficult measurement at low-energies!

Upper limits (90%CL.): B(B, — 77) < 6.8 x 1073 [LHCb. '17]

B(BT - KT77) <225 x 1072  [BaBar. '16] vs. Bgy ~ 1077

B(B° = K*%77) <31 x1072  [Belle. '21]

B — K*'r1

B— K71

Flavor

Cedl3ss2/ A? [Tev_z]

—1.- By — 7171

14



Exa m ple ii b —> STT [Allwicher et al., in preparation|

e Related to b — ctv for some operators through SU(2); invariance, L, = (v, L”Ll-)T .

e Extremely difficult measurement at low-energies!

Upper limits (90%CL.): B(B, — 77) < 6.8 x 1073 [LHCb. '17]

B(BT - KT77) <225 x 1072  [BaBar. '16] vs. Bgy ~ 1077

B(B° = K*%77) <31 x1072  [Belle. '21]

=
(@ .
T T I T T T T T T T

\ LHC dominates!
LHC (140 fb™1)

(Cedls323/ A? [TeV_Q]

—1. - By — 7171

14



Exa m ple ii) b —> STT [Allwicher et al., in preparation|

e Related to b — ctv for some operators through SU(2); invariance, L, = (v, L”Ll-)T .

e Extremely difficult measurement at low-energies!

Upper limits (90%CL.): B(B, — 77) < 6.8 x 1073 [LHCb. '17]

B(Bt = Kt77) <225 x 1072  [BaBar. '16] vs. Bgm ~ 1077

B(B° = K*%77) <31 x1072  [Belle. '21]

1.5 1.5
1. - 1. -
0.5 - 0.5+

Flavor

S

LHC (140 fb™

LHC dominates!

1) -

(Cedls323/ A? [TeV_Q]
[Cledq]3332/ A? [TeV_2]

050 050
—1.?— By — 77 —1.r
—1.5 :—I | AN O\, | —1.5 :—l | |
—-1.5 -1 —0.5 0 0.5 1. 1.5 —-1.5 -1 1.5
Cly 3323/ A? [TeV ™) C 1+3)]:~’»3’>23/ A? [TeV ™7

14



Exa m ple ii) b —> STT [Allwicher et al., in preparation|

e Related to b — ctv for some operators through SU(2); invariance, L, = (v, L”Ll-)T .

e Extremely difficult measurement at low-energies!

Upper limits (90%CL.): B(B, — 77) < 6.8 x 1073 [LHCb. '17]

B(Bt = Kt77) <225 x 1072  [BaBar. '16] vs. Bgm ~ 1077

B(B° = K*%77) <31 x1072  [Belle. '21]

1.5F

- - . B — K*rt1
B i - Complementarity

B— Kr1

=
(@ .
T T I T T T T T T T

By — 7171

Flavor

|

\, LHC dominates!
LHC (140 tb™)

LHC (140 fb™1)

[Ced]3323 / A? [TeV_Q]
[Cledq]3332 / A? [TeV_Q]

B — K711

—1. :— By — 11 —1. :—
_1'5:_| | A L\ | _1'5:_|. | [
—-1.5 -1 —0.5 0 0.5 1. 1.5 —-1.5 -1 —0.5 0 0.5 1 1.5
Cly P )3323 /A% [TeV 2] Cly ¥ )3323/ A% [TeV 2]

14



Exa m ple ii) b —> STT [Allwicher et al., in preparation|

e Related to b — ctv for some operators through SU(2); invariance, L, = (v, L”Ll-)T .

e Extremely difficult measurement at low-energies!

Upper limits (90%CL.): B(B, — 77) < 6.8 x 1073 [LHCb. '17]

B(BT - KT77) <225 x 1072  [BaBar. '16] vs. Bgy ~ 1077

B(B° = K*%77) <31 x1072  [Belle. '21]

1.5 ‘ ‘ 1.5

B — K*rr B — K'rT

B— Kr1 N

=
(@ .
T T I T T T T T T T

Drell-Yan gives complementary constraints!

By — 7171

CTT
=
=
~ Fl
< 0.~ —
~— -
X LHC H ﬂ\1U % LHC (140 fb™!
4 - , _
8 _o50 (110 575 SR (140 )
] ]
D) D)
—1. - By — 7171 —1. =
_1'5-_| | | _1'5—_|. A TR B [
-15 —=1. =05 0 0.5 1 1.5 ~15 —=1. =05 0 0.5 1 1.5
(1+3) 2 —2 (1+3) 9 _9
Ciy " laz23/ A [TeV™7] Cry " 73323/ A [TeV 7]

14



E FT VS. Concrete mOdEIS [Allwicher et al., in preparation|

Examples: pp — U pp — TT
1.20 " 1.60
- L
_II ————— < ot St e e e e e e e
I = 140+ B
1 L
L, 1.00 _l: T 1 TeV e L7 S 1 TeV
| - n [ :
o i = o 2 Iey '> 1.20 = =, 2T
b} i [ i
g 1.00 -
= ) : =
E S 0.80 | \_\h
Tl —
— 0.60 e - ===
— — ' e
lq — ‘q ™ [ e
. 060
— 0.40F b _
0.40 -
020 — e e v b b v b B b 020 I | ! | 1 | ! | 1 | ! | 1 |
500 1000 1500 2000 2500 3000 3500 200 400 600 800 1000 1200 1400
Meut [GGV] Meut [GeV]

The EFT reproduces well the leptoquark models for M > 2 TeV .



Low vs high-energy searches

Examples:

e b — sub (indirectly)



Example iii) b — svv (indirectly...)

e B — Kb decays will be soon measured by the first time by Belle-Il.

e They cannot be directly probed at the LHC (in an efficient way...), but they are

constrained indirectly by e.g. pp — £¢ via gauge invariance, L, = (v;,, £;)" .

e These decays are (rather) clean:

- No contributions from infamous cc loops.

[Buchala et al. '93, '99], [Misiak et al. '99], [Brod et al. '10]

- Short-distance contributions are known to good precision.

¢ Two main sources of theoretical uncertainty:

i) Hadronic matrix-element:

v
(KOs b |B)y =) 1 Fuld?)

!

Form-factors (e.g., LQCD)

i) CKM matrix:

From CKM unitarity:
Vi Visl = Vel (1 + O(A?))

Which value to take (incl. vs. excl.)?

16



[Intermezzo]: B — K" form-factors

e B — K : precise LQCD data available at nonzero recoil (g # g2..):

[Becirevic, Piazza, 0S. 2301.06990]

- Jy OuwrFit i, /d.of. ~9.2/10 ¢ [Bavi]
Our Fit FNAL’16, LCSR
0.6+ fo Our Fit p
[ f+ FLAG ‘21 f ( 2) . [FLAG]
I fo FLAG 21 +\q \ FNAL’16, HPQCD ’13
S, 0.5« f, 0 HPQCD ‘22 A
— - . ® HPQCD ’13
= ~
T e fioMILC 16 _
= | 4 Only FF needed for B — Kvp!
Cj?; 0.4+ ————— [1606.00916]
o FNAL'16
_ ——i [2207.12468]
0.3 - ~ 3 % uncertainty] HPQCD'22
Pole factor: ' — ' \A
\
Pi(¢®) =1—¢*/M? f (qz) ot [2301.06990]
i 0 FNAL’16, HPQCD’22
02 J | PR I T SR TR TR NN SR SO ST T NN S S | T T T T T [ T
0 5) 10 15 20 2.5 3. 3.5 4.
2 2 + +_,=\SM 2
q [GeV7 B(B™ — K yy)loop/])\t|

e B — K*: more challenging for several reasons...

= We use LCSR (—I—LQCD) results from [Bharucha et al. '15, Horgan et al. '13]:

(5.9 £ 0.8) g+0 x 1073

(6.4 %+ 0.9) gt x 1073 [ ~# 15 % uncertainty; accurate?]
. . K*+

B(B — K*I/D)SM/|)\t|2 = {
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[Intermezzo]: Cross-check of f27%(g%)

e SM predictions depend on the extrapolation of the LQCD form-factors to low g°

values — parameterisation dependent?

= How can we test the shape of the extrapolated LQCD form-factors?

e \We propose to measure: [Becirevic, Piazza, OS. 2301.06990]

B B(B — I(Vp)low—q2
Tlow /high = B(B — Kvﬁ)high—(f

= Independent of A, and the form-factor normalisation, as well as of NP contributions.

NB. W/O UR

e Using the bins (0, ¢2../2) vs. (g?

max max

/2, g>..) -

max

Tlow /high = 1.91 4+ 0.06
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[Intermezzo]: Which CKM value?

e Using available b — ¢V data:

(41.4 £0.8, (B — X.lv)
[Ae| x 10° = £ 39.3 £ 1.0, (B — DIv)
137.8+0.7, (B — D*Ip)
... to be compared to CKM global fits: cf. also [Martinelli et al. "21]
Aelurae = (41.4+£0.5) x 1072 M\¢|crmaster = (40.5 +0.3) x 1072

e Alternative strategy: to use Amp, f_%SBBJ Ael?

,  [419+£10, (Ny=2+1+1) fo.\/Bp, =256 £6 MeV ~ (N;=2+1+1)
‘)\t‘X]_O:
39.2+1.1, (N; =2+1) :
! fB.\/Bp, = 274 £8 MeV (Ny=2+1)

There is not a clear answer to this ambiguity so far.
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Decay

Branching ratio

Bt = Ktuw
BY - Kqvi

Bt — K*Tup

B 5 K*%w

(5.06 & 0.14 £ 0.25) x 10~
(2.054+0.07 £0.12) x 107°

(10.86 & 1.30 + 0.59) x 10~°

(9.09 4 1.20 £ 0.55) x 107°

Take-home

[Becirevic, Piazza, OS. 2301.06990]

[Belle 1303.3719, 1702.03224]
[BaBar 1009.1529, 1303.7465]

m— Exp (90% CL)

B(BT — KTvp) B(B® - Kquv) B(BT — K*tvi) B(BT™ - K*%up)

e To remain cautions about hadronic uncertainties associated to the form-factors and the

extraction of CKM matrix-elements — non-negligible given the projected Belle-1l sensitivity.

e Binned measurements at Belle-lIl would be a valuable piece of information to test the

consistency the SM predictions.
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EFT fOr b —> SUD See e.g. [Buras et al. '14]

e Low-energy EFT:

4GF )\t Nem

Eb—)sw/ L
2 2T

Z [ CY (519,b1) (Frinvr) + C4% (3pyubr) (Fr™vi;) | + hec.

]

. - *7,7 - Vil
e Complementarity of B - Kvv and B - K*uvp - Example:  6C 7% = 6i; 0Crr)

BB~ KWvr) _ Z ORe[CSM (5C% + 5C%™)] 03[

B(B — K®yp)SM 3|CM |2 s <

Z ‘5(7%’/] + 5CV1VJ|2 0.4:
3|CSM|2 - -

ViV ViV Qs

) ZRe5C”(CSM5 4 8CH)] o
e SICTE R

Nk =0

I Excluded (BaBar, Belle)

0 [ Oy G o W o | e Wy |

0.8 —06-04-02 0. 02 04 0.6 08
9C, (i

NB. F.(B— K*vv) < B(B — Kvv), B(B — K*'vp)

21



SMEFT for b — svv (and b — s£¢)

e EFT invariant under SU(2) X U(1)y [w?:

o = (&7
= &
i = (LiV"L; )
aw = (@77€;) (
aw = (E7es) (

e Correlations for concrete mediators:

7'~ (1,1,0) e #0, P =0
V~(1,3,0): c¢l=0, cP+0
Uy ~ (3,1,2/3): Cly’ = Cly)
Sz~ (3,3,1/3): Cly’ =3,
(SUB)e, SU2)L, U(1)y)

b — st/ b — svi

[Ol(ql)]ijkl - (ZWMLJ) (Qk’yﬂQl)
= (ZLi/yMEL]) (3Lk%sz) + (vLi’Y“VLj) (ELIC%,sz) +

(00 ) s = (L7 Ly) (Qur' Q)
= (ELi7 ij) (de%dLl) — (VLi’Y“VLj) (auc%du) -+

[Oldijl = (Ly"L;) (dryuds)

= (ZL{Y“KL;') (ER/C%CZRZ) + (VLW’“LVLJ') (ERIC%de)

/
:
5
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SMEFT for b — svv (and b — s£¢)

e EFT invariant under SU(2) X U(1)y [1/14]:

_ (1)
i = (Liv" L) (Quv. Q1) 1t i =
ijkl — (z MTIL )(@k’T ,YN’QZ)
= Z :“L d d [Ol(q?))]m/cz
ijkl ( )( kT l)
ijkl — ( z’y )(@k’)/,u@l)
" — [Oldijl —
ikl ( Y 63)(dkﬁyﬂdl)
access to operators with 7;:
0.8
0.67 ﬂ By — 7171 .
04" , Lo )
§ - =
02 - Jg- =
: | \ 3
o2} >
LHC (140 fb ™) -
—04 Co+p|ementarity S
—0.6 U
—0.8" e

—-0.8 -0.6 —-0.4 02 0. 0.2 04 06 0.8

[C 3305 /A2 [TeV 2]

lq

b — st/ b — svv

= ( YL )(Qk%@z)

= (fLﬂ ELj) (de%sz) + (vLi’Y“VLj) (ELIC%dLO +

(L' L) (@™ Q1)

= (sz"Y”ij) (de%dLl) — (VLWMVLJ') (auc%du) -+

(Liv" L) (diydy )

= (ZL{Y“ELJ') (ER/C%CZRZ) + <7LNMVLJ') (ERk’Yude)

0.8

By — 7171

0.6
04: Flavor ~ B — K'Wpv
02" Flavor dominates

0.

—0.2- LHC (140 fb™1)

—0.4 -

—O.6i

_087. 1 1 \ | Ll L
—0.8 =0.6 04 02 0. 02 04 06 0.8

[ w3323/ A2 [TeV 2]
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Beyond semileptonic operators

e First steps towards (flavorful) SMEFT analyses — within MFV:

v C E
\/1 - | [Grunwald. 2304.12837]
\ CuG |:|
q éuW —
~(1) —_
C‘pq [S—
~(3 _
' 1 Coq .-
\ Cou
~ —
1 Cj’d ——
Ci- _
. — Global fit
Cid —_ —— Drell-Yan
~ — B&Z
R Ceu = |— Top
1 éed — =
éqe - '=
1 A Cig’ &), ——
éfg) L W NB. In agreement with our
-0.005 0 0.005 0.01 Drell-Yan reinterpretations
Ci
Synergy between electroweak, flavor and LHC observables See also [Greljo et al. "23]
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Summary & Outlook



Summary & Outlook

o Semileptonic operators can modify the pp — £Z; tails currently studied at the LHC.

e These high-p; observables can be more constraining than their low-energy

counterparts for specific transitions and sets of operators.

e Complete flavor likelihood for high-p; Drell-Yan production at LHC has been derived,
for the first time, and implemented in the Mathematica package HighPT:

http://highpt.github.io/ ()

e Several improvements are planned:
- Implementation of more LHC searches and observables (e.g., Afb);

- Inclusion of NLO corrections and PDF uncertainties in the signal simulation.

e Combining low- and high-energy observables is fundamental: work in progress to
derive the complete SMEFT likelihood!

Thank you!
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PartOniC CrOSS-SeCtion [L. Allwicher, D. Faroughy, F. Jaffredo, OS, Wilsch. '22]

M (w) = (14 2w)6*Y + w?,
Mg =1/4,
MEY (w) = —(1 + 2w)6%Y with  w =1/
MY (w) = 4(1 + 2w)?26%Y
Mpp (W) = —w(l+w),

(cosf* —1).

(Va)3
|
D=



[HPQCD. '2304.03137]

- By — D?* This work By — D} This work
s 20 _
6.0 S8 B, — Dy Previous S8 By — D} Previous
18
5.5
16
3
5.0
14
4.5
12
4.0
1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 1.4 1.5
w w
0.45 . s
" Bs;— D? This work 2.2 " By — D} This work

S8 By — D: Previous S8 By — D} Previous
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[
(=]

W -1)"7dr/dw x 10" [GeV]
W

— this work
+ Belle

20

[a—
W

\%

dl' / dcos[0 ] X 10" [GeV]
=)

dT/ dcos[0]] x 10" [GeV]

dr'/dy x 10 [GeV]

[JLQCD. 2306.05657]

| — this work

;5L * Belle

91.0 — -0.5

T - I

- — this work
5_— + Belle
2_

C . |




Comparison from A. Lytle talk

0.0014

~ Fermilab/MILCx |V|
JLQCD x|V

. HPQCDxXx|Vy|
Belle untagged

JLQCD x|V
HPQCD x|V
Belle untagged e ~

0.0012 Belle untagged p

" Babar BaBar synthetic
¢  Fermilab/MILCx|V_|
0.0010
2 0.0008
"
E
£
0.0006
0.0004
0.0002
1.0 1.1 1.2 1.3 1.4 1.5



Im ( [5']*)

[L. Allwicher, D. Faroughy, F. Jaffredo, OS, F. Wilsch. '22]

R2 ~ (37277/6) Sl ~ (:_)), ]_, 1/3)




Lepton Flavor Violation (LFV)

1 - _
For a left-handed operator: [O( ] wis = (") (@745)
pp — uT i
2 M
33 T 9
23
M M
13—+
22—+
12 ++
11 b — LHC (£ =140 fb™1)
— HL-LHC (£ =3 ab™ )

0.00 0.05 0.10 0.15 0.20 0.25 0.30 035

€1,/ A% [TeV 2

lq ]23@]

[L. Allwicher, D. Faroughy, F. Jaffredo, OS, F. Wilsch. "22]



Our results: eu, er, ur

33

231

13

22

12+

111

0.00 0.05 0.10 0.15 0.20 0.25 0.30 035

pp — ep

— LHC (£ = 140 b~

Y
— HL-LHC (£ =3 ab™

)

/ A? [TeV~?]

€] o

CHM

33

23

13

22

12

11

0.00 0.05 0.10 0.15 0.20 0.25 0.30 035

= (l:y") (Tiv,4;)

pp — €T

— LHC (£ = 140 b~

Y
— HL-LHC (£ =3 ab™

)

/ A? [TeV 7]

€'l

33

23

13

22

12+

11+

0.00 0.05 0.10 0.15 0.20 0.25 0.30 035

FCNC meson decays
uN — eN
[ — eee

T decays

)

pp—>’LLT HighPT
—t—
—t+—
_}__|

— LHC (£ = 140 fb~
-

— HL-LHC (£ =3 ab~
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

)

/ A? [TeV~?]
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From EFTs to physical observables

Problem to solve: m@X{O(E), with x?c(C) < X2 + AX2}
C

(O = Branching fraction of a low-energy LFV

5 = Vector of Wilson coefficients

Observable LHC (140 fb~') HL-LHC (3 ab™')| Exp. limit

B(B° — p*7r) 8 x 107* 1.7 x 10~* 1.4x107°

B(BY - ntpfrT)| 1.1x107* 2 x 107° 9.4 x 107°
B(Bs — K3u*7T) 4 %1075 8 x 107° -~
B(B° — pu*rT) 7% 107° 1.5 x 1075 =

B(Bs — p=77) 8 x 1073 1.7 x 1073 4.2 x 1072

B(BY - KTp*r%)| 9x1074 1.9 x107* 3.9x 1075
B(B° - K*°u*rT)| 4x107* 1.0 x 10~* -
B(Bs — ¢u=7T) 5x 1074 1.0 x 104 -

[Descotes-Genon, Faroughy, Plakias, OS. '23]



[Fuentes-Martin et al. "20]

Charm physics

c - utt c — d(s)v
107 . 0.06 - :
5 5 0.04 —
B HL—EHC 1
1 \l J
by
[ 1 )
e o | L€y 002 :
b ] i
— I\ — _ pp-oTV
: j 0.00 - —
-3 pp -1
—10-D > 0, bt 1 —0.02 D decays ]
40 -20 0 20 a0 02 -01 00 01 02 03

ee 7d
€ Vz € VL



[Intermezzo]: Form-factors - B — Kvo [Becirevic, Piazza, 0S. 2301.06990]

e Lattice QCD data available at nonzero recoil (g # g2..) for all form-factors:

_ 2 2
(K(k)|5.7"bL|B(p)) fr(q™) + fo(q?)
with f+(0) = fo(0) . Only form-factor needed for B — Kvo!
e [NEW] Update of the FLAG average by combining results with
| J+ OurFit 2. /d.of. ~9.2/10 i
I fo Our Fit -
| L

P fi FLAG ‘21 -
- C\]@
—————— fo FLAG ‘21 .-,
: =

S, 0.5-= fi o HPQCD ‘22 N

% 0.4__( *\\\\ //,/// EQ/ I \\\\

SN <

0.3- < 7
L \\‘\\\\ 0.2 SRR O'dB/dB —— Our Fit
L s 0.15 Tl
2 0.1 T Flag ‘21
I 00— e
I SN TR W (N SO TR SO TR NN ST SR T SR NN S ST T SR SN SR T
Pole factor: 025, 5 10 15 20 0 5 10 15 20

F@)=1-¢ ¢ [GeV?) ¢ [GeV?



[Intermezzo]: Form-factors - B — K*uvi

e B — K*pvv decays are more challenging for several reasons:

2V (%)
mp + Mg~

(B* (k)[57(1 = 15)b1B(P)) = Eppoc™ 9k

—ig,(mp +mg~)Ax (¢°)
Aa(g%)
mp + Mg~

+i(p+k)u(e* - q)

Figa(e” ) T2 [As(a?) — Aola?)]

e We use LCSR (4+LQCD) results from : 3 ; [égv] P
e
5.9+ 0.8) g+ x 1073 3!
BB = K* o)™ /A2 = | )x =
(6.4 4 0.9) ot x 1073 l
T 2f
B
Q
| % 15 % uncertainty] S
=~ 0:
0%
Relatively small uncertainties, but are they accurate? 045




