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Flavor physics

e The Standard Model is an effective theory at low-energies of a more fundamental

(unknown) theory:

= Hierarchy and flavor problems unanswered — gravity not included.

= Quest for physics beyond the SM!

e fermions appear as three almost identical replicas:

= Flavor physics is the study of flavor-changing phenomena and CP violation.

Twofold role of flavor physics:

|. To identify new symmetries:

ur, CL, tr\ | Gauge
dr St br symmetry

< >

Flavor symmetry?
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Il. Search of New Physics:

HCIMI % E

d&nav«'\cs

*Through precision!




l. Origin of flavor?

e (Gauge sector of the SM entirely fixed by symmetry:

= Only a handful of parameters.

= Theory renormalizable and verified at the loop level.

e Flavor sector loose:

= 13 free parameters (masses and quark mixing) — fixed by data.
£Yuk — —Y;j @ide H — Y,;J @iuRj f[ — Yzj fieRj H + h.c.

= These (many) parameters exhibit a hierarchical structure which we do not understand.
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l. Origin of flavor?

e Striking hierarchy of fermion masses [does not look accidental...]

neutrinos de se pHe
P
T C® re
e o ue te
3 ® A < ) —
o < ‘2 o) @ 2
< < <

Verm = c @ VPMNS = ® ©

How to explain the observed patterns in terms of less and more fundamental parameters?
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|. Origin of neutrino masses?

normal hierarchy (NH) inverted hierarchy (IH)
m2 4 A m?

Neutrinos are the least known particles in the SM: = " £

A’rnzol
141
2
ATnatm

e What is the absolute scale of neutrino masses?

e Normal or inverted ordering? IAmzm

2 5 —
e |s CP violated in the lepton sector?

2
Anrlatm

e Majorana or Dirac particles? (i.e., is lepton number conserved?)

Huge experimental /theoretical effort to

v v

: © PMNS :

answer these questions and to measure v, | = ) Vo
: . matrix

precisely the PMNS matrix. Vr V3
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Il. Indirect searches of New Physics

I. Search deviations w.r.t. SM predictions:

Oexp = Osm (1 + Onp)

P

Both exp. and theory must be precise!

e.g.,

Look for observables:

e (Highly) sensitive to contributions from New Physics
e Mildly sensitive to hadronic uncertainties

e Accessible in current and/or (near) future experiments.

Rare meson decays are a good example!

O. Sumensari 5



Il. Indirect searches of New Physics

ii. Search processes forbidden (by accidental symmetries) in the SM

Global symmetry of the SM gauge sector:
U(3)°=UB)o xUB), xUB)y xUB)p x U3k
Broken by Yukawas to
Ul)gxU).xU(1), xU(1);

Examples:
e Proton decay (BNV): p — nle™
e Oupp (LNV): (A,Z2) - (A,Z+2)+ 2e”
e Lepton Flavor Violation (LFV): u — ey

Clean probes of New Physics!
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How do we do 1t?

The SM is an Effective Field Theory (EFT) at low energies of a more fundamental

theory which is still unknown:

553[ (renormalizable)

A (d)
- ~ Cn,
‘Ceff — Lgauge(Aa \Ij) + EHiggS(Aa \I’, H) —+ Z Ad—1 Ogd)(A, \If, H) )
d>5

Operators of dim > 5 made of SM fields

Assumption: [ < A

Most general description of new physics as long

as there is not enough energy to produce the new

degrees of freedom.

Sm -FEQ‘JS' = ‘\.‘PM
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New physics flavor problem?

C(5) C(G)

5
ﬁeﬁ"—£SM+—O()+§ 5 Z-)Jr...
Ap A
C6) — 1 [1910.11775]
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6 % S l =
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~J < N O ~ D
~ o~ O D o~ O
Observable

Flavor violation needs to be protected to suppress rare/forbidden processes:
= e.g., Minimal Flavor Violation, or flavor symmetries such as U(2).

= Fundamental input for model building. [D’'Ambrosio et al. '02], [Barbieri et al. '11]
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Outline

. Introduction
II. CKM-ology

I1l. Recents results in B-physics*

V. Outlook

*including the first observation of B —» Kvv at Belle-11
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CKM-ology

1995

Today
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CKM-ology
Lec D i(VCKM)Z-j (@rivtdr,) W +h.c.

V2
\

Vexm = U Ug,

Strategy:

Fix the CKM matrix entries through tree-level decays, and over-constrain it with loop-
induced processes:

07 T T T T T 07 - —
w —
: N m - S
A - -
* g - —5 o 3} EK Summer19
g 3] a2 =
05 n — 05 n -—
B — i \ -
n — n sdwicos Y <0 —4
o - ° (exd AICL> 095) —
—4 —4
oa -4 Tree = 0a 3 =
= F & = = Loop E
03 - 03 —
- -
o ol o -
02 —) 02 —
B =
0.1 ' el — 0.1 -
) —
' T p = p -
00 ia 1 5 5 5 P [ I PRI ST i MR . 0.0 T W W W W S_— _— | PGPV [ S W W S——— I — —
04 .02 0.0 0.2 0.4 0.6 0.8 1.0 04 -02 0.0 0.2 04 0.6 0.8 1.0

Good agreement! But there are a few tensions to be solved (precision physics is hard!)
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Example: kaon decays

Hadronic uncertainties:

T \’US )
K — uv K’ (Eﬁf(\ <0\§W“V5H\K+> — JK
- K

Py (" |59"d|K7) — fo (@)

e Non-perturbative QCD (Lattice QCD needed) — cf. FLAG review.

O. Sumensari
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Example: kaon decays

Hadronic uncertainties:

T VUS )
K — uv K’ 0}”& <0\§V“%u\K+> — JK
- K

K —s wly (757" ul K7) o< fo+(q°)

e Non-perturbative QCD (Lattice QCD needed) — cf. FLAG review.

e Current precision requires radiative and isospin-breaking corrections:

1 ma — m

137 Nocn

~ O(1%)

= Included in recent QCD+QED simulations of K(x) — uv on the lattice!

[Di Giusti et al. "17, "18], [Di Carlo et al. '19]...
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FLAG

FraG2021 |1Vl IV 4l

FLAG average for N,=2+1+1

ETM 21
CallLat 20

|‘| FNAL/MILC 18
FNAL/MILC 17

ETM 16 A
- — ETM 14E —il
] FNAL/MILC 14A 0
FNAL/MILC 13E A
— }— ETM 13F —1——
HPQCD 13A
MILC 13A

H_H MILC 11 (stat. err. only) H_H
|_D_' ETM 10E (stat. err. only) |_D_|

Ne=24+14+1

FLAG average for Ny=2+1
QCDSF/UKQCD 16 —

|_

} = |  BMW 16 i B
A RBC/UKQCD 15A |
H

HilH RBC/UKQCD 14B HIH

RBC/UKQCD 13
} | RBC/UKQCD 12 —
|_

l}

FNAL/MILC 121
— Laiho 11
MILC 10
] RBC/UKQCD 10A
BMW 10
MILC 09A
MILC 09

I }
| Aubin 08 i
| 1 !
T HPQCD/UKQCD 07 Il
—{ MILC 04 (1—

Ne=2+1

FLAG average for N¢=2

ALPHA 13A

ETM 10D (stat. err. only)
ETM 10D (stat. err. only)
ETM 09A

ETM 09

QCDSF/UKQCD 07

Ne=2

T [1IT
T 11T

|_‘_| HFLAV 18 7 decay 261 |—.—|
—@— Maltman 19 r decay 267 —C—

PDG 20 nuclear g decay 165
|—'—| Hardy 20 nuclear g decay [256 I—‘—i
I I
0.23 0.973 0.975

N
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First-row unitarity

0.228

0.226

A

0.222:

K — v

§ 0.224:-

||||||||||||||

- [Cirigliano et al. 2208.11707]

:_K—HTZV

AN

/7T—>/LV

™~

029960 0965 0970

Vud
O—I—

P

— 0T

‘Vud|2+ ‘VUS|2"|" =1

ACKl\/I = |Vvud|2 + |V’LLS|2 + |Vvub|2 — ||

= _0.018(6)

Unitarity

n — decay

Better understanding the hadronic uncertainties is fundamental to solving these

(mild)

O. Sumensari

discrepancies!
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https://arxiv.org/abs/2208.11707

Inclusive vs. exclusive: V., and V ,

n 48— I " = " | D ] * = f [ & ® & | &
S 46f — BecluivelVy wesibemr 3 Long-standing discrepancy:
— 4.4 5 Exclusive IV | V. GGOU
>:3 in E |Vub|/|Vcb| IV - global fit 5
- 4 E - HFLAV Average 7 E B — D(*)ZV
38 1 E B — wlv
3.6 = B — Xlv
34 N — By — Kpuv
32F = By — Dguv
28 P(*)=89%
C r 1 2 2 3 1 B 1 2 3 3 1 23 1 23
36 38 40 42 +i N
IV, | [107

More problematic:

e V_, plays an essential role in the predictions of FCNCs through unitarity:

VisVis|® = |Vaa|* [1 + O(X)]

e This ambiguity needs to be solved to match the expected sensitivity of Belle-II!
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INEW] Warning!

db 2 2 2
* 2 2 mp + Mp« — g
(B — D*lv) o< |Vep|” | F(w)] w =
2 2777/3 ™ p*
q
0.0014 0.0016
Lattice QCD x|V, ——— HPQCD B — D'y,
Belle untagged +  Belle B — D*"e*r,
0.0012 | BaBar 0.0014 +  Belle BY - D* 'y,
¢ Lattice QCD
4 Belle untagged e~ 0.0012
~ 0.0010 4 Belle untagged pu~
§ ¢ - BaBar synthetic N_gO.OOIO
& 3
E 0-0005 "% 0.0008
E 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 000091 L1 12 1.3 14 15

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

NB. Recent JLQCD agrees well with exp. datal

Way out: independent LQCD results + Belle-Il data!
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Which CKM value?

X
e Using available b — ¢V data:
(41.4 4+ 0.8, (B — X Iv)
[Ae| x 10° = £ 39.3 £ 1.0, (B — DIv)
37.8+£0.7, (B — D*lv)
... 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_;298333| At|?
. [41.9410,  (Nj=2+1+41) fo.\/Bp, =256 £6MeV  (N;=2+1+1)
‘)\t‘ X ]_O —
39.2+ 1.1, Ny =2+1 .
Ny ) fB.\/Bp, =274+ 8 MeV (Ny=2+1)

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

O. Sumensari
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Recent results in B-physics

*emphasis on B — Kvi at Belle-1]




|[Recap] B-meson decays

Targets of current experiments (LHCb & Belle-11):

e Loop-induced decays: e.g., b —> s£¢ and b — svv

B — K™
b b oYy W o B — KWup
W Q‘v e
t ~?< t V(B - Bs N gbf@
':w 9,9 l
S \Jﬂ S Ve W 9~(\'\
o Tree-level decays: e.g., b — ctv
B — DYy
b W /
B, — DWWy
Ve,
C \'
= Decays with b-baryons are also available at LHCb. [Boer et al. '19, Becirevic et al. '22..]

= In both cases, ratios of observables can be used to reduce theoretical uncertainties.
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Revisiting B - Kuvv in the SM

[D. Becirevic, G. Piazza, OS, 2301.06990]

O. Sumensari



Why to study B-decays with neutrinos?

e« B— K¢ e B— KVup :
- Sensitive to new physics effects. v/ - Sensitive to new physics effects.
- Experimentally clean (especially for € = u). V - Exp. more challenging (missing energy).
- Many observables (angular distribution). V - Fewer observables.
- Theoretically challenging (non-factorizable ~ X - Theoretically cleaner! V
contributions...) - Sensitive to operators with t-leptons. v
4B
4.%/\ 8Ky ;”1/\ B~ kw
do 1

>

O. Sumensari 17



B — Kuvv in the SM

e Effective Hamiltonian within the SM:

4G At Olem _
LoV = F - ZC (SLvubr)(PrLiv*ve:) +h.c.,

At Vitht
e Short-distance contributions known’/good precision:

CEM — —Xt/ SiIl2 0W
— —6.32(7)

Two main sources of uncertainties:

Including NLO QCD and two-loop EW contributions:

X, = 1.462(17)(2)

i) Hadronic matrix-element:

<K(*)|§L’y”bL|B

|
) :Z Fa(q2)

!

Form-factors (e.g., LQCD)

i) CKM matrix:

From CKM unitarity:
Vo Vil = [Vao| (1 + O(N?))

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

O. Sumensari
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Form-factors: B — Kui

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

°
m% — m2 m% — m2
_ , N\ 'B 'K 1 2 uw'p K 2
(K(R)Isy"8B(p) — |(p 1) = = q*‘] Fol@) " =5 Jola)
with f+(0) = fo(0) . Only form-factor needed for B — Kvo!
e [NEW] We update the FLAG average by combining results with
| —— f+ OurFit 2o Jdof. ~9.2/10 =
I fo Our Fit 1 —
0.6 y —
----- f+ FLAG 21 Ky
—————— fo FLAG ‘21 g 1?
£ 051= f, HPQCD 22 7§
L[ foMnCs N
C\]% 0.4- Q
] 2
g 7
0.3 < v
4 r Oolg g—\\ §§§§§§ . O'dB/dB — Our Fit
Olg _____________________________ Flag 21
0.2l | L | | 0.00 V7 e e ——
0 5 10 15 20 0 5) 10 15 20
Pole factor: q2 [Ge\/2] q2 [Ge\/Q]

Pi(¢*) =1—¢*/M? .
[Becirevic, Piazza, OS. 2301.06990]
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FOrm-fa CtOrS: B —> KI/D *See back-up for proposed tests of

these results.

o : [flavio]

w
FNAL’16, LCSR \\

° i [FLAG] .

Cone Sum Rules (LCSR) lead to
smaller branching fractions.

HPQCD '13

. , [1606.00916]
FNAL’16

—e—i [22()7.712468}

HPQCD'22

—e—i [2301.06990]

FNAL’16, HPQCD’22
I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1

2. I2.5I 3. I3.5I 4.
/' B(BY — K+ vi)™ /| \)?

(1.33 £0.04) g, x 1073
(2.87 £0.10) g+ x 1073

B(B — Kvi)®™ /| \|* = {
[Becirevic, Piazza, 0S. 2301.06990]

O. Sumensari 20



Summary (circa '22)

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

10~4-
Decay Branching ratio ] — :\(; (90% CL)

BT — K*vi | (5.06 £0.14 + 0.25) x 10~° —

B° — Ksvi | (2.0540.07+0.12) x 107° ' —
BT — K*tvi|(10.86 4 1.30 4 0.59) x 10~° 107" - - t [}
B® — K*%vw | (9.09 & 1.20 £ 0.55) x 10~° x

[Becirevic, Piazza, OS. 2301.06990] =
1079

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

Take-home:

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 (cf. back-up).
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[Intermezzo] Anomalies in B — K uyu decays?

AG p
V2 L

£b—>8£€

CE (57" Pub) (Er,8) + Cff (57" Pub) ((150) + .| + b

o Angular B — K"uu observables show a preference for 5Cé‘” <0:

[Algueré et al. '21, Altmannshofer et al. '21, Hurth et al. 21]

1.00

1/|— ABCDMN
1] AS/GSSS . -
0.75]|— CFFPSV (PMD) New physics effects or underestimated
4| —— HMMN
osod hadronic uncertainties?
0.25-
S . o,
0.00- C
. see e.g. Ciuchini et al’. '21 iy 9
—0.25- ] c i
—0.50-
1 Capdevilla talk at FPCP!
O 50 “125 100 —075 —050 —025 '600 '6.25
Cor

NB. LFU ratios Rge, = BB — KOup)/ BB — Kee) do not depend on C57, but they are difficult to measure
— cf. latest LHCb results, which now agree with the SM predictions.
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[Intermezzo] Remarks on B — K"vw/ B — KOupu

& * . . -
e B— K%y and B - KWuu have a similar decay spectrum away from the narrow ¢ resonances:
[Becirevic, Piazza, OS. 2301.06990] [Bartsch et al. '09]

0.07 - 0.07 -
N L — B = Kvv o - — B — K'vp
| 0.06] | 0.06 - B — K*uu
Z 0.05 - Z 0.05¢
O, : O
Q 0.04 : o 0.04 ;
~ C ~— C
< 0.03: < 0.03%
3 002 RSN
S 0.02 : 5 0.02 -
— 0.0l <) 0.01F

O. : ! ! ! O i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1
5 10 15 20
7> [GeV?] 7> [GeV?]

*using 2-loop results for cc loops from [Asatryan et al. '09]

e We can defined the CKM-free ratio:

Ratio of partial branching fractions

2ﬂ:MB%KMW)
~ B(B = KM

integrated in the same g2-bin.

95,47 ]

C
= Form-factor uncertainties cancel out to a good extent for g% > m’ . ; g

= Neglecting NP contributions, this ratio can be used to extract Cgﬂ | LA

O. Sumensari 23



e Predictions using perturbative calculation of ¢¢ loops:

= 7.08 £0.04
SM

with the following dependence on C9eff :

1

~Y

[7.15 —0.45- C§T +0.42- (C57)°] x 1072

12

Rl
11-

10

R /) KA
[ /R v/n)

¢ [GeV?]

[Becirevic, Piazza, 0S. 2301.06990]

RY/M(1.1,6]] =86+0.3

SM

12

19.98 - 145 C5T + 0.42 - (C5T)°| x 1072

101 — R%ﬁ.m}
L v/u
mON o RK*/[l.l,ii]
9+ v/
I \’ — R
v/p
3 i o RK’-{[LLG]
%E i N « Conventional
® N
7 L
Gl
5 ;1 | | | | | |
4 4.5 D. 9.5 6
eff
(Cg")

Precise measurements could help us to understand the various anomalies in b — suu data.

O. Sumensari
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Understanding the first determination of
B — Kvv at Belle-lIl

[L. Allwicher, D. Becirevic, G. Piazza, S. Rosauro-Alcaraz, OS, 02246]

O. Sumensari



INEW] Belle-Il results

SM Avcira,ge
0.

2
s

0.497 +0.037

1
. . 4
Theory uncertainty sub-dominant \\5 | —o— Belle II (362 fb'!, combined)
(thUS farl) .. : 2.3+0.7 This analysis, preliminary
- i Belle II (362 fb, hadronic
E _O1|_ 1.1i1? ThiE;uullysis.T)r(‘llilui}?ui’lonl(]) New Be"e-ll reSUItS
N Belle II (362 fb!, inclusive)
. 1 2.7+ 0.7 This analysis, preliminary
‘y : : o Belle II (63 fb!, inclusive) )
B{” : 1.9+ 1.5 PRL127, 181802 First BeIIe—II result
/ N P Belle (711 fb!, semileptonic)
| 1.0+£0.6 PRD96, 091101
e " Q' : : Py Belle (711 fb'!, hadronic)
: : 2.941.6 PRDS7, 111103
— & el ! BaBar (418 fb-!, semileptonic)
: I 0.2+0.8 PRDS2, 112002
:. BaBar (429 fb'!, hadronic)
/@ . I 1.5+1.3 PRDS87, 112005
ol NS S S O S N RS RS U RS
| 4 "0 0 2 4 § 8 10

/"ﬂ\ 10° x Br(BT—K " vp)
B(BT — Ktvi)®P = [2.4 4 0.5(stat) ) (syst)] x 107°

~ 30 above the SM prediction

e Only the incl. method shows an excess above background (and w.r.t. the SM predictions).

e The had. method is compatible with the SM (and with no observed signal).

= More data is needed! Many possible cross-checks (e.g., B — Kqi).
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EFT for b — suvi

e Low-energy EFT:

Eb—)sw/ _ 4GF)‘75 Ulem Z [ 1/@1/]
V2 27

ij

e Complementarity of B - Kvv and B — K*ub :

Oy + 605"

(%) 1,17 SM
B(B — K“vy) m Z 2Re|C? éTCEM|2

B(B — KOup)™

1

Z 0CT +6CE7|?

3|CSM|2

2]

— D Z Re (50 -

(CPMo; + 6C )]

P

nk =0

[Becirevic, Piazza, OS. '22]

O. Sumensari
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see e.g. [Buras et al. '14]

10 15 20 25 30
B(B — Kuv) x 10°

Forbidden region in the EFT approach

[Bause et al. '23]

[Allwicher et al (OS). '23]
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PrEdlCtlons [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23]

e Another observable to measure is the K* longitudinal-polarisation asymmetry:

I't(B — K*vp) _ Iy
F = Fr.(B — K*vi)™ = 0.49(7 Rr = —sm
I'(B — K*uvp) o ) (7) Fy
4 1.4
1.2-_ D
. 30 .
S 1.0 1 0
X 25
R 085
*k 20 é
0 0.6 -
a 15 5
Q 0.4 -
10 0
54 &9 0.2 [6CL]
T [6CK]
0 ,/'////' 0.0 : : . Pk . .
0 5 10 15 20 25 30 35 40 0 5 15 20 25 30 35 40
B(B — Kvw) x 10° B(B — Kuw) x 106

Depletion of SM prediction!

The measurement of B(B — K*vv) and F;(B — K*vv) would be model-independent

tests of Belle-Il results.

O. Sumensari 27



SMEFT for b — svv (and b — s£¢)

e SMEFT is formulated for A > v_, with SU(3),. X SU(2); X U(1)y invariant operators.
e Gauge invariance correlates b — svi with b — s£¢ since L, = (v;,, £;)" .

e Two types of d = 6 contributions at tree-level: [Buchmuller & Wyler. "85, Gradkowski et al. "10]

i) W H*D : i) w*

0. Sumensari [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23] 28



SMEFT for b — svv (and b — s£¢)

e SMEFT is formulated for A > v_, with SU(3),. X SU(2); X U(1)y invariant operators.

e Gauge invariance correlates b — svi with b — s£¢ since L, = (v;,, £;)" .

e Two types of d = 6 contributions at tree-level: [Buchmuller & Wyler. '85, Gradkowski et al. '10]
i) w*H’D : i) y*
b v
S v

= Only viable option!

v

0. Sumensari [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23] 28



SMEFT for b — svv (and b — s£¢)

o " operators invariant under SU(2) X U(l)y:

(011 10 = (Z"L;) (@i Q1)
0] 10 = (L7 L) (@7, Q1)
O] 50y = (L7 Ly) (dicch)
[Oc4] SRl = (@7"e;) (Qr71.Q1)
Oed] 0, = (@) (diyuch)

e Correlations for concrete mediators:

- Z'~(L,1,00 1 gl A0, ¢

=0

- Ve~ (1,8,0) 0 =0, ¢ #0

- Uy ~(3,1,2/3): GREE

Sy ~ (3,3,1/3): GRES

(SUB)e, SU2)L, U(1)y)

O. Sumensari

b — st/ b — svi

[Ol(ql)]ijkl - (ZWMLJ) (Qk’yﬂQl)

= (ZLi/yMEL]) (3Lk%sz) + (vLi’Y“VLj) (ELIC%,sz) + ..

[01(3 ] ijkl = (L7 L;) (Quu™' Q1)

— (EL[Y ng) (defY,udLl) — <7Li’7'uVLj) (akaYudLl) + ...

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

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

/
]
5

= ~ (5 TeV)™?



SMEFT for b — svv (and b — s£¢)

o ™ operators invariant under SU(2) X U(1)y: b — stf b — sui
W1 (Tonr \ (A
[Ol(ql) ijkl ( ) (Qk’y,uQ ) [Olq ijl - (f’ﬂ LJ) (Q_Ic”Yqu) )
[01(3) = (Liy"7'L;) (Qa'7.Q1) = (Lo ;) (dokvudee) + (Prinvez) (doayudi) +
q lijkl
_ (3) u,rI 7_I
[Old- ijkl (L "L )(dk%dl) Oy g = (L7 Ly) (@i @) )
1 - (ELW gLJ') (de7udLl) - <7Li’YHVLj> (deWNsz) +
[Oeq_ ijkl ( ente; )(Qk%@l) ) )
T @) L, = LZ’YMLJ d ’)/,ud
[Oed ikl — ( €Y €y)<dkz’mdl) | ld]”kl ( ) (diych)

= (ZLi/Y,ueLj) (ERWMCZRZ) + (7Li’Y”VLj) (ERIC%dRz)

WhiCh ﬂavor? [Allwicher, Becirevic, Piazza, Rousaro-Alcaraz OS. '23]

1) Couplings to muons are tightly constrained by B(B, — uu). x
Il) LFV couplings are constrained by searches for (B, — L”ifj) and %(B — K(*)flfj). x

I11)The only viable option is coupling to 7's (due to weak exp. limits on b — st7). V

= Predictions: B(Bs —»71)  BB-—KWrr) 10
B(Bs — 77)M © B(B — K®)r7)SM

However, experimentally challenging...
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LFU in b — cti

? 0.4 B ] I L] I LI I I L 1 L] l I 1 LI I 1 I I L] I L] 1 I I I L 1 L] I 1 LI I L] ] _
) B m Ay*=1.0 contours -
m : Summer 2023 :
035 —
" Bellell i
03 . e
— Belle -
- | LHCb® -
025 —
~ World Average -
0.2 =  #HFLAV SM Prediction R(D) = 0.357 £0.029,,,,, -
B R(D) = 0.298 + 0.004 R(D*) =0.284 £0.012,,,, -
— R(D*) = 0.254 + 0.005 p= 2-0-37 -
_ P(x%) =33% -
1 I 11 I 1 1 1 l [ [ I [ [ 1 I 1 1 [ l 1 1 1 [ I [ 1 I

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

® R and R..” : dominated by BaBar!

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

® SM predictions are under reasonable control (cf. back-up).

Needs urgent clarification from Belle-1l and LHCb (run-2) data!
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EFT for b — ctv

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!

O. Sumensari

1.2

0.8

0.6

14

Exp
_—/SM -
, _~ = -
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

see e.g. [Angelescu, Becirevic, Faroughy, Jaffredo, OS, '21]
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Angular observables: b — ctv

Example: B — Drv

Forward-backward asymmetry
le-2

7 BT—D%w

e Many more opportunities in other modes:

B — D*(— Dm)Ttv

[1602.03030, 1907.02257, 2104.02094...]

O. Sumensari

L.

see e.g. [Becirevic, Jaffredo, Penuelas, OS,

Lepton-polarization asymmetry

le—-1

'21]

1.0 - Bt—=D%

0.8 -

c.. 0.6 7

Ax(

0.4 -

0.2 4

0.0

4 5 6 7 8 9 10 11
q* [GeV?]

B SM mm gs, = —4gr W gs, = t+4gr

Ay — Ao(— Am)To

[1907.12554, 2209.13409]
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Example: Ul ~ (3, 1, 2/3) [L. Allwicher, D. Faroughy, F. Jaffredo, OS, F. Wilsch. '22]

£U1 D, [ibf]ia Ul’u qq;’)/,ula + h.c.

Combined

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

~ LHC 77 + 1v

I Flavor i
(4 —3L . ]
I ighPT -
L v 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1
—1.5 —1. —0.5 0. 0.5 1. 1.5
1123
7]

Complementarity between LHC data, flavor and EWPT

*see back-up for the other models!
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[Intermezzo] Probing flavor at the LHC

Flavorful New Physics?

\ A
pp — fkgl + TeV
M — ﬁkﬁz
fk — &M — My
+ m.
M — M’fkfl

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

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]...
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[Intermezzo] Probing flavor at the LHC

1'9.7Ifb': ee and ju (8 TeV) .
Y'Z—e'e, ury : 1

do/dm [pb/GeV]
o

5
4 4 L
L /
—*— data

B rewz nvoctio S .

- ek -k
@e &
w n —

-
o
A

lﬂ‘ IIIII'I" ||||I1|1 lllm‘ Illlﬂ‘ llllﬂ‘ ||||I1! TTI

-
()
: an

P —
o o
~ (o))
'I'I'I'ITIrI'TTl'IT‘

1 1 1 1 | | - l 1 1 1 1 1 1 e | I
20 50 100 200 500 1000 2000
m [GeV]

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).
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[Intermezzo] Probing flavor at the LHC

<+ EFT vald

19.7 fb" ee and uu (8 TeV)
T 1 1 T T | | I

Y'Z—e'e, wiw (1 2
5 \

6:.)
O
g_
O -

—_
(@)
N

do/dm [pb/GeV]
-~ o

.
-
10" I
102
10°
-4 [ 1
125j —* data _4_,__)_{.
10°F  [llFEwz, NNLO CcT10 L
107 5 e
E | | l
20 50 100 200 500 1000 2000 ———
m [GeV] 4 L

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').
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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
pp — TT [arXiv:2002.12223] %; mediators (LQs, Z, ..
pp — ee, [ CMS-PAS-EXO-19-019 s
@ e (Computes cross-sections, event yields
oy = 1w ATLAS-CONF-2021-025 i and likelihoods as a function of NP
pp — ev, v [arXiv:1906.05609] couplings.
PP el el i [arXiv:2205.06709) e SMEFT likelihoods can be exported in
the WCxf format.
*more to be included (see GitHub page) [Aebischer et al. '17]
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Outlook

Olcyr Sumznsari (1JCLab, Orsay)



Outlook

O. Sumensari

Large Hadron Collider (LHC) . High Luminosity LHC (HL-LHC)

-m-s-—_-:m-“—m——-m- LHCb

7 TeV—8 TeV— 13 TeV ———rrrr 13.6 TeV = . 14 TeV —mmm————

LHCb 9 fb- =—y Upgrade | 35 fo-! ——1 Upgrade Ib Upgrade I 300 fb-! ——p GPD
ATLAS/CMS 190 b — 450 fb1 — 3000 fb-! ——p

Mﬂ@@@@@@@@@@"@@lﬂm

Belle Il 400 fb-! =i 7 ab-! =—oy 50 ab-! =——p

—m_mt Belle-11

SuperKEKB

3fb-1 @s = 3.773 GeV : 20 fb-' @ ¥'s = 3.773 GeV
BESII 3fb' @ s =4.178 GeV =] 6 fb-' @ s = 4.178 GeV —P

3 b’ @ s = 4.64 GeV 5fb-' @ Vs = 4.64 GeV BES III

1 ab-' @ Vs = 3.773 GeV
nzpé_u
:

STCF

2206.11331

NS eN e-1l with PIP-II
-13 .
(7x107) COMET Phase-I : MET Phase-ll
.17 10 1

Sensitivity:

p'>e'ele Mu3e Phase-| '

-12
(1x107) Sensitivity: : o 10" or smaller L FV

p>ely Pursue options for a follow-up experiment

413
(4.2x107) Sensitivity: 10 or smaller

Data Taking )
19 1 O . ]_ 1775 - (Approved Expenments) - Proposed Future Runnmg

-+ Kaon physics (NA62 and KOTO)
<+ EDM experiments & Muon g-2 at Fermilab

<+ Huge effort in the neutrino sector
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B-physics: Belle-1l and LHCb

Improved data will have the potential to resolve persisting anomalies such Ry

~ 05— Run 2 Run 3 Run4 Run5 Runb6
* - B N o S ' s S s S e S § S S B B e S S S S S S S S S e S e
o - . f 1 \
X - Belle Il Projection ] 18 q / | --=-- R(AY) |
045 = gacemsrmen . 161 | \ R(J)Y)
- LHCb - ~ R NN . D* -
_ —— World Combination ] §. 14} R :*) ]
04} - SM prediction: PRD92 054410 (2015), PRD85 094025 (2012) — > B\ P Ay SRR Y-, R(D™) |
N : a 12 — R(A,)
- - 'E‘U‘ - \ «] o
0.35F - £ 10 \ R(D.) ]
i ™ = 8 r —— R(D) 1
L — 8_ ————— . 4
L b g 9 --=- R(D*) ]
03_— —— TU 6' .......... ‘\\\\ ]
— - "5 . pEsEmmreRmS 00 s Namms 0909090 pmmammagy N T~
N : = 4 R 1
. — — f Smm——- Tty — .
0.25F . of Optimistic N R S MMt
B 10 contours ] . LHCb unofficial ~~=====--ooooee
0.2—1 11 I 11 | 1 l 11 1 1 l 11 1 1 l 11 1 | I | I 11 1 1 l 11 1 I— 0 lllllllllllllllllllllll
025 03 035 04 045 05 055 0.6 QQ" §° Q& Qr\? é\' Qq?* é{f éﬁo S oY g?’ 8‘30 Qn‘,b Q@
T P A V a VE R VA Y

R(D)
Data sample up to year

[Rev. Mod. Phys. 94, 015003 (2022)]

= They will also provide valuable inputs to determine better V,, and V, :

Observables Belle Belle II
(2017) 5ab! 50 ab~1

|Vip| incl. 42.2-1073 - (1 £ 1.8%) 1.2% -

|Vep| excl. 39.0- 1072 - (1 £ 3.0%ex. + 1.4%4n.) 1.8% 1.4%
|Vup| incl. 4.47-1073 - (1 £ 6.0%ex. £2.5%n.) 3.4% 3.0%
|Vi| excl. (WA) 3.65-1073 - (1 £ 2.5%ex. £3.0%1.) 2.4% 1.2%
B(B — Tv) [1079] 91 - (1 £ 24%) 9% 4%
B(B — pv) [1079] <17 20% 7%
R(B — D1v) (Had. tag) 0.374-(1+16.5%) 6% 3%
R(B — D*rv) (Had. tag) 0.296 - (1 & 7.4%) 3% 2%

O. Sumensari
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Lepton Flavor Violation U — e

An impressive progress is expected in the next years in 4 — e experiments:

100
o A cosmic u F Cei 2020 J. Phys.: Conf. Ser. 1526
1072
, 4 . te—1tr
-~ 10¢ 7 beam m CCTFF
o . o 0'
< . %
S 10 [h m
S * 5
g 10 .A %
3 i mm /4 beam
-10 e
10 A" 5o 4
A A EE
1012 e A m
A s
mu— ey SINDRUM - B XNIEG
04| @ u— 3Ie SINDRUM II O MEG Upgrade
A /IN_’ €N DeeNle A O Mu3ell
o6 | BT : HY O Muie II
® T —OH Mu2e/COMERII A
1018 Mu2e II'RRIME A

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
Year

= Very clean probes of new physics!
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Lepton Flavor Violation

7-decays

Belle-11 will also improve the sensitivity on 7 — ¢ and 7 — u decays by a factor O(10) :
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Belle-1l physics book

« CLEO

+ ATLAS

+ CMS

- LHCb

v BaBar

Belle

Belle Il (5 ab™)
Belle Il (50 ab™)

I3

<

[CMS, 2312.02371]

[NEW] CMS obtained Br(z — 3u) < 2.4 X 107° (90%CL.) — comparable to BaBar/Belle!

O. Sumensari
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Topical workshop on LFV decays of the tau

11 Apr 2024, 09:00 — 12 Apr 2024, 18:00 Europe/Paris
Q@ 210/1-114 - Salle des Séminaires (IJCLab)

A Asmaa Abada-Zeghal (Psle Théorie IJCLAB) , Damir Becirevic (IJCLab - Péle Théorie) , Olcyr Sumensari (IJCLab)

htitps://indico.ijclab.in2p3.fr/e/taulLFV

11/04 -12/04

7—3% at hadron colliders -114 - Salle des Séminai...

Speaker: Federica Simone (Bari U./INFN)

[ ]
l n r S a y 7—3¢ at Belle-Il @ 210/1-114 - Salle des Séminai...

Speaker: Justine Serrano (CPPM)

Coffee Break

Effective field theory description of LFV decays ? 210/1-114 - Salle des Séminai...

Speaker: Marco Ardu (valencia U., IFIC)

New Physics models giving rise to LFV (seesaw mechanism inspired) ? 210/1-114 - Salle des Séminai...

Speaker: Enrique Fernandez Martinez (UAM/IFT-Madrid)

New Physics models giving rise to LFV (involving leptoquarks) ? 210/1-114 - Salle des Séminai...

Speaker: Nejc Kosnik (1Js, Ljubljana)

Coffee Break

| N T E N S I I I New Physics models giving rise to LFV (general considerations) -114 - Salle des Séminai...

Speaker: Shaikh Saad (u. Basel)

frontier

FripAY, 12 APRIL

7—@+hadron decays at Belle Il Q 210/1-114 - Salle des Séminai...

Speaker: Laura Zani (INFN, Rome3)

@
w C Lab Hadronic issues in LFV decays of 7 9 210/1-114 - Salle des Séminai...

Iréne Joliot-Curie

NUCLEAIRE Laboratoire de Physique g Coffee Break
& PARTICULES des 2 Infinis

Constraints on the decays from the High-p7 studies at LHC ? 210/1-114 - Salle des Séminai...

Speaker: Felix Wilsch (RWTH Aachen U.)

O. Sumensari


https://indico.ijclab.in2p3.fr/e/tauLFV

Summary

e Precision frontier: fundamental to seek new physics particles that cannot be

produced on-shell at the LHC — complementary approach!

e Hadronic uncertainties: QCD remains the main obstacle to using low-energy

observables to probe new physics — caution is advised!

e V,and V A : theory and exp. progress is needed to solve this issue — needed to fix

the parametric uncertainties of rare decays in the SM... Belle-lIl data and new LQCD
results will be essential.

e B — Kvuv: Theoretically clean and a helpful tool to constrain (B)SM physics. More
data and further cross-checks are needed to understand the first Belle-1l results —

e.g., B > Kwv and B — K*ub.

e LHC: Drell-Yan processes at high energies are also complementary probes of flavor-
physics operators — valuable inputs for flavor model-building.

Many opportunities to explore physics (B)SM in current/future flavor experiments!

Thank you!
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EFT for b — s£7

6

4G , ,
Lo =~ VoV | GO0+ 37 (Clm)O: +Ci(p)O]) | + D
2 i=1 7.8.9.10,P,S

e Semileptonic operators:

Oy = (57, Prer)b) (£v"0) O = (5Pp(r)b)(£0)
O = (57 Pr(ryb) ((4"y50) OF) = (5Pr()b) (r50)

e Dimension-6 tensor operator is not allowed by SU(2); X U(1)y .
[Buchmuller, Wyler. "85]

o (Pseudo)scalar operators are tightly constrained by

E(B . ,u,u)eXp _ (2.85 4 0.22) se 10=5 [Our exp. average: CMS, ATLAS, LHCb]

B(B, — pup)®™ = (3.66 +0.14) x 107* [Beneke et al. '19]
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[LHCb '21]
%10~

f\ 0.7 ! | ' | ' | ! | ! | ! |
3. - contours correspond to 68%, 95%, 99% CL regions -

0.6 ent T LHCb _
" ."-0 ‘.'.. ...4.4 tb—l _

,?-
= . ‘%

- Ky ‘. — -1 —
Q 0.5 L 9 fb

L
r
|2 |
e |

0o 1 2 3 4 5 6
B(B)—utu)

[Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]
[Our exp. average: CMS, ATLAS, LHCb]

04 )

B(B; — pup) x 10°

x107°

B(B, — ) x 107

e Good agreement between LHCDb results and the SM predictions;

e Small deficit in the exp. average — due

O. Sumensari

to ATLAS measurement.



«10¢ CMS 33.6 fb™' (13 TeV)

Nb 8 HEPFIT

@ 1 SUPERISO
2 FLAVIO
S 6 EOS

S i

E —4— Data

O
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[Intermezzo] Lepton Flavor Universality violation?

1.4 . LHCb Rg  low-¢> =0.994700%
- 9 fb_l Rg Cen’cral—q2 = 0,949J_r%-.8i%
I Ry low-¢° = 0.927J_r%:8££
b2 +0.077

Rk central-¢> = 1.027%%

B(B — K" pp)

L

R = E 1.0 ]
. B(B — K®ee) a?€lq? q3] : ! t l
0.8}
_ t Data x2=1.6,p=0.812 0=0.2
o6f — "M

Ry low-¢> Ry central-¢> Ry~ low-¢> Rg- central-g°

LFU ratios are independent of CJ* = C¢* = Cs*, thus being theoretically clean. However,

LHCb data now agrees with the SM predictions.

Constraints on LFU violation: ‘Cm‘ < (60 TeV)‘Q

O. Sumensari



Form-factors: B —» K*ui

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

2V (%)
mp + Mg~

(B (k)[57,(1 = 715)b| B(D)) = Eppoe™ Pk

—ig,(mp + my~)A1(q?)
A>(g%)

[A3(q®) — Ao(q?)] ,

+i(p+k)u(e* - q)
2mK*
7

+ iqM(e* ’ Q)

e We use LCSR (+LQCD) results from

(5.9 4+ 0.8) g0 x 1073

B(B — K*vi)>™ /| \|? =
( e {(6.4350.9)K*+><10-3

[ ~ 15 % uncertainty]

=
(@n)
—
X
[aN]
[
=)
Py
[N
Y
o
<
o
2
Q
o)
R
=<

= Relatively small uncertainties, but are they accurate?
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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 = Kv)iow—g2
Tlow /high = B(B — KVD)high—q2

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

NB. W/O I/R

e Using the bins (0, g2,./2) vs. (g2../2, ¢>..) -

Tlow /high = 1.91 £ 0.06 Tlow /high = 2-10 = 0.26
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FOrm-faCtOrS: B —> KI/D *Annihilation contributions not

included below (see next slides)!

o : [flavio]

w
FNAL’16, LCSR \\

° i [FLAG] .

Cone Sum Rules (LCSR) lead to
smaller branching fractions.

HPQCD '13

. , [1606.00916]
FNAL’16

—e—i [22()7.712468}

HPQCD'22

—e—i [2301.06990]

FNAL’16, HPQCD’22
I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1

2. I2.5I 3. I3.5I 4.
/' B(BY — K+ vi)™ /| \)?

(1.33 £0.04) g, x 1073
(2.87 £0.10) g+ x 1073

B(B — Kvi)®™ /| \|* = {
[Becirevic, Piazza, 0S. 2301.06990]
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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



B(B — K*uv) x 10°
I\
-

¢

//'///

5

15 20 25
B(B — Kvv) x 10°

15 20 25
B(B — Kvv) x 10°




H idden SeCtOrS? [Altmannshofer et al. 23]

e What if the excess is due to B — KX( — inv), where X ~ (1,1,0) is a light mediator produced
on-shell (i.e., with my < mg)?

e The main difference would be a peak in the g*-distributions at g° ~ m)z( , smeared by the

detector resolution.

e Good fit to Belle-ll data too since the excess is mostly localised (within large uncertainties!):

1.0

200 == continuum_ — Best fit
+ 3 charged BB +20
175 @ neutral BB +10
+ Bl SMB* ->K*w 0.8 .
1501 —— Gaussian resonance
¢ Data <
\V4
" 1251 7 06F
= @
3 100 5
~ 0.4}
75- L0
X S
50
0.2
25
0 0.0
6 8 10 12 14 16 0.0
q? [GeV?]
e Best fit (2.80): mx ~ 2 GeV B(B—+ KX)=(51£21)x10°

= To be checked by dedicated searches!

O. Sumensari
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[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

M
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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 .
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Exa m ple: 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]
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\, LHC dominates!
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