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MOtivation See talks by N. Mahmoudi, A. Gérardin and M. Frigerio

e Flavor physics observables can probe physics at very high-energy scales.
Combined effort of exp. and theory (LQCD) to constantly improve precision.

e.g.,
1
AF =2 L5 +5Grytdn)(sevdr) = A Z 10° TeV

e However, flavor is not always the best probe of a given 4-fermion operator;
its sensitivity depends on the flavor structure of New Physics (NP)
couplings — which is still uknown:

—> e.g., flavor-conserving operators are poorly constrained at low-energies;

LHC probes can be very useful in this casel!

e |t is fundamental to combine all possible approaches (flavor and LHC)!

—> Main tools are Effective Field Theories (as long as they are valid) and
concrete NP models.

This talk: Explore the complementarity of low and high-energy probes.




How to probe flavor at high-p_7?



Low vs. high-p_ constraints Flavorful New Physics?
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High-p_ searches (CMS and ATLAS) can probe the same operators constrained
by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-11...).

see [Faroughy et al. '16], [Greljo et al. '17, '18], [Fuentes-Martin et al., '20], [Angelescu et al. '20]... 2



i) LHC is a flavorful experiment

LHC collides five quark-flavors: Partonic cross-section
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ii) Energy helps prECiSiOrl see e.g. [Farina et al., 16']

Dimension-6 operators:

. S
Cet (6) — 0O X F’Ceff‘Q—l—...

Leg D A2

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

pp — UT

Strategy: % 10° An_AIs * D:a:t.=:|I
it

e
5=13Tev, 361" =3 ?:;t' g‘t:rkv: Jets
= Ziy'> 1

[ Diboson

— LFVZ 15TeV

wt channel

Recast LFV di-lepton searches and
look for NP effects in the tails of the 10°
invariant mass-distribution (where

S/B is large).

-=- RPVV,1.5TeV
---- QBHRS 1.5 TeV

Uncertainty

Data/SM Bkg

Caveat: EFT must be valid ; :
560300 4001000 2000

Otherwise, use explicit UV model. e [GeV]
[ATLAS. 1807.06573] ’



Concrete examples:

o Lepton Flavor Violation in meson decays

o |Leptoquarks and Lepton Flavor Universality



Example: Lepton Flavor Violation (LFV)

e.qg.
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*See back-up for other channels.

2 (i7" qr;) (Coevulr)

LHC and flavor limits (@95% CL)
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SMEFT:

Quarkonium decays

FCNC meson decays

T decays

[Angelescu, Faroughy, OS, '20]
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Example: Lepton Flavor Violation (LFV)

Cg(eqf; B SMEFT:
€.8- Lo = Z U;j (@riv*ar;) (Coevulen)

LHC and flavor limits (@95% CL)
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*See back-up for other channels. [Angelescu, Faroughy, OS, '20] 5



Example: Lepton Flavor Violation (LFV)

Cgkfl

e.g.,

»Ceff —

LHC and flavor limits (@95% CL)

SMEFT:

Z Zigqj (QLZ/Y'LLQLJ) (ZLI‘C/YLLELZ)

LHC limits more constraining

than meson decays (by orders
of magnitude)!

Quarkonium decays

FCNC meson decays

T decays
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*See back-up for other channels.

[Angelescu, Faroughy, OS, '20] 5



Concrete examples:

e Lepton Flavor Violation in meson decays

o Leptoquarks and Lepton Flavor Universality



Example: Lepton Flavor Universality (LFU) violation

Several discrepancies have been observed in b-hadron decays [~ 40]:

See talks by N. Mahmoudi and A. Gérardin [LHCb, B-factories]
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If confirmed with more data, it would imply New Physics at O(few TeV)!



Example: Lepton Flavor Universality (LFU) violation

Several discrepancies have been observed in b-hadron decays [~ 40]:

See talks by N.

Mahmoudi and A. Gérardin

11[

[LHCb, B-factories|
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Leptoquarks (LQ) are the best candidates to explain these
discrepancies so far (see back-up)!
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See also: RJ/\I,

If confirmed with more data, it would imply New Physics at O(few TeV)!



Which leptoquark?

Few viable scenarios!

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]

Model R (%) R (%) R (%) & R (%)
(SU(3),SU(2)r,U(1)y) K D K D
C -
LQ ssssannsen UD{ S1 (3,1,1/3) X v X
R, (3,2,7/6)| «x v X
q
: Ur (3,1,2/3)| Vv v v
o
wn | Us (3,3,2/3) v X X

NB. UV completion needed for vector leptoquarks (see back-up)!




Direct searches at the LHC

i) LQ pair production
Production dominated by QCD:

o(pp — LQLQ") x B(LQ —~ {g)?

EEQ
p 9,7
V4
M
. +
\
\
P La N

see [Dorsner et al.. '18] for a recent review

see also [Borschensky et al. '20]

ATLAS and CMS results for 8 =1 (or 0.5)

Decays |Scalar LQ limits| Vector LQ limits| Lint / Ref.
JjjTT - - -
bbr7 | 1.0 (0.8) TeV | 1.5 (1.3) TeV |36 fb~! [39]
ttrr | 1.4 (1.2) TeV | 2.0 (1.8) TeV |140 fb~" [40]
jimi | 1.7 (1.4) TeV | 2.3 (2.1) TeV |[140 fb~" [41]
bbuji | 1.7 (1.5) TeV | 2.3 (2.1) TeV |140 fb~' [41]
ttpp | 1.5 (1.3) TeV | 2.0 (1.8) TeV [140 fb~' [42]
jjve | 1.0 (0.6) TeV | 1.8 (1.5) TeV | 36 fb~" [43]
bbv | 1.1 (0.8) TeV | 1.8 (1.5) TeV |36 fb™' [43]
ttvv | 1.2 (0.9) TeV | 1.8 (1.6) TeV [140 fb~' [44]

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]

Useful results, but with limited reach (few TeV); not enough to fully

probe the mass scales suggested by flavor anomalies!




LHC constraints

ii) di-lepton production at high-p_

Useful upper limits on LQ couplings:

Example: U; = (3,1,2/3)

Ly, =z QA"L,; U +h.c.

[ATLAS and CMS]
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PR

30 25 30 35 4.0
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First computed by [Eboli, '88]

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]
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Combining flavor and LHC [Angelescu, Becirevic, Faroughy Jaffredo, OS. '21]

[Becirevic, OS, Zukanovich. '16]

. o o
LFUV Lepton Flavor Violation Bredictions for (Glashow et al. '14]

Bs — ur B — K%ur

New searches (95% CL): [LHCb]

B(By — p=17)"P < 4.2 x 1077
B(BT = KT 77)"P < 4.5 x 107°

LHC constraints

Several flavor observables

(at tree-level)
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Perspectives



Perspectives

EFTs at LHC

o If NP lies beyond the LHC reach, measuring the high-energy tails of dilepton
distributions would offer the best opportunity to probe these scenarios.

Work in progress to combine LHC and flavor constraints in full generality.
e Assessing the validity of the EFT approach is needed (when LHC data is not

i h).
precise enough) Ongoing activity e.g. at the EFT @ LHC working group.

B-physics
e Excellent example of the complementarity of low and high-energy observables!

e Many awaited exp. results can clarify the situation — mostly LHCb and Belle-ll,
but also CMS and ATLAS:

RK(*), Rgb o o o RD(*), RAC o o . B %K(*)MT B — K(*)Vﬂ

e If anomalies are confirmed in the future, unique opportunity to use exp. data to
build a model of New Physics!

Exchange between theory and experiment is fundamental!
11



Thank you!



Back-up



Our results: eu, et, ut OZ* = (qriv*ar;) (Cowvuler)

LHC and flavor limits (@95% CL) LHC and flavor limits (@95% CL) LHC and flavor limits (@95% CL)
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LHC data is more constraining for flavor-conserving transitions (ss, cc and bb),
as well as for the charm sector (cu).



LHCb Ay = pKeC (47 7]

0.1 < ¢* < 6.0 GeV?

B — K0 [3fh]
0.045 < ¢* < 1.1 GeV?

B — K*0( [3 b
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EFT for b — st/

4G 0 _
L= Vv | SO+ Y (c@-m)oiw;(u)o;) fhe

i=1 i=7,8,9,10,P,S

e Semileptonic operators:

O = (5, Prin)b) (Fy40) 04 = (5Prryb) (£0)

O§/()) — (§%PL(R)5)(£W“75€) O(,) (SPR(L)b) (5755)

e Dimension-6 tensor operators are not allowed by SU(2);, x U(1l)y

e (Pseudo)scalar operators are tightly constrained by

B(Bs — pup)®P = (2.854+0.22) x 10~°
B(B, — pp)®™ = (3.66 +0.14) x 10~°



Latest LHCDb results

" [LHCb, Moriond EW] [Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]
: 07 XIQ | | ! | ! [ ! | ' | 0.5
- contours hold 68%, 95% ,99% CL -
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B(Bs — pp)®P = (2.854+0.22) x 107 [Our average, CMS, ATLAS, LHCb]

B(Bs — pp)™™ = (3.66 £ 0.14) x 107? [Beneke et al. '19]



Com bined fit [Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]
Clean quantities

e Only vector(axial) coefficients can
Cy=Ch accommodate data.

J Cé,m disfavored by ROP < R

O

o Purely left-handed operator
preferred [4.60]:

B —

SCIH — _§Cm
AR — _0.41 + 0.09

-18 -14 —-1. =06 =02 02 06 1. 14

SOLH

Interesting: Conclusion corroborated by global by global b — s#/ fit



Concrete models for Ryx & Ry

e Few SU(2);r x U(1)y invariant operators predict C§" = —Cif

0 = (I*L)([Q7.Q)

0 = (Ly*+1L)(Qv.7'Q
. (L )( Tu ) NB. LFU breaking operators!

® Tree-level mediators:

b 21 » !; . ,"‘

gNP 1 | LQ.
A 50 TeV S WSS - S
P S n
(SU(3), SU(2) ., U(1)y) (1,1,0) or (1,3,0) (3,X,Y)

* Loop-level scenarios are tightly constrained: LHC, Z — uu, Amp,

see e.g. [Coy, Frigerio, Mescia, OS. '19]



Effective theory for v — crv

Lot = =2V2GrVay | (1 + 9v,) Ervb1) (E27ve) + 9 (Ervubr) (E7"v1)

+ JSgr (ELbR> (ZRVL) + gsr, (ERbL) (ERVL> + gr (ERO';M/bL) (ZRO"WVL)} + h.c.

General messages:

e SU(3). x SU(2)r, x U(1)y gauge invariance:
=> 9gvgr is LFU at dimension 6.

=> Four coefficients left: gv,, 9s,, 95, and gr

e Several viable solutions to Ry« :

= e.g. gv, € (0.05,0.09), but not only!

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]
see also [Murgui et al. ' 19, Shi et al. '19, Blanke et al. '19]



Effective theory for v — cri
Which operators to pick?

L Viable solutions (at y~ 1 TeV):
- Exp.
' Yy, — 9vi and 9s, = *T4gr
1.1; \ /_‘.
E-x— L _— - . . .
28 More exp. information is needed:
~ : SN -
ng 0.9 - —> e.g., angular observables:
i - - gvi
0.7 T 9= B—-Drv B— D*(DW)TP
- = gs, = +4gr
= g5, = tdgr €1R
05 L [Becirevic, Jaffredo, Pefiuelas, OS. '20]
05 0.7 09 = L3 [Becirevic et al. '19], [Murgui et al. '19]...
Rp/RY"
X X
t L - t Lu - Electroweak observables can also
A h
Woéi TTo OQ;L be a useful handle!
Bt a e a [Feruglio et al. '17]
X X [Feruglio, Paradisi, OS. '18]



From EFTs to concrete models

EFT interpretations: [Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]

with AR, =~ 30 TeV Ar, =3 TeV

Challenges for New Physics: See talk by N. Mahmoudi

e Flavor observables: e.g. Amp_ and B — K®yi
e Radiative constraints: e.g. 7 — uvv and 7 — 0/ [Feruglio et al. '16]

e | HC direct and indirect bounds. _
[Greljo et al. '15, Faroughy et al. '16, .. ]

Scalar and vector leptoquarks (LQ) are the best candidates so far



Explaining b — c7v

o R%(f > R%\f require new bosons at Axp < 5 TeV .

e Possible tree-level mediators:

b b b 2
—— ) L
= v = v c I v
(1,3,0) (1,2,1/2) (3,X,Y)
e Challenges for New Physics explanations:
= Flavor observables: B — Kvv, Ampg_,... [Many papers.. ]

— Electroweak constraints (one-loop): 7 — puvv, Z — L€ [Feruglio et al. '16]

—> LHC direct and indirect bounds. [Eboli. '88, Greljo et al. '15, Faroughy et al. '16]

Scalar and vector leptoquarks are the only viable candidates



Examp|ei Ul — (3, 1:, 2/3) [Angelescu, Becirevic, Faroughy, 0S. '18]

. i1 = r ;}I N ril g

e b — cTUV:
2™ (V)T
Log O ) (2 ) (LY br)(Teyuve)
mi,
0 O 0
T = 0 $5P3 ST
o b — spuu: ‘EH ‘ET
0 =" z;
AN
Leg D —( L) mg( ") (57" bL)(Bryupr)
Uy

e Other observables: 7 — u¢p, B — v, Dy = pv, Ds — 70,
K — uv/K — ev, 7 — Kvand B — DWpuv/B — DWew.




UV completion: U; = (3,1,2/3)

Pati-salam unification: [Pati, Salam. '74]

o Gps=SU(4) x SU(2) x SU(2)g contains U; as gauge boson.
e Main difficulty: flavor universal = m, = 100 TeV from FCNC.

Viable scenario for B-anomalies: [Di Luzio et al. '17]

® SU(4)XSU(3)’ X SU(Q)L X U(].)'r — QSM = SU(S)C X SU(Q)LX U(l)y

e Flavor violation from (ad-hoc) mixing with vector-like fermions.

e Main feature: U,+27'+¢" at the TeV scale.
Rich LHC pheno, cf. [Baker et al. '19], [Di Luzio et al. '18]

Step beyond: [PS]? — [SU(4) X SU(Q)L X SU(Q)R]% |Bordone et al. '17]

e Hierarchical LQ couplings fixed by symmetry breaking pattern.

e Explanation of fermion masses and mixing (flavor puzzle)!



B-decays with missing energy .. [Becirevic et al. '18]

e Clean observable in the SM: mg, = 0.8 TeV, m, = 2.0 TeV
10,1““1""\"“\"\‘l“'\‘"\
B(BT — Ktvo)®™ =4.6(5) x 107° |
— 8
| L
[Blake et al. 1606.00916] = |
—_ 6_
e Models for the B-anomalies predict sizable R
L
deviations from SM. %4
m
i _ q 2
e Unique access to operators with 7-leptons; :
] L B T ()7—.‘ Belle excl
I.€. 3—(VTL7TL) - 10 15 20 25 3.0 35 40
RG) =B(B-K*yy)/BB—-KPyy)SM
SM Averange
.05 +1'1 0.4, preli
N " Belle II (63 fb-!, Inclusive)
: 1.971%  This work, preliminary
1
—1 s =
: Belle (2oL dh, - SU Promising results from
1
i . Belle (711 fb"!, Had) early Belle-1l data!
" 3.0+£1.6 PRD87,111103
]
: Babar (429 fb~!, Had+SL)
.: I . . . I . l)f.iI:[)..“I PRI_DSTI, 112.005. I

0 2 4 6 8 10
10° x Br(B*—K " vi)



Scalar LQs for (9 —2),

e LQs should couple to #rgr S and firqr S':

Symbol | (SU(3).,SU(2).,U(1)y) | Interactions | FF =3B + L
8 —

ﬁ Ss (3,3,1/3) oL 9
Ry (3,2,7/6) urL, Qeg 0

/N . -
o ’ L Ry (3,2,1/6) drL 0

/ PN N B B
S (3,1,4/3) dren 9

(R tr, tp ‘r - —C

S (3,1,1/3) Q L, wer —2

[Cheung. '01], [Crivellin et al. '20], [Dorsner,Fajfer, OS. '19]

—> Two viable candidates (Rs and S; ), but not the ones needed for Ry (- .

—> Connection to R+ is difficult due to LFV bounds: T — puy .

See [Gherardi et al., '20] for the best attempt so far; tuning needed to avoid LFV bounds, tension with Ampg, (7).

Minimal solutions to B-physics anomalies and muon g-2 do not point to
the same interactions. Possible in next-to-minimal scenarios (many papers...)
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