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Lepton Flavor Universality (LFU)

e Well-tested property of the SM gauge sector, which is broken by Yukawas:

g Y
W
Z % %w gy = gé [LEP, t-decays]
X v
e Several discrepancies have been observed in b-hadron decays: See also:
B(B — K(*):LLIU) ex SM RpK
Ry = - & R0, < Ry
k B(B — K ( )ee) el ] K K J
. ) R
o BB DOm) ¢ ROP o pSM "
D) B(B — D(*)fp) le(e,p) D bt

[LHCb, B-factories|

e If confirmed with more data, they will be a clear evidence of New Physics!
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*See talk by F. Bernlochner on the experimental part!
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Introduction
Seeking New Physics with flavor



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.

LFU ratios are an excellent example!
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Indirect searches of New Physics

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

Global symmetry of the SM gauge sector:

UB)P=UB)oxUB)rxUB)yxUB)p xU(3)g

Broken by Yukawas to

Ul)g xU(1)e xU(1), x U(1);

Examples:

e Proton decay (BNV): p — nle™
e Oupp (LNV): (A,Z) - (A,Z+2)+ 2e”

e Lepton Flavor Violation (LFV): u — ey

Clean probes of New Physics!

Olcyr Sumensari (1JCLab, Orsay) Theory overview of B-physics anomalies



Lepton Flavor Universality

Current status



I

LFU in b — Sff LHCb | Ay pKo (477

| 0.1 < ¢> < 6.0 GeV*

Experiment See talk by F. Bernlochner — , | BT > KT 9]

1.1 < ¢° < 6.0 GeV?

o B° — Kqtf [9 b
B(B — K( ):u:u) : ¢ | | 1.1 < ¢*> < 6.0 é}e\/z
B(B — K®ee)

Ry =
| BY — K*Opp 3 fl’)_]]

—— . .
| 0.045 < ¢* < 1.1 GeV?
| BY — K [3 7]
—— , ,
1.1 < ¢® < 6.0 GeV?
|
| BT — KT/ 3 b l}
—e— 5 ) .
1.0 < ¢° < 6.0 GeV~©
B |
Bt — Kt [5 b "]
—8— | . .
1.0 < ¢° < 6.0 GeV
—o—i

1.1 < ¢* < 6.0 GeV?
1 l 1 1 1 I 1 1 1

Theory (loop induced) DT

|

| BY — Kot [9 b7
. I
0.4 0.6 0.8 1.

12 14
. i inti SM
Hadronic uncertainties almost fully cancel. Rx /RS
= Clean observables! [working below the narrow cC resonances|

[Hiller, Kruger. '04]

e However, QED corrections important, Ri(l\({) = 1.00(1) [Isidori et al. '20]

Needs independent cross-check from Belle-1l
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LFU in b — cti

See talk by F. Bernlochner

Experiment
-)/(-\ - l I I T T I T T T T l T T T 1 I =
B(B — D(*)TV) S/ 04 — [ HFLAV average AX2= 1.0 contours |
R — aF E
D)
B(B — D(*),LLV) L LHCb13 :
E BaBarl2 ]
0.35 - E
E LHCb18 -
T SED.
0.25 = smt Bellel9 _ Bellel5 =
B ] Bellel7 =
o2 HFLAY B
F " Spring 20191
- l | , PO =27% _

0.3 0.4 0.5

S
Y

R(D)
R and R " : dominated by BaBar!

e LHCb confirmed tendency R;’;f’ > RJS/SI/I i.e. B. = JIw€U — with large uncertainties.

Needs clarification from Belle-11 and LHCb (run-2) data!
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Form-factors: B — DY¢D
I

: v
ff< (DW ey br|BY =Y Kl Falq®)
5D -

Form-factors (from lattice, exp...)
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Form-factors: B — DU¥#D

- I

v
] ;Vej< ” (DWeyor|B) = Y Kl Fuld?)
5D =4

Form-factors (from lattice, exp...)

For light (heavy) leptons:

e B — D : one (two) form-factors with f,(0) = f,(0) at g° = 0;

= Lattice QCD at ¢? # qﬁlax (w # 1) for both form-factors. [MILC/Fermilab '15, HPQCD '15]
R&®™- — (0.293(5) RIEHFEP — () 295(3) [FLAG "21]
o B — D¥*: three (four) form-factors; B— DYy (I =e,p)
= [NEW] First lattice computation at g* # qﬁlax (w #y [MILC/Fermilab '21]
ngf' = 0.265(13) ngit_ke}(p — 0.2483(13) [See back-up!]
1.30 apart Way out: independent LQCD results + Belle-Il!
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New Physics interpretations

e EFT description

e From EFTs to concrete models



EFT for b — s¢C

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, Ppimb) (P74) O = (5Pp)b)(20)
(958 — (§%PL(R)b) (ZWM%E) 09 = (EPR(L)b) (Z%f)

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 N ,u,u)eXp — (2.85 + 0.22) %< 10~? [Our exp. average: CMS, ATLAS, LHCb]

B(B, — pup)®™ = (3.66 +0.14) x 107* [Beneke et al. '19]
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[Intermezzo] B, — uu

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

[LHCb "21] [Our exp. average: CMS, ATLAS, LHCb]
-9
I/\ 0.7XIQ | I ' I ' | ! | ' | 0.5+
~ - contours correspond to 68%, 95%, 99% CL regions - i -
+3. 0.6 - ".“. --------- .\"\ LHCb — : . CMS
T} caamt - 0.4} \
S B ‘e D L
xn 0.5 T =
m - ' " -1 X
0.4 i ] ’3:_
0.3 - T
" - =
B B Q
02} _ =
0.1f- P |
ol i N Nes /0 107 .
0 1 2 3 4 5 6

B(B{—utu)

e Good agreement between LHCDb results and the SM predictions;

e Small deficit in the exp. average — due to ATLAS measurement.
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E FT for b —> Sff [Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]

Clean quantities: Ry, Ry and B(B, — uu)

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

o (g disfavored by R.\P < R .

CombBined

6CY

e Purely left-handed operator
preferred [4.60]:

0.6

0.2 i By —
L]
SM

| 60" = 001!
—0-2l 1 L VT Y = —0.41 == 0.09

-18 -14 -1. =06 -0.2 0.2 06 1. 1.4

SO

Interesting: Conclusion corroborated by global b — s£¢ fit!

[Alguerd et al. '21, Altmannshofer et al. '21, Hurth et al. 21]
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EFT for b — cti

Log = —2V2GrVy {(1 + gv, ) (€rvubr) (Coyvuvr) + gvi (CrYubr) (Cryuve)

T JSg (ELbR) (ZRVL) + Js; (ERbL) (ZRVL) + gr ((_ERUWbL) (ERO'ILWVL)} + h.c.

e SUB3). X SUR); X U(l)y gauge invariance:
= 8y, is LFU at dimension 6

= Four coefficients left: gy , g . &, and g7

e Several viable explanations of Ry :

= e.g., gy, = 0.07x0.02 , but not only!

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

see also [Murgui et al. '19, Shi et al. '19, Blanke et al. '19]
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EFT for b — cti

Which operators to pick?

. . | . .
[Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21] e Viable solutions (at RS 1 TCV)Z
13} Exp. = gy, and gg =+ 4g,
L1l e More exp. information is needed:
A o
S 3 = e.g., angular observables:
5 090 ]
e — -
- T — _
()7-— s d - T gs, = —4gr B — DTV B — D*(DT(')TV
— gs, = Hgr
— g5, = +dgr € iR [Becirevic, Jaffredo, Pefiuelas, OS. "20]
O‘F L | L 1 1 | L 1 L | L L L | 1 - . ! . !
0 0.7 00 . 3 [Becirevic et al. '19], [Murgui et al. '19]
Rp/RY"
X X .
. : Ly Electroweak /Higgs observables can
t - Ut

. : . -
Z h also be an useful handle
Cy T - T CS’/‘
/t /an

Y [Feruglio et al. "17]
X [Feruglio, Paradisi, OS. ‘18]
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From EFTs to concrete models



From EFTs to concrete models

What do we know so far?

e What is the scale of New Physics? [Di Luzio et al. '17]

- For perturbative couplings:

Ar ., S 30 TeV Ar . S3TeV
b M b yA
s » ¢ N

e Moreover, good agreement between theory and experiment in LFU tests with
K-, D-meson and 7-lepton decays.

= New Physics couplings to SM fermions must be hierarchical.
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From EFTs to concrete models

Many papers in the literature...

e b— ctl:
b Z(v\
()

o b— sCC :
b » b r b »
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From EFTs to concrete models

Many papers in the literature...

e b— cti:
b [ (V\
o > - < war
N .~ U:\
(B_.-meson /lfet/me) (AF = 2, pp — 17T...)
e b— sCC :
b »m ¥ b »
V)
NN\~ L.a QOOP
5 # n > F

v v

Challenging task because of the numerous exp. constraints: flavor, LHC, EWPT...
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WhiCh Ieptoquark? [Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]

[Buchmuller, Wyler. '88]

Few scenarios are viablel Model Rpy Rpw) ||Rge) & Ry
Ss (3,3,1/3)| Vv X X
(SU(3)67 SU<2)L7 U(]‘)Y) _
St (3,1,1/3) X v X
LQ 1 R (3,2,7/6)| X v X
: U, (3,1,2/3)| v v /
Q Us (3,3,2/3) v X X

e Only the U; LQ can do the job alone, but UV completion needed.
- Gpg = SUMA) x SU2), X SUQ2)g contains U; ~ (3,1,2/3) See back-up!

- Viable TeV models proposed: U, +Z'+ g’ (more than one mediator!)

[Di Luzio et al. '17, Bordone et al. '18, Blanke et al. '18...]
e Two scalar LQs are also viable:

- SI&S3,0F Rz&S3 .

[Becirevic et al. '18]
[Crivellin et al. "17, Marzocca 18]
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From LFUV to high-p, physics



LHC constraints
1. LQ pair-production

Production dominated by QCD:

o(pp — LQLQ") x B(LQ — £g)°

| S
=2
P L9,
/7
/
. +
\
\
? La N

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

Olcyr Sumensari (I1JCLab, Orsay)

See talk by K. Yong Sheng!

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

Decays |Scalar LQ limits|Vector LQ limits| Lint / Ref.
JjTT - - -

bbr7 | 1.0 (0.8) TeV | 1.5 (1.3) TeV |36 fb~' [39]
ttr7 | 1.4 (1.2) TeV | 2.0 (1.8) TeV |140 fb~" [40]
jipip | 1.7 (1.4) TeV | 2.3 (2.1) TeV |140 fb~' [41]
bbpji | 1.7 (1.5) TeV | 2.3 (2.1) TeV |140 fb~" [41]
ttpjp | 1.5 (1.3) TeV | 2.0 (1.8) TeV [140 fb~" [42]
jjvi | 1.0 (0.6) TeV | 1.8 (1.5) TeV |36 fb~' [43]
bbvv | 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]
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LHC constraints
il. Di-lepton production at high-p;

4
Useful upper limits on LQ couplings: == x (bb)
[ —— 7 (0b)

9
\/?= 13 Tev, L£=140fb"1, ATLAS & CMS
| 0 15 20 25 30 35 40
Example: U, ~ (3,1,2/3) my. [TeV)
CU — x? ,.y,uLj U{JJ + h.c [Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]
1 ) e

First considered by [Eboli, ‘88]
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H igh—pT paCkage [Allwicher, Faroughy, Jaffredo, OS, Wilsch. 2204. XXXXX]

<<HighPT’ @

HighPT ¢ High-p; Tails

Authors : Lukas Allwicher, Darius A. Faroughy, Florentin Jaffredo,
Olcyr Sumensari, and Felix Wilsch

Reference : arXiv:22xx . XXxXxx

Website ¢  https://github.com/HighPT/HighPT

HighPT is free software under the terms of the MIT License.
Please submit bugs and feature requests using GitHub's issue system at:

https://github.com/HighPT/HighPT/issues

Recast of LHC searches for the pp — TT [arXiv:2002.12223]
SMEFT and simplified scenarios pp — ee, [ CMS-PAS-EX0O-19-019
pp — TV ATLAS-CONF-2021-025
2 pp — eV, uv [arXiv:1906.05609]
PP — e, eT, T CMS-PAS-EX0-19-014
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H igh—pT paCkage [Allwicher, Faroughy, Jaffredo, OS, Wilsch. 2204. XXXXX]

Example: SMEFT

Effective operators predicted by the
U, ~ (3,1,2/3) leptoquark:

A=2TeV

EW

| = (LorL) (@)

14kl
O = (Liyr'L;) (Qerur'@

lg |.... T g KT
L 15kl

(R | _2 |
LHC 77+ 1v
Flavor
High-p; constraints are needed to d HighPT
remove the flat direction! _06 —04 —02 0. 02 04 06
(1) - (3)
[Clq ]3323 o [Clq ]3323
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Predictions at low-energies

e LFV in B-decays
e B-decays with missing energy



Le ptOn Flavor V|O|at|on [Angelescu, Becirevic, Faroughy, Jaffredo, OS. '21]

see also [Glashow et al. ‘14]

e LFUV & LFV: Predictions for

New searches (95% CL): [LHCb]

B(B, — ur)®™® < 4.2 x 107°
B(B — KWur)®™® < 4.5 x 107°

| LHC constraints Example: U, ~ (3,1,2/3)
10~ 5‘//[///4//‘
- LHCb, BaBar
o . = 107°k
High-pr constraints set lower E :
;
—6 |
bounds on (B — Kur) ! 4 0
C /
EQ/ 1077 3ab™! | g
Q f 140 fb! | 4
/
107° ! 4
my, = 1.8 TeV Belle — II: Belle [,
/

o B —16 —14 —12 ~10 _8 —6
~Several flavor observables 10 10 10 10 10 10
le(at tree-level) B(T — o)
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B-decays with missing energy

_ e.g. [Becirevic et al. "18]
e Clean observable in the SM:

mRz—OSTeV mg —ZOTCV

B(BT — KTvp)®™ = 4.6(5) x 107° 10
[Buras et al. '14, Blake et al. '16] ‘TH g
. . . & A
e Models for the B-anomalies predict sizable - 6l
deviations from SM predictions. s
7 4
e Unique access to operators with (left-handed) QE j
r-leptons; i.e. L, = (v, ,7;)" . ] 2
: Belle excl.
SM Average | TR
fl U4 pret 1.0 1.5 20 25 30 35 4.0
g I A L B ' .
B B emominy O USIVE) RS =BB-Kvy)/BB-K )™
: Belle (711 b, SL)
1 1.0+0.6 PRD96, 091101
I
i - Belle (711 fb~!, Had) o
i 016 FRDST. 111103 Promising results from
: Babar (429 fb!, Had+SL
: |, l().sl:().,'l PRF)871,112l0051 o ) early Be"e—ll data!
2 4 6 8 10

10° x Br(B"—K " v)
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Summary and perspectives

e Renewed interest in B-physics anomalies since the latest LHCb results.
Wait for Belle-Il for an independent cross-check!

o We identified the mediators that can explain Ry« and/or Ry .

Only the vector U, is viable. Two scalar LQs can do the job too.

e There is a pronounced complementarity of flavory-physics constraints with
those obtained from high-p; searches at the LHC.

LHC di-tau constraints = lower bound B(B — K™ pur) > few x 1077

e Many upcoming low-energy measurements will be fundamental to refute or
confirm the remaining viable models.

RD(*),Dg*),Ag*),.., Ry o B—KYur B— K%

e Building a minimal model to simultaneously explain the various anomalies in
flavor observables remain a challenging task.

Data-driven model building!
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Thank you!



Back-up



SM predictions

Form-factors: R,

o Lattice QCD at g° # g2, (w # 1) available for both leading (vector) and subleading
(scalar) form-factors:

i m2 — m2 m2 — m?2
(DB HBE)= |(p+ k)" = =520 | fo(@)+¢" =5 fol@)
with f1.(0) = fo(0) [MILC/Fermilab '15, HPQCD '15]
13 FIAG2019 | | | | |
fo average
1.2 —? fe ﬂ?c;\é%afg -
f+ FNAL/MILC 15C —@—
— fo HPQCD 15 84
SRR & fo FNAL/MILC 15C —e— — ’
3 . [FLAG' 21] average:
n 10 - [ ] i
=
s ¢ _% o % _ SM
Sos | m i R7" = 0.300(10)
0.7 + _
0.6 | | | | | | |

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
3((12- topt)
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Warning! [MILC/Fermilab, 2105.14019]

dB 2 2 2
* 2 2 mp +MmMp« — ¢
— (B — D*v) & |Vep|* | F(w)] w =
2 2mppm p«
q
0.0014
Lattice QCD x|V, - HFLAV Average
.t ) “
Belle untagged ~4+~ Lattice-QCD form factors
0.0012 v . BaBar ~+$+ Joint fit form factors
¢ Lattice QCD 0.34 -
4 Belle untagged e~
~ 0.0010 4 Belle untagged p
= ¢ BaBar synthetic 0.32 A
& _
=< 0.0008 Q
= = 0.30 -
= 0.0006
0.28 1 .
—_—
0.0004 0.26 1
L 3
0.0002 0.24 T T T T T T T T
1.0 11 1 2 13 14 15 0.250 0.275 0.300 0.325 0.350 0.375 0.400 0.425 0.450
w R(D)
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[Intermezzo] How to improve the SM prediction for R ?

e Theory uncertainties are related to m_, i.e the only source of LFU breaking in the SM:

T

mgQ

— (B — D*tw) = ®(¢°) we(q”) [HV(Q2)2 i me? + 2¢? HS(q2)2] e
l l see Dack-up

x A1(q?), As(q?), V(¢*) < Ao(q®)

db
dg?

o A simple redefinition can reduce these uncertainties:

oo Tmax , dB .
/ dg” (?B(B%D*Tﬂ) /2 dg” S — (B = D)
R(r/u) : q° — R(T/u) 2. ] = qr;;n e
Toax B o T d B — D
/{m2 dqu(B%D,uu) /q]?nin qdqz( — ui)
Observable Latt. Latt. +Exp
Usual definition Rp-~ 0.27(1) [5%]  0.248(1) [0.5 %)
Rp-[m2] 0.343(6) [2%]  0.337(1) [0.4%]
Definition with
same bins Rp-[5 GeV?] | 0.422(3) [0.5 %]  0.422(1) [0.2%)]

[Isidori, OS. '20]

NB. Re-weighting of the muon rate by w (qz)/ (qz) can further reduce the theory uncertainties.
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Examp|e: Ul — (3, 1, 2/3) [Angelescu, Becirevic, Faroughy, OS. '18]

?;_. a /} . r il s
L = ZIIL7 Qﬂ# UluLj-f-;lH (/1;, / 11 ("1/ (H'/ -1 h.C.,

o b — cTU
.Lb,r * VlL CcT
Lest D () (2 ) (LY br)(Tryuve)
mi,
0 O 0
T = 0 xsﬂ ST
°b— SHH [5# 11;7'
‘/ 0 z;" =z
S “ ES
Iy, I B , B
Leg D —( )mg( L") (S br) (L yumr)
U

e Other observables: 7 — u¢, B — 7, Dy — pv, Ds — TV,
K — uv/K — ev, 7 — Kivand B — DY puv/B — DWew.
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UV completion: U; = (3,1,2/3)

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

e Gps=SU(4) x SU(2)r, x SU(2)r 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]

o SU(4) X SU(3), X SU(Q)L X U(].), — QSM — SU(3)( X SU(Q)L X U(l)y
e Flavor violation from (ad-hoc) mixing with vector-like fermions.

e Main feature: U;+Z7'+¢" at the TeV scale.
Rich LHC pheno, cf. [Baker et al. '19], [Di Luzio et al. '18]

Step beyond: [PS S = [SU(4) x SU(2)p, X SU(Q)R]B |[Bordone et al. '17]

-y
e

e Hierarchical LQ couplings fixed by symmetry breaking pattern.

e Explanation of fermion masses and mixing (flavor puzzle)!
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Large contributions to b — surt is a prediction of the minimalistic solutions

to the B-physics anomalies.

mpg, = 0.8 TCV I’I’I\ =2.0TeV 10-7 10~ 10-5
[ T : ——
| RQ & SB ] _7- Ul ; Excluded at 95% CL
'TH 8f [Becirevic et al. '18] 1 10 ?[Cornellg et al. '21] _
S : | -
=X :
" | T 1078 o =
Z 4 s | =
(S !
@ z |
Q 2 s TR
| 1077 " Belle I (50 ab™") =
— Belle excl. : | | | ]
O S A e ) 0-° 100 107
1.0 1.5 20 25 30 35 40 5 -
(Bs = 7 p")
R} =B(B->K"yy)/BB-K*yy)*M
EFT predictions: [Becirevic, OS, Zukanovich. '16]
I. LH operators: Ii. Scalar operators:
B(Bs — ut) 08 B(B— K ut) _ | 8 B(Bs — pt) -
B(B — Kur) B(B— Kur) B(B — K™ ur)
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Scalar LQs for (9 —2),

e LQs should couple to ArgrS and jtrqr S :

/ A\
S ¥ * S
/7 Tl \
> > >
LR tr,  tg (r

Symbol | (SU(3).,SU(2).,U(1)y) | Interactions | FF =3B + L
Ss (3,3,1/3) Q'L 2
R (3,2,7/6) urL, Qeg 0
R» (3,2,1/6) drL 0
5, (3,1,4/3) dper 2
S, (3,1,1/3) Q L, wSer 9

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

—> Two viable candidates (Ry and S ), but not the ones needed for R i (+) .

—> Connection to Rp) is difficult due to LFV bounds: T — py .

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

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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