®
‘& Université universite
de Paris PARIS-SACLAY

B-physics anomalies: a road to New Physics?

Olcyr Sumensari
|IJCLab (Orsay)

In collaboration with A. Angelescu, D. Becirevic, D. Faroughy and F. Jaffredo [2103.12504]

% CuLb

Irene Joliot-Curie

Laboratoire de Physique
des 2 Infinis

FNAL, 23/04/21




Lepton Flavor Universality (LFU) Motivation

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

L R | 9\
-Z %% W %W L E
Qv = gy [LEP, t-decays]
X v
e Several discrepancies have been observed in b-hadron decays:
See also:
_ B(B = K™ pup) exp
\ 0% €167 Thax] )
( B(B — D™ rp) o | R
Rpeo = ST & RTE > ROV, J/ ¥
k B(B — DWUD) e, 1 Dt b J
[LHCb, B-factories]

e If confirmed with more data, they will indicate the existence of New Physics
at the O(TeV) scale.
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Flavor physics

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.

Ly =—-Y, LPlr —Y;QPdr — YV, QPug + h.c.

= These (many) parameters exhibit a hierarchical structure which we
do not understand.



Origin of flavor?

e Striking hierarchy of fermion masses [does not look accidental...]
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e Why three families? Why do quarks and leptons mix in different ways?
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To identify symmetries beyond those present in the SM is one of the
roles of flavor physics



Indirect Searches of New Physics

(i) Search of deviations w.r.t. the SM

predictions:
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—. Possible thanks to recent progress
in lattice QCD simulations
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(i) Search of processes forbidden
by (accidental) symmetries of the SM:

e Proton decay (BNV)

e OvB3 (LNV)

e Lepton Flavor Violation (LFV)
—> Clean probes of New Physics!




Indirect Searches of New Physics

(i) Search of deviations w.r.t. the SM
predictions:
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(i) Search of processes forbidden
by (accidental) symmetries of the SM:

e Proton decay (BNV)

e OvB3 (LNV)

e Lepton Flavor Violation (LFV)
—> Clean probes of New Physics!

Rare K  EWPT
decays
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Charm
physics < LEV
Rare B = ~ Higgs
deCayS / [? ﬁ X decays
CKM AF =
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ests decay  and B decays

Indirect searches are complementary
to the direct searches at the LHC.

They can probe energy scales that are
not directly accessible at colliders



How do we do it? The SM as an EFT

The SM is an effective theory at low energies of a more fundamental theory
which is still unknown:

Lsnv (renormalizable) (d)
! p ) ‘o (d)
[:eff — £gauge(Aa \Ij) + ‘CHiggS(A: \Ija H) =+ Z ANd—4 On (A: \Ij: H) )
d>5

- >
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Operators of dim > 5 made of SM fields

Assumption: [ < A

Most general description of
new physics particles as long

as there is not enough energy
to produce them. Sm fields= AP H




Lessons from Flavor Physics

PLB 192 (1987)
OBSERVATION OF B°-B° MIXING

ARGUS Collaboration
An example:

In summary, the combined evidence of the inves-
tigation of B° meson pairs, lepton pairs and B°

meson-lepton events on the T (4S) leads to the con- d wet
clusion that B°-B® mixing has been observed and is '
substantial.
BU
Parameters Comments
r>0.09(90%CL) this experiment
1‘:-?.44 this cxperimclilt "g n, cl-t
B'“fa=f, <160 MeV B meson ( = pion) decay constant
my<5 GeV/c® b-quark mass
1<1.4x107"s B meson lifetime
|Vial <0.018 Kobayashi—-Maskawa matrix element
Nocp<0.86 QCD correction factor *’
m,> 50 GeV/c* t quark mass

GIM mechanism:
M(B° — BY) E (Vs Vi) (Vin Vi) F(
1]

2

My, M

)



[Grossman, Tanedo. TASI Lectures

The unbelievably heavy top quark. Carlos Wagner once wrote a paper in the 80s that
assumed the top mass to be around 50 GeV, for which it was promptly rejected by the journal
editor as being unreasonably heavy. When you put the 50 GeV top into the above calculation
you predict that B mixing is very small. In the early 80s, flavor physicists found that B mixing
is, in fact, order one. The natural explanation was that the top was heavy. and indeed, flavor
measurements in 1981 suggested m; ~ 150 GeV. People didn’t believe this because it was so
ridiculously large. It wasn’t until much later that electroweak precision tests predicted the
same value. Historically people often say that electroweak precision experiments predicted a
heavy top, but it was in fact B-B mixing that was the first avatar of a heavy top—we just
weren't ready to believe it!




Top-quark discovery

Combined effort: electroweak
precision measurements (LEP)
and searches in the high-energy
frontier (Tevatron).

LEP and Tevratron

CERN-EP-2000-016

80.6 -———————————
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Lepton Flavor Universality



B — K™ puu decays in the SM
FCNC: loop-induced in the SM

q
%

QCD uncertainties are an obstacle...
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B — K™ puu decays in the SM
FCNC: loop-induced in the SM

q
t

QCD uncertainties are an obstacle...

e Form-factors:

(K™(K)|Ju|B(p) = ) _ K Fu

Kinematical factors /

Form-factors
(to be determined, e.g. by LQCD)
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B — K™ puu decays in the SM
FCNC: loop-induced in the SM

ol

i 3
B N K\x\ ~ @
v 8 . K
b
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QCD uncertainties are an obstacle...
e Form-factors: e Non-local contributions:

(KO (k)T B) = S KL F,

Kinematical factors /

Form-factors
(to be determined, e.g. by LQCD)

Hard to compute...

[Grinstein, Pirjol. '04]
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B — K™ puu decays in the SM
FCNC: loop-induced in the SM

q
<
%

QCD uncertainties are an obstacle...

BT — KT J/Y(1S) (L)
' A
BT — K™(25)((7)

T

e Form-factors: e Non-local contributions:

(KO (k)T B) = S KL F,

Kinematical factors /

Form-factors
(to be determined, e.g. by LQCD)

[Grinstein, Pirjol. '04]
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B — K™ puu decays in the SM
FCNC: loop-induced in the SM

i
BT — KT J/Y(1S) (L)

9 [ [
< K\‘\ BT — K™(25)((7)
B t
dr’
N dq?
gt :
L BT — K1t~

QCD uncertainties are an obstacle... [4m ()] = ¢
e Form-factors: e Non-local contributions:
(KO (k)| LLRLa) — N\~ K¢ B (a2) 3
[ ] [ ] L] L] t amm
—_ These uncertainties cancel out in LFU ratios! [P
Inematic:

Form-factors
(to be determined, e.g. by LQCD)

\J\"N\<x
J [\

[Grinstein, Pirjol. '04]
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Recent LHCDb results

= : BaBar
: 0.1 < g*<8.12GeV¥c?
: . Belle
R — B(B — K,LL,LL) 1.0 < g < 6.0 GeV/¢*
57 B(B > Kee) LHCb 3 fb’"
1.1 < g2 < 6.0 GeV?/c*

LHCb 5 fb’!

1.1 < ¢*<6.0GeV*/c*

LHCb 9 ! [3.10]
I 1.1 < g2 < 6.0 GeV?/¢-

L ] 1 |
0.5 1 1.5
Ry
Theory (loop-induced):
e Hadronic uncertainties cancel to a large extent.
—> Clean observable! [working below the narrow c¢ resonances]

e QED corrections important, R%M = 1.00(1)  [isidori et al. '20]
11



Other LFU measurements

L LHCb, 17] [~ 2.50] LHCh, 19 |~ 10|
1.0 === mmmmmm e S EEEREEE I & o 1 R
- : 1.2} b
0.8 : :
§< 0.6 ‘ | % 7 1.0:_ ..............................................................................
Q< » I |
04 SM ] 0.8F } '
0.2- ] i
0.07 S S L ] | ' | l . : | | [ : |
0 1 2 3 4 5 6 0 2 4 G
2 [GeV?] ¢’ [GeV?/c!]
B(B — K*uu) _ B(Ay = pKpup)

T B(B — K*ee)

VS. RSM ~

Coherent pattern of deviations!
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Experimental strategy [LHCb, 2103.11769]

Double ratio

B(B+ K+M+,U — Ktet —)

Rx = B(B+ — K+J/y( um B( B+ — K+J/zp(e+e )

E 220 LHCb % 600 ; LHCb
1 + 1
% 200 —+ Data El.fb z 500 —— Data Q‘fb
= 180H — Total fit = — Total fit
< 1608 'l e B*— K'e'e o e BB K u'u
= 140 Bl B - Jy(e'e )K" = Combinatorial
w 120 B Part. Reco. & 300
_E 100 Combinatorial g
= 80F S 200
E 60 E
O 40 “ 100
20
0 Cross-check:

P —— B o o n S W st serrretetet erpapaterrnyye ]
5000 5500 6000 5200 5300 5400 5500 5600

m(K*ete-) [MeV/c?] m(K" 1) [MeV/c?]
3 3
—~ 24010 ~ X0 BT & KT / T
T 20 LHCb L 40F LHCb e>;p _ B( J w(:u H ))
> 200 —— Data 9 fb” > 350F —— Data 9 b J/p + + / + - )
< 180 — Total fit S Lok — Toal fit B(B — K+J ¢(€ € )
o~ 60§l e B'— J/y(e'e )K* s = weeee B'— Wy (0 )K™
— 140 B Part. Reco. ~ 250F I B = y(utu )t —
g 120 BN B'= iy (e'e)n’ 2 200F Combinatorial — 098(2)
= 100 Combinatorial = F
= 80 5 150F
£ 60 3 100F
o 40 -
i R L - aal 1 3
5200 5400 5600 5200 5300 5400 5500 5600
ml,.w(K*ew-) [MeV/c2] mJ.,.w{K",u’f,u—} [MeV/c2]
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Further cross-checks [LHCb, 2103.11769)

i) LFU at ©(29):

e _ B(BT — KT9(29)( B(Bt — KT (2S)(eTe™))
v(28) — B(Bt — K#]/zb / B(Bt — K+ J/iy(ete))
— 0.997(11)

i) Kinematical dependence: & — BB = K™ J/¢(u"p))
T B(BY — KtJ/p(ete))

= 03007

LHCb

A?:
s_"—)
~ ! simulation
> C
o 0.20
0.15F
0.10F
0.9 0.05F
C 00 L T o :
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 0.00 4.0 4.5 5.0 5.5
max(p(I)), p(I)) x oI, I") bin number log, (max(p(l M, p()))

Belle-1l will be fundamental to confirm/refute these results.
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EFT interpretations



EFT for b — st/

AG °
L=y | awo+ Y (o Clwor)

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~°

+ h.c.
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A long journey...
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Limit (90% CL) or BF measurement
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Zoom on LHC
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....2014

2016 2018 2020

YV UA1 E® LHCb

¥+ CDF ¢ ¢ CmMS

V'V L3 O ¢ ATLAS

A A DO ® & CMS+LHCb
OO ATLAS+CMS+LHCb

T||| IIIIIIII| IIIIIIIII IIIIIIII| IIIIIIII! IIIIIIIII IIIIIII.I‘I_)L_III

1990 2000




Latest LHCDb

x10~°
' | | ! |

results

[LHCb, Moriond EW]

L contours hold 68%, 95% ., 99%

3.0.6[~ Preliminary’

mmw
-----

LLHCDb _

~44fb7" -
—9fb™"

L '
. s
| ; y |
2l i |

4 5 6
B(B;— w'u)

x107°

B(Bs — pup)®™P = (2.854+0.22) x 10~°

B(B; — pp)™™

(3.66 £0.14) x 10~

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

see also [Cornella et al. '21]

0.5+

B(By — ) x 10°

B(B, — up) x 10°

[Our average, CMS, ATLAS, LHCb]

[Beneke et al. '19]

17



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
18



From EFT to concrete models



Concrete models for Ry & Ry-

e Few SU(Q)L X U(l)y
0(1)

3
0}

invariant operators predict C§" = —Ci§'

(LY L)(Q7.Q)

= (Iy*' L) (@17’ Q)

NB. LFU breaking operators!

19



Concrete models for Ry & Ry-

e Few SU(2)r x U(1)y invariant operators predict Cg" = —Ci§

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

0¥ — (TA*rLL)(Qv, 'O
. (L )(Q%L ) NB. LFU breaking operators!

e Tree-level mediators:

b 21 » !; . ,"‘

gN_P -~ 1 >\lvs~< L
A 30 TeV : P
P S n
(SU(3)a, SU(2) 1, U(1)y) (1,1,0) or (1,3,0) (3, X,Y)

« Loop-level scenarios are tightly constrained: LHC, Z — up, Amp,

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



Charged-current B-anomalies

A piece of the same puzzle?

B(B — D" 1)

R x) —
DY ™ B(B — DO up)

-

e
bL

D

R(D¥*)

0.35

0.3

0.25

e Rp and Rp+ : dominated by BaBar.

Rp & Rp-
I
i~ 3.10]
B T | T T T T | T T T T T T T T I T T T i
T [ HFLAV average Ax*=1.0 contours ]
| LHCbI5 _
B BaBarl2 _
L 36 |
- LHCb18 _
- 't Belle19 _ Bellel5 ]
B Bellel7 B
— + Average of SM predictions HFLAV
~ R(D) = 0.299 +0.003 | Spring 2019 |
B R(D*) = 0.258 +0.005 PO =27% ]
| 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1
0.2 0.3 0.4 0.5

R(D)

e LHCb confirmed tendency R/, > R?%, i.e. B, — J/lv

Needs clarification from Belle-1l and LHCb (run-2) datal

20



SM predictions Rp & Rp-

Form-factors:

e Rp: lattice QCD at ¢* # ¢2.., (w # 1) available for both leading
(vector) and subleading (scalar) form factors:

2 2 2 2
(DR)er"blBE)) = |0+ K = =EL | f1(a) + ¢ =22 fo(?)
with  f1(0) = fu(0) . [MILC/Fermilab '15, HPQCD, '15]

e Rp~: lattice QCD at ¢* # qfnax (w £ 1) not yet available, scalar form
factor [A(¢?) | never computed on the lattice.

Use B — D*(Dm)lv (I =e, ) angular distributions measured at B-factories

to fit the leading form factor [A1(¢?)] and extract two others as ratios w.r.t.
A1(¢°). All other ratios from HQET (NLO in 1/mcp) [Bernlochner et al. '17]
but with more generous error bars (truncation errors?)

[Preliminary LQCD results by MILC/Fermilab, 1912.05886]

21



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]

22



Effective theory for v — cri
Which operators to pick?

1.3 Viable solutions (at y~ 1 TeV):
i Exp.
: /fﬂ‘ i QVL and gSL — :|:4gT
11l
e i SN -
5 09¢ i
m o o _ . —
a - gvi
0.7 — 9s, = —4gr
I - 93’;_,:4'491"
= gs, = tdgr €iR
0.5 S U B B
0.5 0.7 0.9 1.1 1.3
Rp/RY!
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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]
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Explaining b — c7v

e R > RD* require new bosons at Anxp S 3 TeV .

e Possible tree-level mediators:

S0 3¢

(1,3,0) (1,2,1/2)

24



Explaining b — c7v

e R > RD* require new bosons at Anp < 3 TeV .

e Possible tree-level mediators:

b b b 2
T 1 L&
= v = v c l 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]
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Explaining b — c7v

e R > RD* require new bosons at Anp < 3 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
24



Which leptoquark?

Few viable scenarios!

(SU3)c, SUQ2)L,U(1)y)

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

Model Ry vy Rpe ||Rige) & Ry
Ss (3,3,1/3)| V X X
S1 (3,1,1/3) X v X
Ry (3,2,7/6)| X Vv X
U (3,1,2/3)| V v v
Us (3,3,2/3) v X X

25



WhiCh leptoq ud rk? [Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]

Model Ry Rpe ||Ree & Rps
Few viable scenarios! Ss (3,3,1/3)| Vv X X

S1 (3,1,1/3) X v X

Ry (3,2,7/6)| X v X
(SU(3)e, SU(2)r,,U(1)y) el P p

Us (3,3,2/3)| X X

e Only the U7 LQ can do the job alone, but UV _completion needed.
= Gps = SU(4) x SU(2)r, x SU(2)r  contains U; = (3,1,2/3)
—> Viable TeV models proposed: Ui + Z' + ¢’ (more than one mediator!)

[Di Luzio et al. '17, Bordone et al. '18...]

e Two scalar LQs are also viable:
=> 51 and S5, or Ry and Ss.

[Crivellin et al. '17, Mazzocca. '18| [Becirevic et al., '18]
25



Closing the leptoquark window

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



LHC constraints
i) LQ pair production

Production dominated by QCD:

o(pp — LQLQ') x B(LQ — (q)?

522
P L9,
V4
/
. +
\
\
P e N

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

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]
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]
ttup | 1.5 (1.3) TeV | 2.0 (1.8) TeV |140 fb~ ! [42]
jjv | 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]
ttve | 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

ii) di-lepton production at high-p_

Useful upper limits on LQ couplings:

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

Ly, =29 Q"L U* + h.c.

[ATLAS and CMS]

4

Ll 'l L) Ll
o X" (bB)
§— _\'jf’ (bb)
L === x" (s59)

3 - — x;7 (53)

1 T 1 7 T T T T

Vs =13TeV, £=140fb"", ATLAS & CMS |

PR

T30 25 3.0

35 4.0
mU] [TEV]

[Angelescu, Becirevic Faroughy, Jaffredo, OS, '21]
First considered for leptoquarks by [Eboli, '88].
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Combining flavor and LHC

e LFUV ¢ Lepton Flavor Violation

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

[Becirevic, OS, Zukanovich. '16]

Predictions for [Glashow et al. '14]
B, = ur  B— KYWur

New searches (95% CL):

B(By — p=17)"P < 4.2 x 1077
B(BY — KTp 77)"P < 4.5 x107°

28



Combining flavor and LHC

e LFUV ¢ Lepton Flavor Violation

Several flavor observables

(at tree-level)

10

n
3
=
High-p. constraints set a Cg
%

model-independent lower

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

[Becirevic, OS, Zukanovich. '16]

Predictions for [Glashow et al. '14]

B, = ur  B— KYWur

New searches (95% CL):

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

LHC constraints

ES S LSS AL LSS LS

1076

LHCb, BaBar

bound on B(B — Kur)

| “
—7 z
~— ]'0 | | V
140 fb | 7
v
10°° ! /
my, [.8 TeV Belle — II'  Bellel,
I y
1()75) 1 ||||||I 1 |]Ul|‘ L L LLaun |||||||J L1 ||]||JI 1 |||Jl.| LLLLuIE l
10—1() 10—14 10—12 10—]() 10—8 10—()

B(t — po)
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Large effects in b — su7 are a common prediction of minimal

solutions to the B-anomalies: see also [Glashow et al. '14]
B(B* = K*7*u~)
0 10°® 03

R, =0.8TeV, qu—ZOTeV

10_ IIIIIIIIIIIIIII [ " — T T —
I R2 & Sg . Excluded at 95% CL
<" 8 [Becirevic et al. '18] 0~ E
E L
G 6f E
{; : T 1073 .
Tt = |
¥ 2 Uy
0_ Belle excl. m_gé_ [Cornella et al. '18, '21] £
1.0 1.5 20 25 30 35 40 T T R T
(.*) —B(B%K(*)w)/B(B%K( )yy)SM B(B. =7 u")
EFT predlCtlons: [Becirevic, OS, Zukanovich. '18]
I. LH operators: i. Scalar operators:
B(Bs — ut) 0.8 B(B — K*ur) ~18 B(Bs — pur) > 1
B(B— Kur) ' B(B— Kur) B(B — K™ urt)
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B-decays with missing energy

e.g. [Becirevic et al. '18]

° ' :
Clean observable in the SM: iy, = 0.8 TeV, ms, = 2.0 TeV

B(B* — Ktup)SM = 4.6(5) x 107° R, &S
[Blake et al. 1606.00916] g 8:
e Models for the B-anomalies predict sizable If or
deviations from SM. Z;é‘ 4}
e Unique access to operators with 7-leptons; g% 2_‘
e. Ly = (vrn,71) - 0 Neleed
1.0 1.5 20 25 30 35 4.0

RG) =BB-KDyy)/BB-KPyy)>M
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B-decays with missing energy

e.g. [Becirevic et al. '18]

s ' :
Clean observable in the SM: 0 = 08 TV, s =20 TeV

_ _ 10"
B(BT — Ktvo)®™ =4.6(5) x 107° |
— 8
[Blake et al. 1606.00916] & |
e Models for the B-anomalies predict sizable o o
H i
deviations from SM. %‘ 4
m
e Unique access to operators with 7-leptons; | 2
. T :
i e L3 _ (VTL,TL) . 0. Belleexcl
10 15 20 25 30 35 40
(*)_ (+) ()1, N SM
SM Averange =BB-Ky)/BB-K"yv)
05 1.1+0.4, preli
Bl " Belle II (63 b, Inclusive)
: 1.971¢  This work, preliminary
: Belle (711 fb, SL) .
| L0<0.5 PRDI, 091101 Promising results from
: ~1
i ¢ Belle (711 1 ;- Had) early Belle-1l data!
1
: Babar (429 fb~!, Had+SL)
: | | . . . | I[).8':[).7I PRiD87: 112.005. | . . .
2 4 §) 8 10

10° x Br(B* =K " vp) -



Muon g-2: another LFU hint?



Muon g-2

e Exciting results from Fermilab g-2 Muon experiment!

Brookhaven _
result ' ®

[4.10| deviation from the |
SM prediction obtained in e ———
the TH white paper

[g-2 TH Initiative, '20] ® o

Standard Model Experiment
Prediction Average

175 180 185 19.0 195 200 205 210 215
9
aHX‘IO -1165900

To be clarified: disagreement between lattice QCD (BMW collaboration)
and dispersive determinations of HVP. Possible interplay with SM EW fit.

[BMWc, '20] [Keshavarzi et al. '20, Crivellin et al. '20]

Question: Can this discrepancy be related to the B-anomalies?
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EFT for (9—2),

e Chirality-conserving contributions only possible for light New Physics:

ﬁﬁ 7 £ Y OB pres,
D) 1672 A2 iHo " eRr, I'ap + h.C.
(/; hfi h ) hfl see e.g. [Biggio, Di Luzio. '16] A? (100 GeV)2
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EFT for (¢—2),

e Chirality-conserving contributions only possible for light New Physics:

@ﬁﬁﬁw £ Y OB pres,
D) 1672 A2 iHo " eRr, I'ap + h.C.
(/; hfi h ) hfl see e.g. [Biggio, Di Luzio. '16] A? (100 GeV)2

e Chirality-enhancement needed to accommodate A 2> 1 TeV :

-

tr .. m A C l 1
t S
ChoxCy—-7log— = ~
m & D e S A2 7 (100 TeV)?
t
N\
(R “1 lr
.8 . _ [Feruglio, Paradisi, OS, '18]
0(3) _ LZ J _uv
lequ — ( UMVeR)Eij (Q o uR) [Buttazzo et al. '20], [Fajfer et al. '21],[Aebischer et al., '21]

These contributions can be generated by leptoquarks! But which one?
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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
Y —
H\Pﬁ” Ss (3,3,1/3) oL 9
Ry (3,2,7/6) urL, Qeg 0
/ A\ ~ B
o ’ L Ry (3,2,1/6) drL 0
/ PN B B
—> > X > ——>— S, (3j 1, 4/3) EEQR -9
ER tr iR EL _ —C
Sy (3,1,1/3) Q L, u%er —2

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

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

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

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

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

/A _ B
o ’ L Ry (3,2,1/6) drL 0

/ PN B B B
—> > X > ——>— S, (33 1, 4/3) dgeR -9

(R tr,  Ir lr, _ —C

Sy (3,1,1/3) Q L, u%er —2

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

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

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

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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Summary and perspectives

e Renewed interest on the B-physics anomalies since latest LHCb results.

Belle-Il will be fundamental to confirm/refute these results!

e Correlation with other flavor observables are unavoidable for the viable
scenarios and can be further explored to disentangle them.

LFU ratios, LFV B-meson decays, B — K®vp ...

e We identify the viable single-mediator explanations to Ry« and/or Rp.
There is not a direct connection to (g — 2), in these minimal scenarios.

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

e U1 model: we demonstrate a pronounced complementarity of flavor physics
constraints with those obtained from high-p_ searches at the LHC.

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

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

Data-driven model building]!
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Thank you!



Back-up



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)!



How to probe b — s777 eg. Cg7 =—Cff

e Existing direct limits:

B(B — K77)™P <2.2x107% [BaBar. '17]
B(Bs — 77)P < 6.8 x 107%  [LHCb. '17]
still far from SM predictions (=~ 10~7). Perhaps at FCC-ee?

e New idea: deformation of B — K 1 q*-spectrum

T
B(B — K77) < 2.3 X 1077 |[preliminary|

I [M. Kénig, LHCb Implications '19]

B(B— Krr)<11x107%  (36.1 1)
B(B— Krr)<14x107°  (3ab™ ')

|Angelescu, Faroughy, OS. To appear]
but more model dependent (EFT validity?)

Take-home: Different approaches are complementary!




Ry = (3,2,7/6), 53 = (3,3,1/3)

’ Fyid = gt p(5/3)
£ D (Vexwm yn Ep)"” Upil R 4+ (yx

. | g 2/3) |
+ (Ug yr. Upnans)” Gpiviy ﬁ'{ P (Ug y)"

— ':IU Upning )™ HL-;:

. ¥ - i 2/3)
+ ﬁr Vokn v Upnans )i HL L,S{ e

and assume

- I: 1’;{-'£{I'-.l Y :I i]

.:|_|"

Iy

. g{‘il.l ..'1__'

e ~{1/3) i TRl
I-"r 'J.I;}a — ﬂ.l/_ dLﬂ- L

YR=Yr  Y=—UL

00 0 0 0 0
yrEL =10 0 0 |, Ugyr= 1[0 y* y§"
0 0 yi 0 0 0

—
HL.:

ELY dp 5 RS
Ry

(5/3)

1
0
0

: br CL cT
Parameters: mpg,, ms;, yg', Y, , y; and r?]

0S5 Lhe

()
cos
sin

()
—sin #
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