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Hints of LFUV

Since 2014, Belle, Babar and LHCDb - observed deviations from
SM in universality ratios:

B(B — KWyt )

b— stl: RK(*> = B(B = K(*)e+e )

B(B — D(*)TD)
(

b—clv: |Rpw = B(B — D(*)/u?)

Theoretically clean observables: .
. R Xp < RSI\/T
e CKM cancellation, () K ()
e Most hadronic uncertainties cancel, Exp SM
) L R ) > RD( N
e High sensitivity to NP.

™



Low energy observables
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Semileptonic decays in the Standard Model

b c
w v CC: Tree-level process
%%

b t,c,U 5

7 FCNC: Loop induced in the SM



EFT description, CC

Naively, NP scale ~ few TeV.

Anp > Agw > my

Assumption: No RH neutrinos.

Effective Hamiltonian: CC

4G - -
Her :TQFV% (1 + gv, ) @Lyubr) ey ve) + gvi (CrRYubR) (LY VL)

+gs, (€rbr)(rvL) + gs, (€Lbr)(lrve) + g1, (€ROWL) (IR VL) | + h.c.

N.B. g; = 0 = SM (Fermi theory)



EFT description, FCNC
Naively, NP scale ~ few 10s of TeV.

Anpe > Agw > my

Assumption: No RH neutrinos.

Effective Hamiltonian: FCNC

Heer = V}ths {ZC )O:(p)  + Z Ci(p)(’)l} +h.c.
i=17,8,9,10,P,S, ...

O = (574 Pr(ryb) (Ev"0) 080 = (57uPr(r)b) (Ev*50)

O = (5Ppz,b) (L) 0% = (3Pr()b) (£15L)

(9;/) = my (50 Prr)b) F*”

N.B. Co,C10,Cr # 0 in the SM.
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Hadronic matrix elements

Expressed in terms of Form Factors:

<Hf|Jw|Hi> = ZKgFa

a

With K¢ kinematic factors (scalar, vector or tensor), and Fy
scalar functions of ¢2.

Process Number of FF
B — Dlv | 2 (+ 1 tensor)
B — D*lv | 4 (+ 3 tensor)
Ay — Aty | 6 (4 4 tensor)

Can be obtained from:
e Lattice QCD
¢ LCSR, HQET, ...

~



Hadronic inputs, example A, — A v

Obtained from a fit to lattice results

1
1) = ————— [af + ol (¢?)]
1 —q /(mpole)
Z(q2) - \/t+—q2—\/t+—t0 tozngax
V t+ - q2 + vV tJr - tO t+ = (mgole)2

12

1.0

08

0.6

0.4

o 2

8 10 0 2 8 10 8 10

4 6 4 6 4 6
¢* [GeV?) q* [GeV?) ¢ [GeV?)

[Detmold et al. 15] [Datta et al. ’17]
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Complication for FCNC: Non-local Form Factors

Example for B — K0/

Gra " - =
M= "y, vr [ (Ap + Tp) @y ve + Bty 500
V2
Ap, X C77 Cg BN X ClO
—16im> iqa | o ;
=g 3G dat 0,01

i=1---6,8

[Grinstein, Pirjol ’04]

e Non-pertubative quantity,
e Poles at the J/¥, ¥, etc,
e Hard to compute on the lattice.
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Complication for FCNC: Non-local Form Factors

Solution: strong cuts on the ¢? region.

~300F
(o]

©LHCh

~

-~
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[LHCbD ’16)



SM results and experimental status: CC

Results for b — clv: Ry = gg%m
SM Prediction Measurement Tension
Rp 0.299(3) 0.340(30) 140
[FNAL, MILC ’15, HPQCD ’15] cf. HFLAV [BaBar, Belle, LHCb]
Rp~ 0.258(5) 0.295(14) 2.50
cf. HFLAV | [BaBar, Belle, LHCb]
Ry | 0.260(4) 0.71(26) 1.70
[HPQCD 20 ] [LHCb]
Rp, 0.297(4) Soon -
[HPQCD °17] [LHCb]
Rp- | 0.245(8) Soon -
A of. HFLAV [LHCb]
Ry, | 0.333(13) Soon -
[Detmold et al. '15] [LHCb]
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Combined results, CC, compared to SM

o L B e e e B L B e e e e e
e, I [ HFLAV average AXZ =10 contours ]
& 04 -
[ LHCb15 3
C BaBarl2 .
035 30 .
C LHCPS ) ]
03 :_ N P — _:
025 = B Behely, Bellel5 ]
r Bellel7 ]
o2 HFLAV &
F L Spring 2019 |~
PO =27% ]
C . 1 . v v v 0 vy, (Xu) PR

02 03 04 0.5
R(D)

Exp: Rp =0.340 £ 0.030 Rp«=0.295 £ 0.014
SM: Rp =0.299 £ 0.003 Rp+« =0.258 £ 0.005

[cf. HFLAV]



Combined results, CC, compared to SM+NP

Rp+/RM

13- Exp. Eff. coeff. lo range | x2;,/dof
gvy (my) 0.07 £0.02 | 0.02/1
1.1+
9sg (mp) —0.31£0.05| 5.3/1
Sy - g5y (mp) 0.12+0.06 | 8.8/1
0.9} -
_ ST g1 (myp) ~0.03£0.01] 3.1/1
=
— = +4 € R [—-0.03 £0.07| 12.5/1
0.7 9s, = —4gr 951 T /
T gs, = +dgr gs; = —4gr € R| 0.16 £ 0.05 2.0/1
= gs, = *dgr €iR
o J ‘ . ‘ gs;, = t4gr € iR| 0.48£0.08 | 2.4/1
D
0.5 0.7 0.9 1.1 1.3 X%M —12.7 [thiS Work]
SM
Rp/R%
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How to disentangle the New Physics?

LFU ratios insufficient to isolate the Lorentz structure of new
physics

e Need other observables
e Example: B(B. — 1v) < 30%
= gp = g5, — g5, must be tiny

e Angular distributions

B — D*(— Dn)lv
Ay — Ao(— Am)tw

= Plethora of observables, not yet available
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Angular distribution

2 o
d°B(B - D"7v) =4m [A1 + Bicosf + Cy cos? 0]

dq?dcos 0
d*‘B (B — D* (_> D7T+) 7_17)
dq?dcos Odcos O pde 1+ Azcosbp

+ (Bl + Ba COS@D) cos 8
+ (C1 4+ Cacosbp) cos? 0
+ (D3 sinfp cos ¢ + Dasinfp sin ¢) sin 0

4B 34, +C ] . . .

dg? 1 1 + (E3sinfp cos ¢ + Easinfp sin ¢) sin 6 cos 0.

B
A X g1

Each coefficient is depends on different combinations of ¢; and FF.

In particular D4, E4 < Im(gs, ) = Sensitive to new CP violating phase.
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SM results and experimental status: FCNC

BX—=Yputu™)

Results fOI' b— 86@3 RY = m
SM Prediction Measurement | Tension
RO 1.00(1) 0.847(42) 3.10
[G. Isidori et al.’20] [LHCb ’21]
RO 1.00(1) 0.69%911 240
[M. Bordone et al.’16] [LHCDb ’17]
R0 91(3) 0.6610:5% 2.30
[M. Bordone et al.’16] [LHCDb ’17]
0.1,6 14
RO ~1 0.851014 1o
[LHCb]
Ry - Soon -
[LHCb]
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By — up

Not a ratio, but hadronic uncertainties are well under control:

(0157501 Bs) = if B,p"

0.5F
FIAG2019 fs, [MeV]
+ " our average for Ny=2+1+1
+ - FNAUMILC 17
o~ 5 HPQCD 17A °’O
I .- ETM 168 =
F4 e ETM 13€
- HPQCD 13 X
our average for N =2+1 /\1
- RBC/UKQCD 14 =y
+ RBC/UKQCD 14A
N RBC/UKQCD 13A (stat. er. only) T
" — HPQCD 12
F4 i HPQCD 11A -~
FNAUMILC 11 m
— HPQCD 09
—
—a— our average for N.=2 Q )
ALPHA 14 \
| — 0 ALPHA 13 1
I —— ETM 138, 13C 1
> ALPHA 12A |
n ol |
—{H— ETM 11A L
ETM 09D

210 230 250 270 290
B(B, — ) x 10°

SM Value B(BS — ,uu) = 366(14) X 10_9 [Beneke et al ’19]

New LHCb result B(Bs — pp) = 3.09704% x 1079

Our average B(Bs — pp) = 2.85(33) x 1077
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Combined results, FCNC, compared to SM

C!? = Ct()

3
I3 S
O L Compined
w 0.6 & )
0.
? L By —
—0.2

1
18 —14 —-1. —06 —02 02 06 1.
I

0Cyg = —0C19 = —0.41 £0.09 (4.60) [this work]

See [W. Altmannshofer, P. Stangl ’21] for global analysis.

[m] = =

o>
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Summary

e Recent measurement at LHCb corroborates previous hints of
LFUV.

e New physics at O(TeV) described by means of EFT.

e LFU ratios and other low-energy observables put constraints
on the Wilson coefficients, for both CC and FCNC.

e These observables alone are not enough to disentangle the
Lorentz structure of NP.

e More observables (angular distributions) needed!
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Explicit scenarios of New Physics
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Which NP is compatible with this EFT?

e Should couple preferably to the 3'4 family of fermions.
e Should violate LFU.

L v
= Leptoquarks solve both: L@ -----
b _L_Q_ c q
CcC
0y : Lv
b LQ s

FCNC: Becomes a tree-level pro-
>\\r\€ cess

e Quite natural in GUT or composite Higgs theories

[D.Marzocca '18].

e Other possibilities exist: Z’ (only FCNC), 2HDM (tension
with B(B. — 71))



Classification of Leptoquarks

Name | SU(3)c x SU(2)L x U(1)y
S (3,1,1/3)
Ss (3,3,1/3)
Ro (3,2,7/6)
Uy (3,1,2/3)
Us (3,3,2/3)

We directly exclude scenarios that

- only couple to RH particles (51),

- allow for diquark couplings,

|

Scalar LQ

Vector LQ

- pull Rg and Rg~ in different directions (Rs
[D. Becirevié et al. ’15]).

N
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Example S}

Lagrangian:
C b _ j
= yz]Q b abLJ Sl + yguge%s& + h.C.
Matching:
gy, = OV (Vyi)er
L 4V;;b m%l
2 bl el \x
L) (yR )
SI— —4 = —_-—= = 7
gsy, gr 4chb m?ql
v mi(Viy)a(Viyl)n v (ye Y Vsl - yn )k

87To¢emmzs1 3271'o¢emm2s1 Vi Vi,

2 * 2 2 ot T,
ckl _ ok — me (yr) ek (YRr)5 {IOgTZISQI _ f(ft):| (YL YL )bs (YL - YLk

2 2
8TQemM, ; 32raemms, Vis Vi

Minimal Assumptions to explain Rg:

0 0 O
y =10 gy 0], yF=0
0 You 0



Example S,

Considered quantities:
B(B = K™ pup)
B(B — K(®ee)’

B(B — Duv)

nie _
Ry = B(B — Dev)

Ry =

p2/e2 _ BUK — pv)

K Amp B(Z — B(B — Kvv
BK 5 i)’ » (Z = pp), ( )
ms,=1TeV mg,= 4 TeV
w2y B Z-up
o K2IK o KEIK
3.
. RDpte = n RDWE
| RK[') u RK[.)
m Amg, B Amg,
)7 .
i [this work]
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Leptoquark scenarios

Model Ry | R | Rpeo &Ry
S$1(3,1,1/3) | v X X
R2(3,2,7/6) | v | //X* X
S3(3,3,1/3) | X v X
U1(3,1,2/3) | v v
Us(3,3,2/3) | X v X

Scalar LQ

} Vector LQ

= Scalar Leptoquarks: need at least two:
S1 — S5 [D. Marzocca '18], Ry — S3 [D. Becirevié et al. 18]

= U; Is the only one to accommodate both.

N
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U, leptoquark

Ly, = xngmuU{‘Lj + :L‘%JRWMU{LKM +h.c.,

Minimal Yukawa structure:

0 0 0
T = 0 .’L’z# I’SLT , TR = 0.
0 U b

b
V2 (Vrp)e(z47)* oM — o m?  a(a )
9 = Lo =

Matching:

gv, = -
r V;ib‘/?;aem m%]l

2Vcbsz1
Compatible with R ), Ry, R’L")/e’ Ku2/e2,

Needs UV completion! E.g PS? = [SU(4) x SU(2) x SU(2)]3
— SU(4) x SU(3) x SU(2) x U(1) [G. Isidori et al]



Direct searches at LHC



Direct searches at LHC

olpp - LQULQY pb]
B

3

ATLAS

| 13Tev. 364 for!
107 E-Limit at 95% CL

800

—— Obs 95% CL limit
====-=- Exp 95% CL limit
SRy
Tz

= LQ;LQ; production
LQJLQ; - brbz (B=1)
bebr

1000 1200 1400
m(LQ) [GeV]

‘ Decays ‘ Scalar LQ limits Vector LQ limits

Ling
jjTF - - -
bbr 7 1.0(0.8) TeV 1.5(1.3) TeV 36 b~ 1
tir T 1.4(1.2) TeV 2.0(1.8) TeV 140 b1
i 1.7(1.4) TeV 2.3(2.1) TeV 140 fb— 1
bbufi 1.7(1.5) TeV 2.3(2.1) TeV 140 fb—1
tEpf 1.5(1.3) TeV 2.0(1.8) TeV 140 tb—1
jjvo 1.0(0.6) TeV 1.8(1.5) TeV 36 b1
bbv i 1.1(0.8) TeV 1.8(1.5) TeV 36 fb~ 1
tivo 1.2(0.9) TeV 1.8(1.6)TeV 140 fb—1

[Atlas, CMS ’18-'20]

Assuming a branching fraction of 1 (0.5).
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Dilepton tails at LHC

--- Aﬁ"‘l (bb)
X (bb)
dia’(pp — éé) —_—— x;‘_“ (s5)

3k X (s9)

\/F: 13 TeV, £=140fb~", ATLAS & CMS

4015720 25 30 35 40
my, [TeV]

[Atlas, CMS ’18-20]

= Complementary with low energy observables.
[W. Altmannshofer, P. S. Bhupal Dev, A. Soni '17]

[A. Greljo, D. Marzocca '17] [Y. Afik, et al. ’20]
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Example: Rs

Lr, = ngiijRz - ygﬂRiRziTng +h.c.

CH _ Ck;[ tge _ 7”]2 y;{l(y%k)*
oo 2V ViiOem My,
. 7 1 VbV*’ ’ *
Gl ==Cio = 3 vl W) Fow o)
tbVis
w,u’ €{u,c,t}
b u, c,t L Minimal Yukawa structure for Ry (.):
1
| 5/3 0 0 0
W 1
{R2 yr=|0 v 0], yr=0.

0 ¥ o



Example: Ry

cp
YL

(O <G> «=»

(=

Da >
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Prediction: Lepton

B(B — Kur)

B(Ay — Apr)

1074

£ LHCb, BaBar

107° &
10 o
1077

1078 ¢

Eomy, = 1.8 TeV

3ab™!

|
140 ! X
|
|

Belle —II X

Belle

101
10710

| Tl L 1
107 1072 1071 107°

B(r — po)

107¢

3ab™!

140 b~

Flavor Violating decays

Z =T
T = py
T — U
B — K%y
Ay — AT

} Loop induced

Direct searches = Minimal
bounds on LFV decays.

1
1. 11 12 13

Rpe /R4 = Ra,/RY = ...



Summary and perspectives

e Exciting new LHCb data on Rx and Bg — up corroborates
previous hints of LFUV, now 3.10 below SM on R.

e When seen as an EFT, LFU ratios and other low-energy observables
put constraints on the Wilson coefficients of the theory. gy, > 0,
gs, = —4gr > 0 or gs, = £4gr € iR and Cyg = —Cy¢ < 0 are preferred

e Lorentz structure of NP can be studied through angular
distributions of semileptonic decays at Belle II.

e O(1TeV) extensions of the SM by Leptoquarks states are a
promising realization of this EFT.

e Direct searches impose bounds on masses and individual Yukawas.

e No truly minimal scenario exists, however 2 solutions:
e 51 — 53, R2 — S3 e U;+UV completion

e Prediction Experimentally testable LF'V decays rates.
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Thank you
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