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B physics anomalies: experimental results # SM predictions!
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BaBar had tag
PRI 88 (2013) 072012
0332+ 0024+ 0018

Belle had tag

PRD 92 (2015) 072014
0293+ 0038+ 0015
Belle SL tag

PRI 94 (2016) 072007
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PRI 118 (2017) 211801
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PRL 115 (2015) 111803
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LHCDb Preliminary average
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Effective Lagrangian approach for b — CT Vrdecay
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If NP scale is above electroweak scale, NP effective operators have to respect
SU(3) x SU(2), x U(1),
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FCNC - SM loop process

P.  in 13._+_[(*A[+KL_' (angular distribution functions) 3o
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R¢ and Ry« and New Physics
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How to approach to anomalies?

* |sthe anomaly SM or NP?

* First step at low energies: to construct effective Lagrangian which
might explain experimental data;

* Find new particle which can mimic effective Lagrangian;
Check all other low energy flavour constraints, check electroweak observables,
include LHC direct searches for NP;

e Make consistent model of NP!




Effective Lagrangian approach: NP in third generation

Feruglio, Paradisi, Pattori, 1606.00524; Battacharaya et al., 1412.7164;
Glashow, Guadagnoli and Lane, 1411.0565 NP couples preferentially to third generation.
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Leptoquarks as a resolution of B anomalies:

LQ

Brief “history” g

1) 1974 Salam & Pati: partial unification of quark and leptons —four color charges,
left-right symmetry;

2) GUT models contain them as gauge bosons (e.g. Georgi-Glashow 1974);
3) Within GUT they can be scalars too;

4) 1997 false signal et DESY (~200 GeV);

5) In recent years LQ might offer explanations of B physics anomalies;

6) LHC has bounds on the masses of LQ,,LQ,, LQ; of the order ~ 1 TeV.



Leptoquarks in Rgand Ry

Suggested by many authors: naturally accomodate LUV and LFV

color SU(3), weak isospin SU(2) , weak hypercharge U(1) Q=l; +Y
SU(3) x SU(2) xU(1) | Spin Symbol Type 3B+ L
(3.3,1/3) 0 S; LL (ST 3
(3,2,7/0) 0 R, RL(S},), LR(S]},) 0
(3,2,1/6) 0 Ry RL(SL.), LR 0
(3,1,4/3) 0 S RR (SE) —2
(3,1,1/3) 0 S1 LL(S), RR(SE), RR —2
(3,1,-2/3) 0 S1 RR —2
(3,3,2/3) 1 Us LL (V) 0 |
(3,2,5/6) 1 Vo HL(\//Q) LH(\/{;Q) —2
(3,2,—-1/6) 1 Va RL(VE,), LR —2
(3,1,5/3) 1 U, RR (V) 0
(3,1,2/3) 1 Uy LL(V{), RR(VYY), RR 0
(3,1,—1/3) 1 U RR 0

F=3B +L fermion number; F=0 no proton decay at tree level (see Assad et al, 1708.06350)

Dorsner, SF, Greljo, Kamenik Kosnik, (1603.04993)
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Helps to know: according to Asad, Fornal Grinstein 1708.06350;
proton decay at tree cannot be mediated by U(3,1,2/3).

Admir’s talk!
If vector LQ is not a gauge boson - difficult to handle!

Possible to make Pati-Salam-like unified model vector LQ- gauge boson!:
Di Luzio, Greljo, Nardecchia, 1708.08450;

Bordone et al, 1712.01368;

Callibi, Crivellin, Li, 1709.00692, Marzocca, 1803.10972.



One scalar Leptoqaurk resolving both B anomalies:
(3,2,1/6)

Tree level solutions for Ry and Ry _
Right-handed neutrino introduced LQ (3,2,1/6)
2 2 g //\W ¢ //\\W
|MSM —+ ’MLQ ’

Becirevic et al, 1608.08501
passes all flavor constraints, but leads to R.>1!

(3,1,-1/3) destabilizes proton!
b ————— v C ————————— i W ¢
: . H ———eN s R S —
¢ ¢

< c (s) i u v t v t

T 8 e —— H b e —
Bauer&Neubert, 1511.01900
Rp(+)at tree level Ry(+) at loop level

+ muon anomalous magnetic moment

Becirevic et al, 1608.07583 - troubles with charm, K, leptonic decays and B — D™)¢( 1)1/




Two LQs solution of Ry sy and Ry

(313)1/3)+(3111_1/3) g - _ ! Y __ _ . ‘ - ‘
Crivellin et al, 170309226, b D1+ P c b by — P s b b3 s
Marzocca, 1803.10972.

* (3,3,1/3) alone has a proper structure according to effective Lagrangian -
it couples to only left-handed quarks and leptons.

+ itleads to to large contribution in B — K*)up o Scalar LQ
~-0.2} ‘
Buttazzo, Greljo, Isidori, Marzocca
1706.07808 : = -0.4
<4
I —0.6
Cg=—-C1—3C3, Cr=0C1—0Cj LL,}
<1 -0.8

* radiative correctionstoZ - tt,w [
observables are enhanced by the factor of 3, —1.0:-
implying a ~ 1.50 tension in Ry,

.....................

Potentially large sp coupling disfavored by Ds/K —spv



Why two leptoquarks?

Leptoquarks are natural within GUT i
theories!

| L | L |
100 10° 108 10" 10 107
H(GeV)

* GUT possible with light scalar LQs within SU(5) if there are 2 LQs
(DorSner, SF, Greljo, Kamenik, KoSnik 1603.04993) ;

* LQS;, if accommodated within SU(5) does not cause proton decay, DorSner, SF,
Faroughy, KoSnik 1706.07779;

* Neutrino masses might be explained with 2 light LQs within a loop (DorSner, SF,
KoSnik, 1701.08322);



New Proposal: Two Leptoquarks

D. Becirevic,l. Dorsner, , S. F, D. Faroughy, N. Kosnik and O. Sumensari 1804 .xxxxx

Not complete V-A picture of NP!

Scalar LQ better than Vector LQ - simpler UV completion;

R,=(3,2,7/6) contains two states with electric charges 5/3 and 2/3.

1] = 5/3 17 7 2/3
Lr, = (VyR) ! uLiéRjRé 2 T y}% dRigRjR; e Flavour basis!
=+ (yLU)ij ﬂRz’VLjRgz/g) — yZLj ?_LRQ;KLJ'R?/B) + h.c.

G2/3 g=1/3 g—4/3

S, =(§,3,1/3) contains three states with electric charges 3 3 3

£S3 = yij QCZ'TQ(F . gg)Lj + h.c.

(



Mass eigenstate basis:

Lr,es, =+ (Vokm Yr E] L)Y R(5/3) + (Yr E] )Y dy

Ur; Rj

+ (Ur yr Upmns) 4 URZVLJR@/?’) (Uryr )w ulRZ 9
— (y UPMNs)Z] dlc ! S(l/?’) \/_yzj sz LJS(4/3)

+ \/7(VCKM Yy UPMNS)U uLZVLj S( 2/%)

/ _ / _
up p = Uprupr, dp g =

R

RO/

Vekn = U DI; Upmns = B Nz

We assume following: T

Appealing feature: the same coupling for S; and R

00 O 0 0 O
yr B =0 0 0 |, Usyr=|0 yi" yi"|, Ur=
0 0 gy 0 0 0

Parameters: mp,, ms,, y&7, y;"', y£™ and 0

Phenomenology suggest 8=m/2 and y; complex!

Yr = Ygr Yy = —yr fromSU(5) GUT

1
0
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0
cos b
sin 6

3
— (Vikm ¥)ij U LJS( » 4 he.

/ /
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0
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Explaining Ry

Co = —Co = - Cl = -t e (—0.85,—0.50)

b M

|
[
S; explainsit!  V-A explanation: :S';‘/?’
|
[

yb,uy;k’u c [07, 13] X 10_3 (mS3/TeV)2




Explaining R+

Not V-A explanation: T and S from R, very small contribution from S,

4Gy

Leg =
TR

Veo [(1+ gv) (aryudr)(Ccy*ve) + gs(p) (drdr)(Crvr)

+ g7 (1) (Upo dL)(ZRJWVL)] + h.c.

gs = 497 — —_¥) gy — i (),
42mp, GpVua |, 2m3 G Vua
:mR2
—2/3

S;creates g, 53



Important constraints

Tree level constraints
RK B F(K_ — 6_ﬂ>
/M T (K- — u—0)
p  T'(B— D™ up)

R

wle ™ (B — D®en)

B(t — u¢) < 8.4 x 107°

Loop constraints

T T

R®, P = 2.488(10) x 1075

e/

RE SM —92.477(1) x 107°

e/p

R”, &P = (.995(45)

p/e
PDG (Belle)
D* ex
R, P = 1.04(5)
Amg® =17.7(2) ps~"  (19.0 £2.4) ps~!
SM- FLAG
4 = pp, £ — 717, 4 — VUV
% %
IV — 0.961(61), 4 = 1.0001(13)
gv 9a

IV~ 0.959(29), A = 1.0019(15)

e e

gy ga

NP = 2.9840(82)
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Results and Predictions

Lop = —% W[+ ) () oy vn) + g5(1) (indy) (Ervn)

mg, = 0.8 TeV, mgs, = 2.0 TeV + gT(,LL) (Z_LRJMVCZL)(ERO'“VVL)]

s = ma) = dgr(p=ma) = 25 UR)
S A T 4\/§m%{2GFVud,

gy = — Yar (Vy*)'uE
4\/§m%3GFVud '

02 04

—04 202 00
Re[g]

T T . 0.20
For Re[gZ] = 0 we get Im[g]| = 0.5970 15020
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Constraints
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s and b quarks in the loop



B(B—Kut) x 10’

Predictions

1o e

10 15 20 25 30
R,, = B(B->Kw)/B(B-Kyy)*M

Increase of B(B — Kvv) by 2 50%

in comparison with SM value

Upper and lower bounds on the LFV
rates: B(B > Kut) =2 x 107/
Becirevic et al, 1608.07583
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_— 0 = 90°
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00 02 04 06 08 10
lgs'|=Igp’]

B(B. — tv) < 30%

Alonso, Grinstein, Camalich, 1611.06676

RJ/¢ > R?%

new FF estimate QCDSR + latt
(Becirevic et al., 2018)



LHC constraints on LQ couplings

Processes in t-channel Dp — T

S, b

Y

Y

Y

Gi/3

3

54/3 Sl/3

5.D

¢---------9
¢----—=-=-=-=-=-9
¢----—=-=-=-=-=-9

A

Flavour anomalies generate s T, bt and ct relatively large couplings.

s quark pdf function for protons are ~ 3 times lagrer contribution then for b
quark.

Light LQ = impact on the shape of pp = |l distributions (Faroughy, Greljo and Kamenik,
1609.07138, Greljo and Marzocca, 1704.09015)



* Recast Atlas searches for pp - (Z' -)tt leads to bounds on R, and (weak) ones
on S, for our B=m/2

* pp = MU not very useful to us, but LQ pair-production data are

* Experimental bounds with 3.2 fb™! result in constraints not competitive with
those obtained from flavor data. Projecting to 100 fb:

MR, =0.8TeV, mgg =2TeV, 8= 51/2

MRy = 0.9TeV, msg = 2TeV,
20—
d LHC13TeV, 100fb~"

O=7/2

LHC 13 TeV, 100fb~"

High p,
searches

1.5¢
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\ Direct searches (projections to 100 fb™1) ‘

mg, = 0.8 TeV,mg, =2.0 TeV

04

04 02 00 02
Re[g5]



Light Leptoquarks in SU(5) GUT

e Scalars: R, € 45,50, S; € 45. SM matter fields in 5, and 10, ;

* R, does not have diquark couplings - no proton decay. Operators 10, 10; 45
Might lead to proton decay (Dorsner, SF, Kosnik, 1701.08322).

Available operators

5 .45 - RL i pa_abyj,b LLAeh® ab( _k gkybe 77,c
10;5;45 1 y"jupRye® Ly, ys Qp €™ (1753) Ly

10,10,50 : y2ieL Ry QL°

* by breaking SU(5) to SM the two R,’s mix —one can be light and

the other (very) heavy.

e the Yukawa couplings determined from flavor physics remain perturbative (< v/41T)
up to the GUT scale;



Summary

* Building a viable model which accommodates B-physics anomalies and remains
consistent with all other measured flavor observables is difficult;

* We propose a minimalistic model with two light (O(1 TeV)) scalar leptoquarks.
Model passes all constraints and satisfactorily accommodates B-physics anomalies.
(gs complex, i.e. one Yukawa must be complex - e.g. yP* . );

* Model is of “V — A”structure in describing b = sll, but it is NOT for b - clv.
At 1 = m,,, effective b - c couplings satisfy g = —-g, = 4g;;

* Our model is GUT inspired and allows for unification with only two LQ’s.
Yukawa couplings remain perturbative after 1-loop running to Ag;;

* Results of the direct LHC searches might soon become relevant constraints too.
Opportunities for direct searches at LHC!



Thanks!

“It doesn't matter how beautiful your
theory is, it doesn't matter how smart
you are. If it doesn't agree with
experiment, it's wrong. “

Richard P. Feynman




SU(5) GUT with (3,3,1/3) + (3,2,1/6)
DorSner, SF, Faroughy, KoSnik

* GUT possible with light scalar LQs within SU(5) if there are 2 LQs
(DorSner, SF, Greljo, Kamenik, KoSnik 1603.04993) ;

* LQS;, if accommodated within SU(5) does not cause proton decay;

* Neutrino masses might be explained with 2 light LQs within a loop
(DorSner, SF, KoSnik, 1701.08322);

Our proposal S3 and Ro

X XX
Ly \ /
: H \\ // S
}?2—1/3 /’_‘_\\ S, S§/3 Rg/:% /’_y_\\ 33—2/3
A As ’ &
// \\ // \\
/ \ VL / \ VL
- ® - ® - - ® - @ -
VLo gt d yit,ygt v ys" R ) N

one-loop neutrino mass mechanism within the framework of GUT



Constraints from flavor observables

Constraints from LFV

(g_2)u
B. — Tv
T — Y
B — K®yp
B - B S
i i T — K(m)ul(e
B Dy, () p(e)
K — pue
K — uv,
B — Kpue
Dgs — 7, pv
T —7 W
K — muv, S
W — 1o, 7 — v pr
Z bbb 71t t— ct™t

Becirevic et al, 1608.07583, 1608.08501
Alonso et al, 1611.06676,...
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ESSSSSSS =
25 ,,
o] Rpe
S; coupled to the muons only 200 [abosm
5 : RY: ,
2 1.5 = _ D ]
‘(‘::‘:\ |
10
0 0O s
=10 0 LHC bb ]
y ys,u 0.5 = = el P
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Rp is resolved in hatched (2 o) and doubly hatched (1 o) regions,
the b = sup puzzle is resolved in dashed-hatched region at 1 o.

Region below the black line with a hatching is in 1 o agreement with Ru/e .



Recent update on SM value of Ry

Bigi, Gambino, Schacht 1707.09509

“Luke’s theorem does not protect the form factors from 1/m? corrections, it
is therefore natural to expect 1/m? corrections of order 10-20%, and one
cannot exclude that occasionally they can be even larger”.

A;(1) = 0.857(41)
A;(1) = 0.906(13)

approach now includes HQET constraints with realistic uncertainties and improves
on the CLN parametrization in several ways.



Belle: 1608.06931
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Operator Fierz identity

Allowed Current

é‘»Cint

Ov, | (evuPrb) (74" Prv) (1,3)o (94GrTY"qr + gl Ty L)W},
Ovgp | (eyuPrb) (T7"PLv)
Os,|  (ePb) (FPyv) ) o
Os, (&PLb) (FPrLv) (1,2)1/2  (Aa@rdro + Mudrurited' + Aelrerd)
Or | (co"” Prb) (Tou, Prv)

/ 3,3 A LU
OVL (TVMPLb) (cnyPLz/) —— OVL < ( )2/3 qLTYutL

i \d iz

O | (FyuPrb) (6y'PLv) +—  —20s, >(3, 1)2/3 (Aqryule + Adryuer)U
OiqR (?PRb) (EPLI/) —— _%OVR )
Os, (TPLb) (cPrLv) +— —305, —:O0r (3,2)7/6 (ANarlr + Aqriteer)R
Or | (Fo" Ppb) (o PLv) «— —60g, + 301
OV, | (TyuPrc?) (?W“PLV) — —Ovy, ) ) )
OV, | (FyuPre®) (04" PLv) «—  —20s, (3,2)5/3 (Adryulr + A g yuer) V"
05, (TPRrc) (b°PLv) — 20y, < (3:3)1/3 AqrimeTlL S
04| (FPLef) (°Pv) > —10s, + LOr >(3’ Lz (AZiimte + Atizen)S
O&lﬂ (7_'O'MVPLCC) (I_JCO'/WPLV) — —6OSL — %OT

From Freytsis, Ligeti,and Ruderman, arXiv:1506.08896

Comment: neutrino SM-like!



