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Outline of the Talk

@ L, — L model with Scalar Leptoquark
@ Symmetry breaking and mass spectra
© Dark Matter Phenomenology

@ Constraints from Flavour Sector

@ Implications on Rare B decays with F

@ Conclusion



Motivation

@ There are a few open issues, which can not be addressed in the SM, e.g.
Existence of Dark Matter, Non-zero neutrino masses & mixing, Observed
Baryon Asymmetry of the Universe, etc

@ SM must be extended. What is the underlying fundamental theory?
@ No direct evidence of NP either in Energy frontier or Intensity frontier

@ In last few years several anomalies are reported in in b — sf¢ FCNC
transitions, which might possibly suggest the presence of NP

@ Interesting one: Lepton Non-Universality Observable Sizable discrepancies
(> 20) reported by the LHCb and Belle Collaborations in the ratio Ry

Br(B — K™ pup)

Ry (s) =
K™ Br(B = K(ee)
LNU observable SM prediction Expt. value Deviation
Rilg2epo6.0 | 1.0003 & 0.0001 0.846799%)1 (LHCb) 310
Ric |2 e[0.005,1.1] 0.92 +0.02 0.660791% + 0.024 (LHCb) 2.20
Ric|g2e1.6.0 1.00 £+ 0.01 0.685 01> & 0.047 (LHCb) 2.40

R. Aaij et al. [LHCb Collab], 2103.11769, JHEP 08, 055 (2017).



Model description (Gauged L, — L;)

@ The SM has accidental U(1) global symmetries like B and L no.
conservation

@ However, they become anomalous if promoted into a local one

@ The anomaly free situation can be obtained if instead of considering B
and L separately, some combinations between them, e.g., B— L, L. — L,
Le—LrorL,—L;

@ For the anomaly cancellation of local B — L models, one requires 3 RHNs

with appropriate B — L charges

@ Unlike B — L case, the anomaly cancellation does not require any extra
chiral fermionic degrees of freedom for L, — Lg, as anomalies cancel
between different leptonic generations.

@ U(1))r, -1, is less constrained, as the extra Z’ does not couple to
electrons and quarks, = free from any constraints from lepton and
hadron colliders

@ Another theoretical motivation: it can explain the muon (g — 2) anomaly



Particle Content of L, — L. model

| [ Field | SUB)c xSUQ)x ULy [ UMW), -1, | Z
Fermions QL= (u,d)] (3,2,1/6) 0 +
ur (3,1,2/3) 0 +

dr (3,1,-1/3) 0 +

UL = er, e, TL (1,2,-1/2) 0,1,-1 +

lr = er, R, TR (1,1,—1) 0,1,—-1 +

Ne, N, N» (1,1,0) 0,1,-1 | —

Scalars H (1,2, 1/2) 0 +

n (1,2, 1/2) 0 -

@2 (1,1, 0) 2 +

S (3,1,1/3) ~1 —

Gauge bosons | W, (i =1,2,3) (1,3,0) 0 +
B. (1,1,0) 0 +

V, (1,1,0) 0 +

Table: Fields and their charges of the proposed U(1)., 1, model.




Lagrangian of the Model

The Lagrangian of the present model can be written as

o 3 (W 4 B B 4 0 V7 4 25in B V),
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Scalar potential

@ The scalar potential V' is expressed as
V(H,n, ¢2,51) = V(H) + pin'n + Ay (H H)(n™n) + Xy ()
N ()0 ) + 250 () 4] + 4 (04) + Aol0h)’
+3(51151) + As(S1151) + [Ano(6162) + Aus(S!S1)] (H'H)
+ Aso(0362)(S17S1) + Ao (6162) (n'n) + Asn(S17S1)(n"n).

@ SSB occurs when the scalars get their VEVs: (¢») = % , (H)= 7
5U(2)1_ X U(l)y X U(l)L‘quT — SU(2)L X U(].)y — U(l)em

@ We have ,u%,pi— > 0 and the masses of the SLQ and inert doublet 7 are
M3, = 245+ sV’ + Aspvs
M2, = 4 MgV )2+ AV /2,
2 _ 2 / noy o2 2
M. = pg+ (Atn + by £ Miy) vE/2 4 Apgvs /2.



Gauge mixing

@ For the mixing of U(1)y and U(1)r, -1, gauge bosons, we consider the
GL(2, R) transformation

@L (1 sin x B,
V,) “\0 cosx V.)"

@ Thus, the mass matrix of gauge fields in the basis (W, By, V,,) as

%gzv2 — teg’ v2 égg'tan)(v2
M(Z; — _ %gg/vz 7g/2v2 _ 1g/2 tan sz
1gg’ tanxv? tg”tanxv®  2g;,sec v

@ Diagonalization of M2 gives the masses of the physical gauge bosons

M3 = MZSM cosa® — §M?sin 2o + Mvsma ,
M2, = MZSM sina® + M?sin 2o + M\—/cosa ,

Ll 2 5M?
a—2 n 7,\/’2 M2 .

Zsm



Scalar and Fermion mixing

@ The CP-even scalars h and ho as well as the heavy fermion states N, and

N: mix with the mixing matrices given as

Mf,:(

matrix

Ul MEUe = diag [M7,, M3,],

with ¢ = %tan_1 (

2AH V2
)\H¢ vVvo

AH¢ VVvo
2A¢ V22

)\Hd> VVvo

)\¢V22 — )\Hvz)' 5

1 r v
= v2*
) ’ MN ( Ml“'

One can diagonalize the above mass matrices using a 2 x 2 rotation

M.~
\%ﬁ— V2 ’
Ui MyUs = diag [M—, M.],

=ltan™? (
2 (fT_

o)

2M,,

@ The lightest fermion mass eigenstate N_ considered as probable DM
candidate, and My, as the SM Higgs

Ms,

My

M,

My,

sin 8

sin ¢

o x 10%

1200

500

125

500

1/2

1073 —-1072

10-3

4.83 —4.85

Table: Values of the model parameters used in the analysis (masses

are in

GeV).



Dark Matter Relic Abundance

@ The relic density of the light DM (N_) is computed via freeze-out mechanism
through the following decay channels:

N_N_ — pp, 77, vuUy, v, (s channel Z’ and n portal)
— dd, s5 (t channel SLQ(S;) portal)

@ DM relic density is computed by

qp _ 214 x10°Gev ! 1 ) = /°° (o)) 4
g *1/2 MP/ J(X,r)7 Xf x2 '

where x = M_/T and x¢ is the freeze out parameter.

yr =0.004

LT
g oo e
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0.010 1.0, o
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Mz =3GeV L

0.001
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Detection prospects

@ SLQ portal spin-dependent (SD) cross section can arise from the effective
interaction

2 2
yopcosc B -
rSD ~ _JaRT T N naSN 59),
of = a(m2 —ME)( YHy?N=) (G Ve’ q)
1
and the computed cross section is given as

i cos'B

2 2 2
= A As|” Jn(J 1).
osp = (Mél —m2)e [YarAd + yirAs]” In(Jn +1)

@ The WIMP-nucleon cross section via (Z, Z’) portal and ( Hi, H») portal is
found to be very small and insensitive to direct detection experiments.

Log1olo'so)




Constraints from Flavour sector

@ Model parameters of LQ and Z’ couplings can be constrained using R, (~) and
Br(B — Xs7).
@ The effective Hamiltonian mediating b — s/T/~ is

Z )O+Z< (#)Oi + C/ (1) O ):|

i=1 i=7,9,10

4GF
Hexr = 7 Vi Vi

e [z v
Ogl) = @ |:SO';“/ (msPL(R) + mbPR L)) b:| F* 3
Gem ,_ T Gem ,_ T
0f) = SEEMPurb). O = T (5 Pumyb)(s))

@ Following one loop diagrams provide non-zero contribution to the rare b — sl
processes (2nd and 3rd diagrams o qui/Mgl)




@ Z’ exchange penguin diagram gives the transition amplitude of b — s/ process

1 YiR&ir o _
M= ﬁmvsb(X—vX+)[”(PB)’Y (1 JF'YS)“(PK))] {V(PZ)'Yu”(Pl))]y

which provides additional primed Wilson coefficient

2 2
CéNP _ \/i .qung
247 GEtem Vi Vi (g2 — I\/IZ/Q)

Vb (X—» X+) >

Ve (X—,x+) is the loop function and x4+ = Mi/Mgl.
@ Asonly GNP involves, Bs — pu(77) won't play any role in constraining the
new parameters.

@ Absence of Z'ut coupling = LFV decays like B — K(*);w, T — w7y and
7 — 3 are not allowed



@ Thus, using Rk /Rk+ and Br(B — Xs7y) observables, the g,-, Mz and the
Yqr> M- allowed regions are shown below
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@ The allowed range of all the four new parameters consistent with flavor
phenomenology

Parameters YaR 8ur M_ (GeV) Mz (GeV)
Allowed range 0—2.0 0—0.01 0—25 1-6

Table: The allowed regions of ygr, gur, M— and Mz parameters.



Footprints on b — s+ F decay modes

@ In SM, b — s+ missing energy can be described by the b — svv
@ The effective Hamiltonian in SM

_4G * v v vV Vv
Herr = WF Vip Vi (CL O] + CROR) + h.c.,
where
174 acm -_— -_ 1% aCm - -
O = I (Bryubl) (77" (1 —s)v), Or = o (Beyubr) (77" (1 —¥5) v),

Cl = —X(x)/sin* 0,  X(x) = Xo(xe) + %;X1(Xt),



@ The branching ratios of B;) — K*(¢)v and their corresponding
experimental limits are

Decay process [ BR in the SM [ Experimental limit ‘
B® - Ky, | (4534+0.267) x 10°° <26 x107°
BT = Kty | (49+0.288) x 107° <1.6x107°
B® — K*up | (9.48+0.752) x 107° <1.8x107°
BT — K**y | (1.0340.06) x 107° <4.0 x 107°
B — ¢uiiy (1.240.07) x 10™° <5.4 x 1073

@ In this model, the additional process involved is

b — s + missing energy = b — svv + b — sN_N_



Footprints on b — s+ F decay modes

@ The relevant one-loop diagram for b — sN_N_ is

@ Thus, e.g., the amplitude of B — KN_N_ process from the Z’
exchanging diagram is

M = (@) [a(ps)y" (1 + 75)u(pr))I[7(P2) Y u(pr))]
where

CNP( 2)_ 1 nggfw cos 23 cos avsec x
)= 2572 q* — M3,

Ver(X - X+) 5




Predicted Results for b — s+ F decay modes

@ We use two sets of benchmark values of new parameters, allowed by both
the DM and flavor phenomenology

| Benchmark [ yer [ gur | M_(GeV) [ Mz (GeV) |
Benchmark-I 2.0 0.002 1.7 4
Benchmark-11 2.0 0.008 1.8 4.8

Table: Benchmark values of y,r, M_, g, and Mz parameters
used in our analysis.
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Predicted Results for b — s+ F decay modes

@ For Benchmark-I, there is a singularity at ¢° = Mé/, ie., g =16 GeV2
To avoid it, we use the cuts at (Mz — 0.002)? < ¢* < (Mz + 0.002)?

GeV2.
| Br(b—sF) | Benchmark-l | Benchmark-Il | Experimental Limit |
Br(B® — K°F) | 0.645x 10> | 0.457 x 10°° <26x107°
Br(BT - KTF) | 0697 x10° | 0.516x 10 ° <16x10°°
Br(B® — K*™F) | 1271 x10°° | 0981 x 10" <1.8x107°
Br(BT - K*™7F) | 1.381x107° | 1.066 x 10> <40x10°°
Br(Bs — ¢F) 1.618 x 107> | 1.24x107° <5.4x107°

Table: The predicted branching ratios of b — sF processes for two
different benchmark values of new parameters.



Conclusion

@ We explored GeV scale dark matter and flavour anomalies in a U(1).,, ¢,
gauge extension of SM with an additional (3,1, 1/3) Scalar LQ.

@ Relic density is investigated in Z’ portal and the spin-dependent
WIMP-nucleon cross section in SLQ-portal.

@ In flavor sector, the model parameters are constrained from experimental
limits on Rk/Rk= and B — X7.

@ We have shown the impact on rare B meson decays to missing energy,
the observation of these modes would provide strong hints for the
existence of light fermionic dark matter.

@ This simple gauge extension provides an ideal platform to address the
phenomenological perspectives of dark matter and flavor anomalies
simultaneously.

Thank You



