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Motivation

@ Despite its tremendous success, SM can be regarded as a low-energy
effective theory of a more fundamental theory

@ No direct evidence of NP either in Energy frontier or Intensity frontier
@ There are a few open issues, which can not be addressed in the SM

o Existence of Dark Matter = New weakly interacting particles

o Non-zero neutrino masses = Right-handed (sterile) neutrinos

o Observed Baryon Asymmetry of the Universe = Additional CP
violating interactions

@ It is obvious that SM must be extended.

@ So the question is How to go beyond the SM and What is the underlying
fundamental theory ?

@ Hopefully, Flavour Physics will provide us some light in this direction
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Possible ways to search for New Physics

@ Searches for NP signature can be performed in two ways
@ The first one is through direct production of new particles in colliders.

@ The second method exploits the presence of virtual states in the decays of
SM particles.

@ Due to QM, the intermediate states can
be much heavier than the initial and
final particles and can affect the decay
rate as well as the angular distributions.
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Possible ways to search for New Physics
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@ The most familiar example is the beta
decay process that probes physics at

the W boson scale.
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@ Flavour observables are quite sensitive to high energy scales through
virtual effects

@ Mismatch between expt results
with SM predictions hints W & Ge
towards existence of NP.

@ Flavour physics can probe NP
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Importance of Flavour Physics

@ Flavour Physics encompasses many of the open questions of the Standard

Model

o Why there are 3-generations of
quarks with hierarchical masses
@ Why the Quark and Lepton mixing matrices are so different

@ Most importantly, Flavour Physics serves as a tool to discover New
Physics beyond the SM.

@ Three Pillars of Flavour Physics:
e The CKM mixing matrix and the Unitarity Triangle
o Neutral Meson Mixing (M° — MO)

o Rare decays: Flavour Changing Neutral Current transitions
(b—s,d)
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Key Ingredient of Flavour Physics

@ The unitary CKM matrix Vokwm relates the weak eigenstates of d-type
quarks to the corresponding mass eigenstates

d ! Vud Vus Vub d
s’ = Ved Vs Veb s
b Vie  Vis Vi b

@ In the standard parametrization, Vokw is:

1 0 0 Ci13 0 51367”SCP C12 s;p O
0 C23 523 0 1 0 —S12 C12 0
0 —s3 o3 —sizecr 0 a3 0 0 1

@ Jarlskog Invariace: J = Im( VsV V5, V) = (’)(10_5)

@ The CKM paradigm explains CP violation but it is really not sufficient to
explain the matter-antimatter asymmetry of the Universe.
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CKM Unitarity Triangle

@ The unitarity condition of CKM
matrix:

ViudVip + Vea Vi + Vg Vip = 0

(0,00 (10)

@ SM analysis shows very good
overall consistency, but still it
allows NP ~ 10%
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Results from B Sector

@ CP violation in B system is established, CKM Mechanism is the source of
CPV = Kobayashi and Maskawa got the Nobel Prize in 2008.

@ Data from B factories are impressive agreement with SM prediction.

@ O(20%) NP contributions to most loop-level processes (FCNC) are still
allowed

@ No clear signal of New Physics, but there are several tensions at the level
of (3—4)o

@ Next-generation flavour experiments will improve the sensitivity by almost
one order

@ Overall, the NP sensitivity extends to

o TeV region for SM-like flavour violation
o (10-100) TeV in less constrained cases
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Lepton Flavour Universality a key ingredient of SM

@ In the SM, the couplings of the gauge bosons to leptons are independent
of the lepton flavour

@ Equal couplings of the W and Z bosons to electrons, muons and taus

@ Yukawa sector breaks the universality, e.g.,
Lsu D YFLELH +hic = me # my, # m,

@ LFU is enforced in the SM by construction and any violation of it would
be a clear sign of physics beyond the SM.

@ Over the years, LFU violation has been searched in several other system
(Z—=e, W—=tv, J/p =0, m— v, K— (m)lv, ---)

@ These measurements provide very strong limit on lepton non-universality
in the EW sector.
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Quick Recap of Recent Anomalies in B-sector

@ However, in last few years there are several measurements, which do not
agree with the SM predictions.

@ These deviations are not statistically significant enough to claim the
discovery of NP. At the same time, they are not weak enough to be
completely ignored.

@ They may be considered as smoking-gun signals of possible NP.
@ Some of these are:

® Rp(+) Anomaly (b — cfv): NP in charged currents

o Deviations in b — suu: P4, BR(B — K™ pup), Bs — éuu (NP in
FCNC transitions)

® Ry(-) Anomaly (Dissolved with the recent data)

@ These anomalies may guide us how to probe or go beyond the SM
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Recent anomalies in the B sector

@ Rpw

_ Expt SM
Rp = (B Ry > Rpe

RYA =0.441 £ 0.060 = 0.066, R = 0.281 + 0.018 & 0.024
REM = 0.299 + 0.003, REM = 0.258 4 0.005.

Rp and Rp- exceed SM predictions by 1.40 and 2.80. With p = —0.43,
the discrepancy is 3.20 between Expt and SM results.

o 04

[ES
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@ About 30 deviation from SM prediction, seen in 3 different expts with
different tagging methods (hadronic and semileptonic).

@ Measurements are consistent with e/u universality Ry = 0.995(45),
REXP" = 1.04(5)

@ In addition Belle also has measured

PP |BxPt — _0.38 £ 0.5192% (SM : —0.497 + 0.01)
FP"|®*P* — 0.60 + 0.08 + 0.04, (SM : 0.46 + 0.04) (1.60 discrepancy)

@ LHCb result on Ry,

BR(B: — J/yTv)
Ryjy=————-""—=071+£0.17+£0.18
/1Y = BR(B. — J/ypuw)
has about 20 deviation from its SM value R,/ = 0.283 & 0.048.
@ 10% enhancement of the tau SM amplitude = LUV in b — cTv as

Ve 1
2 VS

A ~ 3 TeV (Tree level NP)
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(2] RK(*)
o Analogously, one can define the LFU observables in FCNC
transitions b — s¢¢, which loop and CKM suppressed in SM

Br(B — K" pupu)
Br(B — K(*)ee)

Rk =

o SM expectation is Ry ~ 1
o Has been the center of attraction ever since the first
measurement of Rk by LHCb in 2014.
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Summary of Rx measurement pre-Dec, 22

@ Rk = 0.84673%4 which shows 3.1¢ deviation from SM (LHCb Collab.
2103.11769)

BaBar

0.1 < ¢2<8.12 GeV¥/c*

Belle

1.0 < g2 < 6.0 GeV¥/c*

LHCb 3 fb!

1.1<¢*<6.0 GeV¥/c*

LHCb 5 fb!

1.1<¢*< 6.0 GeV/e

——— LHCbH 9 fb'!

1.1<¢*<6.0GeVY/ct
L 1 L L

0.5 1 1.5

14 /50



Latest LHCb result on Rk measurement [arXiv: 2212.09152,

arXiv: 2212.09153]

@ In Dec, 22 LHCb released a reanalysis of R,(«) measurements including
expt. systematics and a tighter selection for electrons

@ LHCb has decreed that the reanalysis supplants previous results

@ The four measurements of Ry~ actually compatible with SM

0.090 0.029
RK[0.1,1.1] =0.994130% (s‘ca‘c)to'o27 (syst),

0.093 0.036
RK[TJ-M-I] = 0.927"5 057 (Stat)toms (syst),
0.042 0.022
Ricp.1.6 = 0.94974 041 (stat) g5, (syst),
0.072 0.027
RKﬁ-LG] = 1.027g.065 (stat)glgzs (syst).

LHCb Rk lowg® = 099445081
Ry central-g? = 0.949%301
Rie lowg? = 0927700

Ryg- central-® = 1.02737%

I f
I 1 1
1 SDI:/‘IM =16,p=0812,0=02

Ry low-¢? Ry contral-q? Ry low-q* Ric- central-q?
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Dynamics for B® — K*0utpu~

The decay distribution of B — K*°(— K)¢{ described by 3 angles (8/, 0k, ¢)
and ¢?

1 d*'(fr+r) 9 3 iy )
= = — | =(1 - F F,
d(l +T)/dq? dquﬁ 307 [ ( 1)sin® Ok + Fpcos” Ok

4
1
+Z(1 — F1)sin® Bk cos 26, — F cos” Ok cos 26, " x Kt \
B,

0
a \0K

+S35in? O sin® 0, cos 2¢ + Sy sin 20 sin 20; cos ¢
+Ss sin 20k sin 0 cos ¢ + %AFB sin? O cos 0, 5
+57 sin 20k sin 0; sin ¢ + Sg sin 20k sin 26, sin ¢ Q=

+Sg sin? O sin® 0, sin 2(1)] (cos 6, cos Bk, )

/ S4,5,8 / 57

Plog———2%%8 _ pr_ 2
52T R - F) T VRQ-FR)
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FFI observables in BY — K*0¢¢
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FFI Observables in B** — K** ™ PRL 126, 161802 (2021)

15 L5 -
LHCb
1F B 1F —+ Data 9fb" .
SM from DHMV
05F | s 5 77} SM from ASZB ]
e
0T ==L= it — T
osf # i LHCb ] i ]
—+ Data 9fb~"
aF SM from DHMV ] 1
77} SM from ASZB
15 , . . | |
135 5 10 15 10 15
¢ [GeV¥/ct] ¢ [GevY et

@ 30 deviation for P> in [6-8] GeV? bin, while P{ broadly agrees with the
deviation observed in B® — K*%ut ™.

@ Considering 20% deficit in SM muon channel

A ~ 30 TeV (Tree level NP) (4\/% Vs. %
0
Vts 1

A ~ 3 TeV (One — loop NP)

(amy2ve 7 (an)eA?
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Differential decay rates of b — sy~ deacy modes

LHCb B — K*0utp~ [JHEP 11 (2016) 047]

LHCb BY— gpup~ [arXiv:2105.14007)

LHCb Bt — Kt~ [JHEP 06 (2014) 133

_o1spl0? x 10" WEICSR  Lattice --Data
e i ' < uf T IR & j
E LHCb t 1f LHOH Lo on | > s B K w7
4 12 SM (LCSR+Lattice)
E o 18 mU SM(LCSR) g 4 LHCb 4
O o SM (Latiice} :
= 2 s | =
o Ih 28, L
3 ] S B B § e ;
00 4 1z ” = T
—+1 1 & F E
£ 13
5} n n L L
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22 [GeVict) ¢*[GeVc?] ¢ [GeV¥ch]

CMS B® — K™y~ [PLE 753 (2016) 424]

cus 205" (8TeV)

F [_1(SM,LCSR )
[J(SM, Lattice )

4B1dq (107 x Gev)

LHCb BY— K%t p~ [JHEP 06 (2014) 133]

B CSR Lattice -e-Data

LHCb A9 — Aptp~ [JHEP 06 (2015) 115

s B’ Kouu 7 S ::i 3
<} LHCb { £
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@ Data consistently below SM predictions, particularly at low-g? region

@ Tension at the level of (1-3)0, sizable hadronic theory uncertainties
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Anomalies in b — sy transition (2311.14647)

Recently Belle Il reported the BR for BY — KT v using 362 fb™ " data
with Hadronic and Inclusive Tagging

B(BY — K'vi) = (2.3 4 0.5(stat) %5 (syst)) x 107°
which has 2.70 deviation with the SM result.

Combining this with previous data gives the new world average:

B(BY - K'wvi) = (1.3+0.4) x 107°

Precise SM prediction, does not suffer much from hadronic uncertainties
B(BT — K vi) = (5.58 £ 0.37) x 10°° (HPQCD Collab)

including the long distance contributions (0.61 & 0.06) x 10~°.

Attractive scenarios: Additional decay channels with undetected final

states, e.g., sterile neutrinos, dark matter, long-lived particles

Light sterile neutrinos are well motivated and occur numerous minimal

extension of SM
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Summary of B — Kviv Measuremen

SM Average
0.037 ‘] 3404

: —— Belle 1I (362 fb'!, combined)
1 23+0.7 Th ysis, preliminary

H 1

E__o.l__l Belle TI (362 fb!, hadronic)

H H 11411 Th rsis, pr oy

: : —_—— Belle TI (362 fb!, inclusive)
1 27+0.7 Thi ysis, preliminary
1

_i_o_ Belle II (63 fbl, inclusive)

)+ 1.5 PRL127, 181802

Belle (711 fb™!, semileptonic)

1.0+0.6 PRD96, 091101

-
L e Belle (711 fb', hadronic)
1

29+16 PRDS87, 111103

H 1
—r— ! BaBar (418 fb'!, semileptonic)
E : 0.2+0.8 PRDS2, 112002
_lo._ BaBar (429 fb™!, hadronic)
H ] 1.5+1.3 PRDS87, 112005
i P I T R R R
0 2 1 6 8 10

105 x Br(BT—K " vp)
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List of Anomalies in Flavour sector

B(BT — Kyt p) [1.1,6.0] —
B(Bt — Ktete) [1.1,6.0] e
B(Bt — Ktvi) —_—
B(BY = ¢ptp—) [1.0,6.0] ——
B(BY = ¢getem) [1.1,6.0) —
B(B) = prpm) o e
B(B" = yitp) —_—
PYUB" — K0t ) [2.5,4.0] —
PYB" — KOt ) [4.0,6.0] - —
A
Pull in o
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List of Anomalies in Flavour sector

Rg [0.1,1.1] f———
Ry [1.1,6.0] —_—
Rig [1.1,6.0] —_—
R0 [0.1,1.1]  ——o——
R [11,6.0] ——e——
Riee+ [0.045,6.0] — —
Ry [1.1,7.0] A —_———
Ry [0.1,6.0] o —_—
Ry [1.1,60] - — o—
R(D) ————
R(D*)— —_—
R(J /) — _—
R(A) A —
I
0 1 2 3
Pull in o
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How to address the Anomalies in b sector

@ As seen, the NP scales are quite different for the CC b — cfv and NC
b — sl{ transitions if the effect of NP is considered at tree level for both
the processes. So tree level contribution with single mediator like W’ for
b — c and Z’' for b — s will not work.

@ However, if NP contributions arise at tree level for CC and at loop-level
for NC, then the scale could be same for both processes

@ First step: To construct effective Lagrangian which might explain
experimental data

@ Next, to find the new particles which can mimic effective Lagrangian

@ Need to check all other low energy flavour constraints, electroweak
observables, including direct searches for NP at LHC

@ Construct the consistent model for NP of your choice !
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Effective Field Theory Approach

@ In order to explain these deviations, one can perform a model-independent
analysis by considering the relevant effective Hamiltonian

@ Additional NP contributions are often assumed to be real, as there have
been no signs of CP violation in these processes.

@ Under these assumptions, a specific scenario of NP is defined by adding
NP contributions to some of the Wilson coefficients

G=c™M4+ "
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Effective Field Theory Approach for b — c77 -

@ The effective Hamiltonian responsible for the CC b — c77) quark level
transitions is
HOC —
eff \/§
@ The corresponding dimension-six effective operators are given as
Ov, = (&7"b) (Fyuvn),  Ove = (E&Y"br) (Fryuvn),
Os, = (erbr) (Frvn),

OIT (ERO'W/bL) (7_'R0';WVIL)

Os, = (&br) (Frw)

53

153

oo T vL

1% 9
CL

s

4G
S Ve[ (81 + €Y, ) O + €l O, + €4, 08, + €405, + CrO%]
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Global Fit to NP Couplings

@ Global fits are performed by various groups including the measurements
on Rp, Rp+, ¢* deferential distribution, FP", B(B. — Tv).
1903.10486,1910.09269, 2002.05726, 2002.07272, 2004.10208 - - -

In addition to global minima there are are also local minima.

Min 1b Min 2b Min 1b Min 2b

B(Be = v) 10% 30%
x%o/dof. | 37.6/54 | 42.1/54 37.6/54 | 42.0/54
Cv, | 01atlt| 04t | o140t | oa0rel
Csp 0.0913:38 | —1.155088 || 0.0943:33 | —1.34405T
Cs, | —0.09%537 | —0.347515 || —0.09%53} | —0.18¥057
Cr 0.024955 | 0127567 | 0.02%058 | 01175

1904.09311
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Bottom line

@ Oy, has the same Lorentz structure as SM hence Rp and Rp~
proportional to (1 + Cy,)?: Preferred scenario

@ Oy, Rp o< (1+ Cy,)? whereas Rp+ o< (1 — Cy,)?, hence not possible to
find a common solution to both Rp and Rp=.

@ Os, and Os, predict large branching ratio for B. — v, hence
constrained by B. lifetime.

@ Large value of tensor operator predicts small FLD* but provides a decent
description to data. However, such operators not easily generated by NP
theories at EW scale. In some cases they appear due to RG evolution from
EW scale to b quark scale, with strong correlation with scalar operators
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Effective Field Theory Approach for b — st/

@ Compared to b — clvy, b — sl{ transitions are richer due to large no of
observables

@ The effective Hamiltonian describing b — s¢* £~ process

4G

Heﬁ = \/»

voVi| S cmos Y (cuo+ C/(u)Of)} -

i=1 i=7,9,10,5,P

Full theory Effective description
b ' )t T s b > Q > s

\‘ ‘/lr ’ ’
SRR I _) no

+  Analogous to the beta-
decay 4-point interaction.
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Effective Lagrangian for b — s¢— (7

@ The effective Hamiltonian mediating the NC leptonic/semileptonic
b—stte™

4G
7

where O;'s are the dimension-six operators:

1w = vl S amwos Y (ot Giol)

i=1 i=7,9,10,5,P

Qem | - Y

oy = o [SJW (msPyr) + mbPR(L))b] F,
Olem Qem Z

o) = an (sv“ PLr) b) (Tyut),  Off = 2 (57" Puryb) ((rs0)
Oéem _ Oem [ 7.

@ The primed as well as (pseudo)scalar operators are absent in the SM and

can be generated only in the BSM theories.
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Grobal-fit Results (1D)

@ Good fits obtained along the direction Cé\LP = —Cll\éf:, arises naturally in
models obeying SU(2), invariance

All LFUV

1D Hyp. Best fit lo/20 Pullgy | p-value || Best fit lo/20 Pullsy | p-value
—1.20,—-0.91 —1.06, —0.60

ciy 06 | L ’ V70 | s05% | -0s2 || ’ I 40 | 360%
[~1.34,-0.76] [~1.32,-0.39]
—0.52,—-0.37 —0.46,—0.29

ChF = —CNY, || -0.44 [ 1 62 | 228% || 037 || ’ I 46 | 680%
[~0.60,—0.29] [~0.55,—0.21]

—1.25, 0. —2.13, 0.

CFY = —Cyp || -111 [1.25,-096] | ¢ | 28.0% || -1.61 [-213,-096] |, 9.3%
[~1.39,-0.80] [—2.54, —0.41]
—1.03,-0.7 —0.78,—0.44

chP = -3¢ | -0.89 [~1.03,~0.75] 6.7 | 322% || -0.61 (078, -0.44] 40 | 36.0%
[~1.17,-0.62] [~0.97,-0.29]

Best fit values for new WCs: 2104.08921
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Status of New Physics with updated data [arXiv: 2212.10497]

@ The updated results are fully compatible with SM predictions, no longer
provide evidence of a u/e universality violation

@ The global fit results in (C2***, C5#*), assuming no NP in the electron
channel

By = pp lo
—— Ry & Rg- 10,20
154 b— sup lo, 20

flavio

"220 -15 -10 —05 00 05 10
bspp
Cy
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@ Slight tension between the best-fit regions preferred by LFU ratios and
the b — spuu observables

@ This tension can be resolved in the presence of LFU NP, which
contributes only to b — s but not R+

iv bspup b.
@ Case-l: (G™Y, AGS " = —C3'),
b: iv. b. iv
where Cgsup — Cgunn + ACgs;Lp and Cgbsee — Cgum\
~1.04 Bs = pp lo
—— Rk & Rg- 10, 20
_08 b— spp lo, 20

—— rare B decays 1, 20, 30

o The best-fit values are

G = —0.64 +0.22

Il
AP = —Cl = —0114£006 ¥ ’”'7@/
0.0 4
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Gauged L, — L. Model with Scalar LQ 5;(3,1,1/3)

@ 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

@ However, for L, — Lg anomaly cancellation does not require any extra
chiral fermionic degrees of freedom.

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

34/50



Particle Content of L, — L, model (RM et al, PRD 105, 015033)

y Field | SUB)c x SUQR). x UL)y | UMW), 1, | 2
Fermions QL= (u,d)] (3,2,1/6) 0 +
UR (3,1,2/3) 0 +
dr (3,1,-1/3) 0 +
b =er, pur, TL (1,2,—1/2) 0,1,-1 +
lr = er, IR, TR (1,1,71) 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)z, 1, model.
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Lagrangian of the Model

The Lagrangian of the present model can be written as
_% (Wi W+ B B Uy 07 4 25in B0 V')

_ 1. = b (en 4f fr e
L= —5MeNEN, — 2 (NuNM@ +h.c.) > (NEN. 62 + hic.)
1 .
M,ir (NEN- + NEN,)— > (Yi(€)diNis + h.c)

2
I=e,p,

— " (var dgSiNu +hec.),

q=d,s,b
Lot = —8urBYV 11V + 8™V TV — 8urPa 7" (1 = V) Vi

+8ur 77 7" (1 = ) Vi —8ur Ny V" v° Ny + gz N- Vv N,

/

/
ES:‘<iau_%Ta'WZ_%Bu)77 3

+ ’ (ic”m — 2gur \7#) <Z>2‘2 — V(H,n,é2,51).

2
+ ’(Iau — ééu +g/,rr Vu) Sl

2
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Scalar potential

@ The scalar potential V is expressed as
V(H,n, ¢2,51) = V(H) + tian"n + An (HTH) (') + Ay (nn)?
N ()0 ) + 250 () 4+ ] + 4 (0h) + Aol0hi)’
+H3(S11S) + As(S1151)” + [na(9102) + Aus(S] )] (H'H)
+ Aso(03602)(S17S1) + Ao (6162) (1™ n) + Asn(S17S1)(n"n).

@ SSB occurs when the scalars get their VEVs: (¢,) = % , (H)
5U(2)L X U(l)y X U(l)LH—LT —— SU(2)L X U(l)y - U(l)em
@ We have ,u%,p% > 0 and the masses of the SLQ and inert doublet 7 are

- v
V2!

M_%l = 2u3 4 Ausv’ + Aspvs
Mi. = g+ XgV? /24 Aovs /2,
2 2 / "oy 2 2
M2 = 1+ (Arag + Moy o Ao VP /2 4 A3 /2.
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Gauge mixing

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

(B)-(2 =) (%)

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

2 2 1 2 2
. tg’v —388'v tgg’tanxv

1 2 1,2 2 1,2 2

Mg = —388'v 587V —3g8tanxv
lgg'tanyv®  —1lg”tanxv?  2g7, secy*V?

@ Diagonalization of M2 gives the masses of the physical gauge bosons
Mz = M3, cosa’ — M sin 2a + My sin o’
M3, = Mz,,, sina® + M sin 2a. + M cos a®,
a= ltan71 [2 oM ] .
2 Mg — M3,
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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

M,%:(

matrix

U MU = diag [Miy,, M),

with ¢ = 1tan™! (

@ The lightest fermion mass eigenstate N_ considered as probable DM

2AH V2
AHo VV2

>\H¢ vVvo

2X¢ V2

/\H¢> Vv

)\¢V22 — )\HV2

L1" V2
My=|v2"
) ) N ( M/m—

candidate, and My, as the SM Higgs

M,
\%f,— %] ’

One can diagonalize the above mass matrices using a 2 x 2 rotation
Ul MyUs = diag [M—, M4],

)’ﬂ:%t“l((

fr— £)(/V2)

2M,.,

)

Ms,

M,

M,

My,

sin 3

sin ¢

X

1200

500

125

500

1/2

1073 —102

103

o x 10*
4.83 — 4.85

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

are in

GeV).
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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_ = uf, 77, VU, v+Ur (s channel Z’ and 7 portal)
— dd, s5 (t channel SLQ(S;) portal)

@ DM relic density is computed by

Qe 214x 10°Gev~! 1 Jxg) = /°° (ov)(x) dx
g+1/2Mp  J(xf)’ xf x2 .

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

Gy =0.004
2.
10 .
20
1 P
.o
. < 15 e
3 .
g o ) e
= >
0.010 10 o
ar®
0.001 Mz =3 Gev osfa- "
— Mz=4Gev
107
10 12 14 16 18 20 22 24 1 2 3 a 5 6
M. [GeV] Mz [GeV]
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Detection prospects

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

2 2
yipcostB
£8P~ _TARTE TN SN ) (Gyantq),
eff 4(M§ — ME)( A )(qfﬁb'y q)
1
and the computed cross section is given as
- 2 cos* 3

2
IsD = - (M2 — M2 [VarDd + yipDs]) " 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.

Logo(o'so)
& &
8 8

!
&
&
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Constraints from Flavour sector

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

4G
Hesr \/—FthV{E Z mOoi+ > < )O; + C/(1)O, )}
i= i=7,9,10
€ = v
Oy) = ﬁ |:SU;“, (msPL(R) + mbPR(L)) b] FH s
Qlem ,_ - Oem T
of) = SR Pumb ), Ol = S (5 P b)(Funs))

@ Following one loop diagrams provide non-zero contribution to the rare b — sl
processes (2nd and 3rd diagrams o qui/Mél)
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@ Z’ exchange penguin diagram gives the transition amplitude of b — s/l process

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

which provides additional primed Wilson coefficient

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

Vb (X—) X+) >

Vb (X—, X+) is the loop function and x+ = M%r/Mgl.

@ As only CéNP involves, Bs — puu(77) won't play any role in constraining the
new parameters.

@ Absence of Z'ut coupling = LFV decays like B — K(*)/n', T — py and
7 — 3p are not allowed
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@ Thus, using Rk /Rk= and Br(B — Xs7y) observables, the g+, Mz and the
Yqr> M- allowed regions are shown below

0.010

0006 0.100§
5

9,

Yar

0.004; 0.010

0.002}* 0.001

1 2 3 2 5 6 0.0 05 1.0 15 2.0 25
My [GeV] M. [GeV]

@ The allowed range of all the four new parameters consistent with flavor
phenomenology

Parameters YaR 8ur M_ (GeV) Mz (GeV)
Allowed range 0—-20 0—0.01 0—-25 1-6

Table: The allowed regions of yqr, gur, M— and Mz parameters.
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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, M
Hefr = ﬁF Vi Vie (CLO[ + CrOR) + h.c.,

where

o = Tm (3rYubr) (7" (1 =7s)v), O = %'T“ (5Lyubr) (09" (1 = 75) V),

Cl = —X(x)/sin’ 0, ,  X(xt) = Xo(xt) + Xl(Xt)
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@ The branching ratios of B;) — K*(¢)v and their corresponding
experimental limits are

Decay process ‘ BR in the SM ‘ Experimental limit
B® — Ky | (4.534+0.267) x 107° <2.6 x107°
Bt — Kty | (4.940.288) x 107° <1.6 x 107°
B® — K*®up; | (9.48 +0.752) x 10~° <1.8x107°
Bt — K**yp; | (1.0340.06) x 107° <4.0 x 107°
Bs — ¢uiiy (1.240.07) x 107° <5.4x 1073

@ In this model, the additional process involved is

b — s + missing energy = b — svv + b — sN_N_
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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 = Y ()[a(ps)y" (1 + s ulpx )7 (p2) v u(pr))]
where

CNP( 2) 1 yngf” cos 23 cos arsec x
9)= 5p2 q*> — M2,

VSb(X*? X+) ’
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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 ‘ YaR ‘ 8ur ‘ M_ (GeV) ‘ Mz (GeV) ‘
Benchmark-I 2.0 0.002 1.7 4
Benchmark-II 2.0 0.008 1.8 4.8

Table: Benchmark values of yqr, M_, g, and Mz parameters
used in our analysis.

48 /50



Predicted Results for b — s+ F decay modes

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

GeV2.

’ Br(b — sE) ‘ Benchmark-I ‘ Benchmark-II ‘ Experimental Limit ‘
Br(B® — K°E) | 0.645x107° | 0.457 x 10° <2.6 x107°
Br(BT — KTF) | 0.697 x 107> | 0.516 x 107° <1.6 x107°
Br(B® — K*F) | 1.271x107° | 0.981 x 10 <1.8x107°
Br(B™ — K*"F) | 1.381x107° | 1.066 x 10~° <40x107°

Br(Bs — ¢F) 1.618 x 10~° 1.24 x 107° <5.4x1073

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

@ Current anomalies in the Flavor sector provide an ideal platform to look
for New Physics.

@ They have huge impact on model building and also in the searches new
particle like Leptoquarks and Z’.

@ Building a viable model which accommodates the observed B anomalies
and consistent with all other measured flavor observables is difficult.

@ Models with leptoquarks seem to address the anomalies along with some
additional assumptions.

Thank you for your attention!
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