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Outline

@ Status of the Anomalies

o b— cly,
o b— slti~
e b— svv

@ Motivated by BT — KTvv anomaly: Signature of sterile
neutrino in Effective Theory
© Dark sector in rare decays to Invisible states

@ Correlation between b — sff anomaly and Dark sector

@ Conclusion
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Anomalies in CC b — c/v transitions
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Ry =0.357 £ 0.029, RYA =0.284 +0.012
REM = 0.299 + 0.003, RSM = 0.258 4 0.005 .

Rp and Rp+ exceed SM predictions by ~ 20. With p = —0.40, the discrepancy
is 3.340 between Expt and SM results.
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FCNC b — sl/: A wealth of Information

leptonic decays

radiative decays baryon decays
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Anomalies in NC b — s// transitions

Ry

@ In Dec, 22 LHCb released a reanalysis of R(«) measurements including
expt. systematics and a tighter selection for electrons [2212.09152,
2212.09153]

@ The four measurements of Ry(.) actually compatible with SM
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FFI observables in BY — K*0¢¢
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FFI Observables in B** — K** ™ PRL 126, 161802 (2021)
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@ 30 deviation for P, in [6-8] GeV? bin, while P; broadly agrees with the
deviation observed in B® — K*%ut ™.
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Angular analysis of B® — K*0ete
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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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Courtesy: W. Altmanshoffer, FPCP, 2025
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Global deviation from SM over all b — suu

Highest experimental precision in
b — sutu~ decays

Combine branching fraction and
angular information for all
experiments and measured

b — sutu~ modes

4-50
-2 : ' Disagreement with SM at level of
\BCDMN23 4'56

Courtesy: E. Smith, FPCP, 2025
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Anomalies in b — sy transition (2311.14647)

@ Recently Belle Il reported the BR for BY — K"vi 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) = (1.4+0.4) x 107°

@ Precise SM prediction, does not suffer much from hadronic uncertainties
B(B* — K*vp) = (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
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List of Anomalies in Flavour sector
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B(BY = ¢getem) [1.1,6.0) —
B(B) = prpm) o e
B(B" = yitp) —_—
PYUB" — K0t ) [2.5,4.0] —
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New Physics in b — svr with sterile neutrinos (2309.02940)

@ Attractive explanation of the excess in Bt — K™ +inv is an additional
decay channel with undetected final states, like sterile neutrinos, Dark
Matter, Long-lived particles

@ Additional light sterile neutrinos are particularly well motivated,proposed
as an explanation of R(D(*)) anomaly by introducing new decay channels
B — DYrN

@ We consider SMEFT extended by sterile neutrinos (V'SMEFT)

o Take into account additional decay channels due to vs/N

o lIdentify the viable regions of parameter space which explains
BT — KT +inv. excess, consistent with the non-observation of
the other three B — K®)+inv. modes

o satisfy the limits on invisible Bs decays and measurements of
CC B — D™)fu decays.
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Effective field theory framework

@ The dim-6 operators ¥YSMEFT which contribute to b — svv at tree level:

£ = C(QuQ)(N"N) + C™(dyud)(Riny" V)
+ C*NNI*NYenps(R°d) + CNU (L0 N)ews(QP o d)
@ Assigning lepton number +1 to N, all four operators are lepton number
conserving

@ Only a few operators in LEFT are generated at tree level from the set of
vSMEFT operators

@ The relevant interactions for b — svv and b — cfv processes are
VLX A VLX SLL SLL TLL A TLL
L= coN + (ciold + ciiol
X=L,R

VLL ~VLL SLL SLL TLL ATLL
+ Cueduouedu + Cueduouedu + Cl/eduouedu + hC)
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Effective field theory framework

The effective operators

Oud* = Tryuv)(dxydx) , Opd- = (Vin)(drdr) . Og" = (Viouw)(dro™ dy)
TLL

Oyedu = (VL’V#eL)(dL’y UL) uebu - (ﬁeL)(diRuL) ’ OVédU = (VLONVeL)(dRU UL) .
The measured values of b — svv mediated processes are

BR(B" — K* +inv) = (1.4+0.4) x 10°

BR(B® — K° 4 inv) < 2.6 x 10°

BR(B® — K*O +inv) < 1.8 x 107°

BR(BT — K*" 4 inv) < 4.0 x 107°
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Some Results

Figure: All Wilson coefficients are fixed to C = 0.01 TeV ™2 at =1
TeV. The solid lines are for massless sterile neutrinos and the dashed line
for a sterile neutrino of mass m; = 1.5 GeV.
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Some Results

—— B K* +inv
— B> K°+inv

— B K* +inv
— B" > K% +inv 10-3
0 1 2 3 4 0 1 2 3 4
my (GeV) my (GeV)

Figure: Effect of single operator on BT — K*vv as a function of sterile
neutrino mass. Vector operators ORN with sterile neutrino masses of

my 2 1.5 GeV can explain the observed excess. The most promising
explanation of the observed excess is provided by scalar operators OFNQd,
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Some Results

1074
N N
B R
£ o
By X
T 7105
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Figure: Dependence of BR(B™ — K*vv) on the scalar Wilson coefficient

C2Lll§3Qd. The region to the left of the vertical green and red lines is

consistent with B® — K*%vv and thus the scalar operators are able to

explain the observed excess.
20/ 44



UV Completion

@ The most straightforward UV completion of the scalar operator O*N® js
provided by a second EW scalar doublet n ~ (1,2, f%) with its Yukawa
interactions

LNy, Qioan™d.
@ Integrating out the scalar doublet 7 results in the scalar operator QLN

@ However, it also generates the 4-fermion operators (L, L)(N~y*N) and
(@7, Q)(dv,.d) which contribute to Bs — B mixing and charged lepton
decays ¢; — £; + inv

@ The required size of t C*N94 ~ 0.02 TeV =2 requires the doublet scalar to
have a mass of at most O(7) TeV for Yukawa couplings of order unity.

@ The vector operators can be generated using leptoquarks,
eg. S ~(31, %) LQ leads to the operator O via its Yukawa
interaction N¢<S:d.
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L, — L. Model with Scalar LQ $;(3,1,1/3) (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
@D*;UEjWWM%M+@ﬁJ%M+U

@ 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 * v v v v
Herr = ﬁF Vi Vi (CL O} + CKOR) + h.c.,
where
v Qem ,_ — v Qlem ,— —
OF = 7= Gryub) (77" (L= s) v), - Ok = 7= (Styubr) (77" (1 = 75) ),

Cl = —X(x)/sin*0n .,  X(x) = Xo(x) + %:_Xl(xtL

@ In this model, the additional process involved is

b — s 4+ 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.
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Le — L, model with R, Leptoquark : arXiv:2409.16961

\ Field | SUB)c x SUR)L x UL)y [ UM)r—1, | 2 |
Fermions | Q. = (u,d)] (3,2,1/6) 0 +
ur (3,1,2/3) 0 +
dr (3,1,-1/3) 0 +
lol = (l/a,a)l_, (1,27—1/2) 1,-1,0 +
lr = QR, (1,1,—1) 1,—1,0 +
Ne, Ny, N, (1,1,0) 1,-1,0 | —
Scalars H (1,2, 1/2) 0 +
n (1,2, 1/2) 0 -
b (1,1, 0) 2 +
R (3,2,1/6) 1 -

Table: Fields in the chosen U(1)r,—;, model.
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Dark Matter Relic Abundance

@ The relic density of the light DM (N1) is computed via freeze-out mechanism
through the following decay channels:

NiN1 — u~u", e"e’, vuDy,, vele (s channel Z’ portal)

1/3

5 (d,s,b)(d,5,b), (u,c,t)(d,E 1) (tchannel LQ(R 3, Ry*) portal)

@ DM relic density is computed by

Qe — 107 x 10°Gev—1 1 Jxp) = /°° (o) 4
g *1/2 MP/ J(Xf)’ Xf X2 '

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

Ny qn Ny q
\// \// M (1 €5 v, ve)

' :

— ] -
3] R22/3 H
] ]

/\\ 7
N 7 s

Ny (ji, €, VU, Ve)

Ry

7
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Constraints from Flavour sector

@ Z’ exchange penguin diagram gives dominant contribution to b — s/l process

1 Yirn82u(sin26)” R(a, b)

 (4n)? 4 m2,

M= [5(p" )" Pb(P)[E(q2)vet(an))],

which provides additional primed Wilson coefficient

1 V21 YigwEe
4m 4G,:m22, Qem th\/tL

*
S

NP _
Gy = -

R(a, b), ,

. - iy iy
R (a, b) is the loop function with a = —% and b = —2.
nm m

LQ
@ We include all the observables associated with b — spuu transitions for
constraining the NP parameter space
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Allowed parameter space from Flavor and Dark sectors

Planck allowed

0.5 35
. o PICO allowed
0.4} Tri 30
- e PICO excluded
25
5 0:3F e Flavor consistent
o 2.0
[>) g
0.2} 15
0.1} 1.0
0ol Tatt s AR
0 500 1000 1500 2000 g0 HEA h
100 200 300 400 500
mz [GeV] My [GeV]

Figure: Allowed parameter space consistent with b — suu observables
and Dark Matter sector.

’Parameter ‘ YqRN ‘ gey,‘ Mz [GeV] ‘ Mp1 [GeV]‘
| Bechmark | 11 | 03 | 671 | 286 |
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Implications in A, — A*(1520)(— pK~){*¢~ decays

@ The four-fold angular distribution for the exclusive
Ap — N*(— pK™)¢T£~ decay mode can be expressed as

B 3
dq?d cosf,d cosOpxddp 8

[(ch cos Oy + Kice cos® O + Kiss sin? 95) cos® O
+ (ICzc c0s 0y + Kace cos® 0y + Koss sin® 9@) sin® Op-

+ (IC3SS sin? 05) sin O« cos ¢ + (IC4SS sin? 05) sin O~ sin ¢ cos ¢

+ (IC55 sin 0y + KCssc sin O, cos 05) sin Op~ cos Oz« cos ¢
(

+ | Kessin6p + Kesc sin 0, cos 6’@) sin Op= cos Op+ sin gzﬁ] .
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Physical Observables

@ The differential branching ratio:

ﬁ = 1 chc + 2}<lss + 2l'(2cc + 4K255 + 2K3ss
dg? 3

@ The lepton polarization asymmetry:

2(K1cc + 2K2cc)

Fu(q®)=1-
L(q ) chc + 2(Klss + K2cc + 2K2ss + K3ss)

@ The forward-backward asymmetry:

3(K1c + 2K2c)
chc + 2(Klss + K2cc + 2K2ss + K3ss)}

Af;‘B(q2) = 5 [

@ The lepton flavor universality violation observable:

_ dB/dq’|,.

2
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Results on Branching Fraction and LFUV
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Figure: Prediction for BR and LFUV Observable
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Results on F; and FB Asymmetry
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Figure: Prediction for F; and FB Asymmetry
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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, Z’, Heavy Neutral Leptons.

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

Thank you for your attention!
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