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Standard Model prediction is validated to high precision, however

@ Matter-Anti matter asymmetry

— ne=ns _, 109
> o= 10
© Neutrino oscillation

» Non-zero mass of neutrino

© Dark Matter

> ~ 25% of total energy budget is dark matter
> Observational Evidances: Galaxy Rotation Curve, Gravitational lensing, CMBR
> WIMP, SIMP, FIMP ....

@ and many more.....
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The Simplified Model

Model Lagrangian:

1 1
L =Lsy + Ei(iﬂ —my)x + 58“58”5 — X(Csx + iCpx5)XS
— P(csy + icoypy5)¥YS — V(S, H) + Lyvs .

Where,
Lyvs = —c,, WfWHS—% 7,71
V(S,H) = 35% + 2:5% + 3253 + N SHTH + A\, S2HH,

‘Under Z; ::X—>—X.‘

Yukawa coupling of S-1)-1 re-scaled as (MFV):

- where, ¢ = ‘[gs cp = @

D(Cop + iCpyy5)1hS Gauge COUpllngs e
_ . plings

= mytp(cs +icyVs5)YS. as: ¢, =2micq.

Lipika Kolay FPCP 2024 3 /20 3/20



Contribution to FCNC Vertex

@ b— s — S will be modified as:

> vertex correction
> external leg correction

s S
w
t w—
t
WS s - s
w f b -2 - -
t wt
t

b b

b b

@ Charm and up-quark mediated diagrams are also possible.

@ b—d S and s — d S vertices can be drawn in similar way.
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b-s-S vertex correction

Total diagram contribution:

s 2V2GEM;
L = W (G [b(msPL + msPr)s] + G [b(mpPL — msPg)s])

@ Scalar and pseudoscalar operators
@ (1, G = loop function=- have divergences.
@ Divergences can be absorbed by RGE of coupling (in LLA):

2

3mg m2 2
h+—|c+cclog—- Iog
2m?, m?, m3?’

Gi(N)

t

m2
G(N) L+ — o (— lcp)/og

I, b — Finite part of loop integration, A — cutoff scale
@ We also have b —d — 5,5 — d — S FCNC vertices in this model.
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s b s b
s b />5< > S <
>+ ;
b s b > b s

F1GURE: Feynman diagrams contributing to meson mixing

Generated in 1-loop box diagram in SM: [arXiv:hep-ex/0103016v1]

Mixing observable : mass difference

M| G2 m?
AMI = . —F mg 2 Bg ngmy |V Vi |2 F | —-
Y ms,  6m2 0 B, BB, wlVig Ves| m2,
AMzor = AMspy + AMpp, LHCb'22

B? — B? ~ 9% NP contribution.
By — By & 7.5% NP contribution.
AMyor = AMSM(1 + A) J 10% NP is considered.

_ AMpp _ [Mnpl
A = AMsy with AMpyp = mE
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Wilson Coeffs, Rare and Semileptonic Decays

The low energy effective Hamiltonian for b — s/ : [arXiv:1205.5811]

Her = — ; Vi V; Z C(m)Oi(n) + > (C;(u)Of + C{(u)O,‘)

i=7,8,9,10,P,5,T,T5
2 -
05: (SPRb)(fe), O/S:

2
s (3P, b)(I0),

1672
2

e
1672

2

_ e
1672

Op (5Prb)(ys0), Op= (3PLb)(Lys¢),

Wilson Coefficients:
Co= F T e QN+ QW) G = uﬁﬂﬂm (G + C())

Cs = e%%,%‘mﬂs (G- CGMN), Cr=3 i m(icy) (GL(A) — Ca(N)

ﬁlé

@ From b — sl{ process: branching ratios, Isospin asymmetries, LFUV observables, angular
observables.

@ Performed a global fit, taking updated values of Rk, R+ by LHCb. [arXiv:2212.09152]
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d; ; Br(By — ptp™) = (3.097948 T41) x 107°
s Br(Bo — pp™) = (0.1274% +0.01) x 107°

————— Br(K, — ptp~) = (6.84£0.11) x 107°
Br(Ks — ptp~) <21 x 10710

[PTEP 2022 (2022) 083C01, PhysRevLett.128.041801, PhysRevLett.125.231801]

@ Sensitive to scalar and pseudoscalar operators.

Branching Ratio in BSM scenario [1205.5811]

—\tot » 3 GROZ 2\ M /12 amy,
Br(Bo — w™ ™)™ =7gofgmp o, [Vis Veo| Bu(mi) [ |Cs — C[*(1 — —7)
b B
m m
+|=2(Cp =€) +2—2(Cro — Clo)/P]
mp mp

B[(qz) =4/1- 4m§/q2 , fg — decay constant of By meson.
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Contribution to FCCC Vertex

@ Vertex correction

@ Counter term

Loop Contribution:

gV _ _
L qw = i [Cvidivu(1 — )i + Cvrdiyu(1 + s)u;] W

V2
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Anomalous couplings : t — bW, decay

The general Lagrangian for this decay: [arXiv:1707.05393]

io
ﬁth = —Tb’yM(VLPL + VRPR)th = 7b :IVqU (gLPL +gRPR)th + h.c
w

In this model:

> VL = th in SM. VL — Vtz (1+ CVL),
> Vi, g1 and gr : purely NP. Ve =V, Cur.
95% CL interval
Coupling ATLAS CMS ATLAS+CMS combination
Re(WR) [-0.17,0.25] | [-0.12,0.16] [-0.11,0.16]
Re(gL) [-0.11,0.08] | [—0.09,0.06] [-0.08,0.05]
Re(gr) [—0.03,0.06] | [—0.06,0.01] [—0.04,0.02]
Vi 0.995 + 0.021

TABLE: Experimental limits on the coefficients of left and right handed vector, tensor current

int — bW, decay.
[PDG:2022,2005.03799,2004.12181,1612.02577)
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FCCC Process: Semileptonic decays

Differential decay rate

or(p - Mevy) _ GElWVaugl” , m 2 M\ e 2, 3T 2
) = 3 9 Am(q?) 1—_2 |14+ Cvi + Cyrl 1+ — | Hy o +=-—Hy, .
dqg 7r3mP q 2g° o 2 g g

Branching fraction

m 2

Viid; (1 + Cui = Cug)

=N

B(P — bvg) = ;—Pmpmifgc,% (1 -
us

y

@ Will impact the overall normalisation, not the g2 shapes.

m

)

CKM element modifies as:
Vi = Vuig(1+ Cu = Cur) J

@ Performed CKM fit using inputs from those semileptonic and leptonic decays.
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Electroweak observables: W mass anomaly

miPF = 80.4335 + 0.0094GeV

SM
mY — 80357 + 6 MeV
v mkHC — 80,354 + 0.030GeV

S miy*° = 80.360 & 0.016GeV
Vi f\/\/\)fl\/vv\/\\/\/\/\/\/ Vi mevo = 80.367 + 0.023GeV
VM

[Science 376(2022)170,2109.01113,ATLAS'23,1203.0293]

Loop contribution

v

W pov
Tv(q’) = <gW - qqg )Zv,r(q2) + qqg Tv.i(q?).

2 G2 (ZZ,T(O) _ ZW,T(O)) _ TQem 1

M2 M2 _ﬂG z I
4 w FMW l—ﬁgﬁ

Observable considered

3(Ar) = (Ar)ep — (Ar)sm
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Electroweak observables: Z-pole Observables

Zu

Decay width

2

= Nt « o
(2 > 1) = o mz /1= 12 (P = 1) + s P+ 50 ) (1 890+ 60)
w=w

(1+ dqep)(1 + dgep)(1 +61,)

Loop corrected couplings: Observables:

Baf —» ar 4 Aaplpv
NP
g = vi+Avg

o= 3(Te+Tu+Tr) J Thod =TutTg+Te+Tc+Tp |
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Combined Constraint on ¢, ¢, and Ms

¢y # ¢y, A=2TeV cs # ¢y N=2TeV

1.0
— 0.5
;
z
& 00
%
< -0.5 p

. $ 2
B Lo : AR R SO
~1.0 — S — - BW
. . 0.5 1.0
¢ x 107 [GeV™) ¢, % 10° [GeV )
(a) (B)

FIGURE: The allowed parameter space in the cs-c, and cp-cg planes for
A =2 TeV is determined by considering all flavour and electroweak observables.
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Combined Constraint on ¢, ¢,, ¢ and c¢

A Ms cs x 102 [ cc x 103 AMy, x 102
[TeV] [GeV] [GeV—1] [GeV—1] [GeV~1] [GeV]

250 0.027 £1.734 0.0+£0.018 —0.820+1.413 0.409 + 1.408
1 500 —0.048 £1.953 0.0+0.020 —1.013+1.755 0.406 + 1.405

800 —0.172£2.239 0.0+0.022 —-1.333+2.275 0.410=+1.399

250 0.038 £ 1.457 0.0+0.015 —0.684+1.174 0.410+1.409

500 0.005 + 1.558 0.0+£0.016 —0.782+1.353 0.407 + 1.408

800 0.032 £ 1.662 0.0£0.017 0.899 + 1.546 0.405 £ 1.392

1000 0.058 £1.726 0.0£0.017 0.982 £ 1.690 0.404 £1.391

TABLE: Fit results of the parameters cs, ¢, and c¢ for different combinations of A and Ms,
when all the observables of table are considered along with weighted mean data of §(Ar)
observable from LHCb, ATLAS and DO experiment. The p-value for the fit is ~ 30.49% with 42
d.o.f. The last column shows the prediction of the AM),y value from this fit result for each case.
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DM Phenomenology

@ x = Fermionic DM
@ DM + DM — Annihilation channels:

FoX W2y - S
e )
X Fox Wi, 2y x—-1---5
@ Direct Detection:
X —P—:—P— X
'S
N———— N
@ Observed relic density : Qh? = 0.012 £ 0.001 [Planck 2018]
@ Spin Independent Direct Detection crossection (LZ-2022, PandaX-4T,

XENONIT)
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DM Phenomenology
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I m,[GeV]
» For csy > 0.1, ¢s very small and Ms > 600GeV. For cs, < 0.1 and Ms < 500GeV,
cs ~ 1073, from DD.

> For my > 500GeV and cpy > 0.3, cp ~ 1073, from observed relic density.
For csy < 0.1, cpy ~ 0.1, for my > 400GeV. and cpy ~ 1 for my < 350GeV.
> For cpy < 0.4, Ms > 400, my > 300GeV and for cpy > 0.4, Ms > 500, m, < 300GeV.

v
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Correlation: DM + Flavor Parameter Space

¢ x 107GV ]

M [GeV]

1079 200 200;

107 107 107 10°

m, [GeV]

For csy 2 0.3, |cs| < 0.00SGeV_l. Ms < 400GeV, cs < 0.005GeV 1! for even larger Csx-
Ms > 500GeV, cs approaches to 0.001GeV ~! for Cpy approaches to 1.
Csx, Cpx, range, correlation remains same, except lesser number of allowed points.

vvyyvyy

Depletion in the Ms = 2m, region.

/20
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@ Fermionic DM (x) model with spin-0 mediator (S) is considered.
@ Effective FCNC and FCCC vertices are obtained from loop calculations.

@ Constraint on mediator-fermion couplings ¢, ¢, and cg obtained from
FCNC, FCCC and EW processes : ¢; < 0.01GeV ™1, cp < 0.01GeV~! and
ce < 0.002GeV 1.

@ Correlation among free parameters studied from the DM-phenomenology.

©@ Obtained final parameter space allowed by all the low energy and other
processes together with DM constraints.
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Thank You!



DM+Flav PArameter Space with CDF data

included

@ Allowed parameter space if we add CDF data too:

A=2TeV A=2TeV
1000 1000
800 °
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= 6 o £ 200 y .‘:'.
b ‘ o5
- & ...\J
oo ™ % 100 '? oo ¢
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Other Plot of DM and DM+ Flav

@ Other DM plots:

0.10]
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g 0.00
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-0.05|
plGev1] N
1074
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107 50 100 500 1000
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1.0 109
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Combined Fit with CDF data included

A Mg cs X 102 [ cc x 103 AMy, x 102
[TeV] [GeV] [GeV—1] [GeV—1] [Gev1] [GeV]
250 —0.090 +£1.747 0.0+0.018 2.770+£0.259 4.657 + 0.869
1 500 0.162 +2.014 0.0+£0.020 3.432+£0.321 4.654 £ 0.869
800 0.566 + 3.616 0.0+ 0.033 4.487+0.419 4.645+ 0.869
250 —0.130£+£1.493 0.0+0.015 2.305+0.215 4.658 £ 0.869
) 500 —0.018 £1.560 0.0+0.015 2.646+0.247 4.656 + 0.869
800 0.107 £+ 1.693 0.0+ 0.016 3.048+0.285 4.653 + 0.869
1000 0.197 +1.829 0.0+£0.017 3.330+£0.311 4.651 £0.869

TABLE: Fit results of the parameters cs, ¢, and c¢ for different combinations of A and Ms, all
the observables of FCCC, FCNC, EW along with §(Ar) (CDF, LHCb, ATLAS, DO0) are taken
into account, with a p-value of ~ 3% for 45 d.o.f. The last column shows the prediction of the
value of AM\y from this fit result for each case.
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b — slt¢ Fit

A[TeV] Ms[GeV]  c[GeVT']  [GeVT']  c[GeV™?]

250 0.43(181)  -0.51(44)  -0.26(122)
1 500 0.87(363) -1.02(886) -0.52(245)

800  -1.39(581) 1.63(142)  0.84(392)

250 0.37(152)  -0.43(38)  -0.24(113)
500 0.73(307)  -0.86(75)  -0.49(227)
2 800 1.17(491)  -1.38(120) -0.78(363)

1000  -1.47(615) 1.72(150)  0.97(454)

TABLE: Fit results of the couplings ¢, ¢, and ¢ from a fit to the available data
on B— K®utp~= and By — ¢ut i~ decays and on R(K™).
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BAcCKUP

1 s2
Amw = —Emwmé(AI’) (1)
C2
Ar’P = —=%Np (2)
w
Gne
= G )
P m2 m2,
Measured Value My, Reference Ar 5(Ar)
80.357 £ 0.006 GeV SM [7] —0.03068 + 0.00040 -

80.4335 + 0.0094 GeV CDF [?] —0.03526 + 0.00059 | (—4.58316 + 0.66899) x 103
80.354 4 0.030 GeV LHCb[?] —0.03050 £ 0.00190 (0.17915 4 1.92090) x 103
80.360 4 0.016 GeV ATLAS[?] | —0.03086 4+ 0.00097 | (—0.17919 4 1.02076) x 103
80.367 + 0.023 GeV DO [?] —0.03128 £ 0.00156 | (—0.59747 + 1.42068) x 103
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Possible Higher Dimensional Models

The fermion-mediator coupling can be derived from

Ldims = —%WU’%H#}RS] — ye[pLHYR] + h.c (5)

The couplings will then be:

_i cos 6 + ( cu + ywa)sin 0 | [Divsips] + Cve —— cos 0 + ( Cuor )sm 0 ) [Pys] (6)
A2 N2 V2 ° A2 A2 f
The gauge-couplings can be derived from:
C\/ 2
[fgauge = TS|DMH| (7)
with
1 . C
cl, = 2miy <; sinf + 2—/‘( cosH)
1 Cv
c;:2m22<— S|n9+ﬁc050> (8)
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BAcCKUP

b

N « 2
Fod(Z = 1) =45 = zx/l—ui<|gaf|2(1—ui)+|gvf|2(1+%))

(14 09)(1 + 3b)(1 + qcp) (1 + dqen) (1 + 1) (9)

R;® =20.767 £0.025, RZ® =0.172140.0030, R;® = 0.21629 + 0.00066

RyM = 20.751 £0.005, RV =0.17223 +£0.00005, R;" = 0.21580 =+ 0.00015
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BAcCKUP

OF — 0B
Apg = ———
FB OF + 08B
3 8ve8at 8vf8af
ALF — —AAf, A = 2—7 Af=2—="°22 10
Fo = g A @’ t@r Y et @r

If we write this as: A% = A%ICM) 4 5% then
SA% = %[MEA?M + A5 Af] (11)

N¢ — Number of events with f going to forward hemisphere.

Ng — backwords. A. — creation of Z boson in ete™ annihilation. As decay of Z to ff.
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CKM-rI1T OBSERVABLES

Observable Value Reference
|V,al| (nucl) 0.97373 & 0.00009 + 0.00053 7
|Vus|FK—=7(0) 0.2165 4 0.0004 7
|Vedlon 0.230 £ 0.011 7
‘ Vcs|W~>c§ 0-94t%',225 +0.13 [7]
| Vb exci (3.91£0.13) x 1073 7
|VeblB—sD (40.84 £1.15) x 1073 7
B(Ap = pp™ D) 2515/ B(Ap = Aept™ D) 257 (0.947 4 0.081) x 102 7
B(B~ — 77 ;) (1.09 £ 0.24) x 1074 7
B(Ds — u~ ) (5.51+£0.16) x 103 7
B(Ds — 77 r) (5.52 4 0.24) x 1072 7
B(D™ — u~ ) (3.77£0.18) x 10~ |
B(D~™ — 17 ;) (1.20 £0.27) x 1073 7
B(K™ — e ) (1.582 4 0.007) x 10~> 7
B(K™ — p~9y) 0.6356 4 0.0011 7
B(r— = K~ y) (0.6986 + 0.0085) x 102 7]
B(K™ — u=9,)/B(r™ — u~9,) 1.3367 & 0.0029 7
B(t— = K~ u;)/B(r~ — 7~ ;) (6.467 £ 0.84) x 1072 7
B(Bs — ptp™) (3.091948 415 x 100 7]
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CKM-rI1T OBSERVABLES

Observable Value Reference
|VealFP=7(0) 0.1426 + 0.0018 7
|Ves| FP=K(0) 0.7180 =+ 0.0033 |

le| (2.228 £ 0.011) x 1073 [?
Amy (0.5065 4 0.0019) ps—! 7]
Ams (17.7656 4 0.021) ps—! 7
sin 23 0.699 4 0.017 [?
bs —0.057 +0.021 7]
a (85.273%)° (71
2 (66.253%)° 7]
Vi 0.995 4 0.021 [?
Vg [-0.11,0.16] ?2.7.27
My 80.4335 4 0.0094 GeV/ 7]
RY 0.21629 + 0.00066 [?
R, 20.767 + 0.025 7]
A%E 0.0992 + 0.0016 7]
Ap 0.923 4 0.020 [
Ac 0.670 4 0.027 7]
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b — s¢*¢{~ Processes

The effective Hamiltonian describing the b — s£T £ transitions at low energy is

*
Vts

The operator basis :

e
O7 = — my(50,.0 PRB)F!,
g
1 = a pva
Og = —mp(S0,, T"PRD)GH" 7,
g
2
€ (s ot
O = g—z(swPLb)(h ),
2
€ (= Tl
O = g—Z(SWMF’Lb)(M v5¢),
2 —
Og= SPrb)(£),
5= 1oz GPRO)EO)
e2 —
Op= SPRrb)(Lvs),
P= 1oz GPRO)EsE)
&2
O1 = —— (Souub)(latVe),
T 16«2( v b)( )

Lipika Kolay

[arXiv:1205.5811]

(Ci(#)oi + C,-’(N)O,{>

i=7,8,9,10,P,S,T,T5

e

FHY,
g2

mp(50 0 PLb)

1
Of = =mp(30,, TP PLL)GHY 2,
g

’ e? - S
Og = g—z(swPRb)(lv £),
2
’ e o
Oyp = ?(svuPRb)(M v5¢),
2
o= £ _ (3P, b)(#0)
ST 16n2 ’
f e? _
Op= 5P, b)(ZvsL),
P= Ton2 BPLO)EsL)
92
O7s = ——= (304 b)(Ea"V v50),
75 = 1o (Gouw b RE0)
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