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Flavour Puzzle

@ Lepton Flavour Universality is sacred in the SM.
@ Why then are anomalous results reported in the semi-leptonic B-decays?
Hints of New Physics?

o R(K),R(K") : Ble=Kiu ) <b — sC*0 where, £ = e, u)

Obs. 92 bin Expt. SM Significance
R(K) [1.1, 6] Gev2 | 0.8467590+900 | 1.000479 9008 2.50
R(K*) [0.045, 1.1]GeV? 0.660 + 0.12 0.92079.90% 2.30
[1.1, 6]GeV? 0.69701L £0.05 | 099679902 240
«\ . B(B=DYri,)
4] R(D), R(D ) . m b— Cél/g
Obs. Expt. SM Sig. | Combined Sig.
R(D) | 0.340 £0.027 £0.013 | 0.299 +0.003 | 1.4c0 31
1o
R(D*) | 0.295+ 0.011 4+ 0.008 | 0.258 +0.005 | 2.50
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@ Anomalous Magnetic Moments :

_ 82
ang

Aay, = a2Pt — M = 27.9(7.9) x 1071 (3.70)
Aa, = a®Pt — a2M = —8.7(3.6) x 10713 (Negative 2.40)

@ KOTO Anomaly : B(K; — 7°)koto = 211“?2((”:‘;17)) x 1079 — 3 signal

events!
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@ Anomalous Magnetic Moments :

Aa, = 227t — aSM = 27.9(7.9) x 10710 (3.70)
Aa, = a®Pt — a2M = —8.7(3.6) x 10713 (Negative 2.40)

@ KOTO Anomaly : B(K; — 7°vi)koto = 2. 1+2 O((“Li 17)) 1072 — 3 signal

events!

Question : Can a dark sector address them together?
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Inert Higgs Doublet Model (IHDM)

e The Inert Higgs Doublet Model is the simplest higgs portal extension of
the SM where the lightest neutral scalar is the stable dark matter candidate.

e This model was first proposed by Ernest Ma in 1977 (Phys. Rev., D18:2574,
1978.).

The two doublets can be written as :

= (v+ (h ifo)/ﬂ) o= ((HO +17;0)/\@)

and the scalar potential is given by
V = p3|H P45 Ha P4 A [ Ha | - Xo | Ho [*+ As | Ha P Ha 2

A
+ >\4|H1TH2|2+75[(H1TH2)2 + h.c]
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Inert Higgs Doublet Model

@ H, is odd under a discrete Z, symmetry. So the lightest neutral component
(H°/AP) becomes a stable DM candidate.

@ The IHDM satisfies the correct relic abundance only in the following DM
mass ranges :

e Low Mass (50 GeV < myo < 90 GeV)

@ The dominant annihilation channel is the SM higgs(h) mediated
self-annihilation process(s-channel) into bb or 777~

e High Mass (myo > 500 GeV)
o Correct relic abundance is achieved if and only if the masses of H?, A% and HE

are almost degenerate[PHysICAL REVIEW D 92, 015002 ]

@ All annihilation channels (both s and t/u channels) are open and annihilation
cross-sections are large.

@ Cancellation between direct quartic coupling diagrams (i.e annihilation to
vector boson final states) and t/u channel diagrams are required to bring down
the annihilation cross-section to the desired level.

@ Also now, there are extra co-annihilation channels.
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Extended IHDM

L = (A\F); ZinERj +  (AP); @LiH2DRj+h.C-

Fields SU(3). SU(2). U(l)y Z,

H, 1 2 12 -1
Di.r 3 1 13 -1
ELr 1 1 S|

With this framework we aim to

simultaneously explain : 104

e Dark Matter relic abundance T o

(Qh? = 0.12 + 0.001 by Planck), e

abiding by the direct detection B ol

constraints. E

S 0
o R(K),R(K*) anomaly g
1047k, \ o

10?
WIMP mass [GeV/c?]

e Muon (g — 2) anomaly

In collaboration with Soumitra Nandi, Debasish Borah, Basabendu Barman
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Model Contributions

Contribution to b — s// process : Cy & Cig only!
Effective operators : Qg o< (57, PLb)({y"€) & O1 o (37, PLb)(£v" L)

b X 1 b
-, e
D E
A,
- . __ 5 __
s X / [4
b D s b b D s
T T T T
\ / \ /
~N - 7 N - e
X/X' v/ Z V/Z X/X'
/ / / /
’ .
where X /X' can either be H° or A°.
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Model Contributions

Contribution to relic : Annihilation diagrams :

_H° SM ;L M
S - h S - Z
~. -
7 7
~ ;I” SM -7 A0 SM

< SM L i AVAVAVAVALS

W +

\ |
e +H7
~ Th* SM |
H'— > ANNNW

0 0

H_ . epr H_ S
E D D

_ o, epr H- | a1 7
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Let’s Set the Stage!

o For simplicity, we assumed \; << \;, where (i,j = 1,2,3)

e In order to ensure LUV, we further assumed Ae(\f;) << A,()\5,) in lepton
sector

My =70 GeV, AM = 110 GeV
6
—— Mg, =150 GeV
2 p— Mg, = 200 GeV
Mg, =-250-GeV.
PR — M, = 350 GeV
o
<3
T
-

0.4 0.6

0.8 1.0
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Let’s Set the Stage!

e The choice As(A%;) << Ap(A53) helps overcome current constraints on
B; — Bs mixing, B(B — X,7v) etc.

Mip =70 GeV, AM = 110 GeV

035 — Mp=300GeV
b X s 0.30 Mp =500 GeV
——— — — — — S — Mp=700 GeV
025 — Mp=1000GeV
020
b ) K
015
010
e ! I
s X b 0.5
Here, Amix = (AMs, )ne
, x = (AMs,)sm 0.00
00 02 04 06 08 10

Ay
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Let’s Set the Stage!

e The choice As(A%;) << Ap(A53) helps overcome current constraints on
B; — Bs mixing, B(B — X,7v) etc.

Mip =70 GeV, AM = 110 GeV

035 — Mp=300GeV
b X 030 My =500 GeV
— . — = — — I G — Mp=700GeV
0250 | — Mp=1000GeV
020
b ) Ei
015
010
R P R
s X b 005
H Ay, — BMs)np
€re, AMix = (BMs,)sm 0.00
5
00 02 04 06 08 10

Ap
We thus fix the following parameters for the entire analysis :

0 \g=10"3A =102, =10"3,1.0< A, <15
)] IWD1 = MD2 = MD3 = MD
o M51 = M52 = /W[_:3 = ME
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Results : Low Mass DM

My = 70 GeV, Mo = My:= 180 GeV

Myo =70 GeV, Mgo = My:= 180 GeV

=08

Mp(GeV)
Mo =70 GeV, Mp = My:= 180 GeV

300 400 500 600 700 800 7400 500 600 700 800 900 1000
Me(GeV) Mo(GeV)
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Results : Low Mass DM

If we relax the mass degeneracy — More Parameter Space!

Myo = 70 GeV, Myo = My: = 180 GeV My =701 GeM, Mo = M= 180 GV
600 T

550 600 650 700 750 800
Mp(GeV)
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Results : High Mass DM

1.00 Mg, = Mg, = 0.7 Tev 1.0 M-

..... Me, = Mg, =1 Tev =Mg,=1Tev
ossf N el e Me, = Mg, =2 TeV 09) Mg, =2TeV
0.0

08
. .
& &
0.5 «
07
0.0
06
o Jo=05, My= 650 GeV. o= 0.5, Mo= 650 GeV.
: My = 600 GeV, My = My = 602 GeV My = 600 GeV, My = My:= 602 GeV.
0 1 2 3 a5 1 2 3 4
M A
Mg, =Mg, =07 TeV
T Me, =Me, = 1 TeV.
e Mg, = Mg, =2 TeV.
010 Jo=0.5, Mp = 650 GeV, Mg, =2 TeV.
% My = 600 GeV, Mys = My: = 602 GeV
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Results : High Mass DM

1.00 Mg, = Mg, = 0.7 Tev 1.0 M-

..... Me, = Mg, =1 Tev =Mg,=1Tev
ossf N el e Me, = Mg, =2 TeV 09) Mg, =2TeV
0.0

08
. .
& &
0.5 «
07
0.0
06
o Jo=05, My= 650 GeV. o= 0.5, Mo= 650 GeV.
: My = 600 GeV, My = My = 602 GeV My = 600 GeV, My = My:= 602 GeV.
0 1 2 3 a5 1 2 3 4
M A
Mg, =Mg, =07 TeV
T Me, =Me, = 1 TeV.
e Mg, = Mg, =2 TeV.
010 Jo=0.5, Mp = 650 GeV, Mg, =2 TeV.
% My = 600 GeV, Mys = My: = 602 GeV

NO SOLUTION!
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Searches @ LHC : Benchmark Points

BP | Mp (GeV) | A» | Mg, (GeV) | Ay | Mg, (GeV) | A-
1. 500 0.8 150 0.5 350 15
2. 750 0.8 250 0.7 250 1.2
3. 750 0.8 200 0.7 350 15
a. 850 0.8 250 0.7 250 1.2
5. 900 0.8 350 0.8 350 1.5
6. 800 0.1 350 1.5 350 15
7. 800 0.1 180 1.5 500 15
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Searches @ LHC : Final States

© Final state : Dilepton + Ef

Doublet Dark Matter
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Searches @ LHC : Final States

@ Final state : Dijet + Er

P,

Hy )

Hy s
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Ao,
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z
i

3}
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Searches @ LHC : Distributions
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Searches @ LHC : Signal Significance

@ Final Cut on dilepton final state events : My, > 200 GeV and
Hr > 280 GeV

@ Significance bin for dijet final state: 240 GeV < Br < 280 GeV
@ Huge excess in BP1 observed.

@ LHC has not seen any excess in these channels BP1 in danger!!!

@ Low mass VL fermions ruled out!
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Other Extensions involving IHD

@ SM x U(1)x is very popular extension — . ’
Eg : U(l)B_L7 U(l)[_“_l_T etc. <H S L, <t >
@ In presence of RHN and Inert Higgs doublet: IRV

e Neutrino Mass via one-loop scotogenic oY)/ \ HO(AY
mechanism ! \
o Leptogenesis \ ,

@ Recently we studied the low scale U(1)x z N N
origin of flavour anomalies, DM and
neutrino mass — 2007.13778

3
LN =0> " ax(TFy"eh + &y ef)X,
i=1
€ o
+ ZB’“/X

@ U(1)x charges n; are constrained from low
energy data : LUV observables in b — sé/
decays and Aa,

@ We focus in the region Mx > 2m




SM x U(].)X

@ (ny,n,n3)=(—1,2,—1) is found to be a
good solution!

@ Anomaly cancellation requires additional
chiral fermions — 3 RHNs with charges :
(ny, my, ns) = (=1,2,-1)

@ All RHNs are odd under Z,.

o Lightest RHN is considered to be the DM.

@ Inert doublet for v-mass generation. p
gr=7x107* np=2n=-1
50
14
x 107 .
% -4 S
N x 10 12} %
x )
B %10
* 3
%
N 08
X
5 0.5} _KOTO Favoured 0.6 o R
\ 03 04 05 06 07 08 09 10
ot 0.25 030 035 040 045 050 Mx (GeV)

M. (GeV)
—Ly D Z Y,ﬁiHlejR-i— Z Y;LiHa Nj+ Yoo Lo Fa Ny
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SM x U(].)X

o Additional Phenomenology : 7
o Lepton Flavour Violation
o Electron Magnetic Moment wy £
]

o Higgs Invisible and LFV decays ‘ i )

© Summary :
o It is interesting to study BSM scenarios which also have plausible explanations
to lepton flavour universality violation.
o We are able to simultaneously address recent results in rare decays and dark
sector as well as study the collider prospects for the future LHC runs.
@ In this talk | consider extensions of SM with Inert Doublet Higgs. But, for a
similar model without inert Higgs, read our article 2007.13778.

THANK YOU!
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Backup Slide

@ Most recent update by ATLAS :

BR(W — Tv;)

R =T 0.992 £0.01
m ROV ) 0.992 +0.013

@ NP correction of Wrv, vertex in our model is ~ 2%

A5 =0.01, Yoo = 0.1, My, = 40 GeV

1.0 My;: = 200 GeV, My = 100 GeV ]
..... M- = 200 GeV, My = 300 GeV
0.8 ]
0.6 ]
o
0.4 ]
0.2 ——— M, =500 GeV, My = 100 GeV
: NS ] 0.94f--——- Myy: = 500 GeV, My = 300 GeV 1
0.0 S ‘ ‘
0.0 0.5 1.0 1.5 2.0 0.6 0.8 1.0 1.2 1.4

Rs R
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