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WIMP, status and exclusion

Different evidences from astrophysics and cosmology — DM exists..

Thermal DM

(h? = 0.12 £+ 0.001—> Natural for WIMP—> strong exclusion from different experiments
(arXiv:1807.06209, PLANCK Expt.)
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MSSM neutralino is not a /
preferred option anymore MSSM neutralino may still be
a viable option
% Need extended SUSY % Highly restricted
models (we be discussed in % What is the current status?
this talk) %  We focus on 50-500 GeV



Possibilities within MSSM
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% Large Higgsino component
> Under-abundance of relic density
% Large Bino component

> Mostly over-abundance "I DD allowed
> But often right relic-density can be met =
ep . . relic density allowed
> Resonance annihilation through Higgs, due
to small Higgsino component o1 F

% To satisfy DD limits :
N2, + N2, ~ 1% or less
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— Mild-tempered neutralino N3, /(N3 + N3,

Q. Is it the only possibility?

<% Blind spots
> (Can occur due to reduced Higgs coupling to lightest neutralino
> Or destructive interference between light and heavy Higgs exchange

~0 ~0
X1 X1

4
:H17H2
.

q—> —( N
s



LHC Implications

Key features

<% Bino-dominated LSP with non-negligible Higgsino component
> Higgsino-like 23,3
> The gaugino-Higgsino type gh§©§9pling gets enhanced
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Top-squark dominantly decays to Higgsinos

BR(t; — X3 +1) & BR()"(g’3 —h+%?) dominates

- Acharacteristic feature of mild-tempered scenario and the allowed BS regions.

LHC implications

2
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Top-squark pair production and cascade decays (This work)

P b
) /t h/%b Signal
JUALBTSA h; +4+EA+ (=>1)b—jets; £=e,u
X = X?a )2(2),3 S~
t \\\' < Background
t
P

pp — tt(14), tt(2¢), tth, ttZ, ttbb

-> Resolved category : Higgs not boosted, b-jets are separated
=> Non-resolved category: Higgs is boosted, b-jets are collimated




LHC Implications (contd.)

Higgs jet reconstruction

% For the non-resolved category, Higgs
bosons can be reconstructed as a fat jet

® Inresolved category, pair of b-jets giving

invariant mass closest to 125 GeV are
identified

l resultant 4-momentum to Higgs-Jet

Higgs Jet | «— b-matching

1
|
|
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|
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Fat-jets | MDTagger : ® |f100 GeV < m(bb) <150 GeV, assign the
|
1
|
|
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Transverse mass between lepton and MET
Other selection criteria

HT: Scalar sum of pT of jets

Signal significances (cut-based method)

<

»  For non-resolved category, a significance of 1-3 o can be achieved at luminosity 300 fb!
%  Forresolved category, this amounts to 4-7 o at luminosity 300 fb™!

e

Multivariate analysis

% Employing MVA, sensitivity was found to be increased 4-5 times

-> Prospects of somewhat similar analysis with strong production and cascade decay in extended SUSY model

(NMSSM) is going on, where there are extra light Higgs bosons carrying NMSSM specific signature. ¢



Light thermal dark matter

Q. Isit possible to have a thermal DM of mass around 2-20 GeV?
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>  Rough Lower mass bound on MSSM neutralino DM is ~34 GeV £ pass

(Phys. Rev. D 95, 095018 (2017)) e O
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% Any other model ? o
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> Maybe DM is SM singlet, inert to SM fermions or gauge bosons 107 R e . o A RO
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> This is natural in NMSSM when DM is singlino-like neutralino WIMP mass [GeV/c?]

> The singlino-like LSP can be very light in the allowed parameter space of NMSSM
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Light Higgs bosons and neutralinos

%  Seven Physical Higgs States % Five neutralino states
Hy, Hy, H3, Ay, A, H* LsP: [x{ =Nu;1B + NjoW + NygH, + NiyHg + Nys5S
3 neutral 2 neutral Two charged Higgs
scalars pseudo-scalars

% The LSP can be below 20 GeV only if

th Singlino-lik
< Two of the Higgs bosons (A, H,) can be light ey are singlino-iike

% Canbestill allowed by data if they are singlet-like N%5 > 95%




DM annihilation and scattering

We need singlet-like Higgs boson states with mass :

mA, /H, 2m>2(1)

There is cubic coupling of singlet superfield which
makes this effective

Corresponding coupling parameter K becomes very
important

Approximate coupling :

gz, ~ V2813(AN13Niy — kNi;) ~

X1X1

o _ 2
8oia, ~ ~ V2PN,

DM - nucleon scattering

The singlet-like CP-even Higgs also takes part in
DM-nucleon scattering

The smallness of kappa plays a important role to
keep it enough small to satisfy DD bounds
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LHC Signature

% Singlino DM indirectly produced via production of
light singlet Higgs bosons

% Light singlet Higgs bosons act as portal between
visible and dark sector

% Decay products from these light Higgs bosons
emerge as a single fat jet, reconstructed similarly

as before )
f
Moderate (10 GeV< m,,, <30 GeV) and High mass Low mass region (m,,, <10 GeV)
(30 GeV< m,,,<60 GeV)region e
Si I . e Tt decay mode of light Higgs get enhanced
Signal  J; + Bp+ > 1] e Atthis very low pT, hadronic decay mode of
T suffers from large background of QCD
a) with mj . < 30 GeV for lower mass range e We consider leptonic decay mode of t
b) with 30 < mj . < 60 GeV for high mass range Sianal (e + ET"" >1j
Dominatin _ _ — bDOT(inatingd Drell - Yan,tt, W + jets, WW + jets,
backgrounds tt, Whbb + JetS, Zbb ‘I‘JetS backgrounds 'WZ + jets

Alsochecked 7Y and J/v, ZZ + jets, ZHgy + jets

Also checked WHgy; + jets, ZHgy + jets, WZ + jets, ZZ + jets

BP1| BP2 BP3 BP4||BP5 BP6
: L T5(L£L =300 | 6 11 14 8 7 35
Signal Sensitivity S (£L=3000 ") |19 | |35 44 25|| 22 11
/ & 2
Low mass Moderate mass  High mass 7



ML techniques for Top-tagging

Based on S. Bhattacharya, M. Guchait, A. Vijay Phys.Rev.0105 (2022) 4, 042005
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Boosted top-quark and polarization
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Top quark is an important and interesting object to study at the LHC

Techniques for Tagging top jets in hadronic and leptonic decay are already in literature
(Godbole, Guchait, Vijay et al. 2019; Chatterjee, Godbole, Roy. 2019)
In SM:
> Pair production: top quarks are unpolarized (vector nature of the QCD couplings).
> Single top: top quarks are left-handed (V —A nature of the t—-b—W coupling).

Any change to structure of the interaction leads to change in the polarization of the
produced top quark.

Hence, the polarization of top quarks serves as a promising window for exploring the
existence and nature of new physics

Measuring the polarization of boosted top quark jets in colliders is quite challenging —
some studies have already explored different kinematic variables for this purpose.
(Godbole, Guchait, Vijay et al. 2019)

This paper describes the use of an image-based convolutional neural network (CNN) for
tagging boosted top-jet and detecting the polarization in both hadronic and leptonic case
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Jet images (example)

Hadronic
Vs
Leptonic

Left Vs
Right

Image y-coordinate
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Performances of the CNN
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Asymmetry measurements

AP — Nowe=Noce e
v N’U>C+N’U<C

v =cosb*, Z

or CNN classifier

Asymmetry
=
Asymmetry
=

-0.5

~
~

VY TOUUCTUPN PPETOTON bR
025 05 075 1
vs. tz*! discriminator cut value tlfp Vs, t:P discriminator cut value

D’U — |A1[)J _ A111%|

l—l -0.5 0 0.5 1 -0.5 -0.25 0
e

s There are usual kinematic polarimeter variables present in the literature
< For example Cos®*, Z etc.

This CNN-based tagger has better sensitivity to polarization than these usual variables

14




Effective Field Theory

Work in progress, to be arxived soon...
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SMEFT operators affecting tHq production

The SM has been successful, compatible with all experimental measurements, and no evidence
of light states are present till now

This indicates BSM physics may reside at somewhat higher scale

This motivates to interpret deviations from the dim=4 SM Lagrangian predictions in terms of an
EFT:

Lsyerr = Lsy + =5 e Ly Nas C(G) C’)( )

There can be 59 independent set of operators in dim=6 EFT expansion

In this work, we focus on operators related to the tHq process and mainly affecting top-Higgs
coupling which can be a sensitive probe for new physics having close relation to EWSB

We focus on five SMEFT operators

0,00, O3 0w O = 0~ 0
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Constraining ranges of the WCs

K/ K/ K/
L X X X4

most relevant and recent

There exists constraints from global fits of operators
Some recent measurements sensitive to tHq process are not included
We try to find a complementary approach of constraining with a subset of data which are

=

Higgs data

ttH, tHq, tHW,

Most relevant experimental data

./\.

Top data

AN

~

SMEFTatNLO

—| MadGraph+Madspin

single top, ttZ, tt W, tZq,

tW|

—

0.30

Variation of cross-section with Cfo)

cross-section (pb)
Cd

!

Vary WCs to get list of cross-section

Polynomial Fit

}

/" _ T1.74
TMINUIT with MIGRAD |« Cto — —0.797 16
(3) 0.6
o { C o0 1.4% 09

X2 minimization

0.05

Best-Fit values

PQ

) —-3.7157

T Crw — —1.36110

\ O.(tot)(C) — glsm) 4 Z?:l C;B; + Z?q C,-Cj’)’y
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Implications at the LHC

= Unlike other processes like tth, ggh etc., thq
poses the bw— tH scattering sub amplitude

= This results in an energy growth for specific
operators

- We use H—bb decay mode
-> We consider hadronic decay mode of Top-quark
Simulation

SMEFTatNLO || MadGraph || PYTHIA8 [—»| Delphes

Event selection

= One reconstructed Higgs Jet
e For boosted region, tagging AK8 fat-jets with two b-like subjects and
[100,150] mass window
e For non-boosted region, using combination of AK4 b-jets
- Onereconstructed Top Jet
e Using HEPTopTagger, in boosted region
- Atleast one extra AK4 jet with pT>30 GeV

18




Distributions at reconstructed level

Invariant mass of

reconstructed Higgs
boson Jet and top-jet

D

%  We have considered the
following backgrounds:

ttH, tt,ttbb, ttZ, ttW

% Significant excess of
events can be observed

at 3000 fb™! luminosity
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Estimation of dominating backgrounds
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Summary

K/
%

Dark matter
> Various possibilities of DM from GeV scale to 100 GeV scale is explored and
sensitive search processes were proposed.
% Top-tagging
> Efficient image-based top-tagger using CNN is constructed having interesting
capabilities to distinguish top polarization.

K/
%

EF

> Aset of SMEFT operators related to tHq production is constrained and their effects on
kinematic distributions are explored.

Future plan

% Collider prospects of Asymmetric Dark Matter (ADM)

% Using ML techniques to probe compressed SUSY scenarios

20
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Blind Spots in Dark Matter Direct Detection

(Wagner et. al., Phys. Rev. D
90, 015018 (2014))

2
agl NU (Ffip) + Fflp )) (mﬂ» + psin 2[3)%_,} {# tan 3 cos 23 (_FEIP) n Fflp) / tan? 5) %}]
lllh mH

Decoupling limit (p) (p)
l FP ~0.15, FP ~ 0.14
my << mgyg Intermediate myy

reduced Higgs destructive interference

Light Higgs exchange Heavy Higgs exchange

2
coupling to (m-o + psin 26) =0 % ~ —(sin 28 + tanf 2mh2 ) between light and heavy
lightest X1 "™u | Higgs exchange
neutralino

60

Higgsino mass p <0, for M1>0 50

-> Blue(red) line presents exclusion from h,A — tt 40

analysis by CMS (ATLAS) experiment
Indicates u > M;
Favorably — 1.5 < u/M; < —3.5 20

Similar to mild-tempered scenario

10

A 2B 2 27

But often Higgsino component ~10-40% is

a | OWEd 200 400 600 800 1000




HJ reconstruction & Mass distribution

® For the non-resolved category, Higgs bosons can ® Inresolved category, pair of b-jets giving
be reconstructed as a fat jet invariant mass closest to 125 GeV are
identified

® |f100 GeV < m(bb) <150 GeV, assign the

Higgs Fat Jet resultant 4-momentum to Higgs-Jet

HJ Mass for non-resolved category

e Used MDTagger to get tagged fat jet with two subjets 0-095" o " L 'L'B'_Flé -
e Subjets are matched with b-quarks of the event st E%f:
PRTE" 48 ttbb
006f it - s
£ E —ttZ
; 0.05F
% HJ) with a specific mass requirement is a very £ 004f- |
important feature of our signal g ; 035 .
%  Substantially different for backgrounds and signal R
processes -
< Less effective only for tth background 0.014
o

0 50 100 150 200 250 300 350 400
mj = > 100 GeV my,,, (GeV)
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Transverse Mass and HT

@ Transverse mass between lepton and MET
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Distributions at reconstructed level

pT of reconstructed

Higgs boson Jet

pT of reconstructed
Top Jet

arbitrary units

arbitrary units

Non-boosted
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Eaepg gl gy fig gepe Tives v ) py )] DI B
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arbitrary units
S

% Significant deviations are observed at the Boosted category

Boosted

BLALLL! I LALLALL] I LLLLLL ILLLLALLL I I

200 400 600 800 1000 1200 1400 1600 1800 2000
pT(HY) (GeV)

—SM

P PR PR PN [ P | e
200 400 600 800 1000 1200 1400 1600 1800 2000
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Angular distributions

A¢(Higgs, Top) A¢(Higgs, Leading Jet) A¢(Top, Leading Jet)

a [ a B a
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> [ > C
o) - o =
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2 <] n s L
10 @ L
Boosted region - -
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107
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=y . [y « 2 .
g — bestfit 2 — bestfit o — bestiit
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10'2_—
L 103_-
slov e b el van Lo waloaan bonaaly sl be e by b sl vaabannals E plovn s b e by b aaa by vl aaaly
4 3 -2 -1 0 1 2 3 E 4 -3 2 -1 0 1 2 3 4 4 3 -2 -1 0 1 2 3 4
4{Higgs.Top)) 4(Higas,Leading Jet)) q{top,Leading Jet)

26




Top-quark polarization

7
%

The angular distribution (in the top rest frame) of the top decay products is given
by [Jezabek and Kuhn, 1989]:

- f=u,d,bW
-> P_=Polarization of the top quark (-1<P <+1)
1 dI’ 1 0 0
T deosty 2 (1 + Py h:fCOSHf) - 6.=Angle b/w fermion (or W ) and top spin direction in the top
rest frame
> k= Spin analyzing power (+1, -0.3, -0.4, +0.4 for f = d, u,
b, W)

% For L-handed hadronic top quarks (Po=-1): the b and u quarks are more likely to be
aligned with the top spin (in the top rest frame), and hence more boosted (less separated)
in the lab frame.

% For R-handed hadronic top quarks (Po = +1): the d quark is more likely to be aligned
with the top spin (in the top rest frame), and hence more boosted in the lab frame.

7
L X4

Similarly for L-handed (R-handed) leptonic top quarks the b quark (lepton) will be
harder.

Thus the kinematics of the decay products from L and R-handed top quarks will differ and
can exploit this difference in the jet images.

7
°o®
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Jet image formation (pre-processing)

% Mass re-scaling and Lorentz boosting
> Follows the technique described in 1903.02032.
1. The jet 4-mom is rescaled such its mass is m, . =
2. The jet is then Lorentz boosted to a frame in which its |t
energy is EB.

jet image w/o pre-processing

> The ratio of these two parameters (ys8 = ms/EB ) important,
and not their absolute values.

> We have chosen yB = 2 (fairly optimal).

% Gram-schmidt transformation
> For a given jet-constituent’s 4-mom pi , image
coordinates are (Xi, Yi ). "4 jet image with vg =
> Image size: 50x50 pixels
> Color axis: Constituent energy / jet energy

€&1=9,

Jet-image
plang
( 1l toe 1 )
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Hadronic top polarisation

< Train on hadronic t;, jets (from trtr)Vs tr jets (from tgrtgr) 107
N % . : . . . A 25 Thad rete from @ T
%  cos 0" is a kinematic variable that is shown to be quite sensitive to L jeta from & ]
polarization [Godbole, Guchait et al., 2019]. P N :E” jessrom % S
> It's the (cosine of) angle b/w the top jet (in the lab frame) and L IS Rom Wk ee) !
. . . N Gt ty jets from W'(3 TeV) 1
the d-like sub-jet momenta (in the top-rest frame): 30 : .
N . 15— t"™jets from ti 3
_> : 3 M=o - .
. ./ 4 »
Jt -Ja ©
cos f* = ——— 16 14 i T Wi, <5
e 1134 ) i
. &
%  The CNN outperforms cos 6*
0 : T | ] 1
21 08 02, 02 06 1
cos6*
Tralned on ﬁevems 1
T l T St I T l T l T
0.1 ] r———— cos8* (i) ) :
5 thﬂd iets from it E [ l:‘d VS, t:"’ ONN (TT) 3
: ~ : 0 8 Btz cos§* (“.'.\ Tev) ,5“‘ -~
P | Kot 0 jets from Ji N —— SN W, ) 4
[ —— 1M jets from W'(3 TeV) 4 . F /' 1
- - = - o
0.06}—------ 179 jets from W'(3 TeV) 1 £ 06 i
3 : : % L "',’ 3
0.0a- 1 2« 04f =" ~
0.02-_ . J 0.2F PG 7 -
[ Lo 1 s ] ] 0 i ] ] ] I ]
% 02 04 06 08 1 0 02 04 06 08 1
t'°° vs. t3°° CNN classifier 29 efficiency
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Leptonic top polarisation

3
sopL, : .

_ _ T ; 51 [RecaERos] |
< Train on leptonic t, jets (from tyty,)Vs tr jets (from trtgr) S &t
% 7y is a kinematic variable that is shown to be quite sensitive to 40F R i
polarization [Godbole, Guchait et al., 2019]. B o h rge
> It's the lepton energy fraction within the top-jet.
-
% The CNN is independent of lepton reconstruction and e
ID, unlike Zy
Tralned on ® events T e | . | s
0.1 Tep o T =1 T é é
i t " jets from tt d C ]
0_03:_ ------ t::p jets from it ’ - .
[ —— £ jets from W'(3 TeV) 1 1w E
0.06[~------ £ jets from W'(3 TeV) 1 £ ¢ :
5 [ 1 8 | :
© L 1 ° 3 4
0.04- % e T
L e '.:. ] 10°F _E
- " E:I "'.".._ ¥ B | eeseess 7 ) :
0.02} 4 " - — " ONN D ]
: :-.':I : """" 7 (Wypy) 1
! o eiiilTatems — PPN W)
) N 1 ) 1 ) | BT 10_3 N 1 . 1 ) 1 A N
% Q2 04 06 08 1 0 02 04 06 08 1
t " vs. ty" CNN classifier & efficiency
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Technical details for CNN

tE(T = tx),m; = 1 TeV,m 0 = 100 GeV)

MadGraph(Madspin) — PYTHIA8 — Delphes(CMS card)

W (W' — thb,my = 3 TeV)
tt and QCD(PT™ = 400 GeV)

% Jet Formation
> Anti-KT jets with R=1.5, pT > 200 GeV, |n|<2.4
> Soft-drop applied with z_cut=0.1,3 =0
> AR matched with gen-level hadronic (leptonic) top-quarks to confirm
hadronic(leptonic) top-jets

The network structure

Input Output
3@50x50 50@41x41  50@20x20 30@16x16 30@8x8 10@7x7 10@3x3 1

NN

Convolution Max-pooling Convolution Max-pooling Convolution Max-pooling Flatten Fully Fully
(RelLU) 2x2 stride (Rel.U) 2x2 stride (RelLU) 2x2 stride connected connected
10x10 kernel 2x2 kernel  5x5 kernel 2x2 kernel  2x2 kernel 2x2 kernel (ReLU) (sigmoid)

e Input has three channels corresponding to the three jet components (tracks, photons, neutral hadrons).
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(Book: Deep Learning, Ian Goodfellow,
Why CNN? Yoshua Bengio, Aaron Courville)

Sparse connectivity

% each filter is panned around the entire image

% allows the filter to find and match patterns no
matter where the pattern is located in a given
image

% panning of filters in CNN essentially allows
parameter sharing, weight sharing

e spatial information is lost when the
image is flattened (matrix to vector)
into an MLP

e amount of weights rapidly becomes
unmanageable for large images

Translational invariance, parameter sharing
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Reduction in Dimension

N x N image
F x F filter

N x N

.+ (N-F+1) x (N-F+1)




Pooling

Single depth slice

.| IR 2 | 4
max pool with 2x2 filters
51678 and stride 2 6 | 8
3 | 2 [EBG ] 3|4
1| 2 SRS
= >

Stride : Number of pixels/blocks to shift around

R
%

pooling layer serves to progressively
reduce the spatial size of the
representation to reduce the number
of parameters, memory footprint and
amount of computation in the
network.

But while doing so it notes down the
particular features too.
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SMEFT operators affecting tHq production

e One can interpret deviations from the dim=4 SM Lagrangian predictions in terms of an EFT:

Lsyerr = Lsu + % S Cz'(6) Oz('G)

e There can be 59 independent set of operators in dim=6 EFT expansion
e In this work, we focus on operators related to the tHq process and mainly affecting top-Higgs coupling

e Symmetry assumption, to focus on top quark related operators
U3); x U(3)e x U(2)g x U(2)y x U3)a = U(2)? x U(3)*

e Relevant operators

Operator Coeflicient Definition Vertex  Sensitive production processes

(@14 Cla (ot — v2/2) Ot ttH ttH, tHq )
o Cut i(¢t Doo)iyit tEH, tEV (TH, tHq, tj, tV, tiZ
Oé‘% e -i(¢‘ﬁ’,¢)(§>~,ﬂ(g ttH,Wth ttH, tHq, tj, tV, ttV
o ¢t -z(@ﬁ,}m)(gj,ﬂf’(g (tH,Wtb ttH, tHq, tj, tV, ttV
\O, - Cw -i(Qal”’nt)qu-V,{,, Wtb ttH, tHq, tj, tV, ttV W,
Osw Cow (ot —v2/2)WI Wi, HWW EWPO, ttH, tHq

Oup CspD (¢' D, o) (9! D" ) HWW EWPO, ttH, tHq

e The operators affecting HWW vertex are found not to be much sensitive and are constrained mainly by EW

precision data
e Other five are studied in this work
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Warsaw basis -1

X3 (PO and (P4 D2 ,¢,2 (p3
Qs | FAGrErG | (@, (¢lp)? Qe (#te) (lperp)

G | FABCGAGEGS | Quu |  (Po)Ole'e) || Que | (0'0)(Gurd)
Qw | EKWIWIPWEr | Qup | (¢! D) (¢'Dup) || Qup (') (@pdr)
Qi cIJK W‘{uwjpwfp

X2 902 ,'/)2 X © ,¢2 (p2 D

Qo | ¢'0GAG* | Q| Gome)roWl, | QR | (¢liDue)(pr*l)
Qi | ¢wGAG* | Q| (Ho*e)pBu | QF | (ot D! o) (lyriymL,)
Quw | SoWLW™ | Qus | (@Go*T*u)FGh, | Que | (#iDy0)Erter)
Qi | ¢oWLW™ | Quw | @o™u)rsWh | Q% | (#'iDue)@r*e)
QyB ¢'o By, B* Que | (30" ur)§ Buy o (w*iB,f ©)( %7 "gr)
Q.5 ¢t By, B Qi | @™ T4d)pGh, | Quu | (¢1iD, o) (@ ur)
Quws | ¢'TToWLB* | Qaw | (Go*dy)T"e WL, || Qua (11D, 0)(dyydy)
Quws | PToWLB* | Qs | (%0"d)¢Bu | Quui | i@ Dup)(@pr*ds)
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Warsaw basis -11

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Lyulr) Ty L) Qee (@ 1uer) (Es7 er) Qe (Lpyulr) (Esv*er)
% (@ 1u0) (@7 e) || Quu | (Gpyutr) Ty uy) Quu (L Yulr) (@s 7 ue)
w | @Wm'e) @' m'q) | Qu (dpyudr) (dsy dy) Qua (Tpyulr) (dey*de)
QL Tyl ) (@1 2) Qeu (Epvuer) (s ) Qqe (T Vuar)(Es¥ er)

QY | L)@ m'a) | Qea |  Evuer)(dsy*dy) W1 (@) @ uw)
D1 (@pvuur) ey dy) O | @ruT4q,) (@ TAu,)

O | @mT ) (@' TAd) | Q% | (@vuar) (e dy)
Q((:z) (GP’YPTAq') (JJ'YPTAdt)

(LR)(RL) and (LR)(LR) B-violating
Qedg (Ber)(dsa?) Quug e [(d2)TCuf] [(q)TCIE]
Qo | @w)en(@d) || Quu ePe 1, [(¢27)TCqP¥] [(ud)T Cer)
QW | @T4ur)ein(@TAds) | Qagq P jxemn [(¢29)TCP*] [(g™)TCL7]
Quew | Berein(@ur) | Quun £ [(d2)TCul] [(ud)TCer]

Qg;u (Bouver)ejn(@Eo™ uy)
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Coefficients for ttZ

Table 7: The coefficients of various linear and quadratic terms corresponding to the fits for

ttZ production cross-section.
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X(C) =

1 Ndat
Naat 57

Z (aiexp =3 ai(th](a’)) C()\'i;l (UFXP 23 U}th}(ﬁ)) .

)

(2.13)
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Other Fits
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Figure 2: Variation of cross section for ttZ production with insertion of Cq(b:;z) (left) and Cy,

(right), fitted with a linear polynomial.
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Observable expression -I

In the framework of EFT expansion, using Eq. |2.6] we can write both the production

cross-section and decay width in the following form,

(bP’!}(])})—)h)( (5:11]_*_2(‘ Ci +Zbu( Cj, (415)
<]

(b!‘l]((v — (SU] +Za pl.*_ZbU(,l(*J, (416)
i<j

where, of and bf; are polynomial coefficients for production, while al’ and b!) are those for

decay width. Using Eq.[2.8[4.15]and [4.16] one can write,

) v A :
(,,t M e G T Ve q) } (r‘ ‘ }+Z, 19120+ Y men OEE Cmen

thY ¢ A
pNC) = 5N F(SM}

Ey (F(SM] i N la (, e Zs<t bnf (,(f))

X
(SM)
Zy F?-
af ‘ ] u‘ 5:
s - Z aSM G T Z s u CyCk 14 Z T Syl K Z TSM CinCn
’ i<k m<n I3
FSJII lr, b Yy -1
X (Z FSJU Z (FSJU ) Cr +Z ( ) CsCt )
Y (tot) r (tot) s<t (tot] 4o

/ \



Observable expression - I1

(143 () o+ 5 () e (HZ(N)HZ(b:;;s)pm(-,,)

i<k m<n

SM / 1:"!( 3Ly -1
_'—y » “‘t 2] )
» Z Fb’:ll + Z F,T) Cy +Z W)(.s(.t )
Y (tot) r (tat) s<t (tot)
b7
(as)'.-u) €3k (1 T Z (an;) Qi Z ( ) Cm(?n)
i<k

m<n

l .,
(1
Y r [mt] s<t ( tot]

l‘,- a ai a"a{*’
=it Z G M T FSM Z I-sM + Z CjCk MI*%M - Z g SMTSM
Y

li
-
+
b
P
TR
£l
SR
o
+
N

Y (tot) <k (tot)
J‘ a A by b;}ﬁ b ”
- 1+Z»{,( +ZB“"-’ (4.17)

j<k
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Bino Annihilation

Annihilation via t-channel light
sfermions

—h?

Coannihilation with sfermion

AM should be small ' T
Light stau or top-squark could be
helpful

D
R
~ B
T .

None are efficient unless sfermions are light ~100 GeV or AM is less

But presence of non-negligible Higgsino content can help in s-channel
annihilation through Higgs or Z
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Higgsino/Wino annihilation

g ‘ f
82957 = Toust. (N13Na3 — N14Nog) W
an 6 ~0
Gus 0t = gtﬂ ~ (N1 Vi, — V2N Vi) X1.2

s

X1X1

% Annihilation into fermion pairs
W
<% Coannihilation with neutralino/chargino
> Both are Higgsino/wino-like ~
> Nearly mass degenerate X

]

- Very efficient annihilation mechanisms
= Under-abundance of relic density

& Annihilation into W pairs \M

X4

> A non-negligible bino/wino content in Higgsino enhances S-channel annihilation
to fermions
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Tempered neutralino

N. Arkani-Hamed et. al.
arXiv:hep-ph/0601041

Red band: 03< X <09
Pure bino LSP R
Blue band: my
Pure Higgsino LSP 1.5 < m < 00
Green band: m-
Pure wino LSP Lo < - <0

M (GeV)

% A pure Higgsino/Wino of mass ~100 GeV is not suitable for DM
% Unless sfermions are light, pure bino leads to overabundance of relic
density.

Tempered neutralino is the solution to
achieve right relic density !

Is it compatible with limits from direct detection experiments?
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Representative Benchmark Points

BP1 BP2 DBP3 BP4(BS) BP5(BS) BP6 BP7 BPS(BS) BPY(BS)
M, 60.8 585  274.2 334.1 2906.4 204.9  352.7 238.4 248.4
M, 27844 21024 2719.2 14385 1494.1  1093.6 1860.2  1561.4 1071.0
4 655.6  T793.6 9841  -T89.8 ST175 0 <4801 610.2 -414.2 -539.9
my 1252.7 953.2  584.1 T12.7 585.6 453.9  762.1 459.3 543.8
tanj3 7.5 6.0 6.6 6.1 6.2 5.0 5.8 6.3 6.7
Mg, 856.2 1102.2 2277.6  1024.8 1544.2  770.1 8244 765.8 811.5
Mg 35520 1889 1688.8  2403.3 2061.9  2381.8 2506.2  2088.9 2634.1
my- 954 1059 1675 1038 1475 688 804 635 765
mgo 666 802 996 800 729 494 620 424 550
Mg 666 800 994 796 725 499 618 422 545
mgo 59 58 272 335 205 207 354 238 249
mg 664 799 993 795 725 495 618 420 545
my, 125 123 123 125 124 123 123 124 125
my 1253 953 584 713 584 454 763 460 544
N3, 0.995  0.996  0.996 0.996 0.996 0.99  0.99 0.976 0.99
Ni; + N}, 0.005 0.003 0.003 0004 0.004 0.01 001 0.023 0.01
Oh? 0.1290 0122  0.119 0.112 0.121 0.110  0.117 0.119 0.110
asi(107 pb) 5.1 5.2 10 0.009 0.02 19 2.4 0.69 0.002
asp(p)(10~7 pb) 7.2 3.2 1.6 5.2 7.5 32 21 100 26
osp(n)(1077 ph) 5.7 2.5 1.3 4.1 5.8 25 12 78 20
BR(t; =+ x{+t) 005 011 016 0.08 0.05 0.11 015 0.08 0.08
BR(t; = X9+ t) 049 031  0.20 0.37 0.34 0.32 0.33 0.34 0.33
BR(t; = x%+t) 042 051 0.22 0.49 0.43 049 045 0.52 0.50
BR(x—=x!+h) 070 073 0.70 0.73 0.72 0.85 083 0.78 0.75
BR(x5—=x1+h) 028 027 012 0.24 0.25 0.04 012 0.09 0.19
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Multivariate analysis

Rank  Variable Description Rank Variable Description
1 my, Mass of Jy, g Yr Missing pr
2 HT Scalar sum of pr of all jets outside Jy, i (l ;I/lh (b) - g Mais of Jop i
7 . pr(b1)/pT(b2 pT ratio of two b-jets inside Higgs-jet.
g AR(ET’ Job) AR, betyeet ET atd. s 4 AR(b1,bs) AR between two b-jets inside Higgs-jet.
4 pr(Jbb) pt of Jbb 5 AR(Hr,j) AR between Ky and leading jet
5 ET Missing pr 6 HT Scalar sum of pr of all jets outside Jy,
6 pr(¢) pr of leading lepton i AR(B1,Jbb) AR between B and Jp,
7 AR(E+,])) AR between Er and leading jet outside Jyy, 8 AR(b1,Jpp) AR between leading b-jet (outside Jpp) and Jy,
8 AR(b1,Jpp) AR between leading b-jet (outside Jyp,) and Jpp, | 9 Njets Number of outside Jpb.
9 Njets Number of jets outside Jpp,. 19 I)pr) BT Offkl‘adling ICptoln
11 M~ (2, Transverse Mass rading pT lepton and
10 Mr(¢,By) Transverse Mass of leading pr lepton and K 19 T((]E)T) e U(fn]lg ptepton and P
pPr(Jpp PT O Jpp
1 N() Number of leptons 13 N(¢) Number of leptons
12 pr(b-jet) pr of leading b-jet outside Jy, 14 N(b-jet) Number of b-jets, outside Jyy,
13 N(b-jet) Number of b-jets, outside Jy, 15 pr(b-jet) pr of leading b-jet outside Jyy,
Non-resolved category Resolved category
% Several kinematical variables are constructed
% Rankings shown are not absolute, but differs on different BPs
% overtraining tests are performed to ensure that there are no significant deviations
between the performance of training and testing data
% Method used : BDTG
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Flow of cuts (non-resolved category)

BP1 BP2 BP3 BP4(BS) BP5(BS) tt(1¢) tt(2¢) tth ttZ  tthb

Cross-secton(LO) (fb) 6 3 0.06 3 0.18 178500 36000 400 584 13700

Er > 200 GeV 49 25  0.05 2.4 0.17 2695 5925 126 38.8 186.7
No. of £ =1 1.5 0.75  0.02 0.7 0.05 1419 2912 5.1 11,5 711

No. of Jppb =1 04 0.2 0.004 0.2 0.01 33.8 121 14 0.8 10.6
my,, > 100 GeV 0.3 0.15 0.003 0.14 0.008 11.6 2.4 0.7 0.3 2.6
No. of b-jets> 1 0.15 0.08 0.001 0.07 0.003 1.0 0.25 0.3 0.1 0.8
Ht >500 GeV 0.1  0.06 0.0008 0.05 0.003 0.25 0.07 01  0.05 0.1
mr({, Eyp) >110 GeV - 0.08  0.05 0.0006 0.04 0.003 0.04 0.07  0.02 0.006 0.02
o x K-factor 0.12  0.07 0.001 0.056 0.004 0.06 0.1  0.024 0.008 0.04

- Signal acceptance =~1-2 %

- Background acceptance = ~0.0001%

@ Ssensitivity for points in non-Resolved category

Blind spot

Luminosity (fo-!) BP1 BP2 BP3 (BP4 BP5 )

300 3.5 22 0.036 |18 0.14
3000 11.0 69 0.1

5.7

0.441)

47




Flow of cuts (resolved category)

BP6 BP7 BP8(BS) BP9(BS) tt(1¢) tt(2¢) tth ttZ ttbb

Cross-secton (fb) 53 19 91 34 178500 36000 400 584 13700

Bt > 150 GeV 31.9 12.2 46.9 25.1 8560 2100 31.3 76.5 555.6

No. of £= 1 8.7 3.3 12,7 6.8 4364 1050 12.2 23.8 204.1

No. of Jpp =1 3.2 1.3 4.2 2.5 564.2 1459 46 39 533
No. of b-jets> 1 2.3 1.0 2.9 1.9 49.5 11.0 36 1.3 35.7
H1>500 GeV 1.3 0.6 1.6 1.2 22.3 3.6 1.7 0.6 11.8
mp(f,Bp) >110 GeV 0.9 0.4 1.1 0.9 5.3 24 04 015 26
o X K-factor 1.28 0.53 1.49 1:22 7.9 3.36 043 020 4.7

- Signal acceptance =~1-3 %

- Background acceptance = ~0.007%

@ sensitivity for points in Resolved category

Luminosity (fb~') BP6 BP7 |BP8 BP9 | Blindspot
300 53 22 |61 50 [
3000 16.7 6.9 (192 158

< Significance are higher compared to non-resolved cases due to larger production

Cross sections
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Separation between the two b’s from Higgs

IllIIIIIIIl|IIIIIIIllIII|IIIIllllllllllllllllllll

0.1

— A M= 288, A m2=607 BP1,m=954-666

— A 1= 247, A m2=748,BP2,m=1058-811

arbitrary units
T | T T T |
1 | 1 1 1 I 1

m— A M1= 685, A m2=684 BP3,m=1681-996

— A 1= 194, A m2=184 BP5 m=809-615

0.06

A m1=206. A m2=144 BP6, m=630-423

0.04

0.02

0 05 1 16 2 25 3 35 4 45 5
AR(b,b)
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Next-to Minimal Supersymmetric Standard Model

NMSSM Superpotential

Wnssm (,u — 0) + ASH, Hy + %I%Sg
Sgetsa VEV: Vg = <S>

We get an effective u-term  \v,H, ,Hg , with

Ueff — )\’US —>  Solves p-problem

Also in NMSSM, SM-Higgs mass comes out more naturally than MSSM without
requirement of much fine tuning

2 0 M2 a2 2.2 win? 2
my; ~ M7 cos® 23 + A°v§ sin” 23 + Amg
Nucl. Phys. B860 (2012) 207-244
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Light singlino LSP

(M 0 o 2E 0
0 M, 92;’;3 ‘g;;’c"’ 0
My = _gil/;sﬂ 92:/);3 0 —eff  —AVCB
gl;;g _gf/;c’s — [beff 0 —AvS3
\ 0 0 —Avsg  —Avcg  2Kv, }

X7 becomes more singlino-like, as : |2K/US| << lefr, M1, Mo

In singlino limit : Mﬁ) ~ 2KV = 2%,Lbeff

2 ~1
For very light singlino : |%| ~ 1077 — 1077, for perr > 100GeV
(Due to LEP limit on

chargino mass) o



Branching Ratios

¢1 = H; ¥

P11 = A1 m

10!}

I =
5} 15}
T

-
15}

BR(Hsm — ¢101)

10 ®

50 60

u mey, EOGeV) B
BR(Hsv — H1H; /A1 Aq) is at most 11-12% , which is well allowed by the

upper limit on Hgyy — BSM decay BR

The light Higgs bosons primarily decays to bb and 92(1)5((1)

When bb mode is not kinematically accessible 7T mode gets enhanced
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[llustrative Benchmark Points

BP1 BP2 BP3 BP4 BP5 BP6

A 0.34195 0.17783 0.22140 0.24670 0.24980 0.29853
K 0.00080 0.00241 -0.00564 0.00520 -0.00690 0.00438
tan/3 8.46 5.99 4.79 5.85 4.96 4.63
A, 3114.53 793.52 1201.50 1654.39 1968.95 1528.60
A, -46.48  -29.91 36.66 -57.21 69.65 -60.15
et 340.39  150.68  232.94 29040 37855  364.86
myy, 123 126 126 126 123 127
myy, 43 14 28 36 + 56
mp, 8 12 24 31 47 30
M0 3 5 10 14 20 13
(h? 0.1115 0.1188  0.1188  0.1255  0.1180  0.1098

BR(H, — H;H;) 0.0001  0.06 0.01 0.11 0.08 0.07
BR(Hy — AjA;)  0.10 0.004 0.06 0.001 0.02 0.01
BR(H; — bb) 0.81 0.57 0.75 0.22 0.50 0.50
BR(H; — ¥%%x))  0.07 0.31 0.18 0.75 0.45 0.44
BR(H; — 77) 0.07 0.08 0.06 0.02 0.04 0.05
BR(A; — bb) ~ 0.35 0.32 0.55 0.18 0.73
BR(A; — %Y  0.22 0.13 0.64 0.40 0.80 0.19
BR(A; — 77) 0.69 0.42 0.03 0.05 0.01 0.06
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Distribution of HJ mass

.g dl 1 1 1 | l ' I 1 I 1 1 [ I 1 1 I44I -
< [ 25 == Signa ]
> 03F i «.= Signal36 B
g il « .= signal56 ]
5 s — bbwj |
5 025 bEij B
Cos g —tt ]
02f; i m
0151 ¢ g
r : ' L ]
01:.-? ; ;.E -'h _—:
0.05}
0_— - L. v TR
0 20 40 60 80 100 120

mj.. (GeV)

Characteristics of HJ mass distribution are very different for backgrounds and
signal processes

Fat jet works better in lower masses than in the higher mass region

But even in high mass region it is found to be much better than choice
of two separate b-jets
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Transverse Mass and R distribution

.(‘2 _I T l LA G L I LB l LB l L [ l.l LI l T
g - & == signal24 -
> 0.1 a* 2 -« signal56 =
£ i o 5 i — bbwj 1
8 i i‘é HE — bbzj i
© ot “
006 i i i .
0.04]
0.02]
3" T IR TR AT i 1':‘?‘1?: 4 3 e, 5
0 50 100 150 200 250 300 350
mr(Jy5, Bp) GeV
nmn js
oy X lpr |
@ miny _ i=1 _|PT
n. —
J Hrt

—>  Very helpful for tt

—> We choose R> 0.5

® Transverse mass between Hj and MET

mr (Jyp, Br) = /2 % by % B (1 — cos $(Iy5, Br)

—> (Choose

.
L]

I
e

R

EILL
‘" e
 amimi

T
n

== signal24
== signal44
— bbzj

— tt
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Flow of cuts (moderate mass region)

BP2 BP3 bbZ+jets bbW +jets  tt
o(pb) 124 124 152.8 139.8 597.9
0 X €BR 0.7 0.9 152.8 139.8 597.9
lepton veto 0.6 0.8 108.5 97.6 298.2
n; > 1 0.5 0.7 107.4 96.3 297.7
Hr > 40.0 GeV 0.3 0.4 32.8 24.4 109.4
No. of Jif =1 0.05  0.06 1.8 3.0 4.9
my . < 30.0 GeV 0.05  0.05 0.3 1.0 L
mr(Jyp, Bp) <140 GeV  0.04  0.04 0.2 0.8 0.9
R>0.5 0.034 0.04 0.08 0.6 0.4
ox K-factorxef 0.018 0.022 0.04 0.47 0.24
® K-factors: @ Additional b-tagging efficiency
signal — 1.8 B
bbZ +jets — 1.7 L oo €)= {0-66 for t}

bbW + jets — 2.6
tt — 1.4

7

Melnikov, schulze
arXiv:0907.3090

0.55 otherwise

(CMS Collaboration, JINST 13 no.
05, (2018) P05011) 56



Flow of cuts (High mass region) and Sensitivity

BP4 BP5 BP6 DbbZ+jets bbW +jets  tt

o(pb) 124 124 12.4 152.8 139.8 597.9

0 X €RR 1.3 1.2 1.0 152.4 139.8 597.9

lepton veto 1.3 1.1 0.9 108.6 97.6 298.2

n; > 1 1.2 1.0 0.9 108.0 97.3 297.8

Fr > 35.0 GeV 0.9 0.6 0.4 39.4 30.4 127.9
No. of Ji5 =1 0.05  0.04 0.03 3.0 2.9 7.8
30.0 <my,. <60.0GeV 0.03 0.03 0.01 0.6 0.8 1.8
mr(Jyp, Bp) <140 GeV  0.03  0.03  0.01 0.5 0.5 1.2
R>0.5 0.024 0.02  0.01 0.26 0.4 0.5
ox K-factorx e} 0.013 0.011 0.0055 0.13 0.3 0.3

@ sensitivity for both moderate and high mass region

BP2 BP3 BP4 BP5 BP6
—300fb 1) 11 14 8 7 35

B
S (L=3000fb") 35 44 25 22 11




Flow of cuts (Low mass region) and sensitivity

BP1 tt DY + jets Wjets WW-jets WZ+jets

o X egr (pb) 1.2 H98& 4242 5x 104 116 51
ET > 30 GeV 0.8 371.7 314.2 10771 46.8 23.7

n; > 1 0.74 371.1 301.7 10516 45.2 23.5
N(lopton) =2 0.005 152 16.5 0.2 1.1 0.4
My < 10 GeV  0.0032 0.08 0.11 0.07 0.01 0.001

b-veto 0.0032 0.024 0.11 0.07 0.01 0.001
o x K-factor 0.006 0.034 0.14 0.1 0.02 0.002
® K-factors:

DY + jets — 1.3 (arXiv:2001.11377)

W + jets — 1.4 Phys. Rev. Lett. 115 no. 6, (2015) 062002
WW + jets — 1.8  Phys. Rev. Lett. 113 no. 21, (2014) 212001

WZ + jets — 2.07 Phys. Lett. B 761 (2016) 179-183

o signal sensitivity

el

—(6 (£ =300fb!)
19 (£ = 3000 fb1)
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Sneutrino can not be DM in the MSSM

Sneutrino is the superpartner of the left-handed (LH) neutrino: is a SU(2)L doublet
(Y=1 —— couples to the Z boson)

C.Arina, N .Fornengo (2007)

| WMAP range -

C.Arina, N.Fornengo (2007)
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