Science & Technology Facilities Council @Eg@ University Of
— Rutherford Appleton Laboratory y SOUthClmpton

ity of Southampton)
Joel Goldstein, Mei-Li Holmberg, Jacob Linacre, Stefano Moretti,

Mehrnoosh Moallemi

Giovanna Salvi, Claire Shepherd-Themistocleous, Ian Tomalin

July 2024




XIV NEXT PhD Workshop

L Introduction to NMSSM

O Signal Model

> Event Selection

O Squark Mass reconstruction
» Methods and Approaches
» Squark Mass Binning
» Performance comparison

d Summary and conclusion

Outline




Introduction

v Next-to-Minimal Supersymmetric Standard Model (NMSSM)
v Additional singlet super field | MsssM ISR NMSM
o along with the typical MSSM contents . HIGCEEECHOR | HICCEEECTIOR

v" Richer Higgs Sector:
o By including the additional singlet

v' It predicts a spectrum of

NMSSM MSSM -
three CP-even Higgs bosons two CP-even Higgs bosons
two CP-odd Higgs bosons one CP-odd Higgs bosons
two charged Higgs a charged Higgs pair
e G
v There are 7 Higgses in total e

o the lightest Higgs can be lighter than the SM Higgs!
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Signal Model

LSP is Singlino-like

ocascade decays
P LSP = Singlino

o

The decay arm H1# Hsw,
also arises from it is one of the other CP
gluino—squark+quark even Higgs' in NMSSM.
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Signal Model

LSP is light and mass splitting between Higgs and NLSP small

oLSP is soft
oH; inherits most of the momentum [.SP is Sinelinolik
from the NLSP S oft SP is Singlino-like

ocascade decays
LSP = Singlino

Light Higgs is highly boosted and there is little MET
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Signal Model

Light Higgs mainly decays to a pair of b-quarks, bb, and is reconstructed as
an AKS Jet

it is one of the other CP
even Higgs' in NMSSM.

Our previous published(HIG-20-018) analysis can be found here:
Search for light Higgs bosons from supersymmetric cascade decays in pp collisions at Vs = 13TeV, arXiv:2204.13532

Ellwanger, U., Teixeira, A.M. NMSSM with a singlino LSP: possible challenges for searches for supersymmetry at the LHC. J. High Energ. Phys. 2014, 113 (2014). https://doi.org/10.1007/JHEP10(2014)113
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https://arxiv.org/abs/2204.13532

Signal Model

o All the light-flavour Squarks are considered mass-degenerate at the mass called mgygy.

* Gluino-Squark mass splitting is set to 1%

. Gd. oa q g h imilar final .
All §G, GG and g g events have similar final states The cross-sections for the

SUSY mass Mgysy > 1200 GeV

msusy [GeV] o(pp = 44,43, gg)[fb]  Uncertainty

1200 982.3 8%
1400 194.1 9%
1600 69.71 9%
1800 26.29 10%
2000 10.29 11%
2200 4.114 13%
2400 1.668 14%
2600 0.6792 16%
2800 0.2765 18%
3000 0.1117 21%
3200 0.04512 24%
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Event Selection

1 1 AK4 i t = Singlino
In the published analysis: \AKAJet Lspesng
Requesting 3 Jets: ; .
5 AKS jet
» Two AKS8 Jets < Je
. pT > 300 GeV ......................................... <. AKS Jet
" n| <24

it is one ’of the other CP
even Higgs’ in NMSSM.

> At least one AK4 Jet (Jet radius 0.4)
= pr > 300 GeV o
= Il < 24 uS simiaton

()

% 1 I T I ?

u ARAk4,Ak8 > 1.4 (85 107" E-_-:-:__——-_ . ~ E;

» Hy (scalar sum of jet pr) binning T oy '__::'F::f'ﬁ'::-::_—__ Rt

e e e

> Further binning using AK8 Jet properties g * 4?;:"_ = T ~

-0 » Simple mass reconstruction based on Softdrop S b ? — Multjet _:=EE;:__:*“ +++++++
) 1088 > Double b-tagging using BDT § 10'5? ':J: ttW-;jZi:’-sjets _ }Irﬂ s
s 0 A e ey 1 T

o 07 T moTON Mg m2000ey | T .
o=10-—>N=2.44 2000 3000 4000 5000 6000

920> 1= H; [GeV]
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https://www.arxiv.org/abs/1406.7221

Event Selection

For Run3:

» Using ParticleNet for double-b-tagging and FatJet
mass regression

» Introducing Squark mass reconstruction

Requesting 4 Jets:

[ 2 Jets for Higgs & 2 Jet for Quarks ]

H1# Hswm,
it is one of the other CP

even Higgs’ in NMSSM. ,AKS jet

e e o o e e e e e e e M M e M Mmm M e M Mmm M e R M M e R M e e e

o o —
—— o o o o e o o

BUT we use Run2 Monte-Carlo simulation for now
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Background

* In the published analysis: QCD >> tt
e After using ParticleNet double-b-tag on QCD: QCD ~ tt
 After applying new selections on tt : QCD >> tt
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Squark Mass

Since LSP is soft, the Squark can be reconstructed as Quark + Higgs

> ———TTTTTT
o —+ Slquark masls, correctly Imatched 1
(\3 — Squark mass, wrong ]
T
g
=z 20 .
©
o)
Q0
g =
= 1.5_
1.0 -1
1 b
o5l . e ’ soft
1 jet
OO_II‘I L TR R TR R NS
0 1000 2000 3000 4000 5000 6000

MSquark[GeV]
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Mass Reconstruction: Method

» Sort Jets based on the b-tag score and take the first two as Higgs

» Sort the remaining Jets based on p, and take the first two as Quark o
e

Jet

AKS jet
4 ppdsoft Jet

Jet

1# Fsm, , X
it is one of the other CP
even Higgs’ in NMSSM. .
AKS jet
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Mass Reconstruction: Method

o Reconstruct SquarkA with AK8 with the highest b-tag score (JetA)
o Reconstruct SquarkB with AK8 with the second-highest b-tag score (JetB)

There are only two combinations:

Pair One Pair Two

SquarkA = (JetA + Jet1).mass SquarkA = (JetA + Jet2).mass

SquarkB = (JetB + Jet2).mass SquarkB = (JetB + Jet1).mass

Always choose the pair with Squark mass more similar to each other i.e:
Choose the pair with the minimum | masss;,qarka— MASSsguarks|
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Mass Reconstruction: binning

 Sum of masses: masssgyarkat MASSsquarks

CMS CMS Work in progress
Work in progress . > 00012 T T 7 -
B e O N progress _GOOOCMSWorkmprogress mH60 mSUSY2800 : L 1 msUSY 2800
0.00175
S i —+ Squark A > % s
2 i Squark B 1 0) 0.175 =
) i quar i c
- o ] = & 0.0010} i
5 0.00150f ] @ 5000 g
s [ ] = 0.150 s
- - N 3 C
30_00125_— 7 g 2 0.0008f y
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0.00100}- . i
E ] 3000 0.100 0.0006~ i
0.00075}- .
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0.00050| ] oso
i 1 05 i
0.00025|- /_/ . 1000 0.025 0.0002| .
| Mf// | | 1 ! 5_‘_ i
0.00000 L——— N I 1
0 1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6060 0000 0.0000 ————do —550
Msquark [GeV] Squark A [GeV]

Msqa + Msqp [GeV]
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Mass Reconstruction: binning

« Each mSUSY has its own narrow peak

» Use binning on the total mass

CMS Work in progress
(2} L L T T
S LI —— mSUSY 1200 |
2 i —+ mSUSY 2000 |
‘G 0.0020(- — mSUSY 2800 -
5 I —— mSUSY 3200 |
2
o
Y- 0.0015}- -
0.0010} -
0.0005} -
0.0000—

n a L N Iq
0 2000 4000 6000 8000
Msqa + Msqg [GeV]
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Fraction of events
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0.0000

CMS Work in progress
- ! ! o T ! |

Mass Reconstruction: binning

« Each mSUSY has its own narrow peak
» Use binning on the total mass

- Difference of masses: | masssgyqrka— MASSsquarksl

— T T T .
D A ~+ msusy 1200 | _ 5000 CMS Work in progress ____mHB0 mSUSY 2800 -
: -+ msusy2000 | o 3
- : —+ msusy 2800 {1 < ;000 S
: — mSusY3200 | Z 004 §
: >
: = 6000 +
B : 1 3 Eé’
: = 5000 0.03
: 4000
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Msqa + Msqg [GeV] IMsqa —Msqs| [GeV]
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Mass Grid

» Define a mass grid for different mSUSY mass
» Based on mass resolution we propose 7 different mass bins

mH60 mSUSY 1200 mH60 mMSUSY 2800 mH60 mSUSY 3200

~ o]
o o
o o
(=} o

Msqa + Msqg [GeV]
3
3

MSqA + MSqB [GeV]

Msga + Msqp [GeV]
3
3

[6)]
o
o
o

..i ..i

600 800 1000 600 800 1000 ' 600 800 1000
IMsqa — Msqg| [GeV] [Msqa - Msgs| [GeV] [Msqa - Msgg| [GeV]
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Ht Binning VS Mass Binning

Squark mass is a more powerful variable for binning compared to Ht binning

8000 CMS Work in progress ~ mHB60 mSUSY 2800 CMS 138 fb (13 Tev)
> % 1500 < H, < 2500 GeV; 2500 < H, <3500 GeV;  Hy > 3500 GeV
O, 7000 > 10 B Wi Multiiet i Signal, m, =70 GeV |

= 0.04 5 Witi+ets i mgyg,: —1200GeV ]
< 5 WZjets —2000GeV -
+ 6000 2 102 —2800GeV -
< 5 :
= 0.03 = B
5000 : 0
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1
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107" RS
2000 o f I . —— T : =
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Ht Binning VS Mass Binning

Fraction of events/GeV

1717124

Squark mass is a more powerful variable for binning compared to Ht binning

CMS Work in progress
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Summary and Conclusion

v’ Introduce Squark mass reconstruction
v"Add mass grid for Squark
v’ Retain H; binning in parallel for general interpretation (less model-dependent)

v Using Mass binning for model-dependent interpretation
o Expect improvement in mass reach
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CERN Plan

LHC / HL-LHC Plan

‘HiLumi

LARGE HADRON COLLIDER

LHC HL-LHC
Run 3 | Run 4-5...
EVETS 136 Tev 1A LS3 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation limi LIU Installati: =

7 TeV 8 TeV button collimators frv?;rell?tllton netetation . inner triplet . HL LH(.:
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2024 220 | 2027 | oz | 202 [[I]

5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes . : . " HL upgrade
nominal Lumi w ALICE - LHCb I 2ixinominal Lumi 1
75% nominal Lumi upgrade

m m m integrated

luminosity EEODTE
HL-LHC TECHNICAL EQUIPMENT:
| PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |||| PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Mass Reconstruction: sratiets vs 2Ak4+2AKS

» Comparing the first and second approach for Squark mass reconstruction

 Calculated significance for Squark mass after only applying kinematic selections

> [T T T T T T T T T T ] 0 L B L A T
8 1 —+ 2 AK4 + 2 AK8 Jets | g otk P Significance |
22 4 Fatjets 7 A . +  2AK4+2AK8 1
§ [ \ | : _.-"'. ° 4Fatjet 1
2ot - 7 o
o 3 ——_
5 | i ' E '
E os|- : 102} . 4 Fatjets method gives better
Z L 3 B .'. | °

ol : y Squark mass resolution!

o i ot

0.4 s e

: 10‘:— E
0.2} s
0_0..|/._Aw..|...\L1\M1..4.|.// T I e
A 1000 2000 3000 4000 5000 6600 0 1000 2000 3000 4000 5000
Msqa[GeV] Cut on the sum of Mass[GeV]
Squark mass for mH60
mSUSY3200 Still using Run2: using AK4chs VS AK8Puppi
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