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https://arxiv.org/abs/2211.11084
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.131802

Higgs as a probe for new physics

2012 July 4th: Discovery of “the/a” Higgs boson

Phys.Lett. B716 (2012) 1-29
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https://arxiv.org/abs/1207.7214

Decoding New Physics (NP) from the Higgs Boson

ANY deviation from predictions implies a revolution in our understanding
of the universe

The Standard Model is an Intricate Structure

Patrick Meade

SLAZ zwmzHENG SN N SR Ltall o 4



Decoding New Physics (NP) from the Higgs Boson

Beyond standard model physics (BSM) can modify Higgs properties

30 All BSM models from Phys. Rev. D 97, 053003 (2018) !
® MSSM Precision measurements of
25 A Type Il 2HD, mH = 600 GeV, tanB = 7
® Composite Higgs, f = 1.2 TeV Higgs properties may reveal
20 - ® Higgs Singlet, m = 2.8 TeV
~ new physics
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Why inclusive Higgs measurements are not enough

Coupling measurement far from achieving the precision required to detect
potential deviations from the SM

30
All BSM models from Phys. Rev. D 97, 053003 (2018)
® MSSM
25 A Type Il 2HD, mH = 600 GeV, tanB = 7
® Composite Higgs, f=1.2 TeV
20 4 @® Higgs Singlet, m = 2.8 TeV
Measurement uncertainty
< [Nature 607, 52-59 (2022)]
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Differential Higgs measurements as next precision frontier

CMS 138 fb~1 (13 TeV)
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Decoding New Physics (NP) from the Higgs Boson

The Power of Boosted Higgs

Wiz {4
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JHEP 1911 (2019) 034
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The ATLAS Detector
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Toroid magnets

Solenoid magnet




ATLAS

EXPERIMENT

Candidate Event:
pp—-H(-bb) + Z(—-ee)

Run: 337215 Event: 1906922941
2017-10-05 07:55:20 CEST




Jet

Jet is seen as a spray of particles \
produced by the hadronization of

quarks and gluons

Jet
& '\\,'\00 Muon System
(\e@Qos
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Jet

Jet is seen as a spray of particles
produced by the hadronization of
quarks and gluons

Bottom (b)-jets : jets originate from
b-quark

e “Long” lifetime: T~1.5 ps
e Many displaced tracks

SLAL  ZHIZHENG

13



A i
,-“'I. I'f"‘.i . ."'IIJ

7

{ i [

i |‘I ," - R

i LJ | |

J | 1

_JII

M Il

A b-jet candidate even t|n2009

. ATLAS
A EXPERIMENT

Run 142195, Event 284154

Decay length = 3.7 mm
Decay length signficance = 22
Lifetime = 3.1 ps

Vertex mass = 2.5 GeV
Number of tracks = 5



CATLAS

LEXPERIMENT

Run 142195, Event 284154

Decay length = 3.7 mm

ﬁ Decay length signficance = 22
4 i Lifetime = 3.1 ps
-] i Vertex mass = 2.5 GeV

Number of tracks = 5

Preuse Particle Tracki

g Detector is Crucial

—

A b-jet candidate eveﬁ t|n2009



Why boosted Higgs becomes accessible now

102

: : : : [ | JHEP11(2021)108

inclusive
ggF.
VBF
VH E
ttH =
Sum ]

10" N

Vs=13TeV :
PDLHCI15 nnlo mc |

During 2015-2018:
#Higgs (pr > 400 GeV) ~ 3700

2(pry) [pb]
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https://cds.cern.ch/record/2767656/files/Publication.pdf

Higgs at LHC: H— bb

t 1ET T ‘ T T T T 3§ The largest branching fraction of
S [58% 12 Higgs decay
s | 18 - e
E I A s @ bb has statistics to access
107 g E o . .
% ‘as ‘ z | Higgsin the high pyregion
o2 E =
£ | 1 HOWEVER Very Difficult
0 3 3 e large contamination of
zy multijets (QCD)
10° =500 720 40 q60 180 200 o/00Higgsvs8MQCD
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From resolved to boosted Higgs
5 JHEP11(2021)108
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https://cds.cern.ch/record/2767656/files/Publication.pdf

Look Inside Jets

SLAL  ZHIZHENG

Trimmed Jets

Tracks
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Look Inside Jets

Trimmed Jets

@ Tracks
@ Sub-jets

Sub-jets: smaller jets inside Large-R jets

Jets originated from different particles

t—-UWb—-qgqgb

have different sub-jets structure

SLAL  ZHIZHENG 19



Look Inside Jets
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Trimmed Jets

@ Tracks
@ Sub-jets

Sub-jets: smaller jets inside Large-R jets

Explore the energy correlation inside jet
L
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https://arxiv.org/abs/1507.03018

Look Inside Jets
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https://cds.cern.ch/record/2724149

Look Inside Jets: H—bb Tagger

Identify Higgs: ArL-prys-puB-2017-010
e Tag individual subjets

Beamline h

Primary Vertex

SLAL  ZHiZHENG

@ Tracks
@ Sub-jets
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https://cds.cern.ch/record/2268678/files/ATL-PHYS-PUB-2017-010.pdf

Look Inside Jets: H—bb Tagger

ATL-PHYS-PUB-2020-019
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/

Look Inside Jets: H—bb Tagger

Identify Higgs: ArL-pHYs-PUB-2020-019

e Neural Network using b-tagging @
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/

Look Inside Jets: H—bb Tagger ATLPHYS-PUB.2020.019
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/

Higgs in the Boost Region

Advancement of novel jets

substructure and MLenabled ™| § Gl oo e o s 130
ceachestorH— bbin *| * AT
hadronic final states despite T
the large irreducible QCD & 2%
background: ﬁ 10- b —4— - +
Sl A I S (R S - —

o pf differential y +y . =1

measurement of Higgs o

bosonin bb decay channel

in both ATLAS and CMS 400 S
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Higgs in the Boost Region: Different Production

All production modes
contribute similarly toward pfl
~1TeV

e At 1TeV VH will be the leading
production mode

Understanding each production

mechanism in high prregime for
the Higgs boson is important

SLAL  ZHIZHENG

Fractional contribution

arXiv:2005.07762
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https://arxiv.org/pdf/2005.07762.pdf

Higgs in the Boost Region: Different Production

JHEP 12 (2024) 035

CMS Preliminary 138 fb™ (13 TeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/

A.U.

Higgs in the Boost Region: Decay mode expansion

H-> WW

arXiv:2603.22233

CMS Simulation Preliminary (13 TeV)
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https://arxiv.org/abs/2603.22233

Higgs in the Boost Region: VH




Higgs in the Boost Region: VH Phys. Rev. Lett, 132 (2024) 131802

Signal events increase by a factor of two in all hadronic channel compared with
V(— lepton) H

V(—qq)H First Measurement

q
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.131802

V(—qgq)H: Event Selection

Single large-R (R=1.0 anti-k) jet trigger with

mass and prthreshold

At least two large-R jets p;> 200 GeV & || <2
e pr-leadingjet: pr>450, M, > 60 GeV

e Second p;- leading jet: M ; > 40 GeV

Events with isolated charge leptons are rejected

SLAL  ZHIZHENG

Higgs candidate

=ecoll vjets
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V(—qqg)H: Higgs Candidate

At least one of the two pr-leading jets must

pass H —bb tagger requirements

e The jet passing requirements
is the Higgs candidate

e [f both, the jet with larger mass is the Higgs
candidate

The recoil jet much pass V tagger

SLAL  ZHIZHENG

Higgs candidate

Recotl vjets
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Event Selection

*SR: Signal Region
*CR: Control Region

Pass

Fail | ©R

PaSS 50% WP 80% WP Fail V tagger

SLAL  ZHIZHENG 34



Event Selection

*SR: Signal Region
*CR: Control Region

Events are split according to Higgs-candidate
pr(py)): [250,450),[450,650), > 650 GeV

Pass @

Fail | CR

Pass °°*WP s07% WP Fail V tagger
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Signal Region: Signal & Background Composition

: . ¢ data  [@VH OtherHiggs
Background dominated by multijets Vijets VWV top
production (90%) multijets ./, Uncertainty
® tf(5%), VV(O7%) E %Tii:gTeVJSﬂb"
: o 0oL SR: p" > 650 GeV
o V+jets (3.6%): used as validation of g 80 Pr. ©
multijets background method D,

The key is to have full control of multijets 40
background estimation 20

IIIIIIIIIIIII

e Two data-driven estimations in place 0
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Analysis Strategy

- ATL-PHYS-PUB-2021-035 A
|-L4'5-‘I""""I""l""l" S =
H — bb tagger - ATLIASPreIiminary ) \l

w
€ 4 (s=13Tev, 139 fb" 4
& 3.5 Large-R jet p, <450 GeV: Z(— bb)y 3
i i o [ Large-Rjetp.>450 GeV: Z(— bb) +jets
0 0 § °F 60% WP, R=1.0LCTopo timmed jets
Pass SR VR 0 Last DU
0 0 -? 5 C I Stat. + syst. uncertainty J
x .
i | 1.5F 3
| | 0 =
. Validate multi- . . 05} -
° o EEENE ENENE FEREE SRR SNR N SEE N AN NN AN E W
: jet background . Z+Jets 200 300 400 500 600 700 800 900 1000
C R estimation ° ° Large-R jet P, [GeV]
Fail i 1 Calibration for
al . . g method 0
Derive multi- . s H= bb tagger
jets background 0 0

*SR: Signal Region
*CR: Control Region

*VR: Validation Region Pa SS VvV tagger
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https://cds.cern.ch/record/2777811

Multijets Background Estimation

Aim to predict the multijet mass distribution in the pass H— bb tagger
region using events in fail H—bb tagger region:

Signal Region (SR) = Control Region (CR) x Transfer Factor (TF)

TF as a function of Jet mass m and p |

>

SR: Pass H—bb tagger T+ 4

H—bb tagger

TF= pass/fail

>

CR: Fail H—bb tagger
_Jet Mass

SLAL ZHIZHENG _Jet Mass JetpT 38



Multijets Background Estimation

Aim to predict the multijet mass distribution in the pass H— bb tagger

region using events in fail H—bb tagger region:

T T T T | T T T T I T T T T I T T T T | T T T T I IIIIIIIII

- ATLAS Simulation Preliminary
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H—bb tagger has some correlation with jet

\ prand mass and thus TF shows

e TF as afunction of
p = log(mzlp%) and pT

* Polynomial order
determined via Fisher F-
test

e 1stinbothprandp
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Multijets Background Estimation:

CR &SR

% ATLAS
O 30001 'S =13TeV, 137 fb" %
N O
> [ LN
+ S~
c = e
(] L cC 80
> L @
W 2000 o
L 60
] 40
1000}—
3 . 20
E Fail H—bb tagger
L I 1 11 1 1 I 1 1 L 1 L l 1
0 100 150 200 0
mJH [GeV]
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Multijets Background Estimation: Z+Jets Validation

600

Events /5 GeV

500 q

300 -
200 F

100 F

L Ys=13TeV, 137 fb"

400 f i/ﬁf f

ATLAS

SR: 250 < p:J < 450 GeV

r 400

VH — qgbb
Post-fit

SR: 450 < p:'J < 650 GeV

¢ data [P VH
V+jets 'A%
[Cmultijets ./, Uncertainty

100

80
60 - *
B
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OtherHiggs
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Observed Z+jets normalization:
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First Measurement of VH in Full Hadronic Channel

600 ATLAS

400
300
200 -

100 f

>
& VH — qqgbb ¢ data [PVH OtherHiggs
w0 - fs=13TeV, 137 fb” Post-fit Vijets [ VV top
£ i [CJmultijets ./, Uncertainty
500
:>j f* SR: 250 < p"' <450 GeV SR: 450 <p" <650 GeV SR: p" > 650 GeV
TJ TJ T

Background Subtracted
o

SLAL  ZHIZHENG

700

—
g
mH [GeV]

42



Events /5 GeV

First Measurement of VH in Full Hadronic Channel

6001 ATLAS VH - qqbb ¢ data EVH OtherHiggs
- fs=13TeV, 137 fb" Post-fit V+jets vV top
i [CJmultijets ./, Uncertainty
500
'* SR: 250 < p" <450 GeV SR: 450 < p" <650 GeV SR: p" > 650 GeV
/Ii T.J T.J TJ
400 /ﬁf f .

c(VH)=3.1 +1. 3(stat)+1°8(syst) pb
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osu(VH) 088

Significance: 1.7 o0
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First Measurement of VH in Full Hadronic Channel

Events /5 GeV
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100 f
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First Measurement of VH in Full Hadronic Channel

CMS 138 fb~! (13 TeV) CMS
p N TR BRI SO B R B Lo R
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https://arxiv.org/abs/2601.05362

What is next:
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What is next: H— bb tagger calibration

Sub-Leading 2 it
s Leading’

ATL-PHYS-PUB-2021-035
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https://cds.cern.ch/record/2777811

What is next:

Shape of multijets data-driven estimate::

e Statistical nature— will decrease if we
have more data

~ 2x Data (18M Higgs) collected by
the end of 2026
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What is next:

Shape of multijets data-driven estimate::
e Statistical nature

e Depend on the TF correlation to jet mass

and pr

CD — CD
I%SS (pT, m) Z aklpl] pT, fgﬂ (pTa m)

Lower order of a; means less uncertainty from
TF method

Need a H— bb tagger depends less on jet mass and pr

t
|»

5.
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What is next: Better H—bb Tagger

Identify Higgs: ATL-PHYS-PUB-2023-021

Transformer network using jet
features and track features

Track
Initialiser

Intial track

Combined
Inputs representation
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Transformer network
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Conditional track
representation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/

What is next: Better H—bb Tagger ATL-PHYS-PUB-2023.021
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/

What is next: Better Resolution
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-015/

What is next: Better Resolution

Transformer based

calibration drastically
improves resolution
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-015/

LHC HL-LHC

Run 1 | ‘ Run 2 ‘ | Run 3

HL-LHC
installation

8MH 8M H 18M H

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 ‘ (07245)
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LHC = HL-LHC: Coupling

With 20x more data, Higgs couplings reach precision ~ 5%

30
All BSM models from Phys. Rev. D 97, 053003 (2018)
® MSSM
251 A Typell 2HD, mH = 600 GeV, tam@ = 7
® Composite Higgs, f=1.2 TeV
20 - @® Higgs Singlet, m = 2.8 TeV
Measurement uncertainty
< [Nature 607, 52-59 (2022)]
= 15 - HL-LHC uncertainty
= S larXivi1902.00134]
5
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Higgs Decay Channels
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( HilLumMi
LARGE HADRON COLLIDER

Challenges come along with the HL-LHC:
High rates/radiation/occupancy
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The Upgrade of the Pixel Detector for the HL-LHC

A new, whole-silicon, tracker (ITk) e to maintain physics performance in
the harsher HL-LHC environment

Maintain/improve tracking, vertexing, b/c-tagging performance with ITk

c IRBANIL IR IR IR I L I
% ATLAS Slmulatlon Prellmlnary EXtended
& 10°is=14TeV, <u>~200 tt o gcceptance
O AV =+ 5
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b-jet efficiency
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/

The Upgrade of the Pixel Detector for the HL-LHC

A new, whole-silicon, tracker (ITk) e to maintain physics performance in

the harsher HL-LHC environment
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The Upgrade of the Pixel Detector for the HL-LHC

A new, whole-silicon, tracker (ITk) e to maintain physics performance in
the harsher HL-LHC environment

—t ::f Pixel Size New powering scheme New Data transmission needs
#) 4(2) chips per module
50)(250 F 14 Module
PL‘:')"CD:) rfasos[ S0 &tal Sensor
o Tl Ei HV > Module E
e e ) = o |5
ol ;‘ tal S
New Module ' 50x50 ,,Lf;”ﬁz B el |3
f Or . § 0%.
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[swo[ﬂm [swo]pf Data Acquisition System
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Beyond HL-LHC

o wWetM RO

LHC

2030 2040 2050 2060

Exploring
the

Quantum
Universe

A Higgs factory is the next step toward fully revealing the secrets of the Higgs boson within
the quantum realm. We advocate substantial US participation in the design and construction of
accelerators and detectors for an offshore facility, and we advocate investment of effort to support
development of the Future Circular Collider-electron (e') positron (e*) (FCC-ee) and the International
Linear Collider (ILC), along with a parallel and increasingly intensive program of R&D pursuing
revolutionary accelerator and detector technologies. These are crucial for a leadership role in the

design and construction of the Higgs factory and for our aspiration to lead and potentially host a next
hiah-enerav collider facilitv hevond the Hinas factorv

P5 (Particle Physics Project
Prioritization Panel

 C—
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https://www.usparticlephysics.org/2023-p5-report/the-recommended-particle-physics-program.html
https://www.usparticlephysics.org/2023-p5-report/the-recommended-particle-physics-program.html

Beyond HL-LHC

Building a detector to fulfill the physics needs is crucial
30

All BSM models from Phys. Rev. D 97, 053003 (2018)
® MSSM
251 A Typell 2HD, mH = 600 GeV, tanB = 7
® Composite Higgs, f=1.2 TeV
20 A ® Higgs Singlet, m = 2.8 TeV
Measurement uncertainty

) [Nature 607, 52-59 (2022)]

= 15 - HL-LHC uncertainty

= " [arXiv:1902.00134]

- FCC-ee

g 10 - [arXiv:2203.06520] A A
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Spatial Resolution (um)

How to Make a Better Tracker: Pixe

12 ATLAS IBL (Current)
CERN-LHCC-2010-013
11 - O
10 A
9- 4
ATLAS ITk
CERN-LHCC-2017-021
8 - O
7 -
61  ALICE ITS (ALPIDE)
J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002
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Summary

Precision measurements of Higgs properties may reveal new physics

e Boosted Higgs is a promising tool to unveil the BSM

e Advancements in jet techniques and machine learning are opening new
opportunities in boosted Higgs studies

The coming decades promise exciting developments in Higgs physics

e The HL-LHC will deliver 20x more data, making detector upgrades
essential for survival in this challenging environment

e Long term planning for future experimental programs is already
underway
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Summary

Precision measurements of Higgs properties may reveal new physics

ATL-PHYS-PUB-2022-004

Go Beyond Expectations

- Vs =14 TeV, Projection from Run 2 data ]
Run 2 ] new
Run 2 Improved .

Significance [s.d.]

-~ 4 top observation

New Tools, New Strategies
can totally change what
we can learn
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http://cds.cern.ch/record/2801400

Events / 5 GeV (Background Subtracted)

THANK YOU FOR LISTENING

Phys. Rev. Lett. 132 (2024) 131802
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