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Who am I? y.

Joined Brandeis in August 2019 as a post-bac stationed at Brookhaven National Lab

Continuing as a PhD student (supervisor Gabriella Sciolla); expected graduation early 2024

" Joined the effort to measure VBF H=>WW cross-section
2 lead student towards completion (today's talk!)
c R
<
ks Search for Heavy Neutral Leptons
éﬂ (PhD thesis, not in today'’s talk)
A
0w 2020 2021 2022 2023 2024
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© g ATLAS Inner Tracker upgrade at BNL
< 5 Detector assembly and testing
L 0
48 A Muon Performance for displaced muons
% _(% Leading the activity for ATLAS
O
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Outline 3

Cross Section measurements in the Higgs sector

» Introduction: Why do we do them?

» Strategy: How do we do them?

» Optimization: How well can we do them?

» Results and Interpretation: What do we learn from them?

» Future Projections: How good can we get at them?

Teaser: First fully fiducial measurement in the Vector Boson Fusion H=2WW—euvpv channell!

Sagar Addepalli (Brandeis University) BNL Particle Physics Seminar / September 2023



Introduction Strategy Optimization Results High-Lumi 4

The Standard Model

’ [ B
s Y /"
ot b AW
Quarks - $ C e g | )
| m
",‘ z : \\\‘,//r,//\%\
L RN \ y/\ -Z./x & y,
5 NG N X S L ' % N
e Kty
e nggs boson : i | w-
N >,

g . _ Forces

e

.

Leptons
ACCELERATING SCIENCE
)

Sy

Sagar Addepalli (Brandeis University) BNL Particle Physics Seminar / September 2023



Introduction

Strategy

Optimization

Results

High-Lumi 5

odlel

R Y/ )

-
u . t
) )

S & =
d) ") b

Quarks o

Yy N N5 )

Leptons

Gauge bosons —
force carriers

N
Forces

@ ACCELERATING SCIENCE

Sagar Addepalli (Brandeis University)

BNL Particle Physics Seminar

7 September 2023



Introduction Strategy

Optimization

Results

High-Lumi 6

The Standard Model

t
L))
S

29 3 generations

of fermions

Leptons

N

Higgs boson |

Gauge bosons —
force carriers

N
Forces

@\ ACCELERATING SCIENCE

Sagar Addepalli (Brandeis University)

BNL Particle Physics Seminar

/ September 2023



Introduction

Strategy

Optimization

Results

High-Lumi 7

The Standard Model

t
L))
S

23 generations

of fermions

Leptons

Higgs boson

Higgs boson

Gauge bosons —
force carriers

4 D
"I.'
w’
é Y4 ) T
I M
AR
' S -
' (. : R
. w
N2 >,
Forces
ACCELERATING SCIENCE
S

Sagar Addepalli (Brandeis University)

BNL Particle Physics Seminar

7 September 2023



Introduction Strategy Optimization Results High-Lumi 8

The Standard Model
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The Standard Model
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Open Problems

1989

NGC 3198

i' data

—_— stars + gas

r—

10 kpc = 3.5 arcmin 8 8 =

r, arcmin

Begeman K G Astron. Astrophys. 223 47 SNO Collaboration: Phys. Rev. C 88, 025501
Rotation curves of galaxies = dark matter v oscillations = v have mass
What is the nature of DM? What is the origin of v mass?

Physicists try to tackle specitic problems in two ways
» direct searches of their favourite particles in certain models

» precision measurements of Standard Model phenomena
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Overview of m,,, Measurements

LEP Combination
hep-ex/0605011

®) _
Aoy g =

. —0.02761+0.00036
L - 0.02738+0.00020

DO (Run 2)
arXiv:1203.0293

CDF (Run 2)

FERMILAB-PUB-22-254-PPD

LHCb 2022
arxiv:i2109.01113

Combination of LEP
EW Precision measurements

m(H) = 81732 GeV

ATLAS 2017
arXiv:1701.07240 @® Measurement

|:|Stat. Unc.

ATLAS 2023 .Total Unc.

: . this work " ISM Prediction
Preliminary i

LEP Collab.: arXiv:hep-ex/0112021

(g/m)
= 1.000000000003(16)

(q/m)p

BASE Collab.: Nature 601, 53-57
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Higgs Coupling to Electroweak Vector Bosons

» The gauge bosons gain mass
through Electroweak

Symmetry Breaking During interactions

SU2)L x U(1)y = U(1
» Post EWSB, the SM predicts (20 x U1 )y = U(1)em

HVV couplings at tree level

‘Af2
------ N Onyy

Higgs — gauge bosons interactions Higgs potential

Sagar Addepalli (Brandeis University) BNL Particle Physics Seminar / September 2023



Introduction Strategy Optimization Results High-Lumi 15

Higgs Coupling to Electroweak Vector Bosons v

H 2iM?
Lo - O
» The gauge bosons gain mass L CHWV
through Electroweak v
Symmetry Breaking
\
» Post EWSB, the SM predicts 9% v
HVV couplings at tree level W
vV
» Precision measurements of Vv H W,

the HVV coupling acts as a

strong test to the structure of

EWSB
Vector Boson Fusion H = WW: HVV coupling

in production as well as decay

Higgs — gauge bosons interactions Higgs potential
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~

O % \/E =13 TeV
Data collected b/w 2015-2018
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ATLAS

S {s =13 TeV
Preliminary

_ Delivered: 156 fb”’
I:I LHC Delivered Recorded: 147 b

| |ATLAS Recordec

~10% pp collisions

~107 Higgs bosons prg
I'J' ;:';f
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ATLAS Run 2 ATLAS Run 2

—_k
o

—

—

_@_
‘¢ Data (Total uncertainty)

Cross section [pb]
Rranching fraction

‘¢ Data (Total uncertainty) —=— %

D Syst. uncertainty

D Syst. uncertainty

= SM prediction ~ SM prediction

Production process

Decay mode

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

Nevents = 6ver * BRu-ww + Lo + W decay choice = O(1000)

Within the statistical reach for differential measurements
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Signal Signature

',

2 highly energetic, separated jets ,
with no high energy jet activity
between them

ATLAS Decay products have a

small opening angle

EXPERIMENT

Run Number: 359541, Event Number: 2089686122

Date: 2018-08-31 11:10:47 CEST

(s
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Fiducial Phase Space

Muon
Spectrometer

Total Phase Space

Kinematics
reconstructed by Large Detector
ol ATLAS extrapolations

Acceptance

The dashed tracks
are invisible to

the detector
Electromagnetic
Calorimeter
Solenoid magnet
Transition
_ quilsiion < .« . . o)

Trc:ckmg{ el N Measurements lossy: finite resolution, < 100%

ixe etector tf"',-\ . L. . . . . . .

(®) Particles generated at collision kinematic acceptance, kinematic cuts to isolate signal

Using Monte Carlo to go from the measured space to the total space adds large extrapolations
due to limitations in the event generator and parton shower models
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Fiducial Phase Space

Muon
Spectrometer

Total Phase Space

Kinematics

reconstructed by Detector Fiducial
ATLAS

The dashed tracks
are invisible to
the detector

Hadronic
Calorimeter

Acceptance Phase Space

Electromagnetic
Calorimeter

Solenoid magnet

Transition
_ Radiation
Trqclq ng Tracker

Pixel/SCT detector

Fiducial region: defined by kinematics of particle-
0 Particles generated at collision level final states close to detector level definition

[
==

Minimal extrapolations from the detector phase space to the fiducial.
Fiducial cross sections are the most model independent way to make measurements
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Analysis Goals

mIss

» Differential fiducial cross-section of VBF production of Higgs in the WW (—u+e+Er 7)+2jets final state

» Remove detector effects: go from the measurement phase space to the fiducial phase space.

Report cross-section as functions of particle-level kinematics.

» Interpret the measurements to search for anomalous couplings of the Higgs boson

49

/

S.
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Analysis Challenges

» Final state not fully reconstructed — non-resonant signal

» Many SM processes with multi-lepton+multi-jet final states

Top quark Induced
42%

* Define a narrow signal rich
ohase space (Signal Region)
to isolate the signal

' F H
* Estimate background /gicy
. . (@
Contam!na’uon énd the VBFH ',
uncertainty on It 11% AW e And 1
oy 1/ 0
* Background subtracted data - Q= ~ 8%
. ) SR Other SM A ' ._'_.// Y ‘-\\;\/L’\~ ) >
gives # signal events, Ngional 29, . Mis-dentified
e 5%

Non resonant diboson (VV)
28%
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Analysis Challenges

» Final state not fully reconstructed — non-resonant signal

» Many SM processes with multi-lepton+multi-jet final states

Top quark Induced
42%

* Define a narrow signal rich
ohase space (Signal Region)

to isolate the signal

o Estimate background ggF H =9 ¢ Detine Control Regions

. 4% orthogonal to the SR to isolate

contamination and the VBF H ack q

uncertainty on it 11% — LDTT ALRIrounds

* Background subtracted data Y 7 . 8% : CR.a”O\.NS data-driven
ives # signal events, N>X OersM - N Mis-Identified estimation of background
, . o) \ / ¢— ) J/° - . . .
J J signal {26 T 5o —» contamination in the SR
From MC

Non resonant diboson (VV)
28%
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Biggest backgrounds - top induced and VV

» SR is a very narrow VBF isolating phase space = VBFH

» Raw modelling uncertainties comparable to the 7

# signal events — need to be significantly NN/ e

reduced in a data-driven manner _" >
VBF BOUND

BACKGROUND PHASE SPACE

RICH PHASE

LARGE
EXTRAPOLATIONS
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Biggest backgrounds - top induced and VV Ly

VBE E

— a w
\%\ /WKJ\:: » SR is a very narrow VBF isolating phase space
-’
5

» Raw modelling uncertainties comparable tg
%’ # signal events — need to be signit
a’ reduced in a data-driveg

v 9 e 2!

VBF BOUND

BACKGROUND PHASE SPACE

RICH PHASE

LARGE
EXTRAPOLATIONS
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Signal-Background Classification

A VBF

VBF l l top + VW

top + W ———p

Boosted Decision Tree trained with
a minimal set of input variables SR2 ¢4———
to classify VBF against top and VV
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Dvgr serves a two-fold purpose ATLAS ® Data  \\ Uncertainty

-1
(s=13TeV,139fb" PH,. [H,.
_JTop VvV

B z/y*+jets| |Mis-Id

Allows a data-driven estimation
of the Top and VV bkgs from

Dy

e
fd
S,
=
§=
O
S~
(7))
e
-
)
>
LL

e 0\ VBF within the targeted phase space in SR
top + VV S :
Adds sensitivity to VBF signal
~— No explicit cuts made on BDTs.
N P N—. a2 SR1 and SR2 share signal and bkg
-1 S 0 e MveF norm factors in the simultaneous fit.
SR2 4——— All of SR is measured!

Data / Pred.
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o . ]

- . Q
Dver - VBF signal Second BDT trained inthe SRto add [ ATLAS ® Data  \\ Uncertainty
| | | . L 2 (s=13 TeV, 139 fb”
against fop+VV. sensitivity to top and VV estimation S A
i - i D‘c0|o+VV _Top N
Top and VV estimated as a sum 1 GR? B Z/y*+jets [ Mis-Id

Similar kinematic properties for
Top+VVin SR1 and SR2

SR SR2
X __*

i N " SMALL
Diop+wv - Top+VV against
lall other processes. | EXTRAPOLATIONS

Data / Pred.
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m;; Zly*+jets CR

N

@ Data N Uncertainty
:\‘\‘\‘\\{:\‘\‘\‘\Q .HVBF DHother

[JTop Bvv . .

W2/ +ets [JMis-Id Slg nal Reg 1ON

NN

NN W

Events / 22 GeV

N\

NANNNNNNNNNNAN]

SR1
800 m;; Bin1 m;; Bin2 m;; Bin3 m;; Bin4 m;; Bin5
x1 X2 X2 X2 x4

SR2
m;; Bin1 my Bin2 my Bin3 m;; Bin4 my Bin5
X6 x10 x10 x20

Events /1.0

Data / Pred.
Events / bin width

100 120 140
m- [GeV]

50

Events /

<6000
RN

o
o
| -
ol
~~
©
e
©
a

Data / Pred.

A ) N
-1.0 -1.0 -1.0 -1.0 -1.OD

Top+VV

Signal Region 1 Signal Region 2

Data / Pred.
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Removing Detector Effects -

' Observed signal
events in reco bin
'

Unfolding

Reew
Birv
3
y A
‘ dB
\
?mflc-\c.
Sum over
fid | bi Binv
iducial bins Out-of-fiducial
SIgnall 1 +f nonﬁd DVBF’ tOP"‘VV jﬁ

/

do

—— in fiducial bin
dX
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Reducing Model Dependence

» BDTs trained using SM Monte Carlo predictions — use maximal information from the model

» Necessary to penalize the BDT if it prefers a model

BDTs trained in a broader
phase space than measured >
emove X;
U <mgz — 25 GeV and correlated
Central jet veto yes observables
Outside lepton veto yes
mjj > 450 GV 200
Ay;l > 2.1
Ayl < 1.4 rad
SR Definition correlated

Training variables for Training variables for
Dvgr for integrated Dygr for x; differential
XS measurement XS measurement
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Tests of Model Independence

To test @ How sensitive is the method of measurement to the modeling of the signal by the MC?

Kinematic variab SDT TEMPLATES
from Monte Carlo [=— . |—»| FROMBDT
Training OUTPUT

simulations

SIMULTANEQUS
FTAND |

UNFOLDING

Data taken
—_ >
by ATLAS
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Tests of Model Independence - sensitivity to template shape

. Re-weight variables the BD

2. Vary binned BDT shapes to no

Kinematic variab
from Monte Carlo |=—p
simulations

BDT
Training

Preudodta] >

The template structure was moditied by varying the kinematics used for BDT inputs in two independent tests

s are sensitive to with BSM eftects (physical effect)

0. deviations (statistical effect)

TEMPLATES
FROM BDT

OUTPUT

SIMULTANEQUS Measurements
T | | e et s

The measurement reproduced
the physics in the pseuo-data
in both the tests

Sagar Addepalli (Brandeis University)
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Tests of Model Independence - accuracy of measurements

The measurement always

Kinematic variab TEMPLATES .
from Monte Carlo l B.D.T »|  FROMBOT reproduced the physics in the
Training OUTPUT pseuo-data

simulations

SIMULTANEOUS Measurements
| > e s

Multiple pseudo-data
sets created using SM

as well as BSM

predictions

Multiple tests of the overall fit structure showed no bias towards the MC prediction used to train the BDTs
and to build the fit templates. The measurement is model independent!
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ATLAS
VBF H— WW* — evuv
fiducial cross-section

m Powheg+Pythia8
A Powheg+Herwig7
»x MG5+Herwig7

v VBFNLO@LO+Pythia8 |:

% VBFNLO@LO
¢ VBFNLO@NLO

Data Vs =13 TeV, 139 fb™
——1.68 + 0.33 = 0.23 fb

Integrated fiducial cross section measured with 23% error
Result limited by data statistics
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Different Parton
Shower models

EW and QCD @
LO vs NLO

ATLAS
VBF H— WW* — evuv
fiducial cross-section

m Powheg+Pythia8
A Powheg+Herwig7
»x MG5+Herwig7

v VBFNLO@LO+Pythia8 |:

% VBFNLO@LO
¢ VBFNLO@NLO

Data Vs =13 TeV, 139 fb™
—— 168 +0.33+0.231b

EW @ NLO vs LO
Different Parton Shower and

Underlying Event models

Measured XS compared to theoretical predictions using different MC simulation

models at varying orders of EW and QCD couplings
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ATLAS

Eur. Phys. J. C (2023) 83:667 VBF H—> WW* — evuv & i Phys. Rev. D 108, 032005

fiducial cross-section
CMS 138 fb~1 (13 TeV)

A TLAS Total

[] Powheg+Pythla8 Vs=13TeV, 139 fb™ Statistical Unc.

A Powheg+Herwig7 H > WW* - eviuy Systematic Une
x MG5+Herwig7 ; ;
v VBFNLO@LO+Pythia8 Total (Stat, Syst.) SM Unc.
% VBFNLO@LO 15 sui (w0 some

SM Prediction

“o13 (ooss o042 ) . =0.06

¢ VBFNLO@NLO

I 0.28 .
. O-71i0.25 +0.18 :
, _oq5 ) ' =0.03

Data Vs =13 TeV, 139 fb™
Combined p = 0.95+3 3 ——1.68 £ 0.33 £0.231b

L 0.92%312 Observed * 10 (Stat.®Syst.) : : : : Combined .09 ° 008 o0 ) | %007
+ 10 (Stat.) |
. Standard model stat. + SYSt.

3.0

oB/(cB)y | 05 0 05 . 2.5
O.fid [fb]

Measured XS smaller than predictions — consistent with independent
measurements in similar phase spaces
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ATLAS
{s =13 TeV, 139 fb
VBF H— WW* — evuv

o

o o
® O
Ol =

[fb/GeV]

H
T
o
o
w

do™¥dp

o
o
N
o

©
e
©
QO
S~
°
o
S
al

pr = |ph+ P+ Pt

® Data B Powheg+Pythia8
Data Stat. Unc. A Powheg+Herwig7
Data Total Unc. ¥ MG5+Herwig7
¥V VBFNLO@LO+Pythia8
¢ VBFNLO@NLO

miss ‘

|

|

F

|

|

F

L

bservables unfolded:
1. Mijj
2. M|
3. |AYj|
N
6. |Agy |
/. Leading jet pr
8. Sub-leading jet pr
9. Leading lepton pr
10.Sub-leading lepton pr
11. pT”
12. Higgs pr
13. cos(@,;k)

o ’ﬁh

H

_J:'_,J—‘Q

—h

ATLAS

o
©

Il

o)
)
| -
S~
S
=,
o
<
o
5
@
S

Pred. / Data

® Data u

(s =13 TeV, 139 fb™ Data Stat. Unc. A
VBF H—> WW* — evuy Data Total Unc. ¥

\4

Acbjj — ¢fn> _ ¢J'n<

13 observables measured in total! Both, lepton-like and jet-like

Powheg+Pythia8
Powheg+Herwig7
MG5+Herwig7
VBFNLO@LO+Pythia8
VBFNLO@NLO
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Unfolding keeps the signal modeling systematics under control

op induced and diboson modeling systematics sub-leading

ggF estimated from data and modeling uncertainty under control

Biggest detector systematic from jets and E{"'** reconstruction

Measurement precision limited by data statistics

Source

Signal modeling
Signal parton shower
tt modeling
WW modeling
Z [y*+jets modeling
ggF modeling
Mis-Id background
Jets & Pile-up & E-™
b-tagging
Leptons
Luminosity

Total systematics
Data statistics

Uncertainty [ %]
o-fid
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Introduction to Effective Field Theory

Zypr=ZLsm+ L’

__________.______.__’
Currently accessible Energy scale Energy
energy scale of new physics
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Introduction to Effective Field Theory

W S P
A a
e e
O _ W

S ————————

Ener
MeV 100 GeV 5
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EFT Interpretation

» Interpreting the measurements in the formalism of Standard Model Effective Field Theory (arXiv:17/09.06492)

Wilson coefficient CET Operator
Strength of the operatoN /— p 2

20— Re (M* M) +~— | M2
SZEFT—$4 +ZZ O(d)ford>4 O Osm & L7 e( SM >'A4‘ |

Ad—4) /

\-— Cut-off energy scale Quadratic/Pure-BSM Term
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EFT Interpretation

» Interpreting the measurements in the formalism of Standard Model Effective Field Theory (arXiv:17/09.06492)

» Setting constraints on Wilson coefficients for both CP-even and CP-odd mass dimension-6 EFT operators

Wilson coefficient CET Operator
Strength of the operato\ /— p 2

C o C .
gEFT:g4 +ZZ O(d) ford > 4. G—GSMO<2FR6<%§<M.%> | AU% |
Ad—4) /
\-— Cut-off energy scale Quadratic/Pure-BSM Term
\
W

CHw: CHWB: CBH

CHw: CHWB: CHB

CHq1/ ¢Hg3+ “Huw CHd 4——/(

Can affect the VBF production... Or add diagrams!

Sagar Addepalli (Brandeis University) BNL Particle Physics Seminar / September 2023
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0 — Ogn X € ° Gy

All limits consistent with with the SM prediction ATLAS | |Expin. | |Exp in.squad.

.. ) . s=13TeV, 139~ . . o o,
Strongest limits on ¢y, ¢y and g3 from linear only parameterization opsin- - Obs-nsauad

Strongest limits on ¢y, ¢y, and cyg3 from lin+quad parameterization

Shows the impact of the quadratic term (and hence sensitivity to
missing higher mass dimension terms)

term not included in

same order of energy our parameterization
scale suppression

Parameter value
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Projection to 3000 fb-1 el st Syet

First fully fiducial XS in the VBF H=>WW—evpv channel! o '

Achieved a model independent result in a background ggF E 1.00 *00. (£0.01,=0.04 )
dominated phase space

Analysis strategy paves the way for such measurements '
with exotic signatures —— 1.00 T go (003, /00

Indispensable while using large datasets when systematics ’
will be the limiting factors FeiTotal | [stat [l syt (] sm

06 07 08 09 1 11 12 13 14 15 1.6
(cpr)/(cpr)SNI

LHCWG2 Report: CERN-LPCC-2018-04
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Introduction Strategy Optimization

Results High-Lumi

High Luminosity LHC

LARGE HADRON COLLIDER

LHC / HL-LHC Pl ( HiLumi Y

LHC

o e -

At |l A2 |
3 Ls2

Diodes Consolidation
LIU Installation

st |

13.6 TeV [ LS3

13 TeV 13.6 - 14 TeV

splice consolidatior cryolimit

button collimators inte_raction
R2E project regions

ATLAS - CMS
upgrade phase 1

HL-LHC
installation

I'd Y
| f2022 | 2023 | 2004 | 2025 | Jooos | 2027 | 2028 | 2029 [lf]}
X nominal Lumi

510 7.5

s

(L

inner triplet

Civil Eng. P1-P5 pilot beam radiation limit

experiment
beam pipes

ATLAS - CMS

HL upgrade

2 x nominal Lumi 2 x nominal Lumi

nominal Lumi ALICE - LHCb

/_ upgrade

75% nominal Lumi

-—

integrated
luminosit

Statistics limited Statistics limited High precision era

LumiHL_LHC = 3.5 x LumiLHC

5x data taking rate

10x Data Collected

ATLAS

EXPERIMENT

LHC-

A
. 1
. ~1
- - .

Run: 427394
Event: 3038977
2022-07-05 17:02:31 CEST

ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <u>=200
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Strips Pixels

NI L 'Illl‘llllllll‘lm‘l
L 1 I rh‘\“:

i - : 1l L
QP n a1 '

5
S
\
i

X\ Barrel semiconductor tracker
Pixel detectors

Barrel transition radiation tracker

End-cap fransition radiation tracker

End-cap semiconductor tracker

Inner Detector Inner Tracker

ITk is an all-silicon detector with similar or better performance as ID in harsher conditions

More readout channels Higher resolution More radiation hard
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—

ATLAS Simulation Preliminary Run-2, (u) = 38
Ys=14 TeV, HL-LHC —o— ITk, (W) = 200
ITk Layout: 23-00-03

tt, p, > 1 GeV

E 1400 -ATLAS Simulation Preliminary

ITk Layout: 23-00-03
1200 n=1.0

-

Efficiency

o
©

400
200 :i“h ggiill
| R

500 1000 1500 2000 2500 3000 3500

Z [mm]

ITk / Run-2

Tracker acceptance from 2.5 (ID) to 4.0 (ITk) Allows for jet flavor identification, better jet-primary

Adds track information for jets with # > 2.5 which
Is not available with the current Inner Detector

vertex tagging, and pileup jet rejection.
Signiticant background suppression in the VBF
»WW channel which has forward jets!
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Stave Assembly

» Stationed at Brookhaven National Lab for 2 years as a key member of the 'R T
stave assembly and testing team =

» Built the first 28 module stave — critical prototype for the stave assembly
step to pass the Final Design Review

Radiation hard glue

Strip Module - (pattern since evolved)

Smallest individual detector
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Set-up the first out-of-plane metrology apparatus for staves using a laser based measurement device

Necessary quality control step to ensure stave insertion clearance and timely defect catching

Moduled placed within specification

P—
S
)

[ —

)

L

B
U

I
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Strong probe of physics beyond the SM putting the structure of Electroweak Symmetry Breaking to test

First fully fiducial differential cross section measurement in the e + p + 2jets + ET"*° final state
Measured cross sections as functions of 13 kinematic observables and correlations
Constrained Wilson coefficients for CP-even and CP-odd operators in an EFT framework

Technique paves the way for future measurements of low cross section processes hidden under backgrounds

3000 tb-1 of pp collision data allows probing rare processes with extremely high precision putting SM to test

Enhanced detector acceptance and reconstruction techniques add sensitivity to VBF H=>WW measurement

arXiv:2304.03053

Integrated and differential fiducial cross-section measurements for the

vector boson fusion production of the Higgs boson in the
H — WW?* — evuv decay channel at 13 TeV with the ATLAS detector

Phys. Rev. D
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ADDITIONAL MATERIAL
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6 Prepared using LEP EWWG Plots from 2005
(qV

Prepared using LEP EWWG Plots from 2012

i _—
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L ]
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1
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1
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I
I
I
I
I
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I

e * Central Fit (o =0.02750 ' —— Central Fit (o) =0.02750)
D Theory Uncertamty ._ :[___| Theory Uncertainty
]:I Direct Exclusion /[ ___] Direct Exclusion
--- - Fit with o) =0.02749 ‘  -=--- Fitwith o> =0.02749

Fit incl. low Q2 data Fit incl. low Q2 data
150 200 250 300 150 200 250 300
my, [GeV] my, [GeV]
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Model Independent Probe o ey~ e seercens)

_ Sdvisamiis

Sources of model dependency
» Phase space definition

» Profile-likelihood fit

» Machine learning methods relying on training models S
» Extent of kinematic reconstruction
yA
-+
L

Reconstructing the kinematics of H is ——

» Robust, if the final state is fully reconstructed H

'Fully reconstructible

PO
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96

Model Independent Probe oo =Towmosa speniny

_ Sdvisamiis

Sources of model dependency
» Phase space definition
» Profile-likelihood fit
J-L‘-
» Machine learning methods relying on training models . /

» Extent of kinematic reconstruction W
Reconstructing the kinematics of H is H A
\."4

» Robust, if the final state is fully reconstructed
» Model driven, if not

® Partial reconstruction — Eymiss

U pass

’ undetected

® SM assumption — only v leave Eymiss

erTss

Reconstructible only in the transverse plane

Savas o e

st

o
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GOy

— WW (

STXS H

137 6™ (13 20021

—e— Observed

— regularization

| | Statistical

[ ] Experimental

(] Theoretical
Uncertainty HH MG5_aMC@NLO

2022

ATLAS —— VBF default MC + XH
H—yy, Vs =13 TeV, 139 fb™' & VBF proVBF NNLO + XH

- Data, tot. unc. [ Syst. unc. _ .y o oH VH ttH+bbH+tH

A TL A S Fed Total

» [ Statistical Unc.
Vs=13TeV, 139 b Bl Systematic Unc.

H— WW* — evuv I SM Prediction
p-value = 53% (Stat. Syst.)  SM Unc.

Il

do,,/dAg [fb]
o
D

VBF fiducial region

. +0.08 .
ggH-0j, p" <200 GeV ‘e T8 o +0.07
ggH-1j, p < 60 GeV eedlib +0.14

+0.32
-032°

ggH-1j, 120 = p" <200 GeV Y +0.19

ggH-1j,605p’T*<120 GeV +0.15

ggH-2j, ! <200 GeV Ty £0.22
+0.68

ipyes +0.26

ggH, p:’ =200 GeV
EW qqH-2j, 350 < m, <700 GeV, p* <200 GeV Y +0.07

+0.53
-048"°

EW gqH-2/, 1000 s m; <1500 GeV, p* <200 GeV : POV +0.07

EW gqH-2j, 700 < m; <1000 GeV, p: <200 GeV +0.07

EW qqH-2j, m; = 1500 GeV, p"* < 200 GeV : Yy +0.08

EW gqH-2j, m, = 350 GeV, p" = 200 GeV : ey +0.05

A T S T SR T S S S S T S T S T T S T S T T—

@)
:
=0
Ay
0
8
=
=
a7

yy tully reconstructible VBF contribution subdominant fiducial only in production???
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Target Phase Space

TT

Central jet veto (pr > 20GeV)
Outside lepton veto

ULy

Ayji

Al

< my— 25 GeV
yes
yes
> 450 GeV
> 2.1
< 1.4 rad

No high pt jets between the
two leading jets

m__ — inv mass of 77 system in the collinear approximation (piehn etal. - arxivhep-pn/9911385)

Process

VBF H

\AY;

Top Induced

ggF H

39

/+Jets

/9

W+Jets (Mis-Id)

47

Vy, Htt, VH

16

Total S+B

1000+120

DEY:

216
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Mt 66.2 GeV < m,, < 116.2 GeV
. >
Central jet vet 20GeV
Oen rj Jle veto (pr > eV) yes 8 ATLAS ® Data  \ Uncertainty
utside lepton veto yes N (s=13 TeV, 139 fb’ B mir.
mj; > 450 GeV P Z/y*+jets CR Ctop v
mMyy < 80 GeV c re-fit . .
L%J (pre-fit) B 2/y+jets[ ] Mis-lo

N\

I N N N N . N . O N N N

NANNNNN AN NNNNN

N N

NANNNNNEIINNNNN N

|
4

N NN NN NN NN NN N

w‘\'
T m.. — invariant mass of 7z system
Zhy L !

\l\/ in the collinear approximation
Vv
/{ 1

\:;:\_‘_\ /5% Z/y*+|ets purity

Data / Pred.

My = \/(ng T E{piSS)Z . |pf’;f 4 E$iss ‘2
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M < my — 25 GeV

o
Central jet veto (pr > 20GeV) Exactly 1 fail i) ATLAS 1 @ Data  \ Uncertainty
xac alls _ .
Outside lepton veto Yy % s I_: ?RTGV’ 13910 WH,  [H,.
Ay < 1.4 rad ) g9 | |Top BV

(pre-fit) B/ +iets[ Mis-Id
N\

ggF CR / anti-VBF definition

ggF prediction in the SR needs
higher order corrections

Complementary info with SR —

 {
o W controls modeling uncertainties
~"“""'»..,\*\& ’ /.f

P ""\\ 2% purity — high stat unc on ggF
Wt

norm factor but low extrapolation
3 unc from ggF-CR to SR
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Mis-identified Leptons

» Impose strict requirements on the isolation and quality of leptons used in the analysis

» 5% mis-ID bkg in the SR — difficult to model
» Using the “fake factor” method to extrapolate from W+jets CR (76% purity of mis-ID bkg) to SR

/ Ni’i’i _ Ni,i,i

~

non-Z+jets
) F.F.=———
N _Nnon-Z+jets \
" F.F. derived in a Z+jets rich region

Z — (¢ + recoiling ¢

Non-prompt u
e inside HF jet
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Simultaneous Fit

Definition Simultaneous
of Regions Fitting Scheme

................................. '“1.0 0:0 1.0 '“1.0 0'.0 1.0 o -
................... £ 33 Sk, '« (= . A 1-10 00 1.0 '7-10 00 1.0
1500 2200 6000

m;; (GeV]

................................................................................................................................

: ggF estimation

: regions

ooooooooooooooooooooooooooooo

Z[/y* + jets CR

: Drell-Yan estimation
: regions

.........................................

Profile likelihood minimizing tit designed to minimize total uncertainty —
slight cost of adding stat errors while significantly reducing systematics
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Same data events are used to measure any two differential cross-
sections = measurements are correlated S =13 TeV. 139 fb-"

-0.07 -0.15 -0.07 0.04

Correlation

We create an ensemble of (pseudo) datasets to evaluate - P
correlations — same data taken in 1000 universes 1 0m 02 o om om 007 on 00 -

-0.07  -0.01 -0. 0.04

Weigh data events by Poisson(1)

NP2t NMC Z4jets | -o. . . 0. : 0.18  0.05

Binned likelihood minimizing fits for each universe o\ weton | omr o0s om0 o N ..

NData / NMC ggF }

Statistical covariance between extracted parameters a and b —
1000

| )
COV(a,b) = — Y (a;,—a) (b;— )

| NP2/ NMC vv4Top ggF

NP2 NMC vv4Top-2 | -

Differential XS + correlations = maximal information for theorists!
Allows interpretations using more than one distribution
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LHC Run-3 great time to search for LLPs with the ATLAS detector!
Major speed-up in standard tracking makes room for reconstruction of high impact parameter objects

Large Radius Tracking (LRT) used

for building tracks with large do.
Made with after
prompt pass. Useful for long

—
N

ATLAS Simulation Preliminary Vs =13 TeV

® Combined
W=NI, N-liv «=  Large Radius Tracking

my = 15 GeV, ¢t = 100 mm ¢ Standard Tracking

—
N

lived particle searches.

>
3)
c
Q0
O
=
LL
'©
Q
c
<
O
()
I_

—
v
'

&

¢
.
<
J
!
\
L}
‘ &
.
‘ N
. s
PR
o .
4
(4
L4
L 4
L 4
| !

. . do = Distance of
tracking pass optimised for low-dp (< 5 mm) tracks 0 Production Radius [mm]

closest approach

Track built from ID hits from the prompt "250 300
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ATLAS Work
in Progress

—m— Loose (HNL) (97.9%) —&— Loose (K, n) (10.3%)
p. > 3GeV, <27
LRT Muons —+— Medium (HNL) (95.00/0) —6— Medium (K, J'C) (4.50/0)
No ID Cuts _ .

—e— Tight (HNL) (83.7%) —o— Tight (K, m) (1.0%)
Working Point Efficiency

B e e S TE ST |dentitication quality /

- e e e e ol
-0 0—0- 0000
-0 & 00004040 PUPSPRPQPSPS S o g o

Truth Match Efficiency

working points (WP)

-o-

for LRT muons

_D_-D--D-_D_

-0-—0-
___ﬁod-o--o-‘o"o' 07000 O— o o

O] O—=o! n Al
A OO OO0t 00O+ A 15 308 A R RHR-R-E-A0H

1.2 ATLAS Work in Progress
p.>3GeV, <27 — 8 — Prompt Efficiency ( Truth muon Idol <.5mm)

P(reco muon | track & truth muon)
—__+  LRT Efficiency ( Truth muon IdOI >5mm)

1.15

Efficiency

1.1

Calibration of muon WP

1.05

_’_
I

035 & ll Muon spectrometers “far”
> from the ATLAS tracker —
Insensitive to mm level

1 :EP::?: mﬂﬁ%ﬁ&%ﬁiﬁﬁﬁ Mﬁqﬁ{}-,- - D} _— _

displacements at the

LRT / Prompt

Prompt-LRT muons Interaction point

overlap removal procedure

Sagar Addepalli (Brandeis University) BNL Particle Physics Seminar / September 2023



Backup 66

Using Muon Performance

Prompt Lepton to trigger

Primary Vertex

Displaced Vertex with 2 Opposite Sign leptons

Search for Heavy Neutral Leptons with a displaced vertex
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Set-up a standalone device to measure the IV response of Silicon sensors. Important quality control step to track
the electrical response of the detector to various assembly and testing stages.

Sensor Test IV

—8— Sensor2 Decl

<
c
)
c
0}
b
=
5
O

—400 —-300
Voltage [V]
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Simplified Template Cross Section Measurements

Total Phase Space

STXS Semi-Fiducial
Phase Space
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___S

Camaiani et al: Eur. Phys. J. C (2022) 82:921

Fig. 1 Schematic view of the
adversarial deep neural network

output 1 output 1

input layer
= output 1
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Source

Data statistical uncertainties
Total systematic uncertainties
MC statistical uncertainties
Experimental uncertainties

Flavor tagging

Jet energy scale

Jet energy resolution

Emiss

T
Muons
Electrons

Fake factors
Pileup

Luminosity
Theoretical uncertainties

ggF

VBF

wWw

Top

27T

Other VV

Other Higgs
Background normalizations

wWw

Top

7T

Total

it _

Aover By, ww* v/
—————————————————————————————— 0
OVBF BH - WwW* [ ]

15
18
4.9
6.7
1.0
3.7
2.1
4.9
0.8
0.4
0.8
1.3
2.2
16
4.6
12
5.5
6.4
1.0
1.5
0.4
4.9
0.6
3.4
3.4

Sagar Addepalli (Brandeis University)

BNL Particle Physics Seminar

/ September 2023


https://arxiv.org/abs/2207.00338

Backup A

Selection Requirements Signal Region
e-|

Lepton pair flavors

Lepton pair charge 0

Leading (subleading) lepton p > 22 GeV (> 15 GeV)

In*| < 2.5
0 < |p¢| < 1.37
or In¢| < 2.5

1.52 < |n¢| < 2.47

No. of additional leptons 0

AR, ) -0

Myepp > 10 GeV

AR jeb > 04
No. of jets (pt > 30 GeV, |n| < 4.5) > 2

No. of b-jets (pT > 20 GeV, |n| < 2.5) 0

m - <mz — 25 GeV
Central jet veto (pt > 20 GeV) v
Outside lepton veto v
> 450 GeV
> 2.1
< 1.4 rad

Lepton n’
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Operator
Structure

H HW, W
H'H B, B*
HYt"HW! B"

(H'i'D ,H)(3y"q)

(H'i'D'™H)(gr"y"q)

(H'i'D ,H) (iy"u)

(H'i'D ,H)(dy"d)

HTH W}, W

Param. 95% confidence interval [TeV ~2]

Order

lin.
In. + quad.
lin.
In. + quad.
lin.
In. + quad.
lin.
In. + quad.
lin.
In. + quad.
lin.
In. + quad.
lin.
. + quad.

lin.
In. + quad.
lin.
In. + quad.
lin.
In. + quad.

Expected

[-1.7, 1.6]
[-1.4, 1.4]
[-5.9, 6.4]

[-0.59, 0.66]

[-10, 9]
1.2, 1.1]
[-12, 15]
[-1.9, 1.7]
[-0.56, 0.47]
[-0.43, 1.2]

[-8.3, 6.9]
[-2.0, 2.6]

[-21, 25]
[-3.0, 2.7]

[-1.7, 1.7]
[-1.4, 1.4]
[-28, 28]
[-0.62, 0.62]
[-15, 15]
[-1.2, 1.1]

Observed

[-2.6, 0.60]
[-1.8, 0.61]
[-6.7, 4.6]
[-0.60, 0.66]
[-14, 5.9]
[-1.2, 1.1]
[-6.9, 22]
[-2.2, 2.0]
[-0.74, 0.30]
[-0.56, 0.43]
[-11, 4.2]
[-2.5, 3.1]
[-13, 33]
[-3.7, 3.4]

[-1.8, 1.3]
[-1.1, 1.4]
[-32, 22]
[-0.63, 0.63]
[-17, 12]
[-1.2, 1.1]
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Uncertainty [%0] Uncertainty range [%]
Source o fpéf, p? ’ mee P%l ; Pf,
PTZ, |A)’££|, |Ay]]|9 A¢]J
|Adeel, cos(67,)

Signal modeling <1-7 <1-8
Signal parton shower <1-1.8 <1-1.8
tt modeling 3-13 3-10
WW modeling 3-11 3-10

Z [y*+jets modeling 2-18 3-13

ggF modeling 34-10 23-9.0
Mis-Id background 1.1-5 1-3

Jets & Pile-up & EF™
b-tagging
Leptons
Luminosity
MC statistics
Total systematics
Data statistics
Total uncertainty
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ATLAS ® Data B Powheg+Pythia8
{s =13 TeV, 139 fb™ Data Stat. Unc. A Powheg+Herwig7

ATLAS ® Data B Powheg+Pythia8
{s =13 TeV, 139 fb™ Data Stat. Unc. A Powheg+Herwig7

ATLAS ® Data B Powheg+Pythia8
{s =13 TeV, 139 fb™ Data Stat. Unc. A Powheg+Herwig7

.

VBF H— WW* — evuv Data Total Unc. ¥ MG5+Herwig7
¥ VBFNLO@LO+Pythia8

VBF H—> WW* — evuy Data Total Unc. ¥ MG5+Herwig7
VY VBFNLO@LO+Pythia8
VBFNLO@NLO ’ 4 4 ¢ VBFNLO@NLO

7 L m

VBF H—> WW* — evuy Data Total Unc. ¥ MG5+Herwig7
¥V VBFNLO@LO+Pythia8

¢ VBFNLO@NLO

dofdIAy | [fb]

o

¢

do™/dcos(6,) [fo]

55
©
S 45
< 4
<
R 35
3
3
5

N

—
- O D

~1
2
1.5
1

Pred. / Data
Pred. / Data
Pred. / Data

o

&)
o
&)

o

1.2 1.4
IAg | [rad]
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Y
N

ATLAS ® Data B Powheg+Pythia8
E =13 TeV, 139 o Data Stat. Unc. A Powheg+Herwig7

Data Total Unc. % MG5+Herwig7
V¥V VBFNLO@LO+Pythia8
4 VBFNLO@NLO

ATLAS ® Data B Powheg+Pythia8
E =13 TeV, 139 o Data Stat. Unc. A Powheg+Herwig7

Data Total Unc. % MG5+Herwig7
V¥V VBFNLO@LO+Pythia8
VBFNLO@NLO

[fo/GeV]

[fb/GeV]
I2
2
o
N

I
T

VBF H— WW* — evuv VBF H— WW* — evuv

dofid/d p
o

dofid/dp

4

'2
,W

0
-0.01
3

2

1

0

Pred. / Data
o —
O o0 0N

Pred. / Data

(&)

O_L
o
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o
—h
I

ATLAS
(s =13 TeV, 139 fb
VBF H—> WW* — evuv

Q
—
N

o
—

S
(b}
Q)
S~
e
o
O
O
©
©

Pred. / Data

® Data u
Data Stat. Unc. A
Data Total Unc. ¥

v

¢

Powheg+Pythia8
Powheg+Herwig7
MG5+Herwig7
VBFNLO@LO+Pythia8
VBFNLO@NLO

ATLAS
{s =13 TeV, 139 fb
VBF H— WW* — evuv

T

o
@)
&)

S
(b}
Q)
S~
Q2
o
O
o
Mo
©

o
o
N
al

Pred. / Data

20 40 60 80

® Data B Powheg+Pythia8
Data Stat. Unc. A Powheg+Herwig7

Data Total Unc. ¥ MG5+Herwig7
V¥V VBFNLO@LO+Pythia8

VBFNLO@NLO

100 120 140
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ATLAS
(s =13 TeV, 139 fb
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ATLAS Data
s =13 TeV, 139 fb” Data Total Unc.
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0.02~ATLAS Data
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