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I am an assistant professor in the CMS group
at Peking University (starting this month)

| was working in the ATLAS group at University
of Wisconsin from 2016 to Sep 2021

In this seminar, | shall highlight several results
which | recently contributed to
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_TheHiggsboson =

. The nggs boson was
discovered by the ATLAS and
CMS experiments at the Large
Hadron Collider (LHC) in 2012 T

Flrst obseryélons of a new partlcle
- a major milestone for particle __ inthe searchyfonihelStandarde
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- It opened a new way to refine our -
understanding of the electroweak & e N
symmetry breaking
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+ many Higgs property studies SR |
(mass, width, spin, parity,
couplings, cross sections, etc.) .
have been performed

- deviation from the Standard Model
(SM) predictions on Higgs boson

’ www elsewer com/locate/physletb

properties would provide clue for Ny e
new physics
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In the Standard Model, the Higgs boson couples to massive
bosons and fermions

These couplings determine the Higgs boson production and
decay modes:
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Figures from https://msneubauer.github.io with modifications
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https://msneubauer.github.io/projects/4_project/

Double Higgs production is the way to directly probe Higgs
self-couplings at the LHC

Extremely low cross-section in the SM (one double-Higgs
event every 1000 single-Higgs events)

Non-SM self-coupling strength k) can change cross-section
and kinematics of double Higgs production
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- Collect collision data
at the LHC

+ Run 1 (2010-2012):
proton-proton 25m
collisions at 7-8 TeV

+  Run 2 (2015-2018):
proton-proton
collisions at 13 TeV

-  Three sub-detectors:

- Inner tracker

Calorimeter

- Muon spectrometers
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Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

n = -In tan(6/2)
pT = p*sin(0)

beamline




The dashed tracks

are invisible to

the detector

- ATLAS reconstructs photons, electrons, muons, jets, etc.
- Jets from b-quarks or taus can be tagged

»  Missing transverse momentum (MET): negative vector sum
of transverse momenta of all reconstructed objects



Part 1: ATLAS Higgs coupling measurements using the
H—yy decay

Part 2: ATLAS H—pp search (probing Higgs couplings to
second generation fermions)

Part 3: ATLAS Higgs coupling measurements with the
combination of various channels

Part 4: Application of quantum machine learning to LHC
Higgs physics analyses
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Part 1: ATLAS Higgs coupling
measurements using the H—yy decay

(ATLAS Run 2, 139 fb-1)
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ATLAS and CMS performed measurements of Higgs boson
coupling properties:

provide stringent test of the Standard Model
Simplified template cross section (STXS) is the common

framework for the LHC Higgs coupling property
measurements in Run 2

Split production mode cross-sections into various phase-space
regions, which are chosen according to sensitivity to beyond
Standard Model effects, avoidance of large theory uncertainties,
matching to experimental selections

STXS measurements can be used to probe coupling modifiers
("kappa”) and effective field theories (EFT)

Various stages; stage 0 is basically production mode cross-sections
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W, t, b

Ho----o- W, t, b

W, t, b

Small BR, but good S/B and resolution v

Select events with two photons (at both trigger and offline
levels)

->Separate events to many categories
« target different STXS regions
->Fit diphoton mass over all categories

« Signature: a narrow resonance with a width consistent with detector

resolution above a smooth background in the diphoton invariant
mass distribution

->Measure production mode cross sections, simplified template
cross sections, etc.
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DeS|gned to maximize the global
sensitivity to all STXS regions

Step 1: A multi-class boosted decision
tree (BDT) is trained to separate
signal events from different STXS
regions.

- Then, the output discriminant
values are used to assign events
into different classes.

Step 2: Each class of events is further
divided into multiple categories based
on a binary BDT classifier.

- This binary BDT is trained to
separate signal from continuum
background in each class.

Finally, 88 event categories in total

S/(S+B) ranges from 3% to 83%

Event Fraction

Event fraction

Event categorlzatlon H—vy
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 For each event category, need to model diphoton mass
distributions of signal and backgrounds

 Model of Higgs signal

Expected yields of Higgs production modes: estimated
from simulation

Mass shapes: parametrized from simulation with double-
sided crystal ball functions

* Model of continuum background (QCD vy, etc.):
Analytical functions fitted on data
Using dedicated background-only samples

studied functional forms and associated uncertainties



Diphoton mass: all categories  H-vy
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- ¢ Data ATLAS Preliminary o
= Vs=13TeV, 139 fo' 3
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-  — Signal + Background ,, categories =
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ATLAS-CONF-2020-026

* Diphoton mass spectrum peaks at the Higgs mass around

125 GeV

+ ~6,900 H—vyy events fitted over 88 categories (~1.2 million

data events are selected)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/

Production mode cross sections H-vy

* ggF cross section is measured
ATLAS-CONF-2020-026 with 11% precision

 The observed (expected)
significance of other modes:

L L L L L B L L L L L L
ATLAS Profiminay | yeftot | st EISyst | su « VBF:7.50 (6.1q), WH: 5.60 (2.80),
H-yy, m, = 125.09 GeV ol s S ZH: 0o (1.70), ttH+tH: 4.70 (5.00)
ota tat.  Syst. )
| 0.07 " " .

99F + bbH » om0t e - An upper limit of 8 times the SM
ver = 134+ G5 (£018,2 5 prediction is set for tH production
" T 290 (e o) « the most stringent single-channel
H 0642 o5 (£ 05 +% oon ) constraint on tH
R = et e The compatibility with SM
cova e v v e v e v v b v b b . .

2 0 1 2 38 4 5 6 prediction corresponds to a p-

oW value of 3%

« Difference is mainly due to the larger
than expected yield for WH, and
smaller than expected yield for ZH
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/

Simplified template cross sections H—v
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Higgs production measured
granularly

- 27 merged STXS regions are

measured

- Uncertainties range from 20% to

more than 100%, mostly
statistically dominated

ttH production measured
differentially in Higgs pT (two
years after its observation)

- sensitive to self-couplings of the

Higgs

Good compatibility with the
SM prediction (p-value of
60%)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/

Part 1*: ATLAS Higgs self-coupling
study using HH—bbyy

(ATLAS Run 2, 139 fb-1)
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+ General strategy similar with
single Higgs—Vyy analyses

- Event categorization with
diphoton and b-jet variables

Events/ 2.5 GeV

- 4 categories based on 4-body
mass and BDT

- Using diphoton mass, compare
observed data with single
Higgs + continuum background
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Data

Continuum Background HH—bbyy

Total Background

High mass BDT tight

L L AL A L
ATLAS Preliminary
Vs =13 TeV, 139 fb" -

90 120 130 140 150 Héo
m,, [GeV]
ATLAS-CONF-2021-016


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

+  Observed (expected) limit of
double Higgs cross section:

) . g — 10° :
4.1 (5.9) times SM prediction £ | amasereiminary ——— Obsenediimi 5% cL) |
T s \/§: 13 TeV. 139 fb_1 ---- Expected limit (95% CL) -
y [ HH—bb ’ [ Expected limit 1o 1
L 1045‘ v [ Expected limit +2c
i - E== Theory prediction
] oy [ * SM prediction
>
+  Observed (expected) constrain <!

on self-coupling strength:

-1.5<K\<B.7 (-2.4<K\<7.7)

101

+  Sensitivity significantly
improved mainly due to better
categorization
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- Expected: k) € [-2.4,7.7]

-0 8 6 4 -2 0 2 4 6 8 10

ATLAS-CONF-2021-016
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

Part 2: H—uu search

(probing Higgs boson couplings to second
generation fermions)

(ATLAS Run 2, 139 fb-)
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H—-ppdecaymode

. The Coupllngs between the Higgs
boson and the third-generation
fermions (top quark, bottom quark,

t lepton) have already been
observed

The Higgs couplings with fermions
of the other generations have not
been established

The Higgs decay to two muons
offers the best opportunity to
observe the Higgs couplings with
the second-generation fermions at

the LHC

Small branching ratio in SM
(2x10-4), physics beyond the SM
could modlfy it
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Phys. Lett. B 812 (2021) 135980

» Select events with two opposite-
sigh muons

 The main challenge is a very I Y
. 8 I Diboson i
small signal over background F mrop ]
: : 107 o™, — ot
ratio (~0.2% in 120-130 GeV) Y Sy umert. 2
the dominant background is 10° ‘
Drell-Yan process (Z/y*—uu) -
* Analysis strategy is somewhat IRR
similar to H—yy analysis, but 2 s ;
. . 80 90 100 110 120 130 140 150 160
categories are defined to target My [GeV]
major Higgs production modes ’ e

(instead of STXS regions)

more sophisticated background
modeling is adopted

Z/y


https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

Dimuon mass: all categories H—pp
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% 5()()E H — uu, In(1 + S/B) weighted .- BKg. pdf E
D 400F =
B = =
£ 900 E
=2 — -
o 200 —
= - =
100~ —

2 o

© 0

5 -2

110 115 120 125 130 135 140 145 150 155 160

m,, [GeV]

Phys. Lett. B 812 (2021) 135980

* Dimuon mass spectrum: small excess at the Higgs mass
around 125 GeV

 ~1,000 H—ppu events fitted over 20 categories
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https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

Results H—>[JIJ s|gn|f|cance H—>l‘“

The observed H—>p|J significance is 2.00 (expected 1 70) Ig
ATLAS full Run 2 results

Large improvement in expected sensitivity compared with
the previous ATLAS publication, due to

Larger dataset (a factor of 2)

Advanced analysis techniques (~25%): mainly from
categorization and background modeling

The observed H—uu significance is 3.00 (expected 2.50) in
CMS full Run 2 results

These results on the H—-puu decay provide first evidence
for the nggs coupllngs to second generatlon fermions
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ATLAS Vs=13TeV, 139 fb’ H — up

e+ Total Stat. [ Syst. | SMm Total Stat. Syst.
VH and ttH categories } —o— ] 50 £35 ( £33, £1.1)
ggF O-jet categories —&— -04 £16 ( £1.5, £0.3)
ggF 1-jet categories o 24 +12 ( £1.2, £0.3)
ggF 2-jet categories o -06 £12 (£1.2, £0.3)
VBF categories - 1.8 £1.0 ( £1.0, £0.2)

: +0.2
Combined I-IE-I 12 £06 ( £06, _51)
| | | | | | | ] | | I | | | | | | | | | | | | | | | | | | | |
-10 -5 0 S 10 15 20

Phys. Lett. B 812 (2021) 135980 Signal strength

 The measured H—puu signal strength at 13 TeV is
1.2 +/- 0.6 (stat.) t0-29 1 (syst.)

- Dominated by statistical uncertainties
- In agreement with the SM prediction
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https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

CERN experiments announce first
indications of a rare Higgs boson
process

The ATLAS and CMS experiments at CERN have announced new results which show
that the Higgs boson decays into two muons

3 AUGUST, 2020


https://home.cern/news/press-release/physics/cern-experiments-announce-first-indications-rare-higgs-boson-process

Part 3: ATLAS Higgs coupling
measurements with combination of
various channels

(ATLAS Run 2, up to 139 fb-1)

28



Signal strength & production
cross-section measurements

ggF VBF VH ttH+tH
H-vyy v (139fb1) | v (139fb1) | « (139fb1) | + (139 fb)
H-ZZ v (139fb7) | v (139fb1) | « (139 fb)
H->WW v (139 fb1) | v (139 fb) v (36-139 fb-1)
HoTr v (139fb1) | v (139fb1) | « (139 fb)
H—bb v (126 fb1) | v (139fb1) | + (139 fb-1)
H— pp v (139fb1) | v (139fb1) | « (139fb1) | + (139 fb1)
H—2y v (139fb1) | v (139fb1) | « (139fb1) | + (139 fb)
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v/: channel included in the combination



Inclusive signal strength combination
 ATLAS-CONF-2021-053 S

—21In A

ATLAS Preliminary m— Total
— {s-13TeV,36.1-139" —
- m,, =125.09 GeV, v, <25
- Pgy = 35%

N W S~ O OO (00)
T T T T T[T T T T[T T T T [ TTTT]T

—
I T

- A
0997095 1 106 11 115 1.2
n

* Inclusive signal strength, defined as the measured Higgs boson
signal yield normalized to its SM prediction, is determined to be

= 1.0677 00 = 1.06 + 0.03(stat.)* 2 (exp.) ) os(sig. th.) o 5(bkg. th.)

o ThIS measurement |s systematlcally I|m|ted


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Higgs
biation

Production mode cross sections (assumlng the SM decays)

 ATLAS.CONF-2021-053

| | LI | | I | L | | | L | | L | | | L | | L I LI | I |
ATLAS Preliminary —e—| Total Stat. [ Syst. SM
Vs=13TeV, 36.1 - 139 fb™
my, =125.09 GeV, |y, | <2.5
Pgy = 63% Total Stat. Syst.
I +0.06
ggF H== 1.02 007 (2004, _yos)
VBF H=—t{ 113 075 (o008, “god)
WH —— 1.30 02 (017, g1%)
ZH | . | 0.88 ‘05 (ot ‘o13)
ttH+tH | o | 0.96 1% (o013, *017)
I 11 1 | 1 1 I | I 1 1

|
1 | 1 1 | 1 1 1 I 11 1 | 1 1 I 11
06 08 1 12 14 16 18 2 2.2 2.4 2.6
Cross-section normalised to SM value

* ggF cross section is now measured with 7% precision
* Precision of N3LO cross section prediction: 5%

* All major production modes (ggF, VBF, WH, ZH, ttH) are observed
 Measurements consistent with SM predictions
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Simplified template cross

section (STXS) measurements

agF VBF VH ttH+tH
H-vyy v (139fb1) | v (139fb1) | « (139fb1) | + (139 fb)
H—ZzZ v (139fb1) | v (139fb1) | v (139 fb)
H—WW v (139 fb1) | v (139 fb) v (36-139 fb-1)
HoTT v (139fb7) | v (139fb1) | « (139 fb)
H—bb v (126 fb1) | v (139fb1) | « (139 fb1)
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v/: channel included in the combination



STXS results (w/o assuming the SM decays) ., Higgs

biation

ATLAS Preliminary ' ' ' " Tola Stat_ Syst
| |
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i I -0. -0.45>-0.
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T 'he upper limit on the tH cross
= 2-jet, my; 2 350 GeV, p#! 2 200 GeV 1.21 +8-g; ( +8-§Z ,+g-1g )
________________________________________________________________________________________ | } n | |
v 117 1 +115 +0.22
== 27 HE(HEIE) section is 9.3 times the SM
755p¥< 150 GeV ——— 1.64 +8.gg( +8.% +g.$g)
| -0. -0.79 *-0.
v +0.74 ;, +0.61 +0.42
qq—HIv x B,. 150 < plT/ <250 GeV 'TE_. 1.42 -8?2 ( -823 ’_g.gg ) " "
250 < p <400 GeV —=—— 136 072 +088 4085, re IC |On
T : -053\ -048°-0.22
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T : -1.08 \ -0.957-0.50
py <150 GeV = 021 FO71( +os54 1048 . . .
sy | 05PF 2R 190 () - All regions are statisticall
99/qq—Hil x B, 1 Toas ( “oa10.
250 < p¥ < 400 GeV ———— 108 +o.73( +0.64 +0.3e)
T - -054\ —0487-023
V> 400 GeV | +128 , +1.04 +074
P72 © -| 039 1174 ( Zooat —oes) I . .t d - .
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H +0. +0.50 +0.
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P2 450 GeV —_—— 016 *198( 144 +128) neg Igl e
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Coupling modifier
("kappa”) interpretation

agF VBF VH ttH+tH
H—yy v (139fb1) | + (139fb1) | « (139fb1) | v (139 fb-1)
H—2ZZ v (139 fb1) | v (139fb1) | « (139 fb)
H-WW v (139 fb) | + (139 fb) v (36-139 fb-1)
HoTr v (139fb1) | v (139fb1) | « (139 fb)
H—bb v (126 fb) | v (139fb1) | + (139 fb1)
H— v (139fb1) | v (139fb1) | « (139fb1) | + (139 fb1)
H—Zy v (139fb1) | + (139fb1) | « (139fb1) | v (139 fb-1)

Analysis of H—invisible (139 fb-1) is also included in relevant studies
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v/: channel included in the combination
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Coupling modifier vs. particle mass  omomtior

« “Kappa” framework: assign
coupling modifier to each :

IIIIIl

a2
T

2 [ ATLASPreliminary -
interaction vertex (e.g. Kw, 5 F o imoso.y easoyton a1
Kt.. ) Elz 101%— """"" SM Higgs boson W —é

* Here assume no BSM 02k o -
contribution in loop-induced E
processes (ggF, H—yy etc.) "’ _; () used for quarks
or total width e E
» Kt is related to part 1 of % 1: :

this talk, ky is related to RIS SRS— - e
part 2 of this talk o8l |
10 1 10 10
 Good agreement with the Particle mass [GeV]
SM across 3 orders of
magnitude of particle mass! ATLAS-CONF-2021-053


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Interpretation of STXS measurements

with Effective Field Theory (EFT)

agF VBF VH ttH+tH
H-vyy v (139fb1) | v (139fb1) | « (139fb1) | + (139 fb)
H—ZzZ v (139fb1) | v (139fb1) | v (139 fb)
H—WW v (139 fb1) | v (139 fb) v (36-139 fb-1)
HoTT v (139fb7) | v (139fb1) | « (139 fb)
H—bb v (126 fb1) | v (139fb1) | « (139 fb1)

no ei l DRSS AP N £f o PN AR N N oo gios o PN RS SR I TR AN Ay PITR ANPIE S AR I TR AN PPN Ay

v/: channel included in the combination



Nae Nasg
6 3
Lsmerr = Lsm + Z e — 0 + Z A 0; )+
j

« Parameterize the signal strengths, (XS*BR)meas/(XS*BR)swm,
directly with Wilson coefficients of d=6 SMEFT operators

* Rotate the SMEFT basis cj to eigenvector cj and fit 13
sensitive eigenvectors simultaneously

ATLAS Preliminary /s=13TeV, 139 fb~?

@ 1
CHq
cdH 08
CeH . 06
0.4
,,,,,,,,,, —0.83 0
[1]
CHu,Hd 0.26 JkrM —0.42
[2] . B
CHu,Hd 024 —037 —09
i —0.84 —0.27 047 0 05 —0.02
HW , Hi DD, uW,u ! 27 0. ! o
[2] ) P i
CHW H D,uW,u 0.31 JOKER —0.02 —0.05 —0.02 —0.04 —0.01
C[3] 0.43 0.7 JUEEN 0.13 0 7 0.04 —0.4
HW uW,u ! ! Y . ! g
. 0.6
CHG,u I 0.04
[2] -
CHG.u 0.04 | -1 os
= -1
& O N
N N

ATLAS-CONF-2021 053
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From a simultaneous fit

* All measured parameters
are consistent with the SM
expectation within their
uncertainties

* Where the sensitivity to the 3
better constraint parameters
are coming from:

- CHG,uGuH!"l = mainly the EFT
modifications to ggH

- CHW.HB,HWB,HDD uw.uBwl11 — comes
from H-yy

- CHq81— well constrained from
VH when splitting in different
pTV bins (better measured in
H—bb)

1
C,E-Ig;,uG,uH (X 1 O)

[1]
Chwv B, HWB,HoD.uw.uB,w (X 10)

2
HW ,HB,HWB,HDD,uW,uB,W

[2]
CHu,Hd, Hg™

)
HW ,HB,HWB,HDD,uW ,uB,W

Higgs

combination

ATLAS Preliminary
Vs =13 TeV, 139 fo~'
my = 125.09 GeV, |yu| < 2.5

SMEFT A =1 TeV

— 68 % CL
....... 95 % CL
—o— Best Fit

-0.15 -0.1 -0.05 O

0.05 0.1 0.15

-3

—10 -5 0

Parameter Value
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Part 3*: ATLAS Higgs self-coupling
study with combination of
HH—bbyy and HH—bbTrr

(ATLAS Run 2, up to 139 fb-7)

39



* Observed (expected) limit of LA Pramnary — Omees

VS =13TeV, 139 fb~ Expected
oM . er =32.78 b 0 Comb. exp. limt+10

double Higgs cross section: 3.1 = Cono, s, i 2.0
(3.1) times SM prediction |

bbT T | \ 46 39 A

bbyy 43 57 -

+  Observed (expected) constrain \
on self-coupling strength: i EEX
_1 .O<K)\<6_6 (-1 _2<K)\<7_2) 95% CL upper limit on signal strength

2 104} ATLAS Preliminary —— Observed limit (95% CL) |
= i _ —=—=- Expected limit (95% CL) ]
% - Vs =13TeV, 139 fb™ =31 Comb. exp. limit +10

[ Comb. exp. limit +20
E== Theory prediction

- Both are currently the world’s : o) |
best constraints e N i

[ Observed: k) € [-1.0, 6.6]
| Expected: k) € [-1.2,7.2]

. Towards establishing Higgs

self-coupling ATLAS-CONF-2021-052


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

Part 4: Application of quantum
machine learning to LHC Higgs
physics analyses
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Quantum machine learning

(0
(1
BIT
S . °
Qubit

 Quantum computing
o Perform computation using the quantum state of qubits
o A way of parallel execution of multiple processes
o Can speed up certain types of problems effectively

 Quantum machine learning
o Intersection between machine learning and quantum computing

o May lead to more powerful solutions and offer a computational
“speed up”, by exploiting the high dimensional quantum state
space through the action of superposition, entanglement, etc

o Quantum machine learning could possibly become a valuable
alternative to classical machine learning for HEP data analysis



* | have been working with an interdisciplinary collaboration to
perform High Energy Physics flagship analyses with Quantum
Machine Learning methods (Variational Quantum Classifier,
Quantum SVM Kernel Method, Quantum Neural Network) on gate-
model quantum computer systems (from IBM, Google, Amazon)

 Goal: to demonstrate that the potential of quantum computers can
be a new computational paradigm for big data analysis in HEP, as
a proof of principle



Example 1: Employing Variational Quantum
Classifier for ttH (H — yy) and H — uu analyses

(accepted by J. Phys. G: Nucl. Part. Phys. https://
doi.org/10.1088/1361-6471/ac1391)
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e In 2018, a Variational Quantum Classifier method
was introduced by IBM, published in Nature 567

(2019) 2009.
e The Variational Quantum Classifier method can be

summarized in four steps.



o 1. Apply feature map circuit Uw) 1. 2
i o Applythe  Apply short-depth
to encode input data x into featuremap  variational circuit
quantum state |®(x)) 10)
o 2. Apply short-depth quantum 10)
variational circuit W(0) which is 10)
parameterized by gate angles 0 'g;
e 3. Measure the qubit state in the l
standard basis (standard basis: e During the training phase, a set of
10>, |1)> for 1 qubit; |00), [01), [10), events are used to train the circuit
|11) for 2 qubits; ...) W(8) to reproduce correct
e 4. Assign the label (“signal” or classification
“background”) to the event e Using the optimized W(6), an
through the action of a diagonal independent set of events are
operator f in the standard basis used for evaluation and testing



Employing Variational Quantum Classifier with quantum simulator

Using 10 qubits, we successfully finished training and
testing 100 events with IBM Qiskit QASM simulator (where
‘100’ events means 100 training events and 100 test events).

e Q simulator (Quantum circuits simulator): here IBM
Qiskit QASM simulator is used. This simulation
incorporates the hardware noise

e Quantum circuits are optimized to best fit the constraints

imposed by hardware (e.g. qubit connectivity, hardware
noise) and the nature of data

ei '. o o PN Ay e LIRSS AN o PIFTROA ANPIIN PIPTROA ANr RS AR I
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Employing Variational Quantum Classifier with quantum simulator

1.0 ol Srcepi : : ' 1.0 . syl ' ; ,

- : ke T O | | | - | | -‘"rsé. ! |
| ' T3 : i o | | | T | |

o : : ':‘1?:’ 1 1 RSP Il e e SO 1 S |
T 0.8 prrescsses s pPreccccce- +- T Yttt LD L LD - - 0.8 1 r % S 1 '
v | | | 8, | : ¥) | | | NS .
Q ! 1 ! v 1 Q ! 1 1 s 0 !
— : | | R | | | | \‘; |
R feoeemeeme e T e T e e s T
T l : | | ‘\‘l, 1 | | | :‘5'\\ |
c | | | | Q | = | | | i iy |
= ) L [ E. 4 Saal : . . s HER e S
B C g : i: °° 9 : o e e
= ttH, 100 Events, 10 Qubits ! : | = H-p*pu7, 100 Events, 10 Qubits : \‘\‘\\ :
-~ ~—- BDT, AUC= 0.83  0.06 il ~—-- BDT, AUC= 0.80 * 0.06 W
g i | - == classical SVM, AUC= 0.83 = 0.04 B \‘E: g it | - == classical SVM, AUC= 0.82 + 0.03 B |-:
’ — . - ' ] —_ - - |

@ === |IBM Quantum simulator, AUC= 0.81 = 0.04 \'i @ ===+ |BM Quantum simulator, AUC= 0.83 + 0.05 ‘:
%% 0:2 o.la ois 0.8 1.0 2.0 0.2 0.4 0.6 0.8 1.0

Signal acceptance Signal acceptance
For 10 qubits, using ttH analysis dataset (100 AUC AUC

(ttH) (H— pp)

events) and H — uu analysis dataset (100
events), Variational Quantum Classifier on IBM
simulator (red) performs similarly with classical
BDT (green) and classical SVM (blue).
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Employing Variational Quantum Classifier with quantum hardware

e With the help of IBM Research Zurich, Fermilab and BNL,
we have carried out a number of jobs on the IBM
superconducting quantum computers (ibmq_boeblingen,
a 20-qubit machine and ibmq_paris, a 27-qubit machine).
In each job, 10 qubits of the quantum computer are used
to study 100 training events and 100 test events.

e For each analysis, due to current limitation of hardware
access time, we apply the Variational Quantum Classifier
method to one dataset on quantum hardware (rather than
ten datasets on quantum simulator)

no ei '. o o PN Ay N 0 RN oo gios o PN RIS SR RS AN o PIFTR ANPTIgAy IO AP NS A
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Employing Variational Quantum Classifier with quantum hardware

g

©
e
(<)

e

®
e
]

e
o

' 0.6 : H I
ol . IBM Hardware_________. ; . _IBM Hardware | "t |
i | : : PR e et Rt e |
ttH, 100 Events, 10 Qubits i L H-p*ul, 100 Events, 10 Qubits | |

e
N

Background rejection
°

Background rejection

|
. . . W Ll
| == IBM Quantum simulator, AUC = 0.83 TI
- |BM Quantum hardware, AUC = 0.81 _Li
1

1 1 1
L/ 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8

hardware AUC = 0.82, simulator AUC = 0.83 hardware AUC = 0.81, simulator AUC = 0.83

[ ——. IBM Quantum simulator, AUC = 0.83 _
- |BM Quantum hardware, AUC = 0.82

e
o

(=]
o

e For 10 qubits, using ttH analysis dataset (100 events) and H — upu
analysis dataset (100 events), the result of Variational Quantum Classifier
from IBM Quantum Hardware and result from Quantum Simulator are in
good agreement.

e The hardware running time for 100 events is 200 hours
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Example 2: Employing Quantum Support Vector
Machine (QSVM) Kernel for ttH (H — yy) analysis

Phys. Rev. Research 3, 033221 (2021
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® Quantum SVM Kernel method (introduced by IBM, published in
Nature 567 (2019) 209):

o map classical data x to a quantum state |®(x)) using a Quantum
Feature Map function;

o calculate the similarity between any two data events (“kernel entry”)
as K(x ,x )=<{®(x )| P(X )>|* using a quantum computer;

o then using the kernel entries to find a separating hyperplane that
separates signal from background.

/map classical data calculate kernel entries find separating hyperplane\
T~ ]
% —|®(%)) K(Z,% )=|(D( )| ®(% ))|2 Xee /|
%.—|®(Z ) KG 3 )=[(®(z )| B )2 o7
X, —|®(x)) K(X,,X )= (P(X )| ®(X))|? |

\_ 3 4
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® Quantum SVM Kernel method (introduced by IBM, published in
Nature 567 (2019) 209):

o map classical data x to a quantum state |®(x)) using a Quantum
Feature Map function;

o calculate the similarity between any two data events (“kernel entry”)
as K(x ,x )=|<®(x )| (X )>|* using a quantum computer;

o then using the kernel entries to find a separating hyperplane that
separates signal from background.

0) [ I i 78 H HA
s e e Ry
0) 1 H H H o L

no i '. o o PN Ay N 0 RN oo gios o PN RIS SR RS AN o PR AN SIS NI TR AP NG Ay



Employing Quantum SVM Kernel method with quantum simulator

e We have implemented the QSVM Kernel algorithm
using the qsim Simulator from the Google TensorFlow
Quantum framework, the Statevector Simulator from
the IBM Qiskit framework and the Local Simulator from
the Amazon Braket framework

o These simulators represent the ideal quantum hardware that
performs infinite measurement shots and experiences no
hardware device noise

o We have overcome the challenges of heavy computing
resources in the use of up to 20 qubits and up to 50000
events on the quantum computer simulators



1.0 ' T ———1 I T T T T
0.9 | i ‘ '
5 0.8
2
o 0-7 3 1
0 0.6} ttH, 15 qubits, 20000 events .\ A
= 60 independent datasets
S R e N T R fi BT T
3 ‘ ﬁ z ;
© 0.4  QSVM-Kernel (Google-TFQ) |~ R e R
Do.3} (AUC = 0.922 + 0.002) ‘ ;

v ____ Classical SVM
o 0.2F (AUC = 0.920 + 0.002)

0.1F ----. Classical BDT
g (AUC = 0.921 + 0.002)

086 79.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Signal acceptance

e For 15 qubits, using ttH analysis dataset (20000 events), QSVM

Kernel on simulator (red) achieves similar performances with
classical SVM (blue) and classical BDT (green).
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Employing Quantum SVM Kernel method with quantum simulator

'



1.0
0.9
50.8
S
.“_’0'7
0.6
'§ 0.5
© 0.4
2o.3
&
80.2

0.1

0.8.

Employing Quantum SVM Kernel method with quantum simulator

[r—— T
__tiH, 15 qubits, 20000 events .\ d
60 independent datasets
B | QSVM-Kernel (Google-TFQ) |
i — (AUC = 0.922 = 0.002)
QSVM-Kernel (IBM-Quantum)
L (AUCs092220002) 0 0L

QSVM-Kernel (Amazon-Braket)
(AUC = 0.922 + 0.002)

1 1 1 1 1 1 1
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Signal acceptance

gsim simulator (red), IBM statevector simulator (blue), and
Amazon local simulator (green) provide identical performances
for QSVM Kernel method
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Employing Quantum SVM Kernel method with quantum hardware

e We have also been running the QSVM Kernel algorithm
on quantum computer hardware provided by IBM
(based on superconducting circuits)

o to assess the quantum machine learning performances on
today's noisy quantum computer hardware

o due to current limitation of access time on imbq_paris, we
only process six datasets of 100 training events and 100 test

events



Employing Quantum SVM Kernel method with quantum hardware

1.0
0.9
S 0.8
2
_20.7
0 0.6
2 0.5}

c hardware AUC = 0.777
© 0.4

20.3} ttH, 15 qublts 100 events...v..,E ........................................................ simulator AUC = 0.831
O oL 6 runs Wlth mdependent datasets
m O-

—— QSVM-Kernel IBM hardware (AUC = 0.777)
0.1F __ QSVM-Kernel simulation no noise (AUC = 0.831)

086 9.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Signal acceptance

e Using ttH analysis dataset (100 events), the QSVM Kernel results on

the IBM Quantum Hardware (15 qubits) are promising and
approaching the QSVM Kernel results on Quantum Simulator (the
difference is likely due to effect of hardware noise)

e The average hardware running time is approximately 680 minutes per
run

no i . N, AN PN N RN oo gios o PN RIS SR RS AN o PR NPT SNg A RGN A Ay .,



 The results demonstrate quantum machine learning on the
gate-model quantum computers has the ability to differentiate
sighal and background in realistic physics datasets

 Future developments:

o Will investigate further and hopefully will see soon quantum
machine learning outperforms classical machine learning,
in particular, when more qubits and larger datasets are
utilized

o Furthermore, future quantum computers might offer speed-
ups in quantum machine learning which could be critical for
the HEP community



~Summary

I have been worklng on high-profile phy3|cs analyses
detector upgrade and quantum machine learning application

ATLAS and CMS keep improving sensitivity for Higgs
coupling measurements (including Higgs self-couplings)

- In H—yy, H—pp and other decay channels
- In combination of various channels

- Results are currently in agreement with the SM predictions and
can be interpreted using “kappa’, EFT and BSM models

Machine learning greatly enhances our capability to identify
rare signal in immense background

- Quantum machine learning could possibly become another
powerful tool for high energy physics

| am enthusiastic to extend these studies at Peking
Unlver3|ty and also open to other toplcs



Backup slides
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- Divide events into O-jet, 1-jet and
=2-jet channels

- In each channel, train a BDT with
XGBoost to separate signal from
background, create 4 ggF
categories

In 22-jet channel, train an additional BDT
to target VBF signal, create 4 VBF
categories

- Also define 1 ttH category and 3 VH
categories (which are less sensitive)

20 categories in total

- The S/B ratios range from <0.1%
(ggF O-jet “low”) to 18% (VBF “very
high”)

different Higgs production modes are
well separated

Bkg. composition Signal composition

ATLAS. /5 -

13 TeV 139 fb1 H—uu

TECI"I
U

£ g=zcc
D292 5 02D
II'—EiII
>w 9 > =
0 =25 3
> > W >
Ll o o
m > -
> Y

ttH

et Medium
2-Jet Low
1-Jet High
et Medium
1-Jet Low
0-Jet Low
VH4L
VH3LH
VH3LM

o el

- - -

2-

—— S/VB
—— S/B

B (x107%)

ttH
VH
VBF

Zy*
Diboson
Top

Phys. Lett. B 812 (2021) 135980
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https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

E 25000 A TLAgTSi\r}wTuI%tSi)oré ‘ _+ Template
1y a ‘S—i Lp.e-'ét1 i " _Bg?é‘f)gr'\ction_:
- Background mass distribution P SN A A A
. . . 315000:—
modeled with Core x Empirical ok
»+  Core function: o
- LO Drell-Yan line-shape convoluted S s
. . . £ -
with detector resolution to describe T et
mass shape inclusively 51:88‘2:; ----- —
” . F O * A
. Emp|r|Ca| funchon 110 115 120 125 130 135 140 145 150 155 160

m,, [GeV]

- EpolyN or PowerN functions to correct
for mass shape distortion due to

. . . . Function Expression
selection+categorization, higher-order — mwlmwiQmiﬁ,,wmm

correction, etc. EpolyN  exp(aim,,, +aym2, + ...+ aym’,)

Phys. Lett. B 812 (2021) 135980
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Higgs
biatin

Production mode cross sections times decay branching ratios

— T T T T ]
ATLAS Prellmlnary ——  Total
V\s=13TeV, 36.1 - 139 fb Stat.
m - 125 09 GeV o SySt [ ] n
Pay = 79% o * Most sensitive to ggF:
| Total Stat. Syst.
=T ED Hoyy, HoZZ, HoWW
ogF 2Z " 0.95 55 (070 . loos) YV’ )
ooF W - RERRCHNE M
ooF Tt o 087 5% (312, 0% ° M t t t VBF
ggF+tH 5 052 ‘055 (o7e s ‘o) oSt sensitive 10 )
VBF vy = 147 205 (1030 o1a) H s WVV H s H s
VBF 27 l!—s—i 131 2% (0%, 0o ) ’ TT’ YV
VBF WW = 1.09 07 (o012 Zoto)
VBF 1t e 0.99 0% (Zois. fo1) ° M t t t VH .
VBF+ggF bb H%H 098 03 (0% ols) oSt sensitive 10 -
VBF+VH gt ——e— 233 %0 (3. 10%) H bb H
o = R —DD, A—YY
VH 2z 151 F0iT (ai L ToE)
VH 1t H%H 098 0% (104 . o3 ® M t 't' t ttH d tH .
WH bb e 1.04 105 (ol To%) OS SenSI |Ve O an .
ZH bb e .00 '6% (o7 'oh) H H bb
o =S 0% 0H (S, ) —YY, A—
tH+tH WW H=— 164 Togr (Tods s Tods)
ttH+tH ZZ |I—E—1 169 1% (1%, Tod) ° M t . t t
ttH+tH 1t =i 139 0% (0%, Toi4) eaSU remen S CO”SlS en
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

» Leading order motivated framework: assign coupling modifier to
each (effective) interaction vertex (e.g. Kw, Kt...)

* |In this framework, production cross section times decay branch
fraction of i=H—f can be parameterized as

oi(k) X I'r(k)
[y

o; X Bf =

- (this allows for a consistent treatment of production and decay)
- Total width of Higgs boson can be expressed as

I'y (K7 B;, BU) = K%{ (K7 Bi, BU) F?’IM

Bi.= BSM contribution to BR of invisible decays
Bu.= BSM contribution to BR of undetected decays
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Employing Quantum SVM Kernel method with quantum simulator

AUC vs number of events

Base- - , , e QSVM Kernel method and
A noiseless simulators enable

0.925 . us to work with a larger

number of events.

30920
30

—4= QSVM (Google) i
—}— Classical SVM
—4— Classical BDT

0.91055—315 30 30 50

Number of events [thousand]

0.915F

e Using ttH analysis dataset (10000-50000 events, 15 variables),
QSVM Kernel on simulator (red) achieves similar performances
with classical BDT (blue) and classical SVM (green).



Employing Quantum SVM Kernel method with quantum simulator

AUC vs number of qubits
e QSVM Kernel method and

0.93— . . _ )
20000 events u noiseless simulators also
0.92} : s jh‘ ! enable us to work with a
: larger number of qubits.
= 0.91

g
o 50 —4—= QSVM (Google)
: —4— Classical SVM

—4— Classical BDT

0-89716 15 20"

Number of qubits

e Using ttH analysis dataset (20000 events, 10-20 variables),
QSVM Kernel on simulator (red) achieves similar performances
with classical BDT (blue) and classical SVM (green).



