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Bt July 4t 2012: Higgs discovery

CMS

= Discovery of “a/the(?)” Higgs boson w/ my=125.38+0.14 GeV (~0.2%)
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- Completes the Standard Model (SM)
of particle physics

- Plays a central role: Interacts w/ all
massive particles




B Higgs as an exploration tool

» “New Physics” (BSM) can modify Higgs properties
+ Which precision/sensitivity?

Loukas Gouskos
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Bt Higgs as an exploration tool

» “New Physics” (BSM) can modify Higgs properties
+ Which precision/sensitivity?

BSM O(1TeV): Impact on H-couplings

Loukas Gouskos

Model b ¢ g9 WW 1 ZZ v
MSSM [40] +8 08 -08 -02 +04 -05 01 403
Type I12HD [4)] +101 -02 02 00 498 00 +0.I +98
Type X 21D [19 02 02 02 00 478 00 00 478
Type Y 2HD [42] +101 -02 -02 00 -02 00 01 -02
Composite Higgs [44] 64 64 64 21 64 -21 21 -64
Little Higgs w. T-parity [43 00 00 61 -25 00 25 -15 0.0
Little Higgs w. T-parity [46] -78 46 35 -15 -18 -15 -10 -78
Higgs-Radion [47] 15 <15 4100 15 -1y <Ly <10 -LS
Higgs Snglet (1§ 35 35 35 35 35 35 35 35
02 6% A;xiv:‘l?OB.OiQ‘l;
A2 Az(TeV) e.g. \=1(5)TeV->"~5 (0.1)%
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https://arxiv.org/pdf/1708.08912.pdf

Bt Higgs as an exploration tool

» “New Physics” (BSM) can modify Higgs properties
+ Which precision/sensitivity?

BSM O(1TeV): Impact on H-couplings
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e.g. A\=1 (5)TeV—>"~5 (0.1)%
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Bt Higgs as an exploration tool

» “New Physics” (BSM) can modify Higgs properties
+ Which precision/sensitivity?
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Higgs kinematics

—~SM

'3: i

3E

FE

400 450 500 550 Ill 650 700 750 800

~

Q

A

v

e.g. pr(H)~500 GeV
A=1 (5)TeV>~25 (1)%

The discovery of the Higgs boson opens a whole new chapter of exploration

Loukas Gouskos
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Outline:

Introduction: LHC and CMS experiment

Higgs physics: current status
Jet tools: Review of a decade and recent developments

Challenging Higgs interactions
Higgs-charm coupling
Higgs pair production

Summary and outlook

CMS
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Muon System:
CSC, RPC, DT
[o(p)/Pr = 1 (5)% for low
(high) pr muons]

4T superconducting
solenoid

wviamn

ECAL: 76K scintillating
PbWQO, crystals
[0(E)/E =
9%/JE(Ge\0€BO 5%€0. 13GeV/E]

HCAL

T

/\,.,3 Brass + plastic Scintillator

(~7K channels)
[0(E)/E = 120%/,JE(GeV)6.9%)]
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A collision event at CMS
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CMS

B CMS event reconstruction

BROWN

» Combines information from all subdetectors
+ Provides mutually exclusive list of particles

Silicon -
Tracker :
Electromagnetic

Calorimeter
Hadron

Calorimeter Superconducting )
Solenoid Iren return yoke fnterspersed

with muon chambers

Muon Electron

Charged hadron (e.g. pion)

- == Neutral hadron (e.g. neutron) ----. Photon

Loukas Gouskos 12



Bt Jet reconstruction

BROWN

» A Jet in theory:
+ Quarks and gluons carry color and interact via the strong force

+ Jet is seen as a spray of hadrons produced by the hadronization
of quarks & gluons [forming bound states]

E;(GeV)
” Jet 1
60
40
= Experimentally: 20 Jet 2 =
+ Cluster the reconstructed w
particles in the detector k- - T
« softer-particles cluster N .
around the hardest ones g O gkl -

Loukas Gouskos

CMS
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Higgs boson:
Current status & next milestones

Loukas Gouskos
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Production

B! LHC: A Higgs factory

Production  #Higgs Run 2

ggH
VBF

VH
ttH

M
500K
300K

70K

* for comparison: ttbar: 100 M,

Loukas Gouskos
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B Flash back: Run 1
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B Flash back: Run 2

CMS
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Ratio to SM

Loukas Gouskos

B Flash back: Run 2

CMS 138 fb™' (13 TeV)
[T T LR T L T LI )
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Impressive agreement !

Forces

3rd-Gen

CMS
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3 Next stop: 2"d-Gen CMS

d_ -
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W(>ev)H(=2pu) @13 TeV

CMS Experiment at the LHC, CERN

;’ Data recorded: 2018-Aug-27 18:16:09.757504 GMT!
2 Run S: 321879 /102476714 / 86

H>uu

Evidence of Higgs coupling to

2nd generation leptons

Loukas Gouskos
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B! Next stop: 2"-Gen::H-p coupling

137 o' (13 TeV)

CMS Preliminary ¢ Data

- All categories — S+B (u=1.19)
. S/(S+B) weighted ... Bkg. component  J
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ATLAS: obs: 20 (exp: 1.7 0)
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Towards Higgs-charm coupling

Loukas Gouskos
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Bt Mission: Impossible (?)

BROWN

= Similar concept to H->bb but two big challenges
+ Small BR (H->cc): ~20x smaller than BR(H—->bb)
. identification much more challenging than for b quarks

light (u,d,s,q) jet bottom jet

Incredibly hard to search for @LHC
Needs novel tools and technigues [& HL-LHC]

Loukas Gouskos 22




= = = CMS
Bt Mission: Impossible (?)
= Similar concept to H->bb but two big challenges
+ Small BR (H->cc): ~20x smaller than BR(H->bb)
. identification much more challenging than for b quarks
But: Often exceed expectations H->bb observation
77.2fb" (13 TeV)
“In conclusion, the extraction of a signal g - CMS ¢ Data
from H->bb decays in the WH channel é ' =
will be very difficult at the LHC, even g 1o00r 7] 548 uncertainty
under the most optimistic assumptions for 2 +
the b-tagging performance and calibration » -
of the shape and magnitude of the various 500
background sources from the data itself.”
*ATLAS Technical Design report (1999) 055 A e, .. AR
_feeling not different in CMS
60I | I8|O‘ | I1(;0I | I1?I‘_OI | I14|10‘ | ‘160
m(j) [GeV]
23
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Bt Jet identification (“tagging”)

BROWN

- | Type of elementary particle
that initiated the jet

Loukas Gouskos

CMS
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Bt Jet identification (“tagging”)

BROWN

Resolved-jet

gluon, u, d, s,
c, b, T...7

Loukas Gouskos

CMS
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CMS

B Jet identification (“tagging”)

Resolved-jet
gluon, u, d, s,

f?
c, b, T..." 2xm,/pr(H)

Loukas Gouskos 26




CMS

B Jet tagging basics

BROWN

- Larger lifetime of b/c hadrons
- Displaced tracks/vertices

- Harder fragmentation

- Non-isolated leptons

Flavour

®

Loukas Gouskos 27



CMS

B Jet tagging basics

BROWN

- Larger lifetime of b/c hadrons
- Displaced tracks/vertices

- Harder fragmentation

- Non-isolated leptons

Flavour

®

substructure

Loukas Gouskos 28



CMS

B Jet tagging basics

BROWN

- Larger lifetime of b/c hadrons
- Displaced tracks/vertices

- Harder fragmentation

- Non-isolated leptons

Flavour

substructure

(13 TeV)

2
CMS — QCD multijet —:

Simulation — W boson

—Z boson

Jet mass

Light g/g: m(jet)>0 GeV
Higgs: m(jet)>125 GeV

Loukas Gouskos 29



CMS

B Jet taaaina basics

- In the beginning:
unclear what correlations existed among these

- Early days:

Algorithms based on High-level variables as
Input to simple ML
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BROWN

B Exploring more of CMS potential

= But: highly collimated decay products
« difficult to identify patterns

= Towards particle-based jet tagging
+ CMS PF algo: Rich set of info / particle

‘ ‘ > Jet Facts:
substructure  _ 5(50-100) particles per jet

- O (50) features per particle
—— Flavour ~0(1000) inputs/jet

» |deal case for Deep Learning (DL) based algorithms with low-level inputs

Loukas Gouskos 31



B Exploring more of CMS potential

BROWN

» | atest approach: Jet tagging using jet constituents directly
» Then: use Deep Learning (DL) - Key: Jet representation

Jet Image

102§

H->cc E

—_
™T T

05/

[Translated] Azimuthal Angle (¢)
=

-

-0.5} u

'
-l
T T T

-1 -0.5 0 0.5 1
[Translated] Pseudorapidity (n)

detector > camera
jet -> image
Cons: - sparse images
- heterogeneous detectors

Loukas Gouskos
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B Exploring more of CMS potential

» | atest approach: Jet tagging using jet constituents directly
» Then: use Deep Learning (DL) - Key: Jet representation

Jet Image

[Translated] Azimuthal Angle (¢)

—_
T T

05/

(=]
™T ™T

-0.5)

i

H->cc

-0.5 0 0.5 1

[Translated] Pseudorapidity (n)

detector - camera

jet

9

image

Cons: - sparse images

Loukas Gouskos

- heterogeneous detectors

Particle Sequence

- 90000 - -

particles

CMS

33
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B Exploring more of CMS potential

CMS

» | atest approach: Jet tagging using jet constituents directly
» Then: use Deep Learning (DL) - Key: Jet representation

Jet Image

s H->cc é

. — -
of HII
05 L i

PR PR B BT BT
-1 -0.5 0 0.5 1

[Translated] Pseudorapidity (n)

[Translated] Azimuthal Angle (¢)
S

|

detector > camera
jet -> image
Cons: - sparse images
- heterogeneous detectors

Loukas Gouskos

Particle Sequence

N °© o o o o
O °* o o o o
5 "0000®
& ‘1’000‘0
&/, CQQQQ
- 90000 -

partlcles

Optimal exploration of detector
granularity & event reconstruction potential

34
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Loukas Gouskos
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1072

Fake rate (Background)

Bt A game changer
H->bb identification

(13 TeV)
E 1 1 I | I I I | I I I | I 1 I l I 1 I E
- CMS E
[ Simulation ]
| High-level info better ]
4 Simple ML \
Low-level info

+ Advanced DL
Hparticle sequence] 20% E
>10x
improved

I llllllll

BKG rejection

Ll

0.6

0.8

bb-tagging

1

CMS
NeurlPS 2017
CMS-DP-2017-049
JINST 15 (2020) PO6005
35


https://dl4physicalsciences.github.io/files/nips_dlps_2017_10.pdf
https://cds.cern.ch/record/2295725?ln=el
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B Point clouds

BROWN

Represent the object Group points based on

as a set of “points” similarity [usually using ML]
e.g. ldentify the wings

~~—

-
)

Loukas Gouskos 38



Bt ParticleNet

BROWN
* I[mproved jet representation:
Particle Sequences - Particle Clouds

+ Treat the jet as an
unordered set of particles

» I[mproved Network architecture:
Graph Neural Networks

+ Particle cloud represented as a graph

+ Each particle: vertex of the graph;
Connections b/w particles: the edges

» | earn from the Graph
Follow a hierarchical approach

«+ First local structures - then more global

Loukas Gouskos

CMS

H. Qu and LG
PRD 101 056019 (2020)

A
& @

e Lo
\@
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https://arxiv.org/abs/1902.08570

CMS

B! Extracting info from an image

BROWN

= Convolution operations proven to be very powerful

Fixed grid: ‘..’ ' “
Q00O 0000

Loukas Gouskos 40
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B! Extracting info from a cloud

BROWN

= Convolution operations proven to be very powerful

Fixed grid: ‘..’ ' “

‘ not straight forward ...
particle ‘ . ' - Irregular and unordered sets
cloud: “ ’ ‘ - Requires permutation invariant

‘ ‘ ‘ ‘ ‘ convolutional operation

Loukas Gouskos 41



B! Convolution on particle clouds

BROWN

= Find the k-nearest neighbors of each particle

Nearest Neighbors

e/ ©

¢

Loukas Gouskos

CMS
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B! Convolution on particle clouds

BROWN

» Find the k-nearest neighbors of each particle

» Design a permutation invariant convolution operation
+ Define edge feature function - aggregate edge feat. w/ symmetric func.

Nearest Neighbors Convolution

" o o

* |n a nutshell: ! L ParticleNet:
p h_( P ) ho: MLP [shared across edges]
7 ) e 2 1y .
J=1 : average over all k-NN

Loukas Gouskos

CMS
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B! Convolution on particle clouds

BROWN

» Find the k-nearest neighbors of each particle

» Design a permutation invariant convolution operation
+ Define edge feature function - aggregate edge feat. w/ symmetric func.

» Update Graph: Use feature space produced after convolution
+ i.e. a mapping from one particle cloud to another

Nearest Neighbors Convolution Update Graph

e/ © @\Q/@ O< }
% &% d o

k ParticleNet:
- . / ol
In a nutshell: 0 W ) he: MLP [shared across edges]
7 . g 4
PEL : average over all k-NN

Loukas Gouskos

CMS
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Bt ParticleNet in action

BROWN
JINST 15 (2020) P0O6005

CMS-DP-2022-005

H->cc identification

—

Ay LA LA L BB RN B
- CMS

| Simulation better

S

—
-

Fake rate

Particle £
[ sequences

102 \

—

1073E

107

Loukas Gouskos
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https://arxiv.org/abs/2004.08262
https://cds.cern.ch/record/2805611?ln=el

BROWN
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Bt ParticleNet in action

H->cc identification

F CMS

| Simulation

Fake rate
<

10_2;

1073

107

Loukas Gouskos

—

Particle

T T I T T 1 l‘ T T T

better

L ] Il

[ sequences

3

y
~4

L l I L

S

ParticleNet -
| ) | ,

0.2

0.4

06 08 1
cc-tagging

CMS
JINST 15 (2020) P06005
CMS-DP-2022-005

Confirmed in data

i I I |

- 2018 ' ]

151 ‘ } =

o ' H H{ S 2 S

I |

0.5 i

-_# HP:[O.‘99,1.) 4 MP:[0.96,0.99|) ¢ LP:[0.90,0.96) |
(250,350) (350,450) (450,%)

n-(i\ [GeV]

jet momentum
46


https://arxiv.org/abs/2004.08262
https://cds.cern.ch/record/2805611?ln=el

- - - = CMS
B ParticleNet in action
, o : JINST 15 (2020) PO6005
H->cc identification CMS-DP-2022-005
o Fows
-+~ ; ] : :
S | simuation better : Confirmed in data
o i T T T
= 0'F r 2018 .
© ; . 3 151 | 1
L.t Particle ‘ : ‘ ‘ } A
E cequences o8 I } }- } o
102 d i : + | |
\ — 1 % 0S8 1) 4 WP0S0%) b PN 0% 1
i I (250,350) (350,450) (450,%)
1073 3 y \ 3 n-fi\ [GeV]
4 ~4x 5 jet momentum
. ParticleNet -
10_4 A L, o, | . | L

0 02 04 06 08 1 QOtherParticleNet applications [in CMS]:
cc-tagging - jet mass reconstruction
- event reconstruction/clustering
- real-time selection [since Run 3]

Loukas Gouskos 47


https://arxiv.org/abs/2004.08262
https://cds.cern.ch/record/2805611?ln=el

CMS

B! ParticleNet ... beyond colliders

BROWN

Dark Matter [e.g. LDMX] Neutrino physics [e.g. KM3Net]

recoi!_< l/{“lEbeam
H
Beam —
q ::':‘: _
End-to-end Pattern recognition of
calorimetry reconstruction comics-rays direction

= And other experiments: in DM and Astroparticle physics

Loukas Gouskos 48
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Loukas Gouskos

Back to H=>cc

CMS
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B! The H->cc analysis

BROWN

= Target VH production
+ Smaller production cross-section but clean signature

= Target leptonic decays of V boson
+ Suppress QCD background

+ Main backgrounds:
ttbar, W/Z+jets

» Challenges [reminder]:
+ Small BR
+ Charm tagging

Fully explore Higgs decay topology

Loukas Gouskos 50



H->cc candidate

" Y9l CMS Experiment at the LHC, CERN
Data recorded: 2016-Jun-27 07:14:59.636160 GMT

Run / Event / LS: 275836 / 2146200065 / 1192




CMS

B! Analysis strategy

BROWN

» Two complementary approaches for Higgs reconstruction
Traditional approach: Resolved-jet

Higgs
boson

- Larger signal acceptance
- but also larger BKGs..

Loukas Gouskos



CMS

B! Analysis strategy

BROWN

» Two complementary approaches for Higgs reconstruction

Traditional approach: Resolved-jet Novel approach: Merged-jet
Higgs Higgs
boson boson

- Larger signal acceptance - Improved signal purity
- but also larger BKGs.. - Better exploit correlations

between charm quarks
- Use state-of-the-art tools
[i.e., ParticleNet]

Boost (py [jet])

Final result: Combination of two topologies |

Loukas Gouskos




CMS

B! Event-level separation

BROWN

» | arge and complex backgrounds against small signal
+ Need powerful discrimination power - “Machine Learning”
+ Small systematic uncertainties

Event classifier

10° (13 TeV)
ﬂ 4OO:|IéMéIIIIIIIIIIIIIIIIIIII|III|IIIII|IIII||II—
c — [] VZ(Z-sce) in
G>> - . [] VV(other) Tlp . . .
I ggof Simulation I Single Top - Classifier designed allowing
tt 6 Y i i H
Back g %zﬂets in-situ” ParticleNet calibration
ackgrounds - 300 B Welets - ~30% reduced systematics
..... VH(H—cc)

28555 Bkg. uncertainty
(VH scaled to total bkg.)

Signal

9 Z‘-—_
>LI/
: “H
Tfrt ) \

i z
J.....Q-.“.".'ﬁ S W P iy
0 01 02 03 04 05 06 07 08 09 1 <
C

Kinematic BDT (1L)
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CMS

B Background estimation

BROWN

» Complex backgrounds - data-driven approach:
+ Design a data control region / BKG process
+ Measure the process and extract corrections
+ Transfer them to the search region to correct BKGs

1 36.3fb" (13 TeV)
- 1) S A BN B AL L I I
“ . ‘ ; ; . 36'3‘ fo (1? Tev) S 140— CMS —4- Observed B VHHobD) ]
E F CMS —4— Observed [ VH(H-bb) i E [ vz@-sco) [ W(other)
a 250~ ) [ Wiothen) 120— Il single Top [mmfg -
C Il single Top [t r [ wajets [Jzsjets ]
200 [ Wjets [ z+jets 100— B VH(H-cT), u=7.7 VH(H-¢E) x 20—
r [ VH(H-c8), u=7.7 VH(H-cE) x20 | r #%% S+B Uncertainty 1
r %% S+B Uncertainty 7
150F
100f
- 138 b (13 TeV)
= i) F I
S0 s r CMS —4— Observed [ VH(H->bb) ]
E o 100 [ vzz—ed) [ Wiotheny  —|
0 L Il single Top Ot ]
a r r \:] Wijets \:| Z+jets |
s 15 80— [ VH(H-cF), pu=7.7 —— VH(H-ct) x20 |
< Q;_Q?_g . N = S - , u=T. (H-c6) x20 |
> T I e e = %5 S4B Uncertainty 4 St .
Zo 0.5 60 C ]
r R C ] 60 80 100 1?0 140 160 180 200
60 80 100 120 140 160 180 200 - i Higgs candidate mass [GeV]
Higgs candidate mass [GeV] a0l h
20 ==f .
| I— -
0 .—.—l ;
2 15[
4
= 1
2 [ 7
60 80 100 120 140 160 180 200
Higgs candidate mass [GeV]
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CMS

B Signal extraction

BROWN

» | ook for an excess in data compatible with H->cc

+ IF no excess:
set limits on the maximum possible H->cc rate allowed by the data

A

Vijebs(

Loukas Gouskos 56



- - CMS
B How all these work in data?

138 fb' (13 TeV)

%) L T L L B L BN

Golden candle 5 1000-CMS e w7

g B K I single top ]

2 gool- [ ] vv(other) [ ]vz@z—co) |

.g) L [ ]vz(z—bb) [ VH(H—bb) ]

© B | $8% B uncertainty i

Z boson = 600\ .

m

5 :
a\)’ 400% t . ]
[ =+ W& <Blinded” ;
200~ e ]
0— — = —— e ——
100{~ | | | -
Technique proven on VZ(->cc) sl _ |‘H | B subtracted 1
5.70 (5.90) Obs (Exp) R |
u=1.01+022 B Ji T

60 80J 100 120 140 160 180 200
Higgs boson candidate mass [GeV]

/> CC: 1st observation at hadron colliders!
57
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B Look for VH=>cc

BROWN

[72]

“Unblind” Higgs mass g
3

Higgs boson 5
R o

Z hoson z
o
7]

H->cc signal strength
H=7.7+% 35

Loukas Gouskos
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-50
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I T T T I T ] T T T l T T T | T T T I T T T I T T T

" CMS —4— Observed [l VH(H—cg), u=7.7 _|
- [:] Z+jets |:] Wijets |
B K I single top ]
| [ ] vv(other) []vzz—co) ]
= [ ]vz(z—bb) I VH(H—bb) -
B $8% B uncertainty i
- H->cc A
[ e x S i
L e : = =
- - |
e ,—‘ |== |
__ —ﬁj | B subtracted i
g T ]
i e T ,_+,_+_*__+_~

100 120 140 160 180

200

Higgs boson candidate mass [GeV]
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BRD“H!

VH(%cc) results

—138 b (13 TeV)

PRL 131 (2023) 061801

1 I 1 I l 1 1 1 I I 1 Ll 1 1 I I
M —e— Observed ~ ----- Median expected
C S B 68% expected Previ
----- 95% expected revious
- : CMS result
Improvement

Improvements:

Merged

Resolved

10

15

20

95% CL limit on Mo

Strongest limits to date @LHC:
- CMS: obs: 14 (exp: 7)

Loukas Gouskos

- 3x from charm-tagging
- 2x from additional data

25 30 35 40

— cC)

Constraints on Higgs-charm coupling
obs: 1.1<|k¢|<5.5 (exp: |Kg|<3.4)
Comparable to previous (ATLAS, LHCb)
projections for HL-LHC [i.e. 20x more data]

CMS
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B Intermediate summary

BROWN

>

LHCb 1.98 fb!
= A UL<7600
g g ATLAS 36 fb-!
T F = UL < 150
s E ATLAS 139 b
S - CMS 36 fb-! @ T
B UL < 37
- E . @
- F CMS 138 fb-1
E UL<7.6
| | | )
2015 2019 2022 HL-LHC

O(10000)>....~ O(0) in ~5 years
Lot’s of effort & ingenuity in multiple areas

Loukas Gouskos

CMS
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B Intermediate summary

BROWN

A Simultaneous extraction
LHCb 1.98 fb-1 of and H-b coupling
= A UL<7600
g = ATLAS 36 fb-!
TF - UL < 150
s E ATLAS 139 b
= LHCb 300 fb-!
c | cMs 36 fot @ [ it UL <O(10)
o UL < 37 - ATLAS 3000 fb-!
d F o & UL<ea4
> E CMS 138 fb! B
B UL<7.6 il N ) i3
= CMS 3000 fb! 0
B UL<1.6
| | | 1 )
2015 2019 2022 HL-LHC

Lot’s of effort & ingenuity in multiple areas

Loukas Gouskos
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BROWN

Still a long way ahead

» HL-LHC: potentially evidence [3c6] of Higgs-charm coupling
+ Only a future ete- machine can guarantee observation

jet misid. probability

107

—
<
N

10°°

ParticleNet@FCCee

FCC-ee Simulation (IDEA)

E T l ' l

charm tagging

? ....... p—— cvs .................................................................................................... E

- —cvsud 1

B —cvfsb .
N A R A

0 0.2 04 0.6 0.8 1

jet tagging efficiency

Loukas Gouskos

Events / 1.20 GeV

FCCAnalyses: FCC-ee Simulation (Delphes)

10]3 TTT | 1T | TTT | \-\ T | TTT | 1T | T Iu\ | T ‘ TTT | TTT ‘ TTT | TTT
0 IDEA, e*e — Z(vv)H(jj)
10°E Vs -240.0GeV, L=5ab "’

10" — Hss B wWw
10'° — Hbb m Zz
10° Hee Mz

o — Hgg B HWW
10 Hrt . I HZZ
107 B qqH
10°
10°
10*
10°

107"
0 20 40 60 80 100 120 140 160 180 200 220 240

CMS
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B! The big picture

BROWN

Loukas Gouskos

Forces 3rd-Gen 2"d-Gen

via loops

CMS

W|II be established
@Q(HL-)LHC
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B! The big picture

BROWN

Loukas Gouskos

Forces

via loops

3rd-Gen 2M-Gen

CMS

1
| Maybe @HL-)LHC
I Guaranteed @ete-

|
| Will be established
| @HL)LHC
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B! The big picture

BROWN

ParticleNet@FCCee

FCC-ee Simulation (IDEA)
T I T T T ‘ T T T

1:Y !Il [

| _Stl;‘ér-l.gé‘tagging

10—1 .E.._ ........................... ........................ ............... :

jet misid. probability

-3 L L : L L 1 i 1 ! L l 1 L L L 1 1
0% ""02 04 06 08 1
jet tagging efficiency

Loukas Gouskos

CMS

Forces 3rd-Gen 2"d-Gen

1
| Maybe @HL-)LHC
: Guaranteed @ete-
i

Tantalizing close
@QFCC-ee

| Will be established
| @HL)LHC

vialoops  Potential to complete 2"-Gen

Yukawa couplings .
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BROWN

Interactions with two Higgs bosons

Loukas Gouskos



CMS

B! The nature of the Higgs potential

BROWN

» Big milestone towards fully exploring the Higgs properties
+ Understand how electroweak symmetry broke in the early universe
+ |Is generation of masses connected to the matter-antimatter asymmetry

SM BSM

Higgs
potential
Our Stable
vacuum
S ?
Metastable
H:irggs
field
Re(¢)
1 1 I A
a2 g2 - 3 4 @ - . .o @’
e +3!@M”H + 3 T
N

Measure Higgs
self-coupling

Loukas Gouskos 67
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B Higgs pair production at the LHC

BROWN

» Direct access to self-coupling: via Higgs pair production (HH)

Dominant production: ggF

Interference [assuming SM]

0.2 -
14 TeV
S
()]
)
Fe)
=
I
e
o
S ok T - triangle 1
' interference
— sum
~02l - - '
300 400 500 600 700

myy [GeV]

triangle: lower myy
box: larger myy

= Very rare (o ~31fb): 1/1000 of single-H; ~4K HH during Run 2

Loukas Gouskos

CMS
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CMS

B! HH experimental signatures

Final states Main drivers (early Run2)
CMS PRL 122 (2019) 121803 359" (13 Tev)
bb Ww TT 72z YY
- o
bb —
l bbbb
WW 25% 4.6% - gg—HH
[0 Q- 73% | 27% | 039% bbtt - Observed
— — ---- Median expected
N | I 68% expected
(O]
o 7z 31% | 11% | 033% bbyy 95% expected |
©
—1 0.26% comb.
! s L —a L L
Cleaner signature—— PTETIO B e CLon oy ol

Most sensitive channels:
General strategy at least one H>bb

- Explore several final states - Good compromise b/w signal purity
- No golden channel [as in single-H] and acceptance

- Clearly: Jet tagqging is critical

Loukas Gouskos 69
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High pr HH->4b analysis




High pr HH->4b analysis

Advantages:

= |Largest BR

» High momentum Higgs bosons
+ Reduced combinatorial BKG
+ Improved signal purity

Challengs:

= Huge QCD background
+ H->Dbb identification
+ ParticleNet H->bb tagger

7 = Background estimation
[e.g. QCD, ttbar]

+ data-driven approach



BROWN

cms

B! Sensitivity on HH production

138 fb™! (13 TeV)
T T T T L I

bbZZ

Multi-L
bbyy

bbtT

K=K =1 —e— Observed ~~ ----- Median expected

K, =Ky =1

SM value

B 68% expected
----- 95% expected

Previous result

Improvement

Loukas Gouskos

I10 - 1100
o - N
95% CL limit on o(pp — HH) / oTheory

CMS

PRL 131 (2023) 041803

Improvements:
- 4x from b-tagging

- 2x from additional data
HH->4b: drives sensitivity

Results

Strongest limits to date @LHC:
- CMS: obs: 6.4 (exp: 4.0)

Higgs self coupling (k,):
- CMS: obs: -3.0<|k,|<9.9
(exp: -1.8<|k,|<8.8)

72


Phys.%20Rev.%20Lett.%20131%20(2023)%20041803

B! En route to self-coupling: HHVV

BROWN

= HHVV coupling: not established [until recently]

Loukas Gouskos

CMS
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B! En route to self-coupling: HHVV

BROWN

= HHVV coupling: not established [until recently]

» Turning the LHC to a VV collider
+ Direct sensitivity to VVHH (kyy) coupling

Loukas Gouskos

CMS
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B! En route to self-coupling: HHVV

BROWN

= HHVV coupling: not established [until recently]

CMS

» Turning the LHC to a VV collider
+ Direct sensitivity to VVHH (kyy) coupling

Loukas Gouskos
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B! En route to self-coupling: HHVV

BROWN

= HHVV coupling: not established [until recently]

e
v H
—_— \

Little contribution

» Turning the LHC to a VV collider
+ Direct sensitivity to VVHH (kyy) coupling

Loukas Gouskos 76



B! En route to self-coupling: HHVV

BROWN

= HHVV coupling: not established [until recently]

~N

SM: large cancelation

» Turning the LHC to a VV collider
+ Direct sensitivity to VVHH (kyy) coupling

Loukas Gouskos

CMS
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B! En route to self-coupling: HHVV

BROWN

= HHVV coupling: not established [until recently]

10°F HH SM, (kz,=1)
HH BSM, K,,=0.8 |
BKGs

~N

SM: large cancelation Powerful probe of BSM

= Turning the LHC to a VV collider - BSM: striking effect on my
+ Direct sensitivity to VVHH (kyy) coupling - Signature: high p; Higgs
bosons

Loukas Gouskos 78
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BROWN

Analysis strategy in a nutshell

= Same tools as ggF HH->4Db, but also exploit VBF signature
+ high pt(H) regime
+ ParticleNet H->bb tagging
+ Data-driven BKG estimation

Loukas Gouskos

Events / bin

Data / pred.

10%

10°

107

138 fo (13 TeV)

||||||||||||| I T T T T ] T T T T T T T T T T T L=
CMS ¢ Data .QCD

r VBF cat. _ -

i == HH (i<, = 0) . ti+jets ]

g  Bkgd. unc.

- LP MP HP

CMS
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B! Results on HH-VV coupling

BROWN
PRL 131 (2023) 041803

138 b (13 TeV)
T 1 7T T I T T T ] T L l L I B ] T L I T T I UL I L T
CMS —— Observed @ ----- Median expected

i Preliminary “~= Theory prediction [l 68% expected
Ky =K, = T 95% expected

95% CL upper limit on o(pp — qqHH)B(HH — bbbb) [fb]

[
—
Lk
o
o}
of
o‘-
—
—
o
n
)
o

- Tightest constraints to date @_LHC
- Koy=0 excluded by > 60 = 1st confirmation of HH-VV coupling

Loukas Gouskos 80
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B Mid-term future: HL-LHC

BROWN

= CMS High Granularity Calorimeter (HGCAL): t
+ fine lateral and longitudinal segmentation I‘II
+ precision timing capabilities I‘]" L

’ ‘I Scintillator

=T
1
1
-

~10A

» Physics-driven design

T\

Tracks and clusters clearly
I~ " Hdont f‘blbyyh ght

most of deti

. .
Lot’s of potential I I|||||“‘I‘ !l

cee |11}

Natural playground for developing .............. R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERENEEEEEEEEEEEEEEEEE
cutting-edge Al-based algorithms

Loukas Gouskos 81

high pr jet A ) A X
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BROWN

Loukas Gouskos

Summary and outlook

CMS



CMS

B! Summary and outlook

BROWN

» The discovery of the Higgs boson completes a remarkable theory:
The Standard Model of Particle Physics

+ Clearly the biggest highlight of the 1st decade of the LHC

= Since then: Enormous progress in understanding the Higgs particle
+ Both from the Experiment and Theory communities

+ Cutting-edge techniques [e.g., Al] in several areas brought substantial
improvements in sensitivity

= Still: Everything looks very SM like

Loukas Gouskos 83



CMS

B Summary and outlook

» The discovery of the Higgs boson completes a remarkable theory:
The Standard Model of Particle Physics

+ Clearly the biggest highlight of the 1st decade of the LHC
= Since then: Enormous progress in understanding the Higgs particle
+ Both from the Experiment and Theory communities

+ Cutting-edge techniques [e.g., Al] in several areas brought substantial
improvements in sensitivity

= Still: Everything looks very SM like, but...

Lord Kelvin —"\?

There is nothing new to be

discovered in physics now. All

that remains is more and more .. and we all know what
PIECEEIMEdsHiement, followed after this statement

AZQUOTES

Loukas Gouskos 84
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Loukas Gouskos

Back-ups

CMS
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B! Interpretation [i.e. look for deviations]

. Slgnal strength (u)
= Production cross-section x BR :;:::b | H 4 <[::

» Coupling modifiers (K):

SU 2 I‘SU VW)
. GBR KK
(6-BR)(i=H = f)= T e =

+ Simplest framework to probe deviations from SM [express “u” to “K’]
+ no need of BSM calculations; but simplifications [e.g., blind to polarlzatlon, etc..]

» Effective Field Theory (EFT):

La = ZC,('(I) 6"
i

+ Extension of k—-framework: probe helicity structure and polarization
+ sensitive to higher-order effects [via operators]

Loukas Gouskos

CMS



B Indirect bounds

BROWN

= New physics can modify Higgs kinematics [e.g. p(H)]

Impact on pr(H): Theory

(Mo dadldpry)(1o daldpr p)sm

Constraints on H-c coupling (K¢):

-4.9 (-6.1) < ks < 4.8 (6.0) OBS (EXP)

IF both k, and k; float:
-33 (31) < K¢ < 38 (36) OBS (EXP)

(pb/GeV)

H
T

AG/Ap

Data / prediction

CMS

Measurement of p(H): Experiment
.. and look for deviations

10e
- PRL118,121801 (2017) Overflow norm.
1554z b4y Ao(p(! > 600) / 250
= ----i--~r~~ﬁ~~ Ac(p!! > 200) / 120
107" “i? ________ Ac(p!' > 600) / 250
E + Combination y f
1072 ;_ Syst. unc. ! 1%
E # H — bb )
0% 4 Howyy ¢
Y Hozz T K R l 1
10 aMC@NLO, NNLOPS )
© Gy from CYRM-2017-002
10_5_" | | ol b b by a1y
5F
4=
3E
2;_ red A o ]
1E-23% 4 L L I 4 ¥ ¢ -
01: """""" T % """
0153045 80 120 200 350 €00 =

P; pH (GeV)

Strong model-dependence ®
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.121801
https://reader.elsevier.com/reader/sd/pii/S037026931930228X?token=298BF8854452128874310E7913F0B3D4D63A084DAC48CAC62CA0EE8D4A392EF30ECD3387E3643E9048D2F45B85F79BFF&originRegion=eu-west-1&originCreation=20230116181057

Bt Exclusive decay modes

= Access K, via charmonium decays: = Analysis strategy:
+ pp final state
o Fit to extract signal
ke-dependent /" 9
H—>J/\|fy—>uuy 201 635.9 b (1 3TeV)
> [T LI B L I B Trr T
8 60:_ CMS Inclusive category ]
(V| - ® Data
; 50F Expected signalx250 ]
g Non-resonant background model
Lﬁ 40 S_ - Expected resonant backgroundx20

+ Very clean signature

+ but: Very rare
BR(H->J/Y y) ~ 3x10-6

My, (GeV)

- Constraints on kg O(100xSM)
- Far weaker than indirect ones

Loukas Gouskos

CMS
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Bt ParticleNet architecture

BROWN

» Based on EdgeConv and DGCNN
+ but customized for the jet tagging task

EdgeConv block ntroduced:

- features beyond

spatial coordinates
- residual connections
- MLP conf.

Loukas Gouskos

H. Qu and LG
PRD 101 056019

(2020)

CMS
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https://arxiv.org/abs/1902.08570

. . . CMS
B ParticleNet architecture
= Based on EdgeConv and DGCNN PRD 101 056010
+ but customized for the jet tagging task 2020
ParticleNet Architecture .
EdgeConv block articles
; Introduced: distri%uted in nN-¢
- features beyond teatures
Ve ~ spatial coordinates ——y——v— ‘
o - residual connections
- MLP conf. —— From local

Linear |

BatchNorm

RelU |

4 N\

EdgeConv Block to more

k=16, C = (128, 128, 128)
(. J

global

i EdgeConv Block B structures

k = 16, C = (256, 256, 256)

Linear

RelLU

( Linear |

BatchNorm

| Reru |

Global Average Pooling
v

Fully Connected
256, RelLLU, Dropout = 0.1

Aggregation

& J

4 v
e )

RelU | Fully Connected

\_ TR ;
. J

v

Softmax

. J
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CMS

Bt A closer look to the jet mass

BROWN

JINST 15 (2020) P06005 (13 TeV)
T I L I LI

y 0'2"'I"'l"'l'"I"'I"'I"'l' -

= Traditional approach: 2 015k CMS — acomuttjer ]

Jet “grooming” 016 Simulation —Wboson ]

+ Pros: - simple ' —Zboson

- well tested in data 0.14 ~— Higgs boson

+ Cons: some inefficiency 0.12 o E

o1t Over-subtraction Additional =

radiation i

0.08 3

= Additional challenge: 0.06 i E

Decays to bb/cc 0.04 ]

Energy loss via 0.02 : |
(undetected) neutrinos M o N N

100 120 140 160 180 200
mgp [GeV]

0 20 40 60 80
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https://arxiv.org/abs/2004.08262

BROWN

B Improving jet mass reconstruction

» ParticleNet: to predict the jet mass from its constituents

CMS Simulation Preliminary

I T T T T | T T T T 1 T T T |

o o
— b
N p

- Groomed mass
[traditional ParticleNet

technique] mass

event fraction

© O
o o O
Olidlb_;

llllllllll

0.02}

1

—

-

11

: 4 E

. ‘:- 1“.’ N _5
0 i l.‘:"n'-‘i:"" = - PR TRE '%“o chemebecalennd j
0 0.5 1 1.5 2
Mreco / Mtarget

Loukas Gouskos

> 2X improvement in
jet mass resolution

CMS
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BROWN

B! Merged-jet: BKG estimation

» Major backgrounds (i.e. V+jets and ttbar) estimated from data CRs
+ CRs are designed to have similar flavor composition as SRs

Simple and robust BKG
estimation stragegy

Full analysis validated in
two data samples:

- Low p+(V)

- Low values of the

(*) Not used in 2L channel Na(jets) cc-discriminant

kinBDT

Loukas Gouskos 93



B Resolved-jet: Analysis strategy

» Recover signal acceptance by including c

the “traditional” resolved jet topology bHclggi -

» Higgs candidate (H.,.q) selection

+ Define two discriminants DeepFLavour/DeepJet
- CMS Supplementary 2017 (13 TeV)
Q [T T U S S O B S R O O .08
S| e e \\\\ |
% | MConly 08 8 _:

. = B With SF 0>
- Hcand. _‘E -+ \Il_viarll?ii:g |jaeotint o ~— |
+ two highest “CvsL” small-R jets 3 | C
. é 1 ': ¥

= Search region (SR) o A &
3 : +

+ Leading “CvsL” jet pass WP:

~5% |
Flavor Efficiency
c-jet 43% 02l ~_
light-jet 5% |\ s b
. 102 101 109
b-jet 15% b jet mistag rate

Loukas Gouskos

CMS
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B Resolved-jet: c-jet regression

» Precise estimation of the b/c-quark energy challenging

+ energy loss via (undetected) neutrinos from semileptonic decays (~20%)
+ mis-reconstructed tracks and/or tracks outside jet cone, etc..

before regression Improve jet engrgy after regression
scale & resolution

>
“ b
DNN-based regression algorithm Inspired by:
Inputs (43 in total): CSBS 42020110
¢ Jet klnematllc.s DNN architecture Qutputs: |
+ Jet composition * scale correction
* PU information . Fully connected é 25% quantile
» Info about leptonic decays network * 75% quantile
« Secondary vertex (SV) info * 6 Layers

Loukas Gouskos

CMS
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https://link.springer.com/article/10.1007%2Fs41781-020-00041-z

CMS

B! Resolved-jet: Further improvements

» “FSR Recovery”.
Recover jets from Final State Radiation: c

+ Jets close [i.e. AR<0.8] to H¢ang c
included in Higgs 4-vector

Up to ~5% improvement
in M(Hgang) resolution

» “Kinematic Fit”:
¢ 2L channel i.e. Z(=>LL)H(=>cc): no genuine sources of missing energy

+ Improve pr(jet) measurement
via a kinematic fit

Up to ~30% improvement
in mM(H¢anq) resolution

Loukas Gouskos 96
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B! Resolved-jet: m(H...) performance

BROWN

2L channel, p(V)> 150 GeV
2018 (13 TeV)

3: T | T T T T T T T T T T T T T T T | T T T | T T T
© L CMS . . o no cReg, no Kin-Fit 4
0.081— Simulation Supplementary #\k L -1285,0 =152 )
| esovedde /A C e M(H¢ang) resolution
- 2L, High p_(V) * X cletreg. no
- Signal Region l n=1232,0=1335 - FSR recovery: 12.3 %
0.06 - XY A c-jetreg + Kin-Fit |
I f & —u=1242,6=10.0 l
- [\
0.041 ﬂ QZ\X - c-jet regression: 10.9 %
- s W }
0.02}- & \:
i J—ig* {§ - Kinematic Fit [2L]: 8%
i o T A%ﬁm
_Fp:;}rll ur‘l“ 1 I | 1 1 I 1 | 1 I 1 1 1 I 1 | 1 | 1 1 “I‘d_‘:‘,._T-I-'—‘-E‘rlk;Jl—l—ﬂ--‘!aE

60 80 100 120 140 160 180 200
di-jet invariant mass [GeV]
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B Resolved-jet: Analysis strategy (1l)

= Precise estimation main BKGs [i.e. V+jets and ttbar] vital

+ Estimated from dedicated data control regions [CRs]
* N.B.: V+jets split based on flavor composition: (V+c(c), V+b(b)/bc, V+udsg)

CMS Simulation 2017 (13 TeV)

=
o

veto m(Hcand)

DeepJet CvsB
o
(0]

o
o

0.4/ 10°°

095 02 04 0.6 0.8 1.0

DeepJet CvsL

_ _ . Simultaneously
rt: m(Z), add. jet -
ttbar | invert: m(2), add. jets fit SRs and CRs

Loukas Gouskos

CMS
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BROWN

Loukas Gouskos

Resolved-jet: Analysis strateg

Events

Events

10°

T
CMS
L Supplementary
Resolved-jet
2L (ee), Low V-p_
[ Z+LF Control Region

T
¢ Data

[ vother)
(3

[Jzsb

B VH(H->ct)
%% MC uncertainty

T
[Cvzz-c
Ml single top
Ezc
[Jz+udsg
[ vH(H->bb)

10

60

T
CMs
Supplementary
Resolved-jet
2L (ee), Low V-pr
TT Control Region

T
¢ Data

[ vv(other)
(s

[Jzsb

Bl VH(H-cE)
%5 MC uncertainty

ttbar

T
[CJvzz-co)
Wl single top
[ z+c
\:’ Z+udsg
[ VH(H-bb)

0.6

0.8 1.0
DeepJet CvsL

Events

15

Supplementary
Resolved-jet

2L (ee), Low V—p7
Z+CC Control Region

¢ Data
[ vv(othen)
[l
[zso
Il VH(H-cT)
25 MC uncertainty

V+cC

T
[Cvzzse)
- Single top
- Z+c
|:| Z+udsg —
[ VH(H-bb)

10° 59.7 b (13 TeV)
T T T T
CMS ¢ Data [Cvzz-c)
[ Supplementary [ v(other) Ml single top
Resolved-jet [ [z
2L (ee), Low V-p_ [z [Jz+udsg
[ Z+HF Control Region - VH(H-c5) -VHtH—mE)
5% MC uncertainty
1
T T T T T
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BROWN

B VH(>cc): Results

CMS

* Final result: combination of two topologies
+ IFF pr(Large-R)>300 GeV > merged-jet, else resolved-jet

= Systematics scheme:

+ mostly correlated
but: c/cc-tagging efficiency
& PDF, YR, Yr for V+jets

= Dominant sources:
+ Stats of CRs

+ Statistical power of
MC samples

Loukas Gouskos

certy source
Statistical
Background normalizations
Experimental
Sizes of the simulated samples
c jet identification efficiencies

Jet energy scale and resolution

Simulation modeling

Integrated luminosity

Lepton identification efficiencies
Theory

Backgrounds

Signal
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BROWN

Validation using VZ(->cc)

» Final result: combination of both topologies
= But first ... Validation by measuring VZ(->cc)

Combination
138 tb™' (13 TeV)
(] F
() 8L ® Data B uncertaint
= 10° y
- 3 CMS [Jvz@Zz>cs) —S+B
|_|C_| 107k Pr e/’m’f’afy Bl vHH>co) [l VH(H->bb)
F VZ(Z—cc) [ ]Z+jets [ Waets
1 06 3 * Ot [l single Top
: o [] vV(other)
10° 3 _
10 F
10° _ %

_L—L
o

—

Data
Background

o

Loukas Gouskos

|C’1_LU'||\)—L

VZ(->cc) signal strength

® Observed

CMS — +1c (stat @ syst)
— Preliminary — 1o (syst)
— +20c (stat @ syst)
Combination —-——-—
Resolved-jet
Merged-jet ——q—-—
1L :
2L
..‘.I....I..‘.i....l..‘.l....
-0.5 (0] 0.5 1 1.5 H2 2.5

VZ(Z—cc)

Technique proven on VZ(=2>cc)
5.70 (5.90) Obs (Exp)
u=1.01+0.22
[1st observation at hadron colliders]

CMS
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B! Jet mass (de-)correlation

BROWN

= Jet taggers are correlated with jet mass

Before selection on the tagger . B After selection on the tagger

.M.

=
Background [e.g. QCD] s Background [e.g. QCD]
Signal [e.g. Z boson] Signal [e.g. Z boson]
Signal [e.g. Higgs boson] Signal [e.g. Higgs boson]

-
3@\ nd5 ﬂv\ (TS )

Jet Mass distribution in Background jets
becomes similar to that from signal:
“Mass sculpting”

» Depending on the analysis this may not be welcome

Loukas Gouskos

CMS
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B! Jet mass (de-)correlation methods

BROWN

» Several jet mass decorrelation techniques explored so far

= Sample reweighting:
+ reweight QCD m(j) to match the signal one

» Design Decorrelated Tagger (DDT):
+ Defineametrice.g., |p = In(m3,/p3)| to capture correlation m(jet)

+ Then: transform response to preserve constant BKG rejection across m(j):
TaggerPPT = Tagger - X,

= Adversarial networks:

+ Introduce an NN to predict m(jet) from the features extracted by the
nominal network

+ Acts as penalty term in classifier network

Loukas Gouskos 103



. - CMS
B Jet mass (de-)correlation methods
JINST 15 (2020) PO6005 (13 TeV)
: m A LA AL LN BB LR
D_ " CMS (] Inclusive (AK8)
< | o . BKG jets — DeepAK8 |
10§ Simulation ...DeepAK8-MD -
- Dijet sample — BEST ]
i Wboso.nt tagging — Ty, i
DecpAKS 1l B00<P; <1000 GeV,in"T<24 ::%m |

LILBLILLI
N

Nominal
[Nominal] N,PoT [DDT]  DeepAK8-MD

[adversarial nets

' 111

107 Bt E

107 —[f

1073 N1 No[nominal] |
50 100 150 200 250 300

QCD jet [inclusive] Mgp [GeV]

| Mass sculpting greatly reduced but not perfect ... | .

Loukas Gouskos


https://arxiv.org/abs/2004.08262
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B! Jet mass (de-)correlation methods (11)

BROWN

= A new jet mass de-correlation method for 2-prong tagging
+ Developed in the context of ParticleNet [applicable to any tagger]

= Strategy:
+ Design dedicated “signal” samples w/ flat m(X) [X: spin-0 particle]

CMS-DP-2020-002

+ Signal and BKG jets re-weighted to a flat distribution in m(jet) & pr(jet)

mass sculpting

(13 TeV)
S 02F Ame R .
< FCMS o rousve - Improved mass decorrelation
0.181" Simulation Preliminary E ) ) . .
0.16 - Dijet sample .r=5% No indication of mass sculpting
0.14 :_ H->bb tagging: ParticleNet-MD e =1% - _ .
a0 < 1000 oV, 1 <24 =% - even for very tight WPs

0.12§ T &g, =0.5% =

0.1 :ﬁ'_-& ) —;
008 "F, BKG jets =
0.06} . =
0.04F %*'9*#.** =
0.02F b FYN =

0 .o A R R f"m

1.4 ' ' ' ; ]
212} - - g . :
E] 1@9&&3%5;‘.%
208w g

0.6

50 100 150 200 250 300
Loukas Gouskos Mgp [GeV] 105


https://cds.cern.ch/record/2707946/files/DP2020_002.pdf
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= A new jet mass de-correlation method for 2-prong tagging

Bl Jet mass (de-)correlation methods (ll)

CMS-DP-2020-002

+ Developed in the context of ParticleNet [applicable to any tagger]

= Strategy:

+ Design dedicated “signal” samples w/ flat m(X) [X: spin-0 particle]

+ Signal and BKG jets re-weighted to a flat distribution in m(jet) & pr(jet)

Loukas Gous

—
<
[y —

—
<
n

Background efficiency

1074 ———

H->cc performance

13 TeV)

1073E

E  nne
- CMS
| Simulation Preliminary

| H—cc vs. QCD multijet

F 500 <p2™" <1000 GeV, In®" < 2.4
L 90 <mg; <140 GeV

better

— DeepAKS8

--- DeepAK8-MD
ParticleNet
ParticleNet-MD

# DeepAK8-DDT (5%)

*+ DeepAK8-DDT (2%) |

N B B
0.6 0.8 1

Signal efficiency

- Improved mass decorrelation
No indication of mass sculpting
- even for very tight WPs
’9 Minimal performance loss compared
to the nominal ParticleNet
- ~2x improved performance
compared to DeepAK8 —MD
(ie adversarial training)
—> Training significantly easier

MD := mass decorrelated

CMS
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https://cds.cern.ch/record/2707946/files/DP2020_002.pdf

B ParticleNet calibration

= Challenge: No pure H/Z->bb,cc sample; rely on proxy jets from g—>bb,cc
+ Yet: difficult to select proxy jets w/ similar characteristics to signal jets

= New method:

Develop a BDT to distinguish b b(c)
hard 2-prong splittings, from D(C) et _
soft-bb/cc radiations - g b(2)
b(¢c)
e.g. AK15 jets, H>cc
. CMS Simulation Preliminary __59.74 o (13 TeV) - Extract SFs from simultaneous fit of m(SV)
2°% + sonain-c «——— signal-jets in “pass” and “fail” categories
I —— Proxy: QCD c(cc) w/ sfBDT >0.500 .
035/t Proxy: QCD c(cc) w/ SfBDT>0.781 (lower) ] - For different values of the BDT
Proxy: QCD c(cc) w/ sfBDT >0.904 (central) N
0.30f Proxy: QCD c(cc) wigfBDT >0.966 (upper)
025 / ] —— e.g. Large-R jets, H>cc —
o,zo: 1-5, 2018 | } 7
i proxy-jets ; [ ]
0.10F s i I |
_ i o5k i
] “how HP'[0991 ) 4 MP:[0.96, 099) ¢ LP:[0.90, 0.96) | ]
0.0 ST 250350) (350.450) (450,)
' ParticleNetMD_ XooVSQCD AK15 ‘Al for Higgs; JHU March 2023 pr(j) [GeV]

Loukas Gouskos


https://cds.cern.ch/record/2805611?ln=el

& Ferrormance compariso Post P 7 0ia 019
= Comparison against various DL-based jet tagging algorithms
+ tested on a common top-tagging dataset
AUC | Acc 1/ep (es = 0.3) #Param
single mean median

CNN [16] 0.981 | 0.930 914+14 995+15 975+18 610k

ResNeXt [31] 0.984 | 0.936 | 1122+47 1270+28 1286431 1.46M

TopoDNN [18] 0.972 | 0.916 29545 382+ 5 378 + 8 59k

Multi-body N-subjettiness 6 [24] | 0.979 | 0.922 792+18 798+12 808+13 57k

Multi-body N-subjettiness 8 [24] | 0.981 | 0.929 867+15 918420 926+18 58k

TreeNiN [43] 0.982 | 0.933 S 1202+23  1188+24 34k

DeepAKg PEONNITE 0.980 | 0.930 @ 845413  834+14 | 348k
ParticleNet [47] (v1) 0.985 | 0.938 | 12968==46" 1412445 1393441 498k

LBN [19] 0.981 | 0.931 836+17 859+67 966120 705k

LoLa [22] 0.980 | 0.929 722417 768+11 765+11 127k

LDA [54] 0.955 | 0.892 1514+0.4 151.5+£0.5 151.7+£0.4 184k

Energy Flow Polynomials [21] 0.980 | 0.932 384 1k

Energy Flow Network [23] 0.979 | 0.927 633+31 729413 726+11 82k

Particle Flow Network [23] 0.982 | 0.932 M 1063+£21 1052429 82k

Ensemble "y | 0.985 | 0.939 [(368+140 ) 15494208 | 35k

of all
taggers: [ ParticleNet 0.986 0.940 ¢1615 = 93 366k
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https://arxiv.org/abs/1902.09914

BROWN

S/(S+B) weighted events

Loukas Gouskos
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B Look for VH(=>cc)

“Unblinding” Higgs mass

138 fb” (13 TeV)
L L B I L

.

MS

—4— Observed I VH(H—c0), u=7.7
[:] Zijets |:] Wi+jets

Ctt [l single top

] vv(other) [Jvzz—co)
[]vz(z—bb) I VH(H—bb)

2% B uncertainty

III|llllll[I[IIl

]
+
+

B subtracted __

+ 4 =
77777 _+_—+x—$—+—_

100 120 140 160 180 200
Higgs boson candidate mass [GeV]

10°

107

Events

10°

Data
Background

CMS
Resolved + merged topologies
» 138 fb™' (13 TeV)
3 -@- Data [ VH(H->cT), u=7.7
i CMS |:|Z+jtets [CIwaets
3 VH(H—>ct) [t [l single top
. [Jwiotheny  []vz(z—cc)
. —* [vzz—bb) [ VH(H-b)
: . %% B uncertainty
—— Expected (uVH(HacE)= 1)
I =
log ] 0(S/B)
signal strength (u) = 7.7+38 5,
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B Cornerstone: H

» Two complementary approaches

—t b ek

Reconstruction efficiency

© o o o

N N O
T T TT T | LI LI
—— E&?

Loukas Gouskos

Hcang reco efficiency (13 tev)

kel L}.'@\';l ]

.6_\\\\\!\\\\\'\\\\\!\H\\l\\\\\'\\\\\l\\H\!\H\\l\\\\\!\\\\\_
4: CMS —e— Resolved: 2 AK4 jets

" Preliminary - Merged: 1 AK8 jet 4

2F Ho bbee " o Merged: 1 AK15fet
1~

EAC

1 merged-jet /

. topology
TE NI RN R i

LJJIE |

ey D@ O O @i
é.@.#'@""@'r@ © ®.-l-..,,,. ........ I

e L
.

o2

200

400 600 800
p(F) [GeV]

cand Feconstruction & ID

CMS

Merged-jet (R=1.5)

Higgs
boson

- Better exploit correlations
b/w the two c-quarks

Traditional approach:
Resolved-jet

C
Higgs _
boson
C
- Larger o(VH->cc)

[but also BKGs @]

110



CMS

B Signal extraction

BROWN

» | ook for an excess in data compatible with H->cc

+ IF no excess:
set limits on the maximum possible H->cc rate allowed by the data

Resolved-jet Merged-jet
Use discriminant Use H.,,q mass
A V’rod‘i A

Q‘; Vﬂdﬁ |

5«5@> /

Final result: Combination |

Loukas Gouskos 111




B HH extra

BROWN

3 3
O 1072 L Fa=1.0 === o 1072 = ax=1.0 === 5
> - KEx= 2.0 === > === Ka= —1.0 ===
. = == -=_ mai=24mm | 0 = o—e==a Fx=3.0 == |
g107° b= ===_ =00 i g = B= Tre=———=__  Kx=50
% E ;—2__5__,__ % 10—4 = %‘T:——_
= = — E = T == E

810 e LHC 14 TeV === LHC 14 TeV e
— PDF4LHC15 4 1075} PDF4LHC15 —

107° L NLO, p = myy/2 NLO, pt = myp/2
R 10? - T T T T T T T R 10? —— T T T T T T s
2 10" BE— 1 .2 10" F= E
§ e — = E 10° = ——

]_0-1 e 1 I 1 1 1 1 -1 1 = i — L L I L

300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
my, [GeV] My, [GeV]

Fig. 11. Normalised Higgs boson pair invariant mass distributions at 14 TeV for (left) positive small values of k) and (right) larger or negative values
of Ky [64]
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Loukas Gouskos

HH ATLAS Full Run 2

Obs.‘—20' -l Exp. 1o 20

bgyy

bbbttt

4.3 3.1 4.1 57 8.8 143
46 | 2.1 2.8 39 59 94

Combined 3.1 ‘ 1.7 22 31 47 73

bbyy

Combined

T T IIIIIII I 1 LI

ATLAS Preliminary — Observed

VS=13Tev, 139fb71 Expected
03%"F+VBF =132.78 b 1 Comb. exp.limit+1o0

1 Comb. exp.limit*+20

Obs.  Exp.

4.6 39 S

4.3 57 S
¢ 3.1 3.1 —

! I R N R | ] TR B N

10
95% CL upper limit on signal strength

113

CMS



BROWN

B Higgs as an exploration tool

» “New Physics” (BSM) can modify Higgs properties:

Higgs couplings

Higgs-tau coupling

Loukas Gouskos

2
(@)] Lot
3 1.5 gy
E SM ; i ;--:-'.‘ \
..9 e .
g 1-I-llllllll.ll:‘;.l -f _|
o - / a BSM
) S g e.g. SUSY
T 95 LHCRun2 = B
constraints on -
Higgs couplings =
] | L
00 0.5 1 1.5 2

Parameter Range
tan [1, 60]
My [50, 6000)]
M, [-5000, 6000]
Mo [-5000, 6000]
M; [50, 6000]
Ag=As = A [-10000, 10000]
Ay =Ac = Ay [-10000, 10000]
Ac=A,=A; [-10000, 10000]
7 [-6000, 6000]
Ms, = M;, [50, 6000]
Ms, = Mj, [50, 6000]
Mz, [50, 6000]
Mz, [50, 6000]
Mg, = Mg, [50, 6000]
Mg, [50, 6000]
Mz, = Mz, [50, 6000]
M;,. [50, 6000]
Mg, = Msy [50, 6000]
M; [50, 6000]

CMS
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B! Sensitivity on HH production

BROWN
PRL [accepted]

CMS 138 b (13 TeV)
LI I T I T T T T L I
K=Kk =1 —e— Observed ~ ----- Median expected
Ky =Ky =1 %
S 68% expected Improvements:
----- 95% expected

_ - 4x from b-tagging
- 2x from additional data

bbZZ | | 5M value
] HH=>4b: drives sensitivity

Multi-L ~

bbyy

— Results

Strongest limits to date:

Previous result -CMS: obs: 6.4 (exp: 4.0)
- ATLAS: obs: 5.4 (exp:8.1)

bbtt

improvement

Higgs self coupling (k,):

- CMS: obs: -3.0< |k, |<9.9
(exp: -1.8<|ky|<8.8)

- 2x better than ATLAS

11 1 1 1 11 I 1 11 I
1 10 100
95% CL limit on o(pp — HH) / oTheory
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https://dl4physicalsciences.github.io/files/nips_dlps_2017_10.pdf

BROWN

ParticleNet
in action

B Higgs pair production (VBF)

S 8F T T
©, ¢ CMS At constant fake rate -
145 ~40-50% from ParticleNet
1.2 mass regression e
1= e
0.8E ~50% from E
- ParticleNet H>bb .
0-6p ¥ E
02 | 5
0: ""T L b | L |<I LT' lllll ks QL LT o e o o ]
1000 1500 2000 2500 3000 3500
My, [GeV]
__% 10 p————— H N B A B R S AL BRI
¢ | Data QCD ftt VBH HH->4b |
& (koy=0)
10? E

Signal extraction

(Mpk)

Loukas Gouskos

Data / pred.

lower S/B > higher S/B > best S/B

Soo.

720

’200.,

76, 800. 720,
00 00 720 0 0- 7 6

my, [GeV]

CMS

VBF HH: Results

138 16" (13 TeV)

LI L N B B B B B |

CMS —— Observed ~ -=--- Median expected

Pre[iminary 5= Theory prediction [l 68% expected
we._ T e .

Ky=%, =1 95% expected

—_
o
w

—_
o

95% CL upper limit on o(pp — qqHH)B(HH — bbbb) [fb]
o

-1 -0.5 @ 0.5 1 1.5 2 2.5 @

excl. HHVV coupling
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