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HIQQS sector

"'Mexican Hat"

Iggs potential
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Spontaneous Symmetry Breaking
SU(Q)L X U(l)y — U(l)EM
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Yukawa terms for massive fermions



Electroweak Symmetry Breaking

* By measuring interaction Lagrangian inH — 7/ — 4/ channel,
the LHC identified a Higgs mechanism
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Parameter Observed Expected
fa3 cOS(P3) 0301317 [~0.45,0.66] 0.00079917 1-0.32,0.32]
fa2cos(¢a2)  0.047007 [—0.69, —0.64] U [—0.04,0.64] 0.0007001> [—0.08,0.29]
Farcos(¢par) 0.003% [-0.92,0.15] 0.0009914 [—-0.79,0.15]




Measuring Higgs potential

V(g) = — p°* + 19"

 From spontaneous symmetry breaking
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 [he shape of a potential around EW scale is determined
by K2 term and i3 term.

- We know about the mass of Higgs from clean channels



Higgs Boson Pair
to measure Higgs potential
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* [he shape of a potential around EW scale is determined
by K2 term and A3 term.

- This triple Higgs coupling can be determined by h — h, h



- Triple Higgs coupling can be determined by h — h, h

- Quartic Higgs coupling can be determined by h — h,h, h



by Ulrich Haisch et.al (arXiv:1810.04665)
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* S0, let's focus on "precise measurement of" triple Higgs
coupling at the LHC



Higgs Boson Pair @ LHC
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by Matthew J. Dolan et.al (arX|v 1206.5001)
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Higgs Boson Pair @ LHC

e Current status from various channels

h— XX

= bb | WW*| ¢ | ZZ* | yy
- 7
i bb 33%
L |
:>< WW*E 25% | 4.6%
N T 7.3% W 0.39%
Y A 3.1% 1.1% 0.33% [ 0.069%
Yy 0.26% @ 0.028% | 0.012% £0.0005%

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined
Observed 22.2xSM
Expected 12.8x SM

CMS preliminary gg—HH

35.9 b (13 TeV)

678910

CMS PAS HIG-17-030

—e— Observed

- —— - Median expected

mm 68% expected
95°/‘1 expected
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* The driven channel is the "compromised” clean channel.



Higgs Boson Pair @ LHC

e Current status from various channels

N(hh)sm | Nkc

ATLAS bbyy 8.4 47.1 L2

bbyy 9 26.9 L4

bbrt (fully-hadronic)| 4.9 30.3 0.89

CMS '

bbtt (semi-leptonic) 6.1 122 0.55
' ‘

bbWW* (di-leptonic 37.1 3875 0.60
(di-leptonic) || |

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined
Observed 22.2xSM
Expected 12.8x SM

CMS preliminary gg—HH

35.9 fo' (13 TeV)
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« Whyis bbVV bad ? how can one improve ?






* Why is bbVV bad ? LHC is the Top-factory

o(pp — hh — bV V™) _ 31fbx(25%) __ O

_ ~ 10~°
o(pp — £ BOVV) | 215pb ( )

* Applying "low-level " kKinematic cuts based on event-
topology
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 Applying "low-level " kinematic cuts based on event-topology

Baseline selections: F'r > 20 GeV,
pgﬂ > 20 GeV, ARy < 1.0, myr < 65 GeV,
ARy, < 1.3, 95 < mpp < 140 GeV

Signal tt tth ttV 00 77bb | others | o NSSilg4 /Nbknd

0.0124 | 1.1724 | 0.0297 [ 0.0246 | 0.0158 |0.0379 |[0.00590 | 0.60 | 0.00964

730lvy backgrounds from QCD+EW

« We may apply the advanced statistical tools to see correlations
among 'low-level” kinematic variables.

e But the efficiency based on "low-level cuts" is NOT GOOD



what if we know BKG very well
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A cartoon is from a paper by Spencer Chang, Timothy Cohen and Bryan Ostdiek,
Phys. Rev. D 97, 056009 (2018)

o [f we know BKG is a circle, we can take BKG out very easily
with input variables which characterizes BKG events

(for a circle, variables are; a location of center, radius)



Hypothesis test: Is the event from top production?
 \We have six unknowns for two neutrino momentums.

* \We have four mass-shell conditions + two Missing
Transverse Energy conditions

(

(po +pe+p5)* = m%

(v +pp)? = miy b

(v +pg +pb)* = m; W+
14




Hypothesis test: Is the event from top production?

We have six unknowns for two neutrino momentums.

We have four mass-shell conditions + two Missing
Transverse Energy conditions

Missing transverse momentum,
inferred from momentum — —
conservation g PT _I_ E PT

visible particles

neutrinos

neutrino

neutrino
v

LHC collision
interaction
point ®

LHC detector
transverse
cross-section

Visible particles:
photons, jets
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Hypothesis test: Is the event from top production?
 \We have six unknowns for two neutrino momentums.

 We have four mass-shell conditions + two Missing
Transverse Energy conditions

In a reality (as a detector is not perfect),
we allow some "smearing’ effects

2 2

2
2
ms .. —m 2 .2
- (M2, =m2)" (2, —m3)

J Pr=pvT+DoT o Ow
2 2\ 2 b
ms o, —m 2 2
e —mE) 2, —md,)
o o —+
t 1% WV

T = min(xis, X31) 7




Hypothesis test: Is the event from signal ?

e \We have six unknowns for two neutrino momentums.

e We have two mass-shell conditions + two "mass" constraints
+ two Missing Transverse Energy conditions




-NESS

igh T-ness, Low

Signal events = Low H-ness, High T-ness

background events




* Significance for constraining anomalous

Higgs triple coupling
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HOw can young generations
contribute to the battle of the LHC?

- Minho Kim, Jeong Han Kim



* Consider "orthogonal' method to kinematics; QCD Color-flow
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Can you see a pattern’?
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Jet Image: Pattern Recognition with DL

- Whole events with bbar (fat-jet) axis as a center

hh

Normalized p;

Normalized p;




Maximizing information with Deep Neural Network

* [For jet-image, we use 32x32 pixels for -2.5<eta<2.5, -pi<phi < pi.

Input channels for CNN are divided into two with particle tlow:

- Neutral particles
- Charged particles

Feature Feature Feature Feature Feature Feature Hidden Hidden
Inputs maps maps maps maps maps maps units units
2@32x32 32@31x31 32@16x16 32@15x15 32@8x8 32@7x7 32@4x4 64 64
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Flatten/

Convolution Max-pooling Convolution Max-pooling Convolution Max-pooling Fully Fully
2Xx2 kernel 2Xx2 kernel 2Xx2 kernel 2Xx2 kernel 2x2 kernel 2x2 kernel connected connected



QCD observable
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High level Kinematics-observables
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6 High Level Variables
—~(b,b,l ¢ .0 . .
Input data: vuw ) Vaum Mby M, Higgsness, Topness (featured variables)

10 Low Level Variables

Input data: MET p% Pl ARy My pﬁ,;,b) ARGy Mgy pﬁg,g)v A(b{(i,z),(é,b)}
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e Jo estimate ettects from pileup removal (important in using QCD info),

0. No additional processes.

1. we apply SoftDrop to a fat-jet (R= 1.2 anti-Kt)

2. we use ‘charged layer only”
(Various pile-up removers use ‘longitudinal vertex information through tracking)

1 - Background Efficiency (1 — eq)
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with jetimage DNN

with jetimage DNN, no neutral layer
with jetimage DNN, SoftDrop

10var with jetimage DNN

16var only DNN
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Additional Improvements

arXiv:1908(?).WXYZ

Kim, KC Kong. Matchev, MP



Improved DL architecture
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Residual Network
C(charged), N(Neutral), L(Leptons), A(Photons), H(Neutrinos)
i Deepel’ Layel’ STFUCTUFG WOUld 4 4 H ——  arXiv:1904.08549, CNA(2x2)+10+6 (1:1:1)
4 D —— CNLAGSx5)+12(1:2)
capture more features = oviareerserz a2
| | === CNLA ResNet Parallel(5x5)+12 (1:2)
3.8+
3 ) 6 CNLA ResNet Parallel(5x5)+12 (4:8)
i CNLA ResNet Parallel(5x5)+12 (5:8)
D 34_ CNLA ResNet Parallel(5x5)+12 (6:8)
° AS we h ave deeper |ayers’ § 3.2¢ CNLA ResNet Parallel Geomtric(Sx3)+12 (1:2)
. . . @ 3.— = (CNLA ResNet Parallel(5x5)+9(exc. AR, AR pp,min(AR ) (8:4)
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Conclusions

Theorists can contribute to the LHC game.

(Armed with New technologies)
Young generations can win the battle of the LHC. gk ¥

A

For HL-LHC, Offshell Higgs can be a good probe for BSM.

High Precision and maximization of background rejection
are required.



Behinds...



Difficulties In preparing data

o(fb) Signal | tf | tih | iV | b | rrbb |tw+j| jjtewv | o | S/B
Baseline cuts: Pr > 20 GeV, 0.648 [953.6| 611.3 | 1.71 | 7117 3.289 |5.107 | 8.819
pre > 20 GeV, ARy < 1.0, x 107 x103 | x103| x10% | x10%| x103
pry > 30 GeV, ARy, < 1.3,
e < 65 GV, 95 < myy < 140 GeV 0.01046 | 1.8855| 0.0269 | 0.0179 |0.0697 | 0.0250 [0.2209| 0.0113 |0.38|0.0046
jet-image DL 0.00667 [ 0.1817| 0.0133 [0.00793|0.0245 | 0.0129 [0.0671|0.00854 | 0.65| 0.021
10 low-level variables DL 0.00668 | 0.0806 | 0.00897 | 0.00435 | 0.0163 | 0.00876 | 0.0462 | 0.00578 | 0.88 | 0.039
16 variables DL 0.00667 | 0.0662 | 0.00948 | 0.00358 | 0.0170 | 0.00747 | 0.0387 | 0.00402 | 0.95| 0.046
10 variables + jet-image DL 0.00667 | 0.0693 | 0.00897 | 0.00435 | 0.0178 | 0.00722 | 0.0359 [ 0.00352 | 0.95 | 0.045
16 variables + jet-image DL 0.00668 | 0.0607 {0.00769 | 0.00281 | 0.0173 {0.00799 | 0.0317 | 0.00402 | 1.0 | 0.051
* o generate backgrounds properly, we need to make HUGE

Monte Carlo samples

* Preparing "Good enough” MC samples for testing is NOT EASY.

* Thus, we should find very good features (High-level observables)




