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Motivation

July 4, 2012 -

Standard Model-like Higgs particle discovered by ATLAS and CMS!
- Mass reconstructed at ~125 GeV

- Observed in multiple channels with rates consistent with the Standard Model (SM)

NYTimes

But, plenty of outstanding questions! Among these...

- Does the discovered Higgs boson couple as predicted by the SM?

- Are there any additional Higgs bosons?

- Do particles beyond those predicted by the SM exist? If so, how do they couple to the Higgs boson? ,
Searching for di-Higgs production gives insight into these questions @
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https://www.nytimes.com/2012/07/05/science/cern-physicists-may-have-discovered-higgs-boson-particle.html

Di-Higgs Production in the SM

Gluon-gluon fusion (ggF) is the dominant di-Higgs production mode, accounting for ~87% of
di-Higgs events at 13 TeV, current analyses target this production mode

SM non-resonant HH Production via gluon-gluon fusion

/ H
e

Higgs Self-Coupling, Ki Not sensitive to Ky

Occurs through two diagrams which interfere destructively, which causes a very small cross section

0(gg = HH)q, ~ 33fb @ 13 TeV
Expect ~4600 HH events produced in the 139 fb-1 collected in Run-2

d| nggs productlon |s arare process WhICh WI|| test the I|m|ts of the LHC @
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BSM Di-Higgs Production

Resonant enhancements:

Enhancements can occur through a resonance that decays to to two Higgs
bosons

- Two-Higgs-doublet model (THDM) - Resonance is a heavy scalar

- Randall-Sundrum Model - Resonance is a Spin-2 Kaluza-Klein graviton \‘h

BSM Resonant HH Production

Non-Resonant enhancements:
Can also look toward enhanced production caused by couplings that differ from the SM

- Higgs Self-Coupling (K)) - strength of coupling deviating from SM value can lead to enhanced production
- Additional couplings not predicted by the SM, e.g. direct ttHH vertex

[ [ [ | [ ]
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) |
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Models with enhanced production make di-Higgs already

MadGraph5 aMC@NLO

interesting to study with Run-2 data 5 . | . | . | .



Decay Modes

- bbrr . Taus are relatively clean while still having a

large branching ratio, high bb branching ratio vy 10.26%) 0.1%

Y T W

Morse 1
. . bb l
Strong motivation to look at certain channels based on , BR HH—xxyy |1,
properties of decay products WW (my = 125 GeV) =
— 107
Strongest contribution to current limits: gg
- bbbb : Fully takes advantage of high bb branching - 1 10°
ratio, but suffers from large multijet background TT I7.3%| ;
- yybb : Excellent trigger and mass resolution for = J 1o
photons, high bb branching ratio - my thesis :) T4 §
im6
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https://arxiv.org/pdf/1708.08249.pdf

Analysis Approach

HH — bbyy
Define tight and loose selections based on kinematics, apply requirements on b-tagged jets
Continuum myy spectra background estimated from data

Particularly sensitive at low masses

Non-resonant: Resonant:
perform fit in m,
10 | | | | | | | | | | | | | |

> _I_I I | I | B I | ] | ] | R ‘ > | | | | |_

o 8~ ATLAS ¢ Data . G _ ATLAS ¢ Data _

0 - V5=13TeV,36.1 fbo' ——— Bkg-only fit - 2 gl ys=13Tev,361 fo-! —— Bkg-only fit 7

Cll 6—_2 b-tag’ Ught selection —— ; N 2 b'tag, |OOSG SeleCtlon _

s o : I :

i | : a6 :

4+ - B i

: ® : 4_—. __

2 B ¢ ' I B i

UM i aswiims ] _‘

i * : t

O_HIHHIHI%IHHI%l.%I%H%~ 0_;;};;;; L et

o 4___ . o — _

& - . X 40 E

| 2___ ® mi u ]

5 XK 11 s 2F l l -

o O —egg—tt—tprt-T S oblelfl ¢eee! ¢ t0°? 7 T

IR I RN I N N — L o 7 @

110 120 130 140 150 160 300 400 500 600

myy (GeV] Northern Illinois

JHEP 11 (2018) 040 6 Myyii [GeV] University



https://link.springer.com/article/10.1007/JHEP11(2018)040

Early Run 2 Results - 36 fb-1

Results shown today from early Run 2 publications,
corresponding to 36.1 fb-1, the 2015+2016 dataset

Combined observed limit of 6.9*"SM expectation on
HH—ggF cross section

Best single channel limit by bbtt at 12.5*SM
observed

Aforementioned channels (bbtt, bbbb, yybb) driving
limit

HH— bbt*t
HH— bbbb
HH— bbyy

HH— W'WW'W
HH— W'W yy
HH— bBW*W’

Combined

ATLAS —e— Observed

3 q4 mmeee- Expected 7
Is=13TeV, 27.5-36.11b Expected + 1o

u GSQAF (pp — HH) =33.5fb Expected + 20 _
Obs. Exp. Exp. stat.

¢ 125 15 12

? ! 129 21 18

+ i 20.3 26 26

+ i 69 10 8.8

IIF | | IIIIIII | | IIIIIII | | IIIIII

10 10° 10° 10 10’
95% CL upper limit on OyoF (pp — HH) normalised to &

ggF
1906.02025
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https://arxiv.org/abs/1906.02025

Early Run 2 Results - 36 b1 5w
= - : 1 |~ " Exp. 95% CL limits
T : - -
Trilinear Coupling: ? N ; 1 |7 Obs. 95% CL limits
Expected: -5.8 < Ky < 12.0 g RS : || oBh
Observed: -5.0 < Ky < 12.0 T 1 | — 5er
o B i
- 1 |7 ob
Two-Higgs Doublet Model - Allowed , interval 1 C:r:b
mX < 462 GeV @ 95% CL in hMSSM 10712t 99% CL =
- Obs. e EXpt- ) ] - Comb. +15 (exp.)
: Xp- st ATLAS -
Randall-Sundrum Model " 5.0-120 | 5.8-120 | 5=13TeV Comb. +25 (exp)
k/MPl =1 O COnStl’ain’[S: 307 < mG < 1362 GeV 10_2 Ul I(-.S..:.B I—|‘|I‘|I.|5I)| E T .2.7.-I5.-.:.3§-I1.f.b.-1. " ~ Theory prediction

-20 -15-10 -5 0 &5 10 15 20

Ky,

k/Mp =2.0 constraints: mg < 1744 GeV

Heavy Scalar (THDM) 10j(K—graviton (Randall-Sundrum) ATLAS-CONF-2018-043

- - - bbbb (exp.) - - - Combined (exp.)
— bbbb (obs.) —e— Combined (obs.)

—_— ’ I Expected +16 (Combined)
- - - bbt™t" (exp.) Expected +2c (Combined)
— bb1"1" (obs.) —— Bulk RS, k/Mp, = 1.0
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- - bbyy (exp.) Expected +2c (Combined) -

— bbyy (obs.) — hMSSM (tan = 2)

— HH) [pb]

—l
o

KK

tanf = 2: ratio of the vacuum
expectation values of the
two Higgs doublets

—
<

k: curvature of the warped extra
dimension

M PI: the effective four-
dimensional Planck scale

ATLAS Preliminary
Vs =13 TeV, 27.5-36.11b" spin-0

ATLAS Preliminary
-1 _
/s =13 TeV, 27.5-36.11fb spin-2, kiVy = 1.0
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Moving Forward - Toward Full Run 2 Analyses

Full Run 2 analyses will present on 139 fb-1. Beyond the additional data, how can we
improve the analyses moving into the future?

Many ways! Considerations in yybb:

- More sophisticated signal selection via machine learning methods
- Consider 2D fit approach, fitting both mps and m,,

- Investigate new production modes beyond just ggF
- Vector Boson Fusion (VBF) - the remainder of this talk
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Vector Boson Fusion HH Production :

Second most dominant production mode, diagrams shown

- Cross section at 13 TeV = 1.7 fb
- Just ~5% of HH events

- Final state includes 2 very forward, high-pT jets, which can be used to identify VBF
production and separate from background - clean signature

Bishara, Contino, Rojo

"""""""" Eur. Phys. J. C 77 (2017) 481

100} LHC +/s =14 TeV :
3 50|
S
3
L
S 10/ . Direct handle on HHVV vertex, previously unprobed
> 5 | = Deviations from SM value can lead to striking
= increase in HH cross-section
D
g 1

0.5

O (from SM)
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http://dx.doi.org/10.1140/epjc/s10052-017-5037-9

Vector Boson Fusion HH Study

Background contributions

: . o - _ Acceptance VBF Higgs reco.  my, cut
Pheno study in 4b channel with VBF specific cuts are on mj, rapidity, central jet veto -
- Reduces ggF contamination by a factor of 25 4b 1.18 x 10° 613 54 4.45
- 55% relative signal efficiency for VBF production 2p2j  114x10°  431x10° 514 42.6
tjj 150 4.75 0.732 0.0706
gg — hh 0.0223 0.00857
Total 1.3x10° 49x10° 569 47
mjj Selection Rapidity Selection Central Jet Veto
I ] A 1.OF ! - SM | . 10f— ! = — SM -
2 i — ey =08 . 08 L — cv=08] = i — Bkgds
3 08 ~ I - y = -~ —_ Bkgds tv: 0.8 F : -
‘3 i ——  Bkgds - 8 i
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'~ ! = o
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S = =
o 0.2} . {1 5 02 j 1 & 02 -
= | = A . L
0.0 I — 0.0 0.0 1 ! I Bishara, Contino, Rojo
00 05 1.0 15 20 25 3.0 3.5 g8 10 I 25 45 65 85 105 125 145 |EurPhys.J.C 77 (2017) 481

mj; [TeV] PT;, [GeV]
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http://dx.doi.org/10.1140/epjc/s10052-017-5037-9

Vector Boson Fusion HH Results
ATLAS 4b VBF publication
Full Run 2 VBF HH publication out in 4b channel, setting limits on o(pp— HHjj)

- Analysis strategy similar to ggF 4b analysis, fit map
- Cuts on |An| < 5, mj > 1000 GeV used for VBF topology

- Expected 1000*SM, observed 1600*SM ATLAS-CONF-2019-30
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http://inspirehep.net/record/1743894

Summary

Searches for di-Higgs production seek to answer important outstanding questions still surrounding the
discovered Higgs boson

Measuring the Higgs trilinear coupling helps understand if the discovered Higgs couples as predicted by the SM
- Provides insight into Electroweak Symmetry Breaking, a long-term goal of the LHC

Searching for enhanced di-Higgs production targets BSM physics

- Opportunity to discover additional Higgs bosons or new BSM particles

- Due to small SM HH cross section, BSM enhancements may be noticeable even with the full Run-2 dataset

ATLAS is hard at work studying di-Higgs in the Run 2 dataset
- Early results presented, corresponding to 2015+2016 dataset

- Full Run 2 publications in progress! Working to improve our analysis techniques in addition to the increase in
data

- The VBF production mode provides a unique signature, interesting for study on its own or through a dedicated
VBF-enriched signal region

= \With more data and improved analysis techniques, evidence for di-Higgs production may be possible with full
LHC dataset

Exclusion Discovey

Channel

(95% CL) __Significance Combination Projection:
yybb N/A 1.50 3.50 Stat-only

bbTT 4.3*Gsm 060 3.00 Stat+Systematic @
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Prospect Projections

Channel Exclusion @ 95% CL
HH—bbbb -4.1 <K< 8.7
HH—-yybb 0.2 <Kr<06.9
HH—bbTT -4.0 <kKa< 12.0

Stefania Gori

o
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https://indico.cern.ch/event/731450/contributions/3094757/attachments/1710403/2757256/HH_CMS_Combination.pdf
https://indico.cern.ch/event/731450/contributions/3083218/attachments/1710390/2757496/TalkFermilab.pdf

CMS Results

Luca Cadamuro

CMS prelimina —HH 35.9fb™ (13 TeV) 35OOCMS preliminary 35.9 b (13 TeV)
a H 9 z s s g : :
bbVV = H
Observed 78.6xSM — H — Observed
Expected 88.8xSM % 3000 i - - - . Median expected veesesfrasszessssntasseshassasasasanasasss feranransasnnnans
— 1 H W [ 68% expected
bbbb a I &[] 95% expected
Observed 74.6xSM s o 2500 N
Expected 36.9xSM 5
B C R - gy Iy SR PRy
bbre bt
Observed 31.4xSM ‘-
Expected 25.1xSM g
[ -
bbyy @)
Observed 23.6xSM X 1000ann R\
Expected 18.8xSM Te]
e e _ . - . - .- eemm————- (o)) :
Combined —e— Observed : ............. E .......................
Observed 22.2xSM ? — e expoctad >00 B :
Expected 12.8x SM 950/; exgected ; i i P i ; i
6 7 8910 20 30 40 506070 100 200 300 400 20 15 10 5 0 5 10 15 20
95% CL on o, /oSM —
HH OhH K= i Mo

Combined limit on o/ osm Constraint on ka = AHHH / AHHKSM

Observed : 22.2 Observed: -11.8 < k) < 18.8
Expected : 12.8 Expected : -7.1 <ka< 13.6

NIU|
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https://indico.cern.ch/event/731450/contributions/3094757/attachments/1710403/2757256/HH_CMS_Combination.pdf

Higgs Production Modes

o(pp — H+X) [pb]

10

107

\'s= 8 TeV

— H (NNLO+NNLL QCD + NLOEW)

pp — qgH (NNLO QCD + NLO EW}

[ 1 1117

[ 1 111 II|
LHC HIGGS XS WG 2014

pp — WH (NNLO QCD + NLO EWJ
pp — ZH (NNLO QCD +NLO EW)

|

pp — bbH (NNLO QCD in 5FS, NLQ QCD in 4FS)

pp — ttH (NLO QCD)

120 122 124

LHC Higgs XS WG

. 126 128 130 132

M, [GeV]

17

(for 13 TeV)

ggF =87.3 %

VBF = 6.8%

YVH = 4.1%

}ttH + bbH = 1.8%

o
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https://indico.cern.ch/event/731450/contributions/3094757/attachments/1710403/2757256/HH_CMS_Combination.pdf

Motivation

Familiar Hi tenti | ion.
amilia |qgs potential ShO\{Vf.L with nonzero vacuum expectation | V() = qu( b*d) + M ¢)2
For fluctuations about the minima, ¢ — v + h, can expand potential as:
m}% 2 ml% 3 ml% 4
2 PAV: 812
ey ) gy )
/ISM /ISM
HHH . . “HHHH |
h
---------- o _ .
Results in di-Higgs ™.h . arXiv:1312.5672
production! minimum corresponds to:

~246 GeV

- Probes the trilinear coupling - providing another check that this is the SM

| Higgs Vacuum
Higgs boson {expeotation value (vev) |

b
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University

- Measurement of AunH checks that Electroweak Symmetry Breaking
follows from the Higgs’ ¢+ potential



https://arxiv.org/abs/1312.5672

Analysis Approaches

HH — bbyy
FiX mppto 125 GeV, cut m,, between 120 and 130 GeV, perform S+B & ATLAS ¢ Daa
Yy = 10° (3 Tev. 361 — G, at explimit
" 2z eV, 36. =500 GeV, k/M, =1
flt In m}/}/” § Thajthade-tags [ng quarke
_ _ L 104 jet — 1., fakes (Multi-jets)
Continuum myy spectra background estimated from data -Jzet:‘;ﬂgik:g o
Particularly sensitive at low masses I wi— — . —Py N
— . Uncgrtainty g
HH — b bTT . Pre-fit background __
Train BDT to discriminate signal from backgrounds, fit BDT score -
d i S't ri b U't i ons :1111111111111111111111:
- Dominant backgrounds: multijet, tf, Z — 77 -
-Separate BDT for each mass hypothesis TV T T T TR T
IR R
% O | 81 '\-"w\\\\\\\\\\‘.\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\
O 108060402 0 02 0406 08 1

BDT score

N
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801

Analysis Approaches

HH — bbyy
Fix mpp to 125 GeV, cut m,, between 120 and 130 GeV, perform S+B
fit in m,
Continuum myy spectra background estimated from data
Particularly sensitive at low masses

HH — bbtt

Train BDT to discriminate signal from backgrounds, fit BDT score
distributions

- Dominant backgrounds: multijet, ¢, Z — 77

-Separate BDT for each mass hypothesis

HH — bbbb

S+B fit to m4 (m2y) in the resolved (boosted) selection
Multijet background estimated from data
Especially sensitive in high mass region

JHEP 01 (2019) 030 20

Events / 100 GeV

ATLAS
's=13TeV, 24.3 fb”
Resolved Signal Region, 2016

— T
¢ Data
Multijet
Hadronic tt
[ ] Semi-leptonic tt
- = Scalar (280 GeV)
------ SM HH %100
G, (800 GeV, k/Mp=1)
— = G, (1200 GeV, k/M,=2)

N\ Stat+Syst Uncertainty
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https://link.springer.com/article/10.1007/JHEP01(2019)030

