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Personal introduction

» Finishing PhD with Northeastern g n
University. Based at CERN since 2018 b e
with CMS collaboration 9 e

» Performing a Higgs Pair Production
analysis with the CMS Run 2 dataset

» Detector work: CMS Electromagnetic
Calorimeter (ECAL):

» Run coordinator
> Trigger team member
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Motivation: Higgs discovery

» 2012: The Higgs boson is experimentally discovered by the CMS and
ATLAS collaborations [PLB 716 (2012) 30|, [PLB 716 (2012) 1-29]:

Forces

(a) CERN: July 2012, discovery (b) SM particles
announcement

» Final missing particle of the Standard Model (SM) experimentally
discovered

» “Golden” channels for discovery: H— v, H—>ZZ—4¢
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https://cds.cern.ch/record/1471016/files/plb.716.30.pdf
https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub

Motivation: Decay modes

» Advantage of the Higgs: Has
many decay modes, handles for
analysis

» Major factors in experimental
analysis sensitivity:
» Process branching ratio i
> Object reconstruction 10°
efficiency i
> Differentiation from ‘ :
backgrounds 100 120 140 160 18?\/|H[Ge\2/?0
> Different BSM searches with
non 125 GeV Higgs may be
more sensitive to certain final
states

m AT
TG HIGGS X5 WG 201

Higgs BR + Total Uncert
S

Figure 1. Higgs branching ratios vs.
mass [ref.]
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsTheoryPlots

Motivation: Paths forward

35.9-137 fb™ (13 TeV)

>| I T T T T
E|> 1 t .
. i >t CMS Supplementary z .73
» Following the discovery of a = 0 W
” 5 my, = 125.38 GeV L
new particle, what are we £>107F pvalue = 44% E
interested in doing? <k b .
102 '[ na
7 il e
[ Ptas H
> Want to measure properties Ly
o properts o il oan
including mass and couplings - -Hm.. Hagegoson E
. . w|Z
to SM particles - fundamental 2104?‘ e W
LSy
to SM °
A TR I, -
© L o T
@ 055 1 10 107
» Can search for BSM physics, particle mass (GeV)

using Higgs as a bridge Figure 2: Higgs couplings to SM

particles: [CMS-HIG-19-006]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/

Motivation: Self-coupling

» Higgs potential after
electroweak symmetry
breaking:

1
V(h) = Vo+)\v2h2+/\vh3+z)\h4+...

A =0.13,v = 246 GeV

» Self-coupling X\ predicted by
SM. Want to compare to
experiment to see what nature
has to say!

Figure 3: Higgs potential
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Motivation: Higgs potential stability

> The higgs potential shape determines the higgs vacuum expectation
value, and type of stability:

o]
% Meta-stability
g region ~
Z F=Thi = 107 GeV]
g 1000
% 0
PR x
- ¢ = 173.1GeV,
& 470 my, = 125.18 GeV- -
Stability region
16?20 122 124 126 128 130
True
Higgs mass, my,/GeV
(a) Stability vs. top, Higgs masses (b) Meta-stable potential

[ref.]

» Current Higgs and top quark mass measurements predict
meta-stable minimum.

> Measurement of the higgs self-coupling would be a direct
measurement of higgs potential, could verify or refute this
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https://www.frontiersin.org/articles/10.3389/fspas.2018.00040/full

Motivation: Interpretations

» Higgs self-coupling constant directly accessed through Higgs pair
production

» BSM scenarios, such as those predicting a heavy resonance coupling
to Higgs can be searched for via Higgs pair production

g - H g H
b --H--i:/ b ——X———(:/
9 em g en
(a) di-Higgs triangle diagram with (b) Heavy resonance decaying into two
self-coupling A Higgs

> Same final state topology leads to natural analysis extensions

16 May, 2022
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Motivation: Production

» Two leading order HH diagrams for gluon gluon fusion:

9 i e
9 99999999999 ——P———@- === - - - - H
Yt AHHH
. A
. Yy
9 H 9 200009999900 ——4———@- - - - - - -~ H
(a) Triangle diagram (b) Box diagram

P These destructively interfere, leading to small production cross section:

s oo 0 HH OO, )
14 TeV o M, =125 Gev -
PORALHCIS
- N 107 5
e e ol VBF(VLO) THH (NLO)
WHH (NNLQ)
————— box
1 [ —
FRONLD) I (NLO)

dofdmy(fbiGeV]
°

,,,,,, triangle

-0.1
interference 1
10

—— sum

-0z 300 400 500 600 700 10 Zﬂ“ » p © o o0
My [GeV] s [Tev)
(a) Diagram interference (b) Production XS

» Can produce with high energy p-p collisions
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Experimental setup: LHC

> CERN has a large accelerator complex to accelerate particles.
» Final stage: The large hadron collider

The CERN accelerator complex
Complexe des accélérateurs du CERN

T Awake
em

(a) CERN accelerator complex (b) The LHC
» The LHC is the largest machine ever built

» Circumference of 27 km, accelerates protons to ~ 99.999999% the
speed of light (=~ 6.5 TeV)
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Experimental setup: LHC

» The LHC produces high
energy particle collisions

» Four major experiments
based at the LHC to detect
what is produced

» Today will talk about CMS
and ATLAS experiments
and results

Figure 4: LHC and its major experiments
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Experimental setup: CMS

» The CMS (Compact Muon Solenoid) experiment is a general-purpose
particle detector, stationed on the LHC near Geneva Switzerland

» General purpose: Perform searches for DM, SUSY, rare processes,
precision measurements, b-physics, ...

» Dimensions 21m long, 15m high and 15m wide.
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Experimental setup: CMS

» CMS is made of multiple layers in order to detect different particles:
Inner silicon tracker, calorimeters, muon chambers

$1
v
5
s
5
5

Calorimater (]

Hadron </
| ] Calorimatar Superconducting
. Solenold

T, .

X ~---Neutral hadron (e.g.neutron) ~ ----. Photon

with mwe;

Electron —— Charged hadron (e.g. pion)

> Different particles leave different signatures in the detector
» Crucial for the ability to detect the many Higgs final states
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Experimental setup: ATLAS

» The ATLAS (A large Toroidal LHC ApparatuS) experiment is also a
general purpose particle detector:

» Dimensions: 46 m long, 25 m high and 25 m wide. Largest volume
detector ever built

» Similar to CMS, composed of layers including a tracker,
calorimeters and muon chambers

16 May, 2022
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Experimental setup: ATLAS

» In a very similar fashion to
CMS, ATLAS is able to detect
different particles from
different layers of detector

» Some layers use different
technologies: Example, CMS
(ATLAS) ECAL is made of Lead
Tungstate crystals (metal layers
and liquid argon)

) ) Figure 5: ATLAS particle detection
» Crucial to have independent

measurements
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Experimental setup: Timeline

P LHC long term schedule (always subject to change):

t Run 2 { Long St 2(LS2)
2015 2016 2017 2018 | 2019 | 2020 | 2021 |
b Run3 i Long 3(LS3) Shutdown / Technical stop
2022 2023 2024 2025 2026 | 2027 2028 Proton physics
TITITITITITITITITT i i
i oavy fon physics
We are here Commissioning with beam
! 2029 2030 R 4203 2032 ! ZI(;:ng 203 S8 Hardware commiSSioning !
mwms e ‘r‘ﬂ“ [74&7 magnet training

I Runs i
2035 2036 2037 2038

EHAM ) ASONOI) FHAM ) NS ONOL [FMAM) ) KSONDH [FHAMI JASC

P Past 7 years: CMS and ATLAS physicists have been recording and analyzing Run
2 data: ~ 138 — 139 fb™?! recorded per detector - About 4000 HH pairs via GF
(SM) per experiment!
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SM and EFT: HH decay modes

» Many HH final states to

consider! i BR(HH — XXYY) 101
> Highest SM branching ratio: R 00457
HH—bbbb, ~ 34%, but 10
large QCD multijet “1
background e o
9
» Other channels like bbvy~, ? ce 303, 4T 00124 0.0337 101
branching ratio ~ 0.3%, but =
good discrimination from “ 103
background from H— ~~ T Jos
signature 71 235 6.96 8.86 10°°
Y 21076 .10=¢ -10=% -10=5
> Exploring many channels is ] AT BOT 98y L4 1 2T ds 00 I
vital to make use of o Zy 9y ZI o tr g WW bb
different detector H- XX
signatures, and combine to Figure 6: HH branching ratios

improve overall sensitivity
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SM and EFT: EFT framework

Non-resonant Higgs Pair Production

» |n addition to direct SM search, a model-independent search for new physics can be
performed using an EFT (Effective Field Theory) alteration of the SM lagrangian

> Allows for BSM search over large range of scenarios

me 2, ong - as g 12y ra a, pv
Losm = —raXM vH? — =L (keH + = H?)(f1tr + h.c. csH — Z£H*) G2 GHH
BSM AAHHH ” (reH + Y Mictr )+ 127”/( g 2y )G
jon — MHHH s myy o= X SM V2m?
A )\f/\lf,”_’ b HHH 2V2 bl t _ytSM ) t v

Effective Field Theory Parameterized BSM Lagrangian

H

9 ~verETRT H v 9 ~wwrrTTTTTY) H 9 Ho9
9 20099000000 @~ - - H %
U P e g2, ‘o Nnn
------- « R
v
" H 9 H 9 H

9 o 999000000000 A ——4——@- - - - - - - H 9 vmrsTS

SM-like processes Pure BSM processes
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SM and EFT: EFT framework

» Similarly, can parameterize the couplings of VVH, VVHH:

Figure 7: VBF HH diagrams

> SM:KQV:K,V:].
» By forming EFT parameterization, can scan anomalous values of
couplings as wide BSM searches
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SM and EFT: HH—bbbb

» CMS Run 2 search, gluon fusion results [CMS-HIG-PAS-20-005]:

CMS Preliminary 102 fb™ (13 TeV)

%) imi =
E a0 §  2017-2018 Data = 4000 CMS Preliminary 138 fb! (13 Tev)
> AZ region = [ 95% CL upper limits All categories ]
w T [ —— Observed HH bbbb ]
—— SM ggF-HH x 100 T [ ------ Median expected - ]
——— VBF-HH (k,,=2) x 100 1 | W 68% expected po=1,pu =11
(ka=2) a 30007 95% expected ook T TveF ]
= [ —— Theoretical prediction ]
& I ]
>
2 ]
g
bg 2000

2 i3 :

e R homae e o N

g O‘D 01 02 03 04 05 06 07 OB 09 10 -5 0 5 10

a BDT Output Kx
(a) BDT discriminant (b) Self-coupling scan

> Separate large QCD and tt backgrounds from HH with data-driven method (CR)
and BDT
» 95% CL upper limit on SM XS: 3.6 times the standard model value

» Constrain self-coupling between [-2.3, 9.4] at 95% CL
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https://cds.cern.ch/record/2771912

SM and EFT: VBF HH—bbbb

» CMS (boosted) and ATLAS VBF searches, sensitive to Ky, kay:

= 10 . . . . 138 |b"‘(13 TeV)
= 10°F )
= S B B e R B S = CMS preliminary ~ —_ Observed I Expected + 1o
= E . 3 2 Ky=K =K, =1 S5 Theory prediction #=== Expected + 20
= E  ATLAS —— Theory prediction 3 |§
; 10° E (s=13Tev, 126 16" —— Observed imit (9% CL) 3 Y
1 E HHobBbBE e Expected limit (95% CL) | z 107
g 10 n
o E I Expectedt 1o E 1
$ F Expected 20 3 g
R S E =
E 3 § 10
e 3 £
£ E 3
105 4 3
E 3 S
£ ] oL o1
£ I TR A1 | |3
-4 ) 0 2 4 6 I 3
Koy Kav
(a) ATLAS: [JHEP07(2020)108] (b) CMS: [CMS-HIG-B2G-22-003]

» ATLAS constraint: [-0.76 < kpy < 2.9]

» CMS: Observed constraint [0.62 < kpy <1.41] First > 50 exclusion
of ko = 0 — Must have VVHH coupling in nature!
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https://link.springer.com/article/10.1007/JHEP07(2020)108
https://cds.cern.ch/record/2803672?ln=en

SM and EFT: HH—bby~y

» In the bbyy channel, take advantage of narrow and clean H— ~~
invariant mass:

CMS 137 fb (13 Tev) > L e B B

S ETTT L aaaaas > T E

§ niso Vo ] Sier b owe A\FTI—_ﬁT v, 130 5

E s Lﬁﬁa’imsm E g 14F Continuum Background HSH_ vaj : |

z — H + B component E - ]

é . <o B component ; 12F Total Background High mass BDT loose—]

c = |

3 £ =

g 10: 3

2f w 8r 3

ill | E =

ok 61 B

. 4F =

H E E

J 2; =l

2 o e T
> ) ) . H+B component subiracted 110 120 130 140 150 160

00 TI0 120 130 0 10 180 170 180 Ge'
m,, (Gev) My [GeV]
(a) CMS: [ref ] (b) ATLAS: [ref ]

» Both CMS and ATLAS fit their background-only hypothesis models
to diphoton mass around 125 GeV, to search for a bump from
HH—bb~~y
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/

SM and EFT: HH—bby~y

> CMS: observed (expected) Z&i < 7.7 (5.2) at 95% CL
> ATLAS: observed (expected) ””“ < 4.2 (5.7) at 95% CL
2 CMS 137 fb™ (13 TeV) 105
§ “L“CBEZZEW'JT‘“ HH — yybb 1 % ATLAS —— Observed limit (95% CL)
[ S— Median expected ] z V/s=13 TeV, 139 fb~! == Expected mit (5% CL)
= B 68% CL expected 1 z HH—bbyy [ Expected limit +16
15 95% CL expected h w 104 [ Expected limit 26
]; — — Theoretical prediction 1 Q == Theory prediction
I I Y% SM prediction
B 4 8
z 7 © 103
2 1 ——
0.5 102 <
Observed: xy € [-1.5,6.7]
Expected: K, € [-2.4,7.7]
-1 -05 0 05 1 15 10! e -
c -10 8 6 4 2 0 2 4 6 8 10
2 Ky
(a) CMS

(b) ATLAS

» Can perform SM search while simultaneously searching for BSM contributions via
EFT framework - obtain different anomalous signal models by reweighting with
GEN info

» CMS c2 constraint: [-0.6 < ¢ < 1.1]
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HH: Experimental Overview

16 May, 2022



SM and EFT: HH—bb77

» bb77 final state analyzed with Run 2 data by both experiments
» Both consider > 1 hadronically decaying 7 and make use of ML:

CMS Preliminary
T T

bbrr, 138 fb (13 TeV) ~ T T T T T T T T
J J T ! ! S 10°L-ATLAS Preliminary o Daa
K=k =1 —e— Observed ~ ====- Median expected = (5= 13Tev, 130 b — SM HH at exp. limit
K=k =1 I 65% expected g e Top-quark
& 10k Tt Jet - 1, fakes
----- 95% expected o Signal Region Z - 1+ (bb,be,ce)
— " I Other
10 SMHiggs
2016 )
Expected 106 Uncertainty

Observed 8.92 «sae: Pre-fit background

T
AW,
2017

Expected 11.7
Observed 9.47

2018
Expected 8.16
Observed 551

Expected 5.22
Observed 333

N
R S
T T T T IV I

01 02 03 04 05 06 07 08 09 1
eory NN score

(a) CMS upper limits: [ref ] (b) ATLAS MVA distribution
[ref.]

1 1 | 1 | |
5 10 15 20 25 30 35
95% CL limit on a(pp — HH (incl.)) / o

Data/Pred.
=4 ¥
St

> CMS: observed (expected) 28 < 3.3 (5.2) at 95% CL
THH
> ATLAS: observed (expected) ZHi < 4.7 (3.9) at 95% CL
HH
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https://cds.cern.ch/record/2803419
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/

SM and EFT: ATLAS Run 2 Combination

» ATLAS Run 2 combination [ref.| produced, where bbyy and bbr7
results are combined:

—— , — T T
<) L AR
ATLAS Preliminary ~— gbsegej £ g4l ATLAS Preliminary - 2:::;::;2:‘(‘:5;?8
VS =13TeV, 139 b1 xpecte = _ , J— it (95%
% 278 1 Comb.exp.limit =10 = Vs=13TeV, 139 b =3 Comb. exp. imit 210
= Comb. exp. limit + 2 & = 0 Comb. exp. limit £20
g B8 Theory prediction
7 ¢ SM prediction
Obs.  Exp. 510%
S
S
bbt*t™ 46 39 o
- 102
bbyy 43 57 o ~
Observed: ky & [-1.0,6.6] - EEVY
— T
Combined 31 31 4 Expected: k, € [-1.2,7.2] —— Combined
1 1 L L L L L n n n
; - Cio g 6 20 2 4 6 e 0
95% CL upper limit on signal strength Kn

(a) SM upper limit (b) Kl scan

> Higgs self coupling modifier constrained at 95% CL to: [-1 < k) <
6.6] observed, [-1.2 < k) < 7.2] expected

» Combining channels improves sensitivity!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

SM and EFT: CMS channel comparisons

» CMS has analyzed several HH channels with the Run 2 datasets

» Comparing upper limits between channels gives an idea of per-channel and overall

sensitivity:
CMS Preliminary 138 b (13 TeV) 'CMS preliminary ; 138 ol (1‘3 Tev)
et : : T
K=K=1  —eObseved - Median expected GIK=1 0 ——obsened Median expected
= = Ky =
k=1 B 6% expected 68% expected
ky=0  EReEReweded ) e 95% expected
----- 95% expected
[ n bb 22
Mulilepton Expecid 40 cus sz
Expected 12 cuseRs Gz Ovmenved: 2
Observed: 17 - -
L - Mulilepton
bb yy Expece 19 [
Expected 35 EP 03 2021 257 L B
Orenea a8 5D bb, resovea
r A Expecte 18 Sttt L az20205617)
bb 10
Expected 25 [E——— L -
Observed: 19 bbyy
- - Expece 55 vep oy 257
bb bb, resolved [ -
Expected: 19 Submteao PRL (ki 2202.09617)
bb 1t
Openved 12 Expectd 52 r—
B Obeenees 33
bb bb, merged et = —
Expected: 015 M PAS826:22003 bb bb, mergedje
Observed:0.14 Expect 51 cuseasazoa2on
. | Obeenecs 59
001 01 1 10 100

100 1000
95% CL limit on o(pp — HH) / 0,

(0
95% CLlimit on o(pp — agHH) / o7 vy

(a) VBF upper limits, assuming (b) GF upper limits, assuming
Koy =0 SM couplings
> VBF bbbb boosted excludes the scenario kyy, = 0 with > 50 significance, implying VVHH
coupling in nature

» Similar GF sensitivities for bby~y, bbr7, bbbb. Observed upper limits =~ 3-5 X SM
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Next Subsection

© Experimental results

@ Resonant searches
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Resonant searches

» Reminder: can search for BSM scenarios, such as those predicting a
heavy resonance coupling to Higgs can be searched for via Higgs pair

production:
g - H
X o7
t,ba > - - <
9 ~H

Figure 8: Heavy resonance to two Higgs

> Still looking for HH, but expect kinematic changes depending on
mass of resonance

» Can apply similar analysis strategies to SM/EFT searches for
particular final states
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Resonant searches: Spin 0/2 resonance

»> Resonant higgs pair production
BSM example: Warped Extra
Dimensions (WED)

» Search for heavy resonant particle:
Graviton

» Predicted by Kaluza—Klein models -
offer solution to hierarchy problem

» Can search via decays to SM higgs

bosons

Figure 9: Warped extra dimensions:
[arXiv:1404.0102]
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https://arxiv.org/abs/1404.0102

Resonant searches: Spin 0/2 HH—bbbb

» ATLAS X—HH—bbbb: Can
see different reconstructed HH
invariant masses from
simulation

» Higher resonant mass, more
discrimination from data

— Can increase search

Events / 100 GeV

T T T
ATLAS
(s =13 TeV, 139 fb*

Background-only fit
Boosted channel, 2b

‘# Da‘ta

[ Multijet

Mt

Uncertainty
m(X) =3 TeV
m(X) =4 TeV
m(X) =5 TeV

sensitivity

Data-Background
Background

» Balance of this, production
cross section and data

1000 1500 2000 2500 3000 3500 4000 4500 5000

m(HH) [GeV]

efficiency determines expected Figure 10: Reconstructed invariant
mass of HH

sensitivity
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Resonant searches: Spin 0/2 HH—bbbb

> With higher masses, expect more co-linear daughter particles.
Multiple topologies to consider:

=T
EETEFT

FIG. 7. Illustration of the three high-tag categories (4b, 3b, and 2b) with the corresponding low-tag categories used to estimate the
multijet background (2b-2f, 2b-1f, and 15-17). Teal cones represent large-R jets, yellow cones represent associated b-tagged track-
Jjets, and white cones represent associated untagged track-jets. For H candidates with more than two associated track-jets, only the two
with the highest py are considered.

Figure 11: Boosted and resolved HH—bbbb topologies

> Also need to account for cases in which a b quark jet is faked

» Considering multiple topologies increases signal sensitivity
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Resonant searches: Spin 0/2 HH—bbbb

» Spin 0/2 HH to 4b results:

1
210 e i (13 TeV)
5 Eoms El
E oy 3 =
g [ e ] £ 108 ArTLAS _, — Observed limit (95% CL)
L0k — observed ] % Ssi:_gsTevnze_mg L. Expected lmit (95% CL)
TUE e Expected (95%CL) 7 .%10¢ Expected limit £ 10
% £ 7 9] Expected limit +20
@ r I+ 1 0 Expected q L - Resolved expected limit
s [ +2 o Expected 7 2 109 - Boosted expected limit
10 — Theory X - 3 S RS Graviton, kiMp =1
F ] 102
&3 E 10
F 1 100
il L L N
1077000 1500 2000 2500 3000 250 500 1000 20003000 5000
m, (GeV) m(Gi) [GeV]
(a) CMS Spin-0 [ref ] (b) ATLAS Spin-2 [ref ]

> Searches in both boosted and resolved topologies searched
> CMS: Tag boosted H—bb as one large jet with machine learning

» CMS excludes narrow width Spin-0 Radions with masses 1 - 2.6 TeV.
ATLAS excludes R.S. Gravitons from 298 - 1460 GeV.
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http://cds.cern.ch/record/2777083?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/

Resonant searches: Spin 0/2 HH—Multilepton

» CMS Spin 0/2 HH to multilepton (Leptonic bbWW and bbr7) [ref.]:

> Ag: Ultraviolet cutoff. k proportional to extra dimension curvature over planck mass.

138 fb™ (13 TeV) 138 fb™ (13 TeV)
= 10* g e e T & 10 g e g
= F E| = F
= poMms o1 = pomws ]
T - Preliminary 95% CL upper limits Bl T - Preliminary 95% CL upper limits 1
T 10°L spin0x —e— Observed 4 T 10k spin2x —— Obseved
1 E  =eees Median expected 3 1 E e ledian expecte

L [ 68% expected | L [ 68% expected

X f T 95%expected | x 1 95% expected ]
Q 10 Q402 ”
© © Bulk graviton (k=

Radion (A;=3 TeV)

..... Bulk graviton (k=

10

-

-

10

10°
T N N \\HH\ I | T N N
1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 3500 4000 4500

m, [GeV] my [GeV]
(a) Spin-0 (b) Spin-2

Considering similar final states can add sensitivity to analysis with similar strategy. Exclude

Spin-0 radions with mass <~ 2.25TeV
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http://cds.cern.ch/record/2777173?ln=en

Resonant searches: Spin 0/2 ATLAS combination

» ATLAS spin-0 combination [ref.|:

T T T T

= e
510‘— ATLAS Preliminary 3
2 I VS =13TeV, 126 — 139 fb™" E
S 1 Spin-0 1
g X 3 —— Observed limit (95% CL)
S o 10 -~ Expected limit (95% CL)
§ =1 Comb. exp. limit 10 3
= [ Comb.exp.limit+20 ]
102 E|
10°F VU bbbs 3 0% bees 3
F ATLAS Preliminary BBt BBttt E|
o \/§_=13TeV. 126 - 139 fo~* - —— bbyy ]
107k Spin-0 —— bbyy 3 100k — Combined E
E4 0 Combined Ll R YOI R
1 1 1 1 1
200 300 500 1000 2000 3000 200 300 500 1000 2000"’!)( [acgg\(;]
my [GeV]
(a) Spin-0 local p-values (b) Spin-0 upper limits

» Local p-value corresponding to 3.2¢0 at 1.1 TeV, however, accounting
for look-elsewhere effect, global p-value becomes 2.10.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

Resonant searches: NMSSM

» MSSM: Minimal extension to make SM supersymmetric. Predicts
additional higgs bosons. Phase space mostly excluded at LHC.

» NMSSM: Next to Minimal Supersymmetric Standard Model, predicts
additional higgs bosons. Phase space largely unconstrained at LHC.

‘ M
h /<
MsSM .
H -
-- <
N
N
NMSSM hg ~
h,hg H, A A HE

(a) SM extensions (b) H—hh diagram

» Predicts heavy higgs decaying to SM and additional BSM higgs
» In similar sense to Spin 0/2 searches, natural extension of HH
searches.

Abraham Tishelman-Charny (NEU) HH: Experimental Overview 16 May, 2022



Resonant searches: NMSSM bbbb

> CMS NMSSM bbbb: [ref ]

> Scan mass range: Heavy higgs (0.9-4 TeV), second BSM higgs
(60-600 GeV)

1ot CMS Preliminary 138fb~'(13TeV) CMS Preliminary 138 fb~! (13 TeV) -
c T T T T T
5 Mx=1600 GeV/ .
2 = Mho180 Gov ; "“A ot =
o 10° My=2000 GeV' ultijlet 4 =,
I T My-300Gev  + Data 500 =
My=3000 GeV =
102 T My=400 GeV ] E
(pp - X = YH = bbbb) = 1 fb 4001 S
10° E g
AT 300[- [
10°) - 3 ‘3
ot I ! 2001 g
JET T T T T T _8
2 o
e “’E Lol i — 100
- L L L L L L -2
7000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000  °
Mu [GeV] Mx[GeV]
(a) Boosted di-jet mass (b) 2d mass range

P> Look at boosted topology, two large jets. Higher expected
discrimination for large mass discrepancies

> Able to exclude small portion of mass window
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https://cds.cern.ch/record/2790886?ln=en

Resonant searches: NMSSM bbrr

> CMS NMSSM bbrr [ref ]:

«10° W1, Signal 137 fb* (13 Tev) CMS 137 b (13 Tev)
® T T T
g 5 - Observed [D12/tiidiboson (1) S 01 &
z|52 zZ o mt > [ o sty aowes s 2
sl [ Diboson () o 2000 2 in s, given by LHC Higos WG =
[Single h . » E)
— H(500)~h(125)hs(110) (200 fb) E‘: =
1000~ E
L T
L z
600 z
500 ©
400 §
L E
0 300 £
2 2 )
d 200+ g
R 2
&
H il 100/
60
04 06 08 y 10 300 400 1000 2000 3000 0.001
Signal m, (GeV)
(a) MVA output (b) 2d mass plane

» Neural network used to discriminate signal and background
» Able to exclude ~ [400 < my < 600] GeV N [50 < my, < 250]
» Different HH final states exclude different regions of 2d mass space
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html

Next Section

© HL-LHC Projections
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HL-LHC Projections: Timeline

» LHC Run 3 will be the final run of the LHC:

{ Long 2(Ls2)
—T 2020 2021 |
i Long 3(LS3) Shutdown / Technical stop
2 e 20 2022 Proton physics
""" T . i
L-I.umradt 0 HL-LHC! E Heavy ion physics
[LCTLLTLITELEIL RO o h
Commissioning with beam
——— Long Shutdown 4 (LS4) Hardware commissioning /
2052 b o 2032 sl t training

1
2038
ST ,uwﬁ

» LS3 (Long shutdown 3), LHC will upgrade to HL-LHC. CMS and
ATLAS will undergo major upgrades for higher inst. luminosity,
harsher data-taking conditions.
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HL-LHC Projections

» Pros: Higher luminosity dataset, expect =~ 3000 fb~!. More data w.r.t
LHC, and therefore more sensitive search - about 93,000 HH pairs!

» Cons: Huge pileup - =~ 140 simultaneous interactions!!

Figure 12: HL-LHC simulated event with 140 concurrent interaction vertices
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HL-LHC Projections: Future studies

Statistical-only Statistical + Systematic
ATLAS CMS ATLAS CMS z HLLHC prospocs
HH — bbbb 1.4 12 0.61 0.95 R S\ ey
HH — bbr*1~ 2.5 1.6 2.1 1.4 o [T
HH — bbyy 21 1.8 2.0 1.8 o
HH— bbVV* - 0.59 - 0.56 +
HH—bbZZ40) - 0.37 - 0.37 ]
Combination 35 28 30 26 : N
45 zwnwz:tsavkh
(a) Projected significance (b) Projected xx
scan

Figure 13: CMS 4 ATLAS white paper: [ref ]

> Most recent projection combination: 4 sigma deviation from bkg.
only hypothesis

» Combining HH channels and experiments will be crucial for
maximizing potential for HH discovery at HL-LHC

16 May, 2022
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html

HL-LHC Projections: Future studies

» Some channels updated, added:
» Important caveats to HL-LHC

Significance
projection results: HH channel (standard deviations)
» Cannot make use of any ATLAS CMs
data-driven techniques bbbb 0.61 0.95
»> Do not have exact detector bbrT 24238 1.4
simulation yet bbyy 209292 18216
» Do not have dedicated offline bbVV(2tvv) _ 0.56
reconstruction optir.nizations: bbZZ(at) N 037
E.g. energy regressions WWyy + Tryy . 0.22

(corrections)
> Dedicated analysis teams to Figure 14: Updated significance table for

investigate this future dataset, HL-LHC projection

and think of creative ways to

optimize the analysis!

Abraham Tishelman-Charny (NEU) HH: Experimental Overview 16 May, 2022



Next Section

@ Conclusions and outlook
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Conclusions

» Higgs boson used to:
> Better understand SM
» Hunt for BSM
»> Both can be explored with Higgs pair production

» The Run 2 dataset delivered by LHC to CMS and
ATLAS has resulted in a vast collection of results:

» Upper limit on di-Higgs production around 3-4
times the standard model with sensitive individual
channels - would expect a combination to improve

> Ruling out BSM scenarios via EFT and resonant
interpretations, including absence of VVHH

» Current HL-LHC projections predict at least a 4o
excess of HH events. Expect improvement from:

> Data-driven techniques
» More HH channels
> Lessons to be learned during Run 3
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Outlook: What's next?

Fill: 7556 E 26-04-22 20:45:12

Gev
BEAM SETUP: SQUEEZE

Energy: 6800 GeV 7.31e+09 8.34e+09
Beta® IP1: 3 m I 122 m R 1o 0o m EEEREEE 200m

» Commissioning for LHC Run 3
is ramping up
> Expect:

> /s =13.6 TeV, integrated
lumi around 250 fb~1, ~
double the Run 2 data!

Figure 15: First 6.8 TeV squeezed
beams!

Thank you for your attention!
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Next Section

© Backup
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Higgs discovery significances

> Higgs discovery per channel significance's:

Search channel Dataset M [GV] 7 (0] EZ) [0]
H— 22 - a0 7 Tev 125.0 25 16
8 Tev 1255 26 21
7&8TeV 1250 36 27
Table 6
The expected and observed local p-values, expressed as the corresponding number Hopy 7 Tev 126.0 34 16
of standard deviations of the observed excess from the background-only hypothesis, 8 Tev 127.0 32 1.9
for my = 125.5 GeV, for various combinations of decay modes. 7&8TeV 1265 45 25
Decay mode/combination Expected (o) Observed (o) Ho WW® S vew 7Tev 135.0 11 34
vy 28 41 8 Tev 120.0 33 10
z 38 32 7&8TeV 1250 28 23
TT4bb 24 05 Combined 7Tev 1265 36 32
yy+2z 47 50 8 Tev 126.5 49 38
vy +ZZ+WW 52 3 788TeV 1265 60 19
YY +ZZ+WW + 77 +bb 58 5.0

(a) CMS significance's (b) ATLAS significance's

» Z;: Local significance
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Lagrangian Terms

> G, is the gluon field strength tensor

P> k) - measure of deviation of Higgs boson trilinear coupling from its
SM expectation A\?M,,

» x: - measure of deviation of coupling between Higgs bosons and two
top quarks from its SM expectation y;7M

v

¢ - coupling between two Higgs bosons and two top quarks

v

Ccg - coupling between one Higgs bosons and two gluons

» g - coupling between two Higgs bosons and two gluons
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Higgs branching ratios
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Figure 16: Extended Higgs branching ratios vs. Higgs mass [ref.]
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsTheoryPlots

95% CL limit on a(pp— X — HH) (fb)

» Search for heavy resonance from WED theory has been performed by CMS and

ATLAS:

CMS 3591 (13 Tev)
E T ER- T
E —— BBk JHEP 1801 (2018 054 j & ATLAS
L —— bt PLB 778 2018) 101 1 =z =13 Tev, 27.5-36.1 fb*
—— Gt JHEP 01 (2019) 051 T 10
—— 6Bb (2+2) JHEP 08 (2018) 152 = 1 spin-2
— b POl 9000 | ¥ i =
—— by PLa 788 (2018) 7 1o | kKIM = 1.0
| —— Comb, (242, 1+1) PRL 122, 121803 (2019) !
10 por, —— 20 arXv:1904.04193 &
M AR YR " NN N R
— Observed 107
-~ Expected

Spin-2

102

10° 2x10° 3x10°

3x10?

I
300 400 500 600 700 1000

2000
my (

(a) CMS: [ref ]

Figure 17: Resonance searches with 2016 data

mg,_ [Gev]

(b) ATLAS: [ref ]

E
GeV)

o EXP.95% CL __ Obs. 95% CL
limits limits
—Wwww  —WWyy
—bBW'W bbb
— bbr'T — bbyy
- Comb. 1o
Comb. (obs.) (exp.)
Comb. 20
(exp) Bulk RS

» No heavy resonance observed, but can rule out models predicting certain masses,
if upper limit is less than predicted value.

» Combining HH channels increases sensitivity!
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https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryResultsHIG/run2_plot_cms_extended_spin2.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
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