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Reminder: the Higgs potential

After discovering the Higgs boson, the ultimate
probe of the Standard Model is to fully measure
the Higgs potential.

1 . 1 —v 1

V(®) = ——p2®2 + 234 T \o2H2 4 [XwHS + -AH*
2 4 4

mass term  self-interaction terms

1,2 172 . .
smyH . .

— v =p/VX =246 GeV and A = m?,/(2v?) = 0.13 fully determine the shape
of the Higgs potential.

|
= In order to further test the Standard Model, one must observe H — H H!
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SM Higgs boson pair production

Gluon-gluon fusion:

g

Due to the destructive interference between the Higgs boson self-coupling and box
diagrams, the SM cross-section for Higgs boson pair production is very small, i.e.
about three orders of magnitude less than for single Higgs boson production.

s 7 TeV 8 TeV 13 TeV 14 TeV 27 TeV 100 TeV
ONNLO FTapprox [fb] 6.572 9.441 31.05 36.69 139.9 1224
Scale unc. -5.5%30% 5.1%"28% 5.0%"22% 4.9%*21% a.9%t13% 3.2909%
PDF unc. +3.5% +3.1% +2.1% +2.1% +1.7% +1.7%
aS unc. +2.6% +2.4% 12.1% 12.1% +1.8% +1.7%
PDF+aS unc. +4.3% +3.9% +3.0% +3.0% +2.5% +2.4%
mtop unc. +2.2% +2.3% +2.6% +2.7% +3.4% +4.6%

From https://twiki.cern.ch/twiki/bin/view /LHCPhysics/LHCHXSWGHH

Other production modes: even smaller cross-sections...
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BSM Higgs boson pair production

Enhancements of the HH production cross-section and modified kinematics
(e.g. My, pITI ")) could occur through variations of the top-Yukawa- and /or

Higgs-self-couplings, as well as new vertices (e.g. in Effective Field Theories).

T T - - - -
HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO paf (68%c)

o

%_

Mhsu

Resonant Higgs boson pair production: 85 H
(7 e
» Randall-Sundrum graviton (spin-2): G — HH %?6‘@ _____ <
» 2HDM heavy Higgs boson (spin-0): X — HH 8(66@66 X AN
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of H H search channels

Many final states to explore... The main
bb ww had zz )2 . o
focus of this talk is the non-resonant H H
bb production mode and reviews of:
W 25% £6% » bbbb, bbyy and bbrT with 36/fb of data;
P statistical combinations with 36/fb of data;
T
P new results with the full Run-2 dataset;
7z P prospect studies.
w See back-up for results on resonant H H...
g 10 pr T T T
Rlll’l—]. le acy — ATLAS: = ATLAS \s=8TeV,20.3b"
gacy g o omes e ]
= ) e ---- Expected s WWyy exp
Analysis b AT Whrr Bhbh__ Combined & ) 0 1o expected —— bbry exp
Upper limit on the cross section [pb] T 1*% 20 expected bobbexp
Expected 1.0 6.7 1.3 0.62 0.47 5
Observed 2.2 11 1.6 0.62 0.69 © 10k i
Upper limit on the cross section relative to the SM prediction
Fxpected 100 680 130 63 48
Observed 220 1150 160 63 70 102 . . . . . . . 3
300 400 500 600 700 800 900 1000
Phys. Rev. D 92, 092004 (2015) my(GeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092004

Overview of H H search channels

Many final states to explore... The main
focus of this talk is the non-resonant H H
production mode and reviews of:

bb

W 25% £6% » bbbb, bbyy and bbrT with 36/fb of data;

P statistical combinations with 36/fb of data;
™ 2.5% 0.39% q .
» new results with the full Run-2 dataset;

P prospect studies.

See back-up for results on resonant H H...

CMS, HH . bbr+yybbsbbbb, 17,9107 fbat {5 =8 Tev

WED: = 35, /W, = 0.2, elementary top, no iH mixing

102k 95% CL upper limits

Run-1 legacy — CMS:
» bbbb + bbyvy + bbTT
» Expected: 0.471029 pb (47 x SM)
» Observed: 0.43 pb (43 x SM)

—— Observed
Median expected
[ 68% expected
[ 95% expected
- radion (A, = 3 Tev)
- radion (A = 1 TeV)

0(pp ~ X)x B(X — HH) [pb]
7

2
300 400 500 600 700 800 900 1000

Phys. Rev. D 96, 072004 (2016) my [GeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.072004

ATLAS and CMS searches for
H H in the bbbb, bbTT and bby~y
decay channels with up to 36/fb
of 13 TeV pp collision data
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HH — bbbb — event topologies

e ATLAS — one paper [JHEPO01 (2019) 030] with two event topologies:
» Non-resonant HH — bbbb + ”light” H H resonances: resolved topology.
» Resonant production of HH — bbbb with mass =1 TeV: boosted topology.

Topology/ Resolved Boosted

Objects (260-1400 GeV) | (800-3000 GeV)

Triggers and Combination of Single large-R

corresponding b-jet triggers jet trigger

J Ldt (fb~1) 3.2424.3 36.1

Njets >4 jets, R=0.4 >2 jets, R=1.0

pp cut 40 GeV 450 / 250 GeV

b-tagging 70% for 70% on track-jets
all jets with R =0.2

Ny jots 4 2,3,4

e CMS — four papers with distinct event topologies:

» Non-resonant HH: 35.9/fb; >4 jets (R = 0.4) with p, above 30 GeV; 4 b-tags
(resolved topology) in JHEP04 (2019) 112.

» Resonant H H with a resolved topology in JHEP08 (2018) 052.

» Resonant H H with two jets of R = 0.8 in Phys. Lett. B 781 (2018) 244, or
using semi-resolved events in JHEPO1 (2019) 040.
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https://link.springer.com/article/10.1007/JHEP01(2019)030
https://link.springer.com/article/10.1007%2FJHEP04%282019%29112
https://link.springer.com/article/10.1007/JHEP08(2018)152
https://www.sciencedirect.com/science/article/pii/S0370269318302806?via%3Dihub
https://link.springer.com/article/10.1007%2FJHEP01%282019%29040

ATLAS non-resonant HH — bbbb

Event selection:

» Selection and pairing of the 4 jets with highest b-tagging
into H candidates using AR;;, m,; and differences in m.;.

Events /25 GeV*

> my ;- and my;-dependent requirements on the py and mass
of the H candidates = SR around (120 GeV;110 GeV).

» Events in which a 3-jet combination is compatible with a
top-quark decay are vetoed.

Background estimation:

» Multi-jet: weights are derived by comparing 2b+2j and 4b
samples in a sideband (SB), then applied to a 2b+2j sample
of the SR (one H from 2 b-jets, one H from 2 non-b-jets).

{52 13TeV, 243 1
Rosolved Signal Roglon, 2016

Events /100 GeV.

» tt: simulated my; shapes (hadronic and semi-leptonic).

P» Normalisation: simultaneous fit of 3 background-enriched
regions of the SB.

Data/ Bkgd

» Validation: my; in a control region between SR and SB.

Results:

Simultaneous fit of m,; in the 2015 and Observed —20 —lo Expected +1lo +20
2016 dataset = 95% CL upper limits in
units of Ugl\lf:

13.0 11.1 149 20.7 30.0 43.5
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CMS non-resonant H H —

Event selection:

» Triggers: OR two paths of at least 4 jets with 3 b-tags.

HH system H candidates Jet variables
. . . . . . . (i=1-4) (i=1-4)
» Selection and pairing of the 4 jets with highest b-tagging Mx, Miaw, My, Mgy Py
. . . . . HiHz Hy Ha Test
into H candidates using differences in m, . 1 Pr Py o He o
4 o8O pi,om,  COSOfy, 5, CMV A3, CMV A4
. i ARt Agh Agl
» BDT classifier to separate HH from the background. ARy AR, Ady', A%y

Background modelling via hemisphere mixing:

Original Event Hemisphere library Mixed Event

e transverse thrust axis - where the sum
break in two hemispheres filed in 1¥ pass, queried on 2 using replaced hemispheres g € el 5w i U

of the absolute values of the projections
of the p of the jets is maximal;

e two hemispheres are only mixed if
similar enough to original hemispheres;
e the method destroys any correlation

between two hemispheres, ensuring no
signal contamination;

y - e three new samples for: (i) BDT training,
e o aree (ii) validation purposes, (iii) prediction of
rust ais s

s biags == pmnblgkt the optimized BDT shape.
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CMS non-resonant H H —

bbbb

Event selection:

P Triggers: OR two paths of at least 4 jets with 3 b-tags.

HH system  H candidates Jet variables

P Selection and pairing of the 4 jets with highest b-tagging
into H candidates using differences in m.;.

» BDT classifier to separate HH from the background.
Background modelling via hemisphere mixing:

Original Event Hemisphere library Mixed Event
break in two hemispheres filled in 1* pass, queried on 2" using replaced hemispheres

Events

My, Myn, My, My, pr{ Y, =Y,
Ptz P, plie HE, Hy
08Oy 14,y COSBf, CMV A3, CMV Ay

i ARH: AgHi Agl
AR, AR, Al Agl

35.9 fb (13 TeV,
T T
CMs — Data

£ HH - bBbb SM
E= Mixed data

77 Total unc

lransl\;else (rans;srse
thrust axis thrust axis
— - biagjets - — p-non btag jets
e m G c HH, E
95% CL upper limits in units of o{}}:
Observed —20 —1lo Expected +1lo +20 E
2
74.6 19.4 26.1 36.9 52.9 73.4 0. 03 04 05 06 07 08 09 1
BDT output
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ATLAS non-resonant HH — bby~y

Event selection:

» 2 photons (trigger and offline), Ex/m.., > 0.35/0.25 & m.., C [105;160] GeV.
P At least 2 central jets with pp > 25 GeV:
® 2-tag: exactly 2 b-jets (70%),

® 1-tag: fails 2-tag but has 1 b-jet (60%) + BDT to choose the second jet.
P Leading jet pp > 100 GeV, sub-leading jet pp > 30 GeV & m; C [90;140] GeV.

is to fit the m..,

P Signal & single- H background: simulation, double-sided Crystal Ball function.

» Continuum background: fit to the data with a first-order exponential to minimise the
spurious signal (bias from fitting a signal4background model to a background-only sample).

3 207}‘11.45 ! “' ¥ Tom % sj;LTLAS j “' ¥ Tom =6 L
3 i, —oeeed 8 i, — sewe 95% CL upper limits on oy, g
2 15 -1 2 (i 7
H LI
10 ‘ * E r 7] Observed  Expected  —lo +1o
s oL ygritt [PD] 0.73 093 0.66 14
AL AN AR As a multiple of ogy 22 28 20 40
o e O e
g 5#{ { * 18 %
5 UNRTRRIRUN B SLT RN (TITOT
K T2 S A AT S AN BT o 0 €8 AL [JHEP11 (2018) 040]
0 1i



https://link.springer.com/article/10.1007%2FJHEP11%282018%29040

CMS non-resonant HH — bby~y

Event selection and categorisation:

P 2 photons (trigger and offline), Ex/m., > 0.33/0.25 & m.., C [100;180] GeV.
P> 2 b-tagged central jets with pp > 25 GeV & m;; C [70;190] GeV after b-jet energy regression.

(m..

» Low/high-mass regions if My = Moy — (Myy —mpy) — (m;; —mpg) is below/above 350 GeV.

VRIS

P In each category: BDT using b-tagging, helicity and HH transverse balance input variables
— categorisation into high/medium-purity regions based on the BDT score.

Statistical analysis: 2D fit per category

J— e JE ) e Signal (including VBF HH events):
double-sided Crystal-Ball function.

e Backgrounds (nvy-+jets and single-H):
Bernstein polynomial or double-sided
Crystal-Ball function.

e Unbinned maximum-likelihood to the 2D

e - m.,., —m;,; distribution.
e Sl T e — 95% CL upper limits in units of aé’l\’{:
Observed —1lo  Expected +1lo
% F 24 13 9 30
I [Phys. Lett. B 788 (2019) 7]
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https://www.sciencedirect.com/science/article/pii/S037026931830827X

ATLAS non-resonant HH — bbrT

2 sub-channels (7,7, & 7, 7,) but 3 signal regions based on the trigger:

» 7,7, channel:
e Single-lepton trigger (SLT)
e If ISLT, lepton+7 trigger (LTT) ' f12) ‘

» 7,7, channel: P >2 jets, pp ) > 45-80 (20) GeV;
e Single- (STT) or di-7 (DTT) trigger P 2 bjets and mMMC > 60 GeV.

» (47, or 2-7;, opposite-sign systems;

2),

3

-
» Trigger-dependent cuts on (péa; p;f‘ ) or p,,,l‘

BDTs are used to separate the signal from the following backgrounds:

» Top-quark backgrounds with true Ty,: simulation + normalisation from data at low BDT;
» Z — 77 +bb/bc/cc: simulation + normalisation from a single-bin Z — pu + bb region in data;

P> Jet — fake 75,: (semi-)data-driven methods... and all other backgrounds from simulation.

Observed _—1g__ Bxpected _+1o
O(HH = bbr7) (0] 5 19.9 60 9%

lepThed osu 2.5 205 284 395
o(HH — bbrr) (0] 400 306 2.4 50

. 16.4 125 17.4 242
G(HH — borr) [] 300 260 36.1 50

ofosm 12.7 10.7 148 206

Most stringent limits at the LHC':
obs. (exp.): 12.7(14.8) x oIt
[Phys. Rev. Lett. 121, 191801]
UU-HEP seminar, 07/11/2019
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801

CMS non-resonant H H — bbrT

Event selection:

>
>
>
>
>

>

Three sub-channels (7.7, 7,75 & 7,73), with neither LTT nor STT trigger;
pr(e/pn) > 27/23 GeV; pr(1,) > 20 GeV [1,7;,] or 45 GeV [1,7,]; pr(j1.2) > 20 GeV;
Two SR categories (>2b and 1blj), where the two jets can be resolved or merged;
Elliptic cut in the (m,.;m;;,) plane, where H — 77 is reconstructed with SVfit;
7,7, cut on a BDT score to reduce tt, fit the stransverse mass mqo;

TRTh: fit mops.

Backgrounds:

>
>
>

Z — 77 + bb/bc/cc: simulation + data-driven correction of the jet emission model;
Multi-jet from SS data (yield correction using OS/SS events with inverted 7 isolation);

All other backgrounds from simulation.

sowatey s somiasTen) somieatey

95% CL upper limits in units of ag\ﬁl:

Observed —lo Expected +1lo
31 17 25 37

[Phys. Lett. B 778 (2018) 101]

by

050 100 150 200 250 300 350 400 450 500 050100 150 200 250 300 350 400 450 500

my, [GeV] My, [GeV]



https://www.sciencedirect.com/science/article/pii/S037026931830008X

Combination of H H searches in
ATLAS and CMS with up to
36/fb of 13 TeV pp collision data
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CMS — non-resonant H H — combination

Combination of the 3 most sensitive channels (bbyv, bbrT and bbbb) with a
sub-leading di-lepton bbV'V channel:

bbVvV

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

35.9 fb? (13 TeV

6 7 8910

gg-HH

—e— Observed
- --- Median expected

I 68% expected
95% expected

30 40 506070 100 200 300 400
95% CL on o, /oM

JHEPO1 (2018) 054

JHEPO04 (2019) 112

Phys. Lett. B 778 (2018) 101

Phys. Lett. B 788 (2019) 7

Phys. Rev. Lett. 122 (2019)
121803
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https://link.springer.com/article/10.1007%2FJHEP01%282018%29054
https://link.springer.com/article/10.1007%2FJHEP04%282019%29112
https://www.sciencedirect.com/science/article/pii/S037026931830008X
https://www.sciencedirect.com/science/article/pii/S037026931830827X
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.121803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.121803

CMS — non-resonant HH — EFTs (1)

CMS considers new couplings derived from dimension-6 operators (EFT):

[,HH=)LSHH‘()H3 .H-‘r. tLtR+hC +1£.H -HZ G;u/G

43v

EFT couplings yield different m 5 and cos 0}, distributions, but they can be

clustered into 12 typical shape benchmarks after a full scan.

every shape benchmark:

CMS supplementary 35.9 fb (13 TeV)

CMS has published limits on non-resonant H H for

10°F

.
.

HH combination E

95% CL on ¢ (pp — HH) [fb]
. .
53 <

[ 95% CL upper limits
| e observed [ 68% expected
O Median expected 95% expected

R T O T N R R |

UU-HEP seminar, 07/11/2019
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CMS — non-resonant HH — EFTs (1)

CMS considers new couplings derived from dimension-6 operators in SMEFT:

o =B 1 — " @1+ ) () + 155 g - e v,

437'('0

EFT couplings yield different my;; and cos 03, distributions, but they can be
clustered into 12 typical shape benchmarks after a full scan.

T CMS has published limits on non-resonant H H for
1 75 10 -10 00 00 every shape benchmark:
2 10 10 05 -08 06
3 10 10 -15 00 —08
4 -35 15 -30 0.0 0.0 = 10° :CMS supplementary 35.9 fb? (13 Te\l:)
5 10 1.0 00 08 -1 “Ii F HH combination ]
6 24 10 00 02 -02 T f ¢ 1
7 50 10 00 02 -02 g ok s B . |
8 150 1.0 00 -1 1 >k l . I 1
9 10 10 10 -06 06 L | i l i ]
10 100 1.5 —-1.0 00 00 R I
2 107 :
1 24 1.0 00 1 -1 3 E
12 150 1.0 1.0 00 00 F 95% CL upper lmits ]
| e Observed [ 68% expected 4
SM 1.0 1.0 0.0 0.0 0.0 1ol © Medan expected 95% expected
E_L L L L L L L L L L |
12 3 45 6 7 8 9 10 11 12SMk,=0

Shape benchmark
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CMS — non-resonant HH — EFTs (2)

At LO, 0(99g — HH) can be expressed as a function of the EFT couplings.

Ry, = ;s% = Poly(A) = 4; n? + A, c% + (43 nf + Ay C:) ni + As cgg + (Asco + A7 mm)nf
hh

+ (Ag Kekin + Ag cgrin)ca + Ao cacag + (Ar1 cgkin + Az cag) Ktz
+ (A1z kacq + Ara Cog) Kikix + At CoCagkin

» Can also be applied to differential cross-sections Run(miggg, cos02) oM Fracky,
= R’ = Poly(A’) [arxiv:1710.08261]. i= N, " “onh Crom
» Emulate any EFT parameters via reweighting Coom =3 RihﬁFrach
Ohh

based on true m%;,; and cos 6; at LO from an
ensemble of shape benchmarks.

 350CMS 35.9 1 (13 TeV)
Setting all other EFT couplings to their SM = .
value, a scan of the Higgs boson self-coupling Ié /\
leads to observed (expected) k ,-values to be N
constrained @ 95% CL to: -
—11.8 < Kk, <18.8 (—7.1 < Kk, <13.6) o

i i
20 15 -0 5 o 5 0 15 20
Ky =A /A

YA A
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https://arxiv.org/abs/1710.08261

ATLAS — non-resonant H H —

combination

Combination of the 3 most sensitive channels (bbr, bbbb and bbyy) with
3 sub-leading channels (multi-lepton WW W W, single-lepton WW~~ and
single-lepton bbWW):

\ \
ATLAS "2 Oeervea
[ {s5=13Tev, 275-361f% = Eigzg: i |
L UggM: (pp —~ HH) =335 b Expected £ 20 4
L . Obs. Exp. Exp.stat. |
HH - bBT'T i 125 15 12 Phys. Rev. Lett. 121, 191801
HH... bbb i 2e 2 1 | JHEPO1 (2019) 030
HH- bByy +- 203 26 26 JHEP11 (2018) 040
HH- W'wWw'w -{ 160 120 77 JHEPO05 (2019) 124
HH- WWyy + 20 1m0 180 | Eur. Phys. J. C 78 (2018) 1007
HH - bBW'W } a5 05 240 | JHEPO4 (2019) 092
Combined } : ) , 69 10 88 https://arxiv.org/abs/1906.02025

2 3 @ 5
10 10 10 0

10
95% CL upper limit on Oggr (pp - HH) normalised to cg

oF



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://link.springer.com/article/10.1007%2FJHEP11%282018%29040
https://link.springer.com/article/10.1007%2FJHEP05%282019%29124
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6457-x
https://link.springer.com/article/10.1007%2FJHEP04%282019%29092
https://arxiv.org/abs/1906.02025

ATLAS — non-resonant H H — variation

of the Higgs boson self-coupling

& G666 r—>——— — —————-
t/b
& G666 —<—t — —————-
2
=
H
H ATLAS Simulation
2 oxf
£ 5=13Tev
H ks
=1
— k=10

H

8 . . .

R % H Variations of k, affect the interference,

I hence m g and the signal acceptances.
H

8 7666606001

Currently, the LO mode of MG5_aMC@NLO is used, in
which BSM couplings are switched-off, with varied
values. A linear combination of 3 samples is performed,
followed by a m 5 reweighting of the NLO SM sample.

2k ko
o(pp — HH) ~ k! \B\'+‘TllB‘T+TB')+(‘Tl) T2
2 2

* in practice, use ka k: = (1,0), (1,1), (1,20)

Amplitudes; A(ky. ka) = k2B + kkaT ||kl = 52| (552200t mor (§gak1- 2 ) a0 v« S, 200

A dedicated NLO POWHEG package with varied k, is
available for the end-of-Run-2 analyses.

UU-HEP seminar, 07/11/2019



ATLAS — non-resonant H H — variation

of the Higgs boson self-coupling

8

g~

t/b

Arbitary units

Arbirary units

30000 K00 600 700 800
My GeV]

8 . . .
R o H Variations of k, affect the interference,
N hence m g and the signal acceptances.

8 GEEEGe S H

With x, = 1, the Higgs boson self-coupling is observed
(expected) to be constrained @ 95% CL to:

—5.0< Ky <12.0 (5.8 < K, < 12.0)

T T
2 - - Exp. 95% CL limits
T
I — obs. 95% CL it
1
o — bt
g
% — ber
o
— by
Allowed , interval / _
Joripatosv L \ / i Comb
obs. e\ Comb. 1 (exp)
Ep-sat) |\ [ AT AS
50-120 058-120 | | ya-137ev Comb. £20 (exp)
(-5.3-115) \/ 1
L eens WV 2ns-361t | oy predion
0" 65105 0 5 10 15 20

K
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ATLAS — non-resonant H H... combined

with single-Higgs-boson measurements

Ky also has an impact on single-Higgs-boson %o
production and decays at electroweak NLO! £

" — 1 ~ V00000 ———————
LT T~ o | 0.8 "
H - N S 5 I . H e o
L sl VS e T 4 06 — o
\ ’ 2,’ S |

N3 odl — ! E
° o o
Using the framework of Eur. Phys. J. C 77 (2017) 887, % e 5 o 5 i 15 2
global fit of x, based on combined single-Higgs-boson "~
measurements (including event kinematic information) % " S
in 36-80/fb of data: ATL-PHYS-PUB-2019-009. : TS RCNTS
£ ' —BR,,./BRS.
» Observed (expected) 95% CL interval constraint: B o5 -
—3.2< Ky <11.9 (—6.2 < Kk, < 14.4). t E
» Negative log-likelihood contours either in (K, & z) U::% E
with Ky, =1 or in (k,, ky) with kK= 1. 0ss

0.

=20 15 -10 5 0 5 10 15 20
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5410-8
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/

ATLAS — non-resonant H H... combined

with single-Higgs-boson measurements

Ky also has an impact on single-Higgs-boson F T s Pty
. 145 (5-13TeV,36.1-798 10" |
production and decays at electroweak NLO! (o -80S Gel k-
" —_— VOO i3 T E
LTTTN - RN ! 11 B
P NN ! } i
ogf e e - 1
Using the framework of Eur. Phys. J. C 77 (2017) 887, R T R R

global fit of x, based on combined single-Higgs-boson

measurements (including event kinematic information) z ATLAS bratminary
in 36-80/fb of data: ATL-PHYS-PUB-2019-009. T m—t i
» Observed (expected) 95% CL interval constraint: 12
—3.2< Ky <11.9 (—6.2 < Kk, < 14.4). ' £
» Negative log-likelihood contours either in (K, & z) 0g % T
with ki, = 1 or in (k,, ky) with Kz = 1. ogf —imat

20 15 -10 5 0 5 10 15 20
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ATLAS — non-resonant H H... combined

with single-Higgs-boson measurements

Next: combine the single- and double-Higgs-boson g j‘AT"LAsPr‘e‘n‘n‘“‘n‘a‘q‘,v W"L‘g;r‘z“ggg;‘
[ Vs=13Tev,27.5-79.8fp" - single Higgs —
measurements/searches: ATLAS-CONF-2019-049. N Tt
5 ;1
Analysis Integrated luminosity (fb ') Ref. | 1
H > 7 (oxcludmg (0, H - 7) 798 [21,29] 4 ool 1) l,"l
H— 27" 4f (including ([H, H— 27" 40) 79.8 [23,24] 3 \ i
HoWW"— evpv 36.1 [25] \ I
Hos 7t 36.1 26] 2 \ hif
VH, H— bb 79.8 [27,28] 1 \ ,,;/
(EH, H — b 36.1 29] 68% CL \ 7
ZZ Hb Jb;nultihtpmn 2331 E(H LT T T e S T S T
Y 5 3 K,
HH — bbrtr~ 36.1 [32]
HH - by 36.1 [33] 5
c ATLAS Preliminary _ dW?‘eHH‘QQS
o TF e seawt R
6
» Observed (expected) 95% CL interval constraint: 5
—2.3< Ky <10.3 (5.1 < Kk, <11.2). 4
3 95% CL
» Likelihood fit with other couplings set to SM values: o ]
+2.9 +0.7 .6 eso cL
Ky = 4.672 2(stat.) 13 (exp.) "3 L (sig. th.)™9-5(bke. th.) Raisietet ‘
20 -15-10 -5 0 5 10 15 20
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ATLAS — non-resonant H H... combined

with single-Higgs-boson measurements

» Generic model: Ky, Ky, Ky, Ky, K, and Ky are fitted simultaneously.

< 8T T < 8
o © ATLAS Preliminary c © ATLAS Preliminary

6 — Ky Kz K Ky, K, Profiled B Expected (=1 . x, %, x;profiled

s — x-only model E 5 — = x-only model 3

s £ =

4 A — ,’;’ E|

95%CL\ | o

\ I

I\ 7

2- \\ K

\\ |

3 W\ ]

Teawcl N i

| L

. +lo +1o +1o +lo +1o . +lo
‘ Model ‘ KW —10 Kz 1o Ki—1o Kp—1o Ke—1o ‘ Ra-10 |’f)\ [95% CLJ | ‘

46732 | [-2.3,10.3] | obs.
10458 | [-5.1,11.2] | exp.
1035508 | 1105505 | 1.00%917 | 1035029 | 1.0655:18 | 55535 | [~3.7,11.5] | obs.

1007508 | 1.0015:08 | 1.00%913 | 1.0078:35 | 1.00103% | 1.0758 | [—6.2,11.6] | exp.

Ky-only 1 1 1 1 1

Generic
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First H H search results with the
full LHC Run-2 dataset

A. Ferrari (UU) UU-HEP seminar, 07/11/2019



ATLAS — non-resonant HH — bbllvv

New ATLAS non-resonant H H search result based on the full Run-2 dataset
(139/fb): https://arxiv.org/abs/1908.06765

Event selection and analysis strategy:
» Signal = H — bb + H — lvv (via WW*, ZZ* or 77).
» Single- or di-lepton trigger; 2 OS electrons and/or muons & >2 b-jets;
my, C [20;60] GeV & my, 5, C [110;140] GeV;

» Define regions with same- or different-flavour (SF vs DF) leptons;

» Main backgrounds after the event pre-selection:
e di-lepton tt & Wt = Top;
® 7/v" — ee, pu+jets = ZUL;

Gromd) pr 17, and  of the leptons, leading two signal jets, and leading two b-tagged jets
Sk s — Dilepton flavour | Whether the event is composed of two electrons, two muons, or one of each
L4 Z/’V — TT +Jcts = Z7T. ARge, [Aderl itude of the Ag between the two leptons

Tnvariant mass and the transverse momentum of the dilepton system

Magnitude of the missing transverse momentum vector and its ¢ component
Magnitude of the Ad between

= DNN classifier to distinguish
. s + pf Magnitude of
HH — bbWW* — bbluby ek s | Numbersof

d the transverse momentum of the dilepton system

and the transverse momentum of the dilepton system

186551 Magnitude of 2 two b-tagged jets
from the 3 main backgrounds. mb? mr using m%» leading two l)—luggt jets as the visible inputs and p'® as invisible input
Hpy Scalar sum of the magnitudes of the momenta of the H — £v{v and H — bb systems,
Firy = g+ pE0 4l 4 b0 4 pB1|
HE, Ratio of Hr and scalar sum of the transverse momenta of the H decay products,
HE, = Hra (B + p80) + o8|+ 1050 + 1p}' D,
where p&*%") are the transverse momenta of the leading (subleading} lepton (b-tagged jet)

UU-HEP seminar, 07/11


https://arxiv.org/abs/1908.06765

A S — non-resonant HH — bbllvv

New ATLAS non-resonant H H search result based on the full Run-2 dataset
(139/fb): https://arxiv.org/abs/1908.06765

Event selection and analysis strategy:
» Signal = H — bb + H — lvv (via WW*, ZZ* or 77).
» Single- or di-lepton trigger; 2 OS electrons and/or muons & >2 b-jets;
my, C [20;60] GeV & my, 5, C [110;140] GeV;
» Define regions with same- or different-flavour (SF vs DF) leptons;
» Main backgrounds after the event pre-selection:
e di-lepton tt & Wt = Top;
® 7/v" — ee, pu+jets = ZUL;
® 7/N" — 1T+ jets = Z7T.

PHH PTop Pzee Pzrr
= DNN classifier to distinguish
HH — bbWW* — bblrly

from the 3 main backgrounds. fJ i L —ILI

= 4 outputs p,; (with > p, =1),
+ C {HH, Top, ZLL, ZTT}.



https://arxiv.org/abs/1908.06765

ATLAS — non-resonant HH — bbllvv

Besides m,, and m,,;, another discriminant in the

e Pru
analysis is: dy gy =1n )
pTop + Pzee + Pzrr

P Two signal regions: SR-SF with dyy > 5.45 &
SR-DF with dp g > 5.55;

» Two control regions: CR-Top and CR-Z+HF to
normalise the corresponding backgrounds;

» Two signal-depleted validation regions to check the
normalisation of the backgrounds.

3 T T T
© 0301~ ATLAS Simulation — HH
Vs5=13TeV — Top
HH — bbivl pre-selection Z-Il
025 — Zer
020
015
010~
0.05—
-30.0 -20.0
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Besides m,, and m,,;, another discriminant in the

analysis is: dy gy =1n

pTop + Pzee + Pzrr

Puu

Region
Observable CR-Top VR CR-Z+HF VR2 SR-SF SR-DF
Dilepton Flavour DF SE DF or SF SE SE DF
mee 1GeV] (20.60) (20,60)  (81.2,101.2)  (71.2,81.2)  (20,60) (20,60)
or (101.2,115)
mpp, [GeV] ¢ (100,140) > 140 (100, 140) (100,140)  (110,140) (110, 140)
dpn >45 >45 >0 >0 >5.45 >5.55
Event Yields
Data 108 171 352 157 16 9
Total Bkg. 108 % 10 162 = 10 852+29 147 £ 11 149:21 49z12
Top 9211 7710 557 71%10 48x14 3811
Z/y*+HF 32£05 70+4 686 +33 604 7814 021005
Other 13.1£34 14219  110=13 15812 2305 0904
HH (x20) 270£025  1.03£022  197=0.11 122005 5.0:06 48=08
Post-fit lisati
H1op =079 £0.10 Hzpy s = 136 £0.07
wLatLas

Evants (20 Gav.

Tt 0E

Events15GaV

m. GoV]

2

3
© 0.30

T T
[ ATLAS Simulation
V5=13TeV
HH — bblulv pre-selection

— HH
— Top

Z-Il
— Z-17

Counting experiment in SRs and CRs
— 95% CL upper limits in pb and in
units of ofiH:

f;::smww i —

=20 -lo

Expected

sE a3 s 7

o (g¢ = HH) [pb]

05 06

v (g HH) /o™ (gg - HH) | 14 20

1.9

@[]

+20_ Observed
5
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ATLAS - VBF HH — bbbb

New ATLAS non-resonant H H search result in the VBF channel using almost
the full Run-2 dataset (126/fb): ATLAS-CONF-2019-030

The VBF channel has a very
small cross-section (1.73 fb at

13 TeV in the SM) but it gives

a unique opportunity to probe
the ¢,y coupling. q

Event selection and analysis strategy:

5 T T T T T
< 0.05F ATLAS Simulation Vs=13 TeV m, =600 GeV

» New: b-jet energy regression based on a BDT to o
account for effects beyond the usual calibration; O e o i a3

0.03|

» VBF jets added to the event selection used in the
search for gg — H H — bbbb:

® >2 forward jets with pr> 30 GeV, |n| > 2.0 and

0.02|

14 160 180
opposite sign of n; m,, [Gev]
o \An}}np\ >5.0& m};m? > 1 TeV for the 2 highest-p

forward jets.
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ATLAS - VBF HH — bbbb

» SR around (123.7 GeV; 116.5 GeV). Em;—ﬂus&mu\amPvehmmary 'z‘gg
» Multi-jet background: weights are derived by comparing o Seetn sy _0‘;
2b + 27 and 4b samples in a sideband (SB) and applied to [ N i
a 2b+ 2j sample of the SR. 150

[ 0.1
» it background: shape from simulation, all-hadronic yield [
from data, non-all-hadronic yield from the SM prediction. 100~

» ggF HH — bbbb background: simulation, normalised to
the SM prediction. 0

50 100 10200 0
e [GeV]
Results:
|
T — . Very first constraint on cyy, — observed (expected)
8 "% E
QY Reipaipite " Ty ] between -1.02 (-1.09) and +2.71 (+2.82) at 95% CL.
2 Signal region B on abhaatt |
2 10

T T T T T T

ATLAS Preliminary — Non-resonant signal

{s=13TeV, 126 fb" —— Observed limit (95% CL)

HHobBOE Expected limit (95% CL)
Expected + 1o

Expected + 20

Data/ Pred.

00 300 400 500 600 700 800 900 1000
m, [GeV]
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Prospect studies for H H searches
at the HL-LHC (and beyond)
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ATLAS H H prospects at HL-LHC

HH — bbbb HH — bbrt

>

>

Extrapolation of current result to 14 TeV
and 3/ab.

Improved b-tagging efficiency (by 8%).
Statistical uncertainties are scaled down

according to the size of the dataset, while
systematic uncertainties remain the same.

Jet pp threshold likely to go up because of
trigger requirements.

2fl ATLAS Proiminary

Projection from Run

e A No systematic uncertainties

2016 analysis systematic uncertainties

i I T T A h

o = n
SaLmno
T

Limits w. 10 Syst. 959, CL exclusion limit on o,,/cf,

Limits w. Syst.

500 7000 1500 2000 2500 3001
Integrated luminosity [fb"']

>

>

Extrapolation of current result to 14 TeV
and 3/ab.

Improved b-tagging efficiency (by 8%).
Re-binning of the BDT + no MC
statistical uncertainty + scale down
systematic uncertainties of statistical
nature and from theoretical modelling.
Tau pp threshold likely to go up because
of trigger requirements.

T
ATLAS Preliminary
i+ Projection from Run 2 data, Vs = 14 TeV, HH— bbr't |

- Current systematic uncertainties
C statistcal uncertainty neglected
aseline

0 systematic uncertainties

o imi s
95% CL exclusion limit on o, /oS!

7000 1500 2000 2500 3000
Integrated luminosity (fo]
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ATLAS H H prospects at HL-LHC

HH — bbbb HH — bbrt

P Extrapolation of current result to 14 TeV P Extrapolation of current result to 14 TeV
and 3/ab. and 3/ab.

P Improved b-tagging efficiency (by 8%). P Improved b-tagging efficiency (by 8%).

P Statistical uncertainties are scaled down 4 Re-binning of the BDT + no MC
according to the size of the dataset, while statistical uncertainty + scale down
systematic uncertainties remain the same. systematic uncertainties of statistical

nature and from theoretical modelling.

P Jet pp threshold likely to go up because of » Tau p; threshold likely to go up because
trigger requirements. of trigger requirements.

ATLAS' Preliminary

¥ g s ! i ' 72
x r H 3 ATLAS Preliminary 115 %
g [ Projection from Run 2 data 1 = 60 projection from Run 2 data 18 116 7 ¥
S 107 Vs=14TeV,3000 " 7 2 V=14 TeV, 3000 b IR
£ | HHobBob ] 5 5
‘s 8- 2016 analysis systematic ] £ S0 HHobbrG,, 11410k %
] r uncertainties 1 (-4 SM (K)- 1)BDT s
s 8 . S 40 ]
8 4 ] 2 3 )
®
22 T : L L L L + 3 30 40 50 60 70
30 40 50 60 70 ]

Leading 1., offiine p_ threshold [GeV]




ATLAS H H prospects at HL-LHC

Unlike HH — bbbb and HH — bbrT, the prospect study of HH — bby~y is
fully based on simulations at 14 TeV.

P Truth-level particles smeared by detector resolution (u=200) and weighted according to
efficiency or mis-tag rate;

» Two photons (pg > 43, 30 GeV), no isolated leptons and at most five central jets
(pr > 30 GeV), of which at least two are b-tagged and have pp > 35 GeV.

» BDT + cut on its score, select m.,, C [123;127] GeV, use my,.., as final discriminant.

A1LAS s.mulauon Prenmman/ 123 GeV prid ;;27 Gev|
! 4

Events / 2 GeV
Events / 20 GeV

W Stat. Unc. Stat. unc.

600 700 800 900

my, (GeV] My (GeV]

= 95% CL limits at 1.2 (1.1) times o2l with (without) systematic uncertainties.
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ATLAS H H prospects at HL-LHC

Statistical combination of HH — bbbb, HH — bbrT and HH — bby~:
» 95% CL limits: 0.68 (0.56) x ofiH with (without) systematic uncertainties.
» Statistical significance of SM H H w.r.t the background-only hypothesis:

Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.4 0.61
HH — bbrr~ 2.5 2.1
HH — bbyy 2.1 2.0
{ Combined 3.5 3.0 §

» The relative uncertainty on the signal strength is 40% (31%) with (without)

systematic uncertainties.

B
4 ATLAS Preliminary - bbbb
HH prospects vs k 2E T 7 Simatonsnd Projocions om Fin 2ats b
i {5 = 14 TeV, 3000 ', x, = 1 =
. . 3 T 6} systematics uncerainties included = bbyy
» Constraints on Ky from a likelihood T - Combination
ratio test on an Asimov dataset with 4
background + HH with ky =1; s
P Constraints on k, from a likelihood 2
A
ratio test on an Asimov dataset with 1
background + HH with ky = 0; o

P Significance vs k. A
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ATLAS H H prospects at HL-LHC

Statistical combination of HH — bbbb, HH — bbrT and HH — bby~:
» 95% CL limits: 0.68 (0.56) x ofiH with (without) systematic uncertainties.
» Statistical significance of SM H H w.r.t the background-only hypothesis:

Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.4 0.61
HH — bbrr~ 2.5 2.1
HH — bbyy 2.1 2.0
{ Combined 3.5 3.0 §

» The relative uncertainty on the signal strength is 40% (31%) with (without)

systematic uncertainties.

)

e
14-ATLAS Preliminary - bbbb
Simulation and Projections from Run 2 data - bBrr
1205 - 14 TeV, 3000 o', x, = 0 s
Systematic uncertainties included = bbyy
10 ~— Combination

HH prospects vs Ky:

(L, /L,

» Constraints on Ky from a likelihood
ratio test on an Asimov dataset with
background + HH with ky =1;

» Constraints on Ky from a likelihood
ratio test on an Asimov dataset with
background + HH with ky = 0;

P Significance vs K-
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ATLAS H H prospects at HL-LHC

Statistical combination of HH — bbbb, HH — bbrT and HH — bby~:
» 95% CL limits: 0.68 (0.56) x ofiH with (without) systematic uncertainties.
» Statistical significance of SM H H w.r.t the background-only hypothesis:

Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.4 0.61
HH — bbrr~ 2.5 2.1
HH — bbyy 2.1 2.0
{ Combined 3.5 3.0 §

» The relative uncertainty on the signal strength is 40% (31%) with (without)

systematic uncertainties.

T T T

ATLAS Preliminary

Simulation and Projections from Run 2 data

13- 14 ToV, 3000

Systematic uncertainties included
bbbb

HH prospects vs Ky:

Significance [o]

» Constraints on Ky from a likelihood
ratio test on an Asimov dataset with
background + HH with ky =1;

» Constraints on Ky from a likelihood
ratio test on an Asimov dataset with
background + HH with ky = 0;

P Significance vs k.
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CMS H H prospects at HL-LHC

In contrast with ATLAS, all HH prospect studies use MC simulations of the
upgraded CMS detector with DELPHES at 14 TeV, with 200 pile-up events
[CMS-PAS-FTR-18-019]:

>

HH — bbbb: two H — bb candidates, mass-dependent selections, either
resolved or boosted topologies with a BDT or m ; ; as final discriminant.
Challenges lie in jet p, thresholds and multi-jet background estimate.

HH — bby~: one BDT against t¢H, one BDT against other backgrounds used
together with My =m__ .. —(m. ., —my) — (m;; —my) to define six event
categories, fit of the m__ and m; distributions.

HH — bbr7: three channels (7,7, 7,7}, 7,7,) each using a DNN output as
final discriminant and later combined.

HH — bbV'V: three di-lepton channels, using the shape of a NN to
discriminate H H pairs from tt and Z/~*+jets as final discriminant.

HH — bbZZ: new decay channel, 4-lepton final state = rare but very clean
signature! The main backgrounds are tt and Z/v*+jets via fake/non-prompt
leptons (difficult to estimate).
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CMS H H prospects at HL-LHC

Statistical combination: Channel Significance 95% CL limit on ot/ 05y
Stat. + syst. Stat. only Stat. + syst.  Stat. only
. - _ bbbb 0.95 12 21 16
Extr apolatpn .oaf the CMS Run .2 ooob o o - e
results = significance of 1.80 with bOWW(evev)  0.56 0.59 35 33
o o bbyy 1.8 1.8 11 11
stat. only uncertainties. bbZZ(£666) 037 037 66 65
Combination 2.6 2.8 0.77 0.71
CMS Phase-2 3000 fb! (14 Tev) 10 CMS Phase-2 3000 fb* (14 TeV)
g 10 ? Simulation Preliminary Assumes no HH signal g Simulation Preliminary Assumes SM HH signal
T [ 95% CL upper limits - Median expected ﬁ 2 | || - bbbb
T [ —bbbb —~bbrtt ) —+— bbtt
1 | = bbVV(viv) - bbyy —— bbVV(Wv)
3 bbzZz*4l)  -=-Combination —— bbyy
B’ 10°F g Theoretical prediction bbzz*(4l)
evsnaes

—e— Combination

95%

68%

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

K Ky
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ATLAS+CMS H H prospects at HL-LHC

Combination of ATLAS+CMS H H prospects with no correlations between the
different channels, and normalisation to 6/ab for HH — bbV'V — bbllvv and
HH — bbZZ — bbllLL: see https://arxiv.org/abs/1902.00134

1 +

» Combined significance = 4; i isti
- ATLAS CMS ATLAS cMs

» Minimum negative-log-likelihoods per HH — bbbb 14 12 06l 095
experiment and channel — the second HH = bbrr 25 1621 14
il d ) . h iold HH — bbyy 21 18 20 18
minimum (degeneracy in event yields) HH S oVVw) - 059 - 0.56

is removed by a low-m ; category in HH — bbZZ(4l) - 037 - 037
CMS HH — bbyn. combined 35 28 30 26

Ty Combined Combined
45 40

ATLAS and CMS 3000 fb™ (14 TeV)
HL-LHC prospects

-2AIn(L)

t| ~bbbb ~bbre
~bDVV(V)  ~bbyy
t| ~bbzz'(a)

ATLAS CMs
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ATLAS+CMS H H prospects at HL-LHC

Combination of ATLAS+CMS H H prospects with no correlations between the
different channels, and normalisation to 6/ab for HH — bbV'V — bbllvv and
HH — bbZZ — bbllLL: see https://arxiv.org/abs/1902.00134

» Combined significance = 4;

. —
. . o ATLAS CMS ATLAS CMs
» Minimum negative-log-likelihoods per HH — bbbb 14 12 06l 095
experiment and channel — the second HH — bbrr 25 L6 21 14
S d ) . ent vield HH — byy 21 18 20 18
minimum (degeneracy in event yie .s) HE S WVV@) - 05 - 056
is removed by a low-m ; category in HH — bbZZ(4l) - 037 - 037
CMS HH — bbyy combined 35 28 30 26
’ Combined Combined
» The 68% confidence interval for Ky is 4.5 4.0

0.52;1.5] with systematic uncertainties.
[ ;1.5 M ATLAS and CMS 3000 " (14 TeV)

)
ATLAS and CMS 3000 fb” (14 TeV) z HL-LHC prospects
By — HLLH prospects 3 1 —— ATLAS
bbyy —
| 72%; ' ——cMs
R N N , —— Combinaton
|
bbbb [
| 6]
BBVV(vIV) [ el
| 4 959
bbzz(4l)
|
combined == 2
L i L L 68
20 2 4 6 8 10 12 14
L) 10 1 2 3 4 5 6 7
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H H prospects beyond HL-LHC... in one

and only one slide

Several of the future colliders on the market will establish the existence of the Higgs
self-coupling beyond 50 and improve the precision on x, (5-10% for CLIC3000 and
FCC-hh). Low(er)-energy e"e™ colliders (below 500 GeV) can only rely on single- H
measurements within EFTs to probe & .

Higgs@FC WG September 2019
di-Higgs

single-Higgs
HL-LHC

HE-LHC

FCC-ee/eh/hh

under HH threshold

FCC-ee

ILC

NI |
under HH threshold

CEPC

o T

AR N NSNS

0 30 40 50
68% CL bounds on x; [%]

Al fuure collders combined wih HL-LHC

From arxiv:1905.03764
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H H prospects prior to HL-LHC?

Talk by E. Vryonidou in the LHCHXSWG-HH meeting of June 17 here.

» SM EFT: no light new physics, C©0®
Higgs SU(2) doublet, addition of Log = Lo + ) —5— +O(A™)
dimension-6 operators. B

Constraints

» At leading order, five operators Ot =17 (616) (Q1) 6. o Inlusive H, Higgs
affect Higgs boson pair production, Ouc = (10) GGV , ety ﬁ;gﬁl'se&se' ﬂ:Higgs
but four of them get constraints 016 = Qo TG, =ty A
from other processes. > HH (single Higgs@NLO)

O = 20u610)? = L I VEE
Erre - é* 0w = 4 (416) (@) 4, Currently, the Higgs boson
& Ouc = 4 (o0) GG self-coupling x, can still be
. 016 = wegs(Qo" TA1)5G, constrained by ignoring the
: Os = —A@'9)” other EFT couplings.

1 2
O = 5(0,(010))*

[T T
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H H prospects prior to HL-LHC?

Talk by E. Vryonidou in the LHCHXSWG-HH meeting of June 17 here.

» SM EFT: no light new physics, C©0®
Higgs SU(2) doublet, addition of Lug =Lsm+ Y

i I i + O(A_4)
dimension-6 operators.

o Constraints
» At leading order, five operators 0w = 4t (¢16) (@) . Inclusive H, Higgs
o . 0 c : plus jets, ttH
affect Higgs boson pair production, O = (#15) G, G, g Inclusne . Higgs
. o m ’ plus jets, ttH
but four of them get constraints O = s (QoI " TAIGH, e 11, tH, V...
from other processes. > HH (single Higgs@NLO)
1 P’ All Hi |
Oy = 5(’7/»("’?"'))' E— Hdelz:gagyss.c\?ﬁi’?\‘?BgFé
TE 0wt (49) @), In the (close?) future, a
Oy . . .
Ouc = 4t (o0) G, global fit with information
. TR | 016 = g:(Qo™ T41)dG, from differential distributions
S — 03 0 -
N \ , Os = —N¢'¢) will be needed. Strategy?
" On = 267
2" EFT couplings were varied one by one here.
I N B A simultaneous fit may change the picture!
G =rifz [TeV?) y g p
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Summary

» ATLAS and CMS have recently published many H H search results with a
partial Run-2 dataset at 13 TeV:
» ATLAS: best 95% CL upper limit by ATLAS at 6.9 times the SM
prediction + k, constrained between -5 and +12 at 95% CL;
» ATLAS: first single- and double-Higgs-boson combination;
» CMS: 95% CL limits set in various EF T-inspired scenarios (shape
benchmarks).
» Very new results in ggF HH — bbllvv and VBF HH — bbbb using the
full Run-2 dataset!

» Prospect studies: the HL-HLC should exclude the absence of Higgs
self-coupling at more than 95% CL and reach a 50% precision on k.

» Until then, H H searches in ATLAS and CMS should focus more and
more on interpretations within EFTs (including results from single- H
measurements).

HH is one of the most exciting (and challenging) field to work with
in high-energy physics... now and for many years to come!
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Back-up slides

Resonant H H searches
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ATLAS — resonant H H — combination

» Spin-0 heavy scalar: all final states, NLO signal model except in bbbb and bb1T.

» Spin-2 KK graviton: only bbbb, bbrT and bbW W, LO signal model, here with
k/Mp, =1 = 95% exclusion for 310-1380 GeV.

g ATLAS | g ATLAS | ... EXp.95% CL_ Obs. 9% CL
I Vs=13TeV, 275-36.1fb" = L f fs=13Tev, 27.5-36.1 1" i limits. limits.
T 10 T 10
) 1 spin-2 CWWWW — W Wy
VT) 1 s ; KMy, = 1.0
g ! — bBW'W — bbbb
® 8
L T N NG - _
107! 10'E ~—bbr't ~—bbyy
Comb. +1
s . =~ Comb. (obs.) (oxp)
10 10°F
.- Comb. +26
(xp.) Bulk RS
3x10° 10° 2¢10° 3x10° 3x10° 10° 2¢10° 3x10°
mg [GeV] mg_ [GeV]

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

ATLAS — resonant H H — combination

» Spin-0 heavy scalar: all final states, NLO signal model except in bbbb and bbrT.

» Spin-0 interpretations: exclusion limits in the EWK-singlet model (left) and
hMSSM (right), using bbbb+bby~y-+bbr.

Exclusion limits are shown only when the
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CMS — resonant H H — combination

» CP-even particle of spin-0 (radion) or spin-2 (graviton) with a width much
smaller than the detector resolution for the whole mass range.

cMS 35.91b" (13 TeV) CMS supplementary 35.91b" (13 TeV)
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Phys. Rev. Lett. 122 (2019) 121803
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