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SM Higgs Boson Pair Production

m After discovering the Higgs boson, the ultimate Higgs boson self-coupling
probe of the Standard Model is to fully measure ,/H
the Higgs potential H .°

--e]
AN
m Higgs self-coupling fundamental parameter of the “\H

Standard Model
V(®) = %MQQ)Q + i)\(b‘l = \2h2 + \vh® + %/\}# Higgs-fermion Yukawa coupling

(destructive interference)

mass term self-coupling terms
PIne TOO) ---H
m Rare process of the Standard Model A
m Destructive interference
m osm(g9 = HH) = 33.5 b = 1%0-0sm(g99 — H) 090 -=-H
at 13 TeV
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BSM Higgs Boson Pair Production

T H
m Non-resonant HH production H ,’,
m BSM contribution can modify the Higgs boson A ——‘:
coupling parameters and enhance the HH cross N
section \QQQ)J “H
m Resonant HH production H
m Various models expect a new particle decaying 000 pad
into a Higgs boson pair 1 _X_./’
m Randall-Sundrum graviton (spin-2): G — hh AN
H H . N\
m 2HDM heavy Higgs boson (spin-0): H — hh 000 “H

Pawel Klimek (Northern lllinois University) The status of HH searches at the LHC May 20, 2019 3/21



Introduction

Higgs Boson Pair Decays

m Many final states to explore

m bbbb: largest branching fraction

ww T Y4 W
m bbyy and WW~~: clean diphoton bb -
sighature e ‘“"’D
m Searches in marked final states will be o 4% ) 2% | 039%

presented using:

m ATLAS: 2015-2016 dataset, 36.1 fb~!
m CMS: 2016 dataset, 35.9 fb~!

m Also, see Agni Bethani's talk on ATLAS
searches for VH/H H resonances
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Introduction

Searches for Higgs Boson Pair Production

Searches for Higgs Boson Pair Production in ATLAS

HH — bbbb

HH — bbWW — bbqqlv
HH — bbrT

HH - WWWW

HH — bbyy

HH — WW~y
Combination
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JHEP 04 (2019) 092

Phys. Rev. Lett. 121, 191801 (2018)
arXiv:1811.11028

JHEP 11 (2018) 040

Eur. Phys. J. C 78 (2018) 1007
New results paper in preparation

Searches for Higgs Boson Pair Production in CMS

HH — bbbb non-resonant
HH — bbbb resonant
HH — bbgqlv

HH — bblvlv

HH — bbrT

HH — bbyy
Combination

JHEP 04 (2019) 112

JHEP 08 (2018) 152
arXiv:1904.04193

JHEP 01 (2018) 054

Phys. Lett. B 778 (2018) 101

Phys. Lett. B 788 (2018) 7

Phys. Rev. Lett. 122, 121803 (2019)

v

Pawel Klimek (Northern lllinois University)

The status of HH searches at the LHC

May 20, 2019

5/21


https://link.springer.com/article/10.1007/JHEP01(2019)030
https://link.springer.com/article/10.1007/JHEP04(2019)092
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://arxiv.org/abs/1811.11028
https://link.springer.com/article/10.1007/JHEP11(2018)040
https://link.springer.com/article/10.1140/epjc/s10052-018-6457-x
https://dx.doi.org/10.1007/JHEP04%282019%29112
https://dx.doi.org/10.1007/JHEP08%282018%29152
https://arxiv.org/abs/1904.04193
https://dx.doi.org/10.1007/JHEP01%282018%29054
https://www.sciencedirect.com/science/article/pii/S037026931830008X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931830827X?via%3Dihub
https://dx.doi.org/10.1103/PhysRevLett.122.121803

PSSO COT)NEN  CMS: JHEP 04 (2019) 112, JHEP 08 (2018) 152

small-R jets large-R jets
HH — bbbb Analyses v ?f’
4

m Largest branching ratio ’

+ oam
[ Multjet
i

m Resolved and boosted topologies considered

m ATLAS

m Resolved: b-jet triggers, 4 b-tagged jets

m Boosted: large-R jet trigger, 2 large-R jets,
with 2/3/4 small-R b-tagged track-jets )

m Signal region: both Higgs candidate masses 10
consistent with expected m;, within resolution

m Discriminating variable: mpy, invariant mass

3
jw|

- Scalar (2 TeV)
G (2.TeV KiVL=1) x 30
Stat+Syst Uncertainties

Events /0.1 TeV

=
S
L R T

3 35
m,, [Tev]

| CMS . ‘ __ssam (mrev)

Data / Bkgd

m Resolved: jet (including b-jet) triggers,
4 b-tagged jets

m Boosted: jet (including b-jet) triggers, 2 large-R
jets, dedicated MVA “double-b-tagger” used to
identify Higgs candidates

m Discriminating variable: BDT score (resolved)
and my,, invariant mass (boosted)

m Main backgrounds: multi-jet and tt

L
BDT output
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CMS: JHEP 04 (2019) 112, JHEP 08 (2018) 152
HH — bbbb Results

ATLAS —— Observed 95% CL limit

10* -
s=13 TeV, 27.5-36.1 fb* ... Expected 95% CL limit
103 - +1o
e

m Non-resonant hh production:

o(pp - Scalar - HH - bbbb) [fb]

=
o

- S

UL S AL B SRR L SRR L R

Wl vl vl il

observed (expected) 95% CL upper
limit on o(hh) x BR(bbbb): 10
m ATLAS: 147 fb = 12.9-0sm _
(20 7 ) Scalar -~ HH - bbbb
-(-OsM . T SR —— . =
03 04 05 1 2 3
m CMS: 847 fb (419 fb) S o
m Resonant hh production: 2HDM ~ gi0'g =
interpretation: 3 . T et uppertim
m No significant excess observed ,gl oot
m ATLAS: largest deviation at :%103 e eVl 35
280 GeV, 3.60 local (2.30 global) %
significance X
m CMS: largest deviation at Z
460 GeV, 2.60 local significance &

1=

300 400 500 600 700 800 900 1000 1100 1200
m, (GeV)
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PSRN CIOT) NI CMS: arXiv:1904.04193, JHEP 01 (2018) 054

HH — bbWW Analyses

m ATLAS (bbgqlv)

m Resolved: 1 ¢, E®5 4 small-R jets
m Boosted: 1 ¢, E5 1 large-R b-jet,

m Discriminating variable: myu

m CMS

m Dominant backgrounds: tt, W+jets,

(2 b-jets)
2 small-R jets

invariant mass

bbgqlv:

B 14, B2 1 large-R b-jet, 1

large-R jet

m Likelihood fit in 2D plane of myy

and mygpg

bblviy:

m 2 OS leptons (e or u), 2 b-tagged

jets

m Discriminating variable: DNN

output

Events / 100 GeV

Data / fit

Events/100 GeV
N
b
3

N
5]
3

T [TT T [ TP T[T T[T 7T

.
I}
3

T
ATLAS

Vs=13TeV, 36.1 fb*
HH — bbww* — bbivaq
Boosted, m, = 2000 GeV I Other

T
—e-Data

Rescaled Gy, (c=1.0)
—— Rescaled G, (c=2.0)

Rescaled Scalar

Multjet

W Wets

i
O\ MC Stat + Syst Ut

=22,

g g T

nc.

x\\\\k\\\\p.\mwo«;*&%\*\\y\x\}\x%\\\yxﬁ

,
500

spin-o
OB(X ~ HH)=0.2 pb

1000 1500 2000 2500 3000
My [GeV]
359" (13 TeV)
F T T
r I Data
CMS Z= Fitunc.
. bM, LP -m bkg. mam,, bkg.
[ Lost tw bkg. £ a/g bkg
1TeV X, —25TeVX

spin-0

ooz
22222

===

=

1000 1500 2000 2500 3000 3500 4000
My [GeV]

multi-jet
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CMS: arXiv:1904.04193, JHEP 01 (2018) 054
HH — bbWW Results

m Non-resonant hh production: observed limits

m ATLAS o(hh) x BR(bbBWW) = 2.5 pb (3000sMm)
m CMS o(hh) x BR(bblvlv) =72 b (79-05Mm)
m Resonant hh production: 2HDM interpretation:
m ATLAS (bbgglv): set limits between 5.6 pb
(mx = 500 GeV) and 0.2 pb (mx = 3 TeV)
m CMS (bbgqlv): set limits between 123 fb :
(mx = 800 GeV) and 8.3 fb (mx = 3.5 TeV) ol

B AL e o e
.| —Observed ATLAS 1
10°E  Expected Vs=13TeV, 36.1 b3

F M Expected +1o 3
Expected +20

[ Resolved ,  Boosted

95% CL Limit on o(pp ~ S HH) [pb]

. . :\\\\\\\\j\\\\\\\\\\\\\\\\\i
m CMS (bblvly): set limits between 430 fb 500 1000 1500 2000 2500 3000
G
(mx =260 GeV) and 17 fb (mx = 900 GeV) ot e,
100 CMS 35916 (13 Tev) 10 T T T g
. -~ upper i £ Ffowms E
< - o - Expected 95% upper limit T F spin-0x 959 CL upper limits
H W 68% expected T r —e— Observed
‘8 5% expected e e Median expected
! - Radion (Aq=1TeV, kL =35) E [ 68% expected
S X F [ 95% expected
: B 1
I oL Radion (\,=3TeV) |
:
:;
,
g 10F 5
g E E
g
H
<]
£

ST I A I B U I E |
1000 1500 2000 2500 3000 3500
300 400 500 600 700 800 900 m, [GeV]
My g0 (GeV)
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ATLAS: Phys. Rev. Lett. 121, 191801 (2018)

HH — bbr7 Analyses

m ATLAS

m Two channels:

B two hadronicaly decaying taus
m one hadronicaly and one leptonicaly

decaying tau

m 2 taus (at least one hadronicaly decaying),
2 small-R or 1 large-R b-jets

m BDT trained to discriminate signal from
backgrounds, separate BDT for each mass

hypothesis

m Discriminating variable: BDT score

m CMS

m Two channels:

B two hadronicaly decaying taus
m one hadronicaly and one leptonicaly

decaying tau

m e/p/Ta+mh, 2 small-R or 1 large-R b-jets
m Discriminating variable: miy it (resonant),

mT2 (non-resonant)

m Dominant backgrounds: tt, multi-jet, Z+jets
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=z 1; NN Bkg. uncertainty
R S (k, =1, SM) x 100
— (,=20)x10

0 50 100 150 200 250 300 350 400 450 500
my, [GeV]




ATLAS: Phys. Rev. Lett. 121, 191801 (2018)

g 1;—hMSSMScaIar(wnB:2) ATLAS
HH — bbrT Results E:
m Non-resonant hh production: observed 107
(expected) 95% CL upper limits on z S ——
U(hh) X BR(bbTT) % 1?7 puRS crmon (=10 ;Expss%cumi(
= ATLAS: 30.9 fb = 12.7-0s (36.0 fb) =
m CMS: 75.4 fb = 30-0sm (61.0 fb) Sorll
m Resonant hh production: hMSSM T o s e
. . CMS 35.9 b (13 TeV)
Interpretation: = w AR AR
[ 35 hmssm ]

m No significant excess observed ]

m ATLAS: masses between 305 GeV and af .
402 GeV excluded for tan 8 = 2

m CMS: masses between 230 GeV and
360 GeV excluded for tan 8 =1

m The tan 3 is the ratio of the vacuum
expectation values of the two Higgs doublets

B 200 250 300 350 400 450 500
[ Obsenved 5% CLexcl. I Expected 210 1y [Gig\/] N
---- Expected 95% CL excl. Expected£20 A Y
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HH — WWWW Analyses

E 30 atias {oaa | @z E

O 3000 15=13Tev,361f0" [Mrakes  [azvw

N E 4leptons, N =2 [ stat+syst uncertainty 3

£ 250F e < SMHH  =0m,=260GeV

5 £ i |

. S E == m, =280 GeV, mg = 135 GeV =

m Cut and count analysis i 2000 wiem =340 GeV, m, = 165 Gev ]

150~ -

m Three channels defined by number 1oog E

of leptons SO E

m Two (same sign) leptons: ee, ey, o 2 : : : : : .

i . . P4 E e

pp, BT at least two jets, b-jet g 15 | . :

veto ! 0:; 3 B

m Three leptons: total charge +1, 0(; PR T T T 56+() ! GE)O

BT, at least two jets, b-jet veto m, [GeV]
m Four leptons: total charge 0, b-jet g R ITT B
veto g owp o Brves  Wovww  Domso

E=13TeV, 36.1 10" =0 Stassystuncerainy

2leptons 4leptons

Highm,

Lowm,

m Dominant backgrounds: Diboson,
tV, &tV /H and VVV, Wjets, tt

e e BH Noron =0 Nopos = 1.2 Nopgs = 0.1 Nergs =2 Noros = 0,1 Nopge =2
Channel
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HH — WWWW Results

m Non-resonant hh production:
observed (expected) 95% CL upper
limits on o(hh):

m ATLAS: 5.3 pb = 160-0sm
(3.8 pb)

T T T 3
ATLAS —e— Observed Limit (95% CL)

Vs=13TeV,36.1 bt Expected Limit (95% CL)

,_.
b
T

[ Expected + 1o

X~ HH [ Expected £ 20

B Expected Limit (2 leptons)
¥ Expected Limit (3 leptons)
A Expected Limit (4 leptons)

«
-

o(pp— X)% B(X — HH) [pb]
5 3
I

N
QF T T
=}

m Resonant hh production: 2HDM
interpretation:
m No significant excess observed 5 . 5 _ e
m ATLAS: set limits between 9.3 pb m, [GeV]
(mx = 260 GeV) and 2.8 pb
(mx =500 GeV)

u]
)

I

i
it
N
pe)
)
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PSRV COE NN CMS: Phys. Lett. B 788 (2018) 7

mjj

e o o o L S T
$ 20— ATLAS ¢ Data
% O] L i
HH bb’y’)/ Analyses 0 - Vs=13TeV,36.1 fb~' ——— Bkg-only fit+
o [ 1 b-tag, tight selection ]
g 15 7
m ATLAS g ]
m 2 photons, 2 jets (1 or 2 b-tags) 10 E
® mj; invariant mass compatible with :
the mass of the Higgs boson 5p
m Discriminating variables: m,, o | | | | i
» o+
(non-resonant) and m.;; e F E
n g:rstc?sjlr;tr?y sensitive at low masses g zi bp i L “ 'H 'E
S LA 52 AARIAR AN
m CMS 110 120 130 140 150
. myy [GeV]
m 2 photons, 2 jets "
. . . CMS 35.9 fb (13 Tev)
® m~~ and m;; in Higgs mass window S M O EASAEaea
P . . . & | pp-HH-bbyy ¢ Daa 1
m BDT classifier, including b-tagging S 22 ighmass region Fullbackround mosel |
information to select signal-like 5 sof Hiohpuriy category S T ———
events of ——— M HH signal (x20) é
m Discriminating variable: m,~ and o E

m Dominant backgrounds:

~

~7y-continuum, single Higgs
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HH — bbyvy Results

;E 16 ATLAS E

z Vs=13TeV,36.1 b ]

z 14 —e— Observed limit =

m Non-resonant hh production: observed 3 12 = Coecedimistc

(expected) 95% CL upper limits on 10 Erpected imit 20

J(hh): 0.8
= ATLAS: 0.73 pb = 22.05y; (0.93 pb)  ©°°
m CMS: 0.79 pb = 24-05m (0.63 pb) 04

Il Il Il
700 800 900 1000

m Resonant hh production: 2HDM mx [Gev]
interpretation: cuis 359 16% (13 Tev)

T T T T
95% CL upper limits
Bulk radion —e— Observed
e Ag=2TeV - Expected
Ae=3TeV [ Expected # 1 std. deviation
Expected + 2 std. deviation

Il Il
400 500 600

PR X~ HH ~yybb (spin-0)

m No significant excess observed

m ATLAS: set limits between 1.14 pb
(mx = 260 GeV) and 0.12 pb
(mx =1 TeV)

m CMS: set limits between 0.23 fb
(mx = 250 GeV) and 4.2 fb
(mx = 750 GeV)

(PP X) X B(X — HH— yybb) [fb]

o

300 600 700 800 900
Resonance Mass [GeV] v
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HH — WW=~~v Analyses

> 45 T T T T T

8 LE ATas ¢ Observed data

0 5= 13TeV, 36.4 b — Total background (Fit S+E
o~ 31 ! === Continuum background
> my = 260 GeV - SM Higgs boson

z without p:V selection Uncertainty

2

a

E’ M T T T T T ]
m 2 photons, 1 e or y, 2 jets G e TR
(WW % gl/qq) g 110 120 léo 14‘0 ﬁrayv [Ge\}]

m Parameterized fit to m.,

> ; ; ; ; ;
8 ATLAS ¢ Observed data =

0 VS=13TeV, 36.1 fb — Total background (Fit $+B)—

o~ It Continuum background |

. = non-resonant - .- SM single Higgs boson —]

m Dominant backgrounds: £ 7 wnp seecion Oncertanty ]
§ .

. . . g E
yy-continuum, single Higgs -

. B

o sh R 1 1 =

@ bt byt )

' . T v M) .

% -5 I I I I 1 =
o 110 120 130 140 150 160

m,, [GeV]
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ATLAS: Eur. Phys. J. C 78 (2018) 1007

HH — WWn~~v Results

m Non-resonant hh production:
observed (expected) 95% CL upper
limit on o(hh) x BR(WWn~7)

m ATLAS: 7.5 fb = 230-0sm
(5.3 b)

ATLAS — Observed
----- Expected

[ + 10 expected
+ 20 expected

T T TR

Vs=13TeV, 36.1 fb*
10

\

10

m Resonant hh production: 2HDM
interpretation:

95% CL limits ono(gg — X) x B(X - HH) [pb]

m No significant excess observed

m ATLAS: set limits between 40 pb
(mx = 260 GeV) and 6.1 pb
(mx =500 GeV)

o b by PRI S S SR 1
250 300 350 400 450 500
m, [GeV]
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ATLAS: Paper in preparation

Combinations AR,
Non-resonant H H production R A R Eecedz2e ]
L Obs. Exp. Exp.stat. |
m Statistical combination of the most HH- BT | 225 15 12|
sensitive individual channels HH- bBDB | 129 2 18|
m ATLAS new results: = oBw woaoE®
HH- W'WWw'w 160 120 77
= HH - bbbb HH- W'Wyy [ 230 170 160 |
" HH - blb)WW HH- bbW'W | 305 305 240 |
: gg :; ?4/7;/7‘—/WW Combined ;_ ) ) 6.9 10‘ 8.8
10 10° 10° 10°* 40°
m HH — bbfyfy 95% CL upper limit on g (pp — HH) normalised to 0%
m HH — WW’y’y CMS 35.9 b (13 Te
m Observed: 6.9 - osm Bow
m Expected: 10.0 - osm Speemes|
m CMS: S
w HH — bbbb o | o
u H‘H - bbTT grﬁx:?é&ss# - i azzfarvne:xpected
m HH — bbyy Yy I 65% expected
m HH - bbVV (V=W or Z) e
m Observed: 22.2 - ogm oc.,i’l‘!}'z‘}?’zm
| Expected: 12.8 - OSM 6 7 8910 30 40 506070 11‘)0 200 300 400

95% CL on o, /oM~

Pawel Klimek (Northern Illinois Universit: The status of HH searches at the LHC



Combinations

T 10p LR A A AR 0 T o
Limits on k) I : R
I r | 4 |~ Observed
o g e S J|—ws
m Combined limits on e F 1 | — e
o L ]
Kx = AHHH/AsM g0 . 1w
£ Allowed k), interval _
o qoipateswce B Comb
g E obs. Exp. ATLAS 1 [ comb. 10 exp)
A“ I t th H j r (Exp. stat.) Preliminary 7
m couplings except the Higgs R R Comb. 220 exp)
boson self-coupling Ay set B hisinibit, 27530 ey peotn
. 20 -15-10 5 0 5 10 15 20
to their SM values “
CMS 35.9 fb™ (13 TeV;
=) 3500 y 95% CL upper limits
m ATLAS allowed range: = ook ?% T2 Vet epectes
I W, I 68% expected
m Observed: —5.0 < k) < 12.0 1 3 s5% expected r\\
2500
n Expected: —5.8 < k) < 12.0 \g; "@h ***** Theoretical Prediction
2000
SM:
m CMS allowed range: 1500 5
m Observed: —11.8 < k) < 18.8 1000
m Expected: —7.1 < k) < 13.6 w00
U I I B /\HH\HH
-20 -15 -10 -5 0 5
k)\= HHHIASM
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H o - Expected  — Observed ) LN
ATLAS Preliminary
Combinations [~ o . ATLAS Prefiminary
Resonant HH production  |—siww  —bbeb
— bt — bbyy spin-0

... Comb. (exp.) == Comb. (0bs.)
Comb. +16

Comb. 20
(exp.)

107t

m Combined limits on scalar resonance

95% CL upper limit on o(pp - S - HH) [pb]

. 1072
corresponding to CP-even heavy E
Higgs in hMSSM (2HDM) model v " s s
mg [GeV]
m No significant excess observed cMs 359 1" (13 TeV)

Spin 0

10 Observed
o E - - -+ Median expected
m ATLAS: set upper limits between F e
4 fb and 1 pb w

m CMS: set upper limits between 4 fb
and 2 pb

95% CL limit on 6(pp — X — HH) [fb]

300 400 500 600 700 1000 2000 3000
m, (GeV)
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Conclusions & Summary

Conclusions & Summary

ATLAS and CMS are highly active in searching for Higgs boson pair
production. Effort to cover maximum final states.

m Shown recent searches based on 36.1 fb~! (ATLAS) and 35.9 fb=! (CMS)
of LHC Run-2 data

Improved sensitivity using boosted techniques and machine learning

m No excess in non-resonant production, limits 6.9 - 22.2 - oq

No significant excess observed in resonance search

Analyzing full Run-2 dataset, 140 fb=!
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