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Introduction

Higgs potential

o Important to measure the shape of the Higgs potential

V(9) =~ 5i*6 + Ao

Expanding about minimum: V(¢) — V(v + h)

1
V = Vo + M?h% + \oh® + Z)\h‘* + ...

Standard Model (SM):

2 2
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Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):

/s
H /s
N
AN
-—=H “H
Higgs-fermion Yukawa coupling Higgs boson self-coupling

(pp — HH + X) [fb] -
1000 ¢ M =125 GeV s Small production cross-section:

100 A oS8y =33.41 fb at /s = 13 TeV
wf e i Wi — two massive final state particles
qq — ZHH — destructive interference

01l
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.012001
https://cds.cern.ch/record/2227475/files/CERN-2017-002-M.pdf
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGHH
https://arxiv.org/abs/1212.5581

Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):

-——H ,-H
H /s
N
AN
-—=H “H
Higgs-fermion Yukawa coupling Higgs boson self-coupling

o Potential non-resonant BSM enhancements
(new couplings, modified Yukawa and/or self-couplings)
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Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):

-——H ,-H
H /s
N
N
- __H \~H
Higgs-fermion Yukawa coupling Higgs boson self-coupling

o Potential non-resonant BSM enhancements
(new couplings, modified Yukawa and/or self-couplings)

o Benchmark BSM resonance /'H
hypotheses: X _ 7
o Randall-Sundrum graviton -7
G — HH (spin=2) \\
o S — HH (spin=0) ‘H

Resonant production


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.012001
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Introduction

Di-Higgs final states

Channels considered for

Di-Higgs decay modes and relative this combination:

branching fractions:

bb ww T 7z W HH — bbbb: the highest BR,
large multijet background

bb

HH — bbrt71:
ww 6% relatively large BR, cleaner final state
aas 7.4% 25% | 0.39% - TlepThad (BR: 45.8%)

- ThadThad (BR: 41.9%)

HH — bbyy:

small BR, clean signal extraction due to

a good vy mass resolution
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https://cds.cern.ch/record/2227475/files/CERN-2017-002-M.pdf

Channels

(Resolved) HH— 4b

o Background:
~ 95% multijet and ~ 5% tt
o Data-driven estimation of the

multijet background
— 2b+nj (n > 2) events model 4b

ATLAS Simulation
Vs=13Tev, 243"
Resolved, 2016

mEt! [Gev]

Events / 25 GeV?

o tt normalization from data

10 T .
ATLAS t Daa

Vs=13TeV, 243" ] muitjer

Resolved Signal Region, 2016 [ Hadronic tt .

[ semi-leptonic tt

- - - Scalar (280 GeV)

SM HH x100

Gy (800 GeV, kiM=1)
— = Gy (1200 GeV, kiM,=2)
AN stat+Syst Uncertainty

Sideband Region

Events / 100 GeV

140 160 180 200
lead
misad [GeV]

o Integrated luminosity
(2015+2016): 27.5 fb~!

o Final discriminant: myggy

Data / Bkgd

200 400 600 800 1000 1200 1400
My, [GeV] 5/16


https://arxiv.org/abs/1804.06174

Channels

HH— bbrT

o A Boosted Decision Tree (BDT) classification is applied after preselection

10 T T T

T IARAR)
ATLAS ¢ Daa

Ty ARRERRAN)
ATLAS ¢ Daa 10°

£ £
£ § wf
B b e ssint R s epind T f mrevaee R s opind
< TepThag SLT 2 b-tags. jet - 1, fakes o LTT 2 btags jet - 1, fakes
O s Z - T +(bb,be,cc) i1} Z - U +(bb,be,cc)
I Other
SM Higgs
10* E ncertainty
F fit background
SM 10° 0 :
Tl Tl 10? 10k -
lep Thad E
10! =
1
1
! Il 1071 1
E 12| T T T T i T \‘ T T e E 12| T
2 . . .
g Dt;E T T A : | .\ . ? g 0.8, Ll Loty
a -1 08 06-04 02 0 02 04 06 08 1 a -1 08 06-04-02 0 02 04 06 08 1
BDT score BDT score
o Jets— Thaq fakes: data-driven
b b
14 - 7 . .
i/ o tt and Z + bb normalization from data
p————p

Ju

fe/y/ o 3 signal regions

Thad
o BDT score used as a final discriminant

SM

Thad Thad
/&
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https://arxiv.org/abs/1808.00336

Fraction of events

Channels

HH— bby~

L B o

E 20~ ATLAS Data E .LATLAS ¢ Daa i
w - Vs=13TeV,36.1 fb™' ——— Bkg-only fitq w r Vs=13TeV,36.1 fb' ——— Bkg-only fit
N [ 1 b-tag, tight selection | o [ 2b-tag, tight selection q
2 15¢ 7 gt
o I :
tight 1o e o tight
1b-tag o 2 2b-tags
. 05:{}HH}HH}HH}HH}:HE . 35_
8 s 4 E g ok
] 2F
s Oi Lottt T g g F
S A DA T
TH0 120 130 140 150 160
myy [GeV]
o3 T T T rrrrrrrTrTT T . .
F ATLAS Simulation - me=260Gev ] o Data-driven methods used to estimate the
[ 2b-tag, loose selection m, =300 GeV .
0.25(" soidine ndcates hatmy =1, ... m, =350 Gev | continuum background
E - my =400 GeV ] . X i
02F o SMyyrets double two-dimensional sideband method
0.15F- E o Unbinned maximum-likelihood fits to the
o ] data in the 1-tag and 2-tag regions
oosf E o Final discriminant: m., (non-resonant) ,
o s Mo~;; (resonant)

30

mV‘Ill [Ge\/]
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https://arxiv.org/abs/1807.04873

Introduction Channels SM HH H self-coupling Resonant Conclusion

Non-resonant SM HH production

The combination is realized by constructing a combined likelihood function that
takes into account data, models and systematic uncertainties

Instrumental and luminosity uncertainties correlated across the channels

The acceptance and the background modeling uncertainties treated as uncorrelated

ATLAS-CONF-2018-043
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

SM HH

SM HH production, combined result I

T T T T T T T
ATLAS Preliminary  —*— ‘EJES:;':;
S=13Tev, 275-361f7 0 PP | o
GQSQQ (pp — HH)=33.41b Expected * 20 o
=
B Obs. Exp. Exp. stat. | q
L
_ =
HH- bbbb 129 207 185 o
O
B . %)
<
HH- bbt'r 126 146 119 e
<
HH— bbyy 204 263 251
Combined 6.7 104 9.2 obs: 0.22 pb
exp: 0.35 pb
PR PR Ly PR

PRI B i | I PRI B R
0 10 20 30 40 50 60 70 80
95% CL upper limit on Oggr (pp - HH) normalized to 0:;:

Run-1 ATLAS combination obs (exp): 70 (48) Phys. Rev. D 92, 092004 g,



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

Introduction Channels SM HH H self-coupling Resonant Conclusion
: :

Trilinear Higgs self-coupling variations
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /gt and kx = Agrw /ANiyn)

/{_t_-H H ,/'H
2 -0 Ex T
Rt N
i _H “H

A(’%ta Kv)\) = H%B + reraT
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /gt and kx = Agrw /ANiyn)

-==H -H
Rt H e

B -0 BN T
Ri__ & \\‘H

A(Kg, k)) = k2B + kpraT

A(1,00=B  A(,1)=B+T  A(1,2)=B+2T
Express |B|?, |T|? and (BT* + TB*) in terms of |A(1,0)|2, |A(1,1)|? and |A(L,2)|?,
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /gt and kx = Agrw /ANiyn)

/f_t_-H H //'H
B -0 BN T
/{t N
/it__H NoH

A(Kg, k)) = k2B + kpraT

A(1,00=B  A(,1)=B+T  A(1,2)=B+2T
Express |B|?, |T|? and (BT* + TB*) in terms of |A(1,0)|2, |A(1,1)|? and |A(L,2)|?,

which leads to:

|A(we, £3) 2 = alke, ka)|A(L, 0)]* + blke, £2)|A(L 1) + e, 3)|A(L, 2)]?
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /gt and kx = Agrw /ANiyn)

/%t_-H H //'H
B -0 BN T
/{t N
/it__H NoH

A(kg, k) = k2B + Kk T
A(1,00=B  AQ1,1)=B+T  A(1,2)=B+2T
Express |B|?, |T|? and (BT* + TB*) in terms of |A(1,0)|2, |A(1,1)|? and |A(L,2)|?,
which leads to:

|A(we, £3) 2 = alke, ka)|A(L, 0)]* + blke, £2)|A(L 1) + e, 3)|A(L, 2)]?

Any (K¢, k) combination at LO can be obtained
from a linear combination of some 3 (k; # 0, k)) samples!
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H self-coupling

Trilinear Higgs self-coupling scan strategy
miyy -, for x = {—20,-19, ..., 20}, at generator level, at LO

obtained using the linear combination :

x0° x0° x0° x0°
5 Erasercsan st e saansianes 5 T csanasent es sansiaanssanns: Eraserssannmentmen sansiasnsrnns; rascsannsataons st sasnsranne
= 0.8FATLAS simulation Work In Progress < 18FATLAS simulation Work In Progress 4 5 [ ATLAS Simulation Work In Progress 3 1 4L ATLAS Simuiation Work In Progress
otk 1= 13 Tev. 161 1= 13 Tev 0250 f=13Tev 5=13TeV
= = = 12F = El
ost -K,=-5 v Ky=2 4 e -K,=5 K,=10
12 i E
osf
100 4 oasf q £ E
0.4 o 03|
E 3 E E 06F B!
03] o ERRKE!
02| £ E 0L E
4 o.0sf B
01 pa E| 02f E
o TN I TR LT IR,
00 300 400 500 600 700 800 90C 300 300 400 500 600 700 800 90X 300 300 400 500 600 700 800 90X 200 300 400 500 600 700 800 S0

my, [GeV]

My, [GeV]

My, [GeV]

m,, [GeV]
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H self-coupling

Trilinear Higgs self-coupling scan strategy
miyy -, for x = {—20,-19,

obtained using the linear combination :

o x10°

x10°

,20}, at generator level, at LO

200 300 400 500 600 700 800 90C
m,, [GeV]

Weights, binned in mygg, obtained as: mHH*;ﬂbmi/mHHA;”bini

e
18FATLAS simulation Work In Progress
V5=
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025 Vs=13Tev 7
o K,=5 |
0sf q
o1 B
0.05F B
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P
0sf
06f
0.4f

02f

nasu s anasa e A
FATLAS simulation Work In Progress
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-K,=10 1

M
700 300 400 500 600 700 800 S0
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L ST
200 300 400 500 600 700 800 90(
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,
200 300

400 500 600 700 800 90(
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ATLAS ¢ S\mulaﬂonwerk \nPrugrsss " Zz FATLAS Smulaton Work In Progress £1°EATLAS Simutation Worin Progiess 4 &% A‘ILLAS Simulation Work In Progress
(5= 1 E =13 TeV £ . =13 TeV £ (5=13 Tev
. TzioL —_ 4 Lz . —_ P E|
. —K, —-5 - K, =2 = K=5 ] ~K,=10
A 107 .- . A
. Y . oo " ot e o as
h N N 4 10‘71 ! 4
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H self-coupling

Trilinear Higgs self-coupling scan strategy
miyy -, for x = {—20,-19, ..., 20}, at generator level, at LO

obtained using the linear combination :

o x10° el x10°
; ey T 5 nasvasanasan s s At aRas
3 08 ATLAS Simutation Work in Progress 3 18FATLAS Simutation Work in progress 3 3 FATLAS Simuiation Work In Progress 3 L JATLAS Simulaton Work Inrogress |
o0l 5=13 TeV. 16F s=13Tev 3§ 0250 Vs=13Tev 5=13Tev
= 12 = B
off -K,=5 ] -K,=10
+ E
015F 4 osf E
ot ER B
0.af- B
0.05F B
02f B
o N TNT L NI, LT T
200 300 400 500 600 700 800 90C 200 300 400 500 600 700 800 S0 200 300 400 500 600 700 800 0 200 300 400 500 600 700 800 0
my, [GeV] My, [GeV] My, [GeV] m,, [GeV]

Weights, binned in mygg, obtained as: mHHA}?ﬂbmi/mnHA;”bini

|
’A‘ILLAS ‘Simulation Work In Progress 3
s=13 TeV

Ty
ATLAS Simulation Work In Progress
=13 TeV'

L
ATLAS Simulation Work In Progress
=13 TeV.

ey
ATLAS Simulation Work In Progress
(5=13 Tev.

i 1L k=10
h IR peggreL
W “‘. : L0 Mg T
102 . E
of | 1

e 10l ]

1 ..~ 3 o,
. g i i
I RO UURTRONA LT U0 W I SOOI
200500400500 60070 206500400500 60070 506508406~ 500 600 70 700500400500~ 600 70
m,,, [GeV] m,, [GeV] m,, [GeV] m,, [Gev]

These weights are applied to the fully reconstructed NLO SM sample to obtain

any k point, assuming that the LO to NLO factorization does not depend on k
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H self-coupling

Limits on the cross-section as a function of k)

4b T 10T g
= Eo--- g%g% %eﬁp.; e Comb!ned (exp.) m
oy C T bboy %Xsp- —— Combined (obs.) . 7
bbTT I L 77 bprr Eobs'; I Expected *1o (Combined) |
T - - bhyy (exp.) Expected +20 (Combined)
bbfy,y t 10 ——bbyy §obs.§ E== NLO theory pred. = -
E 3 <
. . Q C 1<
combination £ C 1 &
o i =
= . e &
o = = '
dashed: c L =
expected 2 . 19
£ - 19
solid: S 10"tk ATLAS Preliminary 43
observed 2 E Vs=13TeV, =
> L 275-36.1fb" \ ]
O 2 I | | | | | : | | | | ]
°$ 10 -20 <15 <10 5 0 5 10 15 20
(e}

K)\ = }\HHH / )\SM

The scale factor ky is observed (expected) to be constrained in the range:

—5.0 < k) < 12.1 (—5.8 < k) < 12.0)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

Resonant

Resonant HH production
(combination in the mass range: 260-1000 GeV)

Differences compared to the SM HH search:
bbyy: bbrT:

looser selection below 500 GeV dedicated BDTs
final discriminant: m.;

bbbb:
boosted analysis for signal masses > 800 GeV
(combined with the resolved)
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Resonant

Scalar resonance

4b S 103§wm|mHL:H‘HH‘Hww‘mm‘mm‘mm“g
& E ---g%g% Eezp-g --- Combined (exp.) 3
= B —— bDbp (0bs. —e— Combined (obs.) 1
bbTT % 102 3 o g%i; Egﬁg; I Expected +10 (Combined) S
bb t = - - - bbyy (exp.) Expected +20 (Combined) 3
/V'V - — bbyy (obs.) —— hMSSM (tanp = 2) 1 2
. . n 10 =5 O
combination t 2 3
g 4L 1§
dashed: 5 = R
c C 1 O
expected S o 16
- E 3 (Vp]
solid: £ E 3=
observed 2 1072E ATLAS Preliminary = K
s E (s=13TeV, 27.5-36.1fb™ spin-0 3
d10_3_\\\|\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\I\_
L 300 400 500 600 700 800 900 1000
Y mg [GeV]

hMSSM, narrow width C P-even scalar (tanf = 2)*: mg < 462 GeV at 95% CL excluded

*tanfB = 2: ratio of the vacuum expectation values of the two Higgs doublets y
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

Conclusion

A statistical combination of searches for non-resonant and resonant
production of Higgs boson pairs for the most sensitive channels is presented.

Using up to 36.1 fb~! of pp collision data recorded with the ATLAS
detector.

The observed (expected) 95% CL exclusion upper limit on the SM Higgs
boson pair production is set to 6.7 (10.4) times the SM prediction.

The observed (expected) exclusion limit as a function of the Higgs
self-coupling scale factor, k), allows to constrain values in the range:

—5.0 < Ky < 12.1 (5.8 < k) < 12.0) at 95% CL.

The exclusion limits are set on the production cross-section of heavy spin-0
and spin-2 resonances decaying into a pair of Higgs bosons, in the mass
range 260-1000 GeV.

No significant data excess is found after the combination.

Thank you for your attention!
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Acceptance x Efficiency [%]

Differences compared to the SM HH search

ATLAS-CONF-2018-043
o Acceptance changes significantly as a function of xy:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

Acceptance x Efficiency [%]

Differences compared to the SM HH search

o Acceptance changes significantly as a function of xy:

2

ATLAS-CONF-2018-043

EATLAS Simulation Preliminary 3 £ *SEATLAS Simulation Preliminary 3 £ _FATLAS Simulation Preliminary
E =13 TeV, HH_. bbbb -+ 2015 1§ 4EsEI8TeV,HH-bbrT 4 T Tas SLT g 3TeV, HH- bbyy ~+1btag
3 2016 ER “\ Tt 1 ¢ “2b-tags
Lo E B / “ hacthad g
Laf EI - pe— | N
E | a 2F | a
12F 4 g aat g
P El li: 3 < ,«“[‘\
o8 3 st E R (R
B T T T R U R L T T R R R I B T e S R R
c  12rrrr e
. % [ ATLAS simulation Work In Progress ]
o Looser bbyy selection (softer pr for large k1) 8 . HH- DD, ]
. . © S 1
o bbrT: a dedicated BDT, trained on k) = 20 5 o8l =20 ]
2] R TR 1
signal is used since it performs good for all xx r el ]
. 0.6 A —
C —K,=2 ]
points. i o3 ]
The shape of bbyy discrimi R R ]
o The shape of bbyy discriminant (m.~) i K5 ]
remains independent of xy, while an additional 02~ k=20 -
loss in sensitivity is observed for bbrT and 4b RTRTTTTTTTIN. Y
-1 -0.8-0.6-0.4-0.2 0 0.2 04 06 08 1

analyses for large |kx|.

BDT Score Cut
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

R\ :Z{——5,1710}

kx = {0,2,5}

Differences

HH — bbbb

HH — bl_)TlepThad

compared to the SM HH search

HH — bbThadThad
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

Linear combination

© 0.09
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Full systematic uncertainty vs data stat-only
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Stat. only limits for the individual channels and the combination
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

Allowed intervals for k)

ATLAS-CONF-2018-043

Search channel Allowed k interval at 95% CL

obs. exp. exp. stat.
HH — bbbb -109 - 20.1 | -11.6 — 187 | —9.9 16.4
HH —bbr*r~ | —73 — 157| —-88 — 16.7| —7.8 15.4
HH — bbyy —81 - 132| -82 - 132| -77 - 127
Combination -5.0 - 12.1 —-58 - 120 | =52 - 114
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Randall-Sundrum graviton model
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(k/Mp; = 1)* 307 < mg < 1362 GeV** at 95% CL

*k: curvature of the warped extra dimension, Mpi: the effective four-dimensional Planck scale
**the upper limit on the mass comes from 4b only 22/16
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Randall-Sundrum graviton model
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(k/Mp) = 2)* mg < 1744 GeV** at 95% CL

*k: curvature of the warped extra dimension, Mpi: the effective four-dimensional Planck scale
**the upper limit on the mass comes from 4b only 23/16
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