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Di-Higgs production is a key process for Standard Model and Beyond-the-SM physics

Discovery of non-resonant HH production would establish the shape of the Higgs potential and tests

an important prediction of the SM by measuring A

V(H)= Av?H?  + vH? +  (1/4)LH*
-~ 1 | o~ |
related to Higgs mass self-coupling  quartic self-coupling
L -3imgy &3 (my/v)?

Gluon fusion:

The Box and Triangle diagrams interfere destructively
SM HH cross section at 13 TeV is tiny: c(gg—HH) = 31.05 fb
For comparison: c(gg—H) = 48.68 pb

In case of deviations from the SM (x, # 1), the HH cross section
increases considerably (also m  shape changes).

— Can already now establish constraints on that parameter «,
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Discovery of non-resonant HH production would establish the shape of the Higgs potential and tests
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Cross section for non-
resonant VBF (13 TeV): 1.726 fb

VBF production is sensitive to
k,,, coupling
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Searches for resonant production of Di-Higgs could establish the presence of new particles

Limits on the production of these resonances can be used to constrain BSM model parameters

7 Benchmark signal models:
Narrow scalar (S, or H) with a negligible decay width

could for example be a heavy Higgs in the 2HDM

Spin-2 gravitons as predicted by the bulk
Randall-Sundrum model

0"03_\0_\ d H
27 7 Vector- .
6@ ————— « boson- “-’
QGG N fusion ~.
g S H
q
Ww TT ZZ YY
4.6%
T 7.3% 2.7% 0.39%
ZZ 3.1% 1.1% 0.33% 0.07%
YY 0.26% || 0.10% | 0.03% 0.01% 0.0005%
published by ATLAS

with k/M_=1 (width ranging from 3-13% of m_ )

«— Branching ratios of HH decay channels
(H is the SM Higgs boson)

The most sensitive HH channels contain at least one
bb decay, taking advantage of its large BR.
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Channel
(X—) HH — bbyy

X—HH — 4b
(X—)HH — 4b

(X—) HH — bbtr
Boosted X — HH — bbtr
HH — bbWW(/ZZ/xt) — bblvlv
HH — 4W
(X—) HH — bbWW — bbqqlv
(X—) HH — WWyy

HH Combination (2-3 channels)
HH Combination (all channels)

H+HH Combination
HEFT Interpretations
VBF HH — 4b

Updated HL-LHC Projections

Dataset
139/fb

126-139/fb
28-36/fb

139/fb
139/fb
139/fb
36/fb
36/fb
36/fb

126-139/fb
36/fb

36-80/fb
139/fb
139/fb

3/ab

References
HDBS-2018-34

HDBS-2018-41
EXOT-2016-31

ATLAS-CONF-2021-030
HDBS-2019-22
HDBS-2018-33
HIGG-2016-24
HIGG-2016-27
HIGG-2016-20

ATLAS-CONF-2021-052
HDBS-2018-58

ATLAS-CONF-2019-049
ATL-PHYS-PUB-2022-019

HDBS-2018-18

ATL-PHYS-PUB-2021-044
ATL-PHYS-PUB-2022-001
ATL-PHYS-PUB-2022-005



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-31/
https://cds.cern.ch/record/2777236
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-22/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-33
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-20/
https://cds.cern.ch/record/2786865
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/
https://cds.cern.ch/record/2806411
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://cds.cern.ch/record/2798448
https://cds.cern.ch/record/2799146
https://cds.cern.ch/record/2802127

X — HH — 4b (gluon fusion only) HDBS-2018-41 6/18

m(Hz) [GeV]

Resolved 5 [l T T T T %) L R R B AR AR AR AR R
cos B e il s dugges ATLAS Simulation T w2 ATLAS Simulation :
N e e onosina E = [ SR (5 =13 TeV, 139 fb ]
3 o mi:’(*;wj);m V; —=— SR, 4b Boosted channel, spin-0 signal
o F—— Xuu<16 Q 10—15_ =
, § T ¥ s F i :
V‘, § //W g :f\\_
' 10711 - <
é : 107°E E
ol * B-tagging applied to :
R=0.4 jets [ variable-radius track-jets -1
B N T 107 ™55 2 25 3 85 4 45 5
400 600 800 1000 1200 1400
m(X) [GeV] m(X) [TeV]
Challenge: Multi-jet background estimation:
x'lo4 > T T T T T T -
200 R A Background estimated from control
180 1,08 ¥ .| Recouedcramel a1 region data with less b-tags
3 g ------- m(X) = 280 GeV
160 bsg & T eeen 1 This data gets reweighted to match
a0 - 10° ~-o mX) = 1000 GeV 4 signal region kinematics using a
20 10 - neural network in the resolved channel,

120

or a spline-based reweighting for
the boosted channel

pA——— T - Independent and extensive validation
g CTRTNR Y by comparing reweighted data from
180 200 40 600 800 1000 1200 ° 1400 the CR to data from a validation region

m(H¢) [GeV] Corrected m(HH) [GeV]

Data - Background
Background
o
o

60 80 100 120 140 160


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/

(X—) HH — 4b (gluon fusion only) HDBS-2018-41 7/18

TN L B B B B B L B B o > Qb T T T T T T T T > L L B e e e e o L e e e T
Eofaas L Y 8 D ssw 1 Mass range: 251 GeV - 5 TeV
St Vs=13TeV, 139 b [ Multijet g10 Vs =13 TeV, 139 fb'’ [ Multijet g10° {s=13 TeV, 139 fb-! [ Multijet -
Z Background-only fit et <, .+ Background-only fit mtt - Backaround-only fit T .
10 = g y fi Rt d d
% 10* Boosted channel, 2b Uncertainty % ,E  Boosted channel, 3b Uncertainty £10°= Boosted channel, 4b Uncertainty eXte ndae Wrt. p Frevious pa pe r
_ 10 _ d

@ 40 m(X) = 3 TeV g0=. e m(X) =2 TeV L%’ oall, 00 m(X) = 1 TeV

""" m(X) =4 TeV 10° m(X) = 3 TeV s m(X) = 2 TeV

10N, mX)=5TeV = B %, L m(X) = 4 TeV

10 m(X) = 3 TeV

Smooth background prediction

: obtained by fitting the mass with
" P e MELE e e _ analytic function for m >1.2 TeV
gé 0'— . .H‘”H T gé 01 “h‘}‘ = gg s . __' . ‘ i . . .
| S B TN | | S ‘ - | Limits at high mass evaluated
() (Gev) T S R I e S e —me s —son— - With pseudo-experiments
m(HH) [GeV]

Combination of resolved and boosted analyses:
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Largest excess: 1.1 TeV (2.3-2.56 local, 0.4-0.8c global significance)


https://arxiv.org/abs/1804.06174
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
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S(X—HH) [fb]

> | > 03— RN L E R REETERERE, -
Gluon fusion production only $ 10°E ATLAS . #Daa 4 & 1| ATLASSimulation .
= (s=13TeV, 139 fb I HH (SM) = O _
o = i i 1 w© - {s=13TeV HH—bb _
. = . HH—sbbyy single Higgs ] 2 (0.25 . 1Y .
Two BDTs trained: 5 [ pls  CommonPresclecton My 1 2 F Mo B aocey
: : < i B sother jets | 5 B o X~ ‘
-One against continuous S g2k mbwsorveny o o 02F M = 500 GeV
Ll = DataDrivenjj o I — ggF, Kk=1 7
backgrounds (yy, ttyy) : IwIRE T Sost 4 L = st 3
. - 4 " 1 2 7 .
-One against the resonant 1ok + | } 4 g ot E
backgrounds (ZH, ttH) - T f ] - .
. - - 0.05( -
Both BDTs are then combined L . g S ]
. . : g ; E - e e T ]
WIth both scores Optlma"y W.elghted' 200 4c|)o = 600 800 1000 00 250 300 350 400 450 F5ﬁ06 ' 550 ‘600
Final cut on BDT score thatis My, [GeV] Invariant mass [GeV]
optimized for each m_ hypothesis. - Cut on m*bbW (+25), m*bbW =m,, —m, -m_ +250GeV
1000 RARA AR EERRRRARS 3 - Final discriminant is diphoton mass, bkg modelled with
900E- ATLAS ) E exponential function.
800E- s =13 TeV, 139 fb E |
- HH—>bbyy 1 -No S|gn|f|cant excess found Very strong limits for low m_ !
700 —e— Observed limit (95% CL) —2314_¢'1-+' T T L A —_%7_+'|-+~ |||—
- . imit (95% 4 o F Data ATLAS 10 F Data ATLAS Z
6005_ |:| Eig:z::: ::2:: (ig?(/j ) g g 12:_ """""""" Continuum Background I‘[I_H—:bsb:yryev 139 fb1 3 65_ """""""" Continuum Background I{I_H%1b3bTeV 139 fb1__
500 E_ [ ] Expected limit+2 ¢ _E E 10F Total Background 300 GeV Resonance —| E 5 Total Background 500 GeJYResonance—
400E 4 3 L 13 F ]
- 3 @ 8f BRI E
300F- 3 o 1 sf 3
200F- =R E e s
100 Naagaaaennn.. — n ] c .
- e . 2_ ,,,,,,, ] 15 ]
0_| |||||||| Lov v by v a b an I B A e - ® ! - 3
200 300 400 500 600 700 800 900 1000 Ty B L P T T T

m, [GeV] m,, [GeV] m,, [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/

HH — bbyy (Non-resonant Analysis) HDBS-2018-34 9/18
Gluon fusion production and vector boson fusion considered
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This channel had the best sensitivity to non-resonant HH in the 2015+2016 analysis round
3 signal-enriched categories:
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- lep-had channel triggered by single lepton trigger (,SLT*) 5 of g LTT
- lep-had channel triggered by lepton+tau trigger (,LTT*) 5 ooe

Machine learning techniques for signal extraction 008
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0.02F %

Final fit done to the MVA output scores ;OO' e

Backgrounds containing jets faking taus estimated from data my [GeV]

Resonant search considers only gluon fusion, non-resonant search includes gluon fusion and VBF
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https://cds.cern.ch/record/2777236

bbtt event candidate with highest NN score in the single lepton trigger category

Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST



(X—) HH — bbtt ATLAS-CONF-2021-030 12/18

Broad excess centered at 1 TeV observed in the Limit on non-resonant SM HH:
resonant search for m_range of 700-1200 GeV. 4.7 X o, observed, 3.9 x 6 expected
Largest excess (at 1 TeV): 3c local, 2c global. Limits on «.

[-2.4, 9.2] observed, [-2.0, 9.0] expected
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A full combination of all HH analyses was performed with the 36/fb dataset (2015/16), see 1906.02025.

An updated combination with bbyy, bbtt and 4b (resonant-only) is presented here.

Combined limit on SM HH:

3.1 x Oy, observed, 3.1x Oy, expected

Combined limit on K

[-1.0,6.6] observed, [-1.2,7.2] expected

= - ATLAS Preliminary —— Observed limit (95% CL)
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Resonant combination:

Largest excess at 1.1 TeV: 3.1c local, 2.1c global.

4b channel dominates at high mass (>800 GeV)
bbyy provides strongest limit at low m, values,

bbtt leads in the intermediate mass range
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1/N dN/dm,,/ 20 GeV

Higgs effective field theory (HEFT) provide a generic approach to parametrise the effects of BSM physics
at the high energy scale in terms of effective couplings at the low energy scale.
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HEFT
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bbtt and bbyy non-resonant analyses are used and combined in the HEFT framework

mHH predictions obtained by reweighting the SM HH simulation.
Only shape differences are considered, no acceptance impacts.

Limits on production cross section set in each benchmark model.

Values of ng

~and c__constrained strongly

h
HE LI I 1T 1T 1 I | L I | I I T 11 I | L I | I | L L I LI
; ATLAS Preliminary e Observed limit (95% CL)
T 10° Vs =13 TeV, 139 fo-' o  Expected limit (95% CL) —
w [ HH-Dbbt*Tt~ +bbyy Expected limit +1o ]
5 [ Expected limit +20 i
) )
F . . E
- - ]
» 8 8 .
i &
C 11 I I I | I L1 11 I L1 11 I L1 11 I L1 1 1 I L1 11 I | I | I L1
SM 1 2 3 4 5 6 7

Benchmark model

Oggr(HH) [fb]

Oggr(HH) [fb]

a4l H. —— Observed limit (95% CL)
10t ATLAS Preliminary Expocted fimit (65% OL)
C Vs =13TeV, 139 fb~" [ Expected limit +10
_ HH-bbt* Tt~ +bbyy [ Expected limit +20
= —— Theory prediction
Y% SM prediction
10° P
102
B
[ Observed: cggnn €[—0.3,0.4]
10" E-Expected: cggnn € [—0.3, 0.3]
- | I 1 | l 1 I | l 1 1 I 1 1 | | I 1 | 1 1 I |
-1 -0.5 0 0.5 1
Cgghh
4l T —— Observed limit (95% CL)
10 = ATLAS Pre“mlnary ————— Expected limit (95% CL)
- Vs=13TeV, 139 fb~' [ Expected limit +10
[ HH-bbt*T~ +bbyy 1 Expected limit 20
| —— Theory prediction
Y% SM prediction
108
102
ER e
| Observed: Cihn €[—0.2, 0.6]
10" =Expected: cinn € [-0.2, 0.6]
- 1 I 1 l l 1 I 1 1 1 l I 1 | 1 1 l l l 1 | I 1

-1 -0.5 0 0.5 1


https://cds.cern.ch/record/2806411

HL-LHC: Projected sensitivity (combining bbtt and bbyy) ATL-PHYS-PUB-2022-005 16/ 18

Baseline uncertainty scenario:

Benchmark: 14 TeV, 3/ab Process Scale factor _ _
Source Scale factor bbyy bbt*r”
Signals Experimental Uncertainties
Assumptions: geF HH 118 bt tpeing cficiency 0s < -
- same object reconstruction and ID VBF HH 1.19 (ot aggine fficiency b
efficiencies as run-2 Backgrounds ﬁtreeﬁiggyhﬁgle and resolution, £ ro
- 4 systematic uncertainties scenarios ooF H 1.13 Photon effciency (ID. trigger isolation efficiency) 0.8
(very optimistic to very pessimistic) VBE H 1.13 Sputions snal 00
WH 1.10 o efcieney (satisica 5o
Not considered, but could have impact: ~ ZH 1.12 ey aele o
Increased pile-up, different triggers, 1H 121 o
detector upg rades Others 1.18 Theoretical Uncertainties 0.5 R
;10_ é‘Tl,Lﬁ‘SlfPrs“;m'”;‘dl“ft T '_S“'AHHI A _ gase_line assumption for bbyy: 2 e 'AT'L:A's'p};n}n}n'a}y' T
2 | (5=14Tev,3000 1" Jet o 1, fakes ] purious S|gna| Uncertalnty J 1ok ﬁ;ég@v’ 3000 fo
T o e 1S removed, assuming advances | Poietonionfun2da
: W Hiogs - in the background estimation. 8 —e— 1 Run2 spurious signa
- ey 1 (Spurious signal is the amount of R s i i
| signal fitted in a bkg-only template) ~ °f == ihn s e
10° 4 ) i 25 x Run 2 spurious signal
| MC stat. uncertainties neglected
102 ~+ In baseline scenario, which assumes 2f
L |._r'_|'= innovative fast simulation approaches =

1208060402 0 02 04 06 08 1 aS sample sizes will be very Iarge 9250 8 6 -4 -2
BDT score
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* Assuming baseline uncertainties: = 1°t  ATLAS Preliminary -— Expected mit (95°% CL)
. . . T B _ 1 [ Expected limit +10 3

Expect evidence of SM HH with 3.2, k. constrained to [0.5,1.6] F [ 15l use crvbom = cowcedimitzzg

T = o [ Theory prediction -

In case of absence of SM HH: Limit is 0.58 x SM. E R ooyt i oy ¥ SMpredicton ;

« If all uncertainties stay as they are (most pessimistic): 107
Significance reduced to 1.7c, k, constrained to [0.1, 2.9]

* Most limiting uncertainties: Theory uncertainties on HH,
spurious signal for bbyy. If spurious signal scales with lumi,

Baseline scenario
Expected: k) € [2.0,4.1] _|

10" -
expect 10% reduction in combined sensitivity e R e e BT S
K
E12EIIII |||IIIIIwI_!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE g20_|||| IIIIIIIIIIIIIIII{II.IIIIIIIIIIIIIII 1 IIII I_
g 1E || ATLAS Preliminary i £ [ ATLAS Preliminary ]
& 10E- 1 VS =14TeV, 3000 fo E R Vs =14 TeV, 3000 ib 1 [ t
2 F %! HH—>bbT* T~ +bbyy 16~ HH —~bbT™ T~ +bbyy — mprovements
_53; 9F Projection from Run 2 data 7 ig‘sgﬂ%; :;0{: F*uqf data 1 | compared to pre-
sE i Asimov data (K») = imov A= i : - F A
= : —+— No syst. unc. 3 12 —— No syst. unc. _ VIOUS prOJe.Ctlo.n.
E | —— Baseline E —— Baseline | | (baseline signif.)
6k : Theoretical unc. halved = Theoretical unc. halved }
o RN W j T Run2systune. S A ] 8 —+ Run2syst. unc, 1 | ATL-PHYS-PUB-2018-053
4F l = il
] IR NS NS VD0 U . A = 5o bbyy: 2.06—2.2c
— | 4 oAb N Ak 2 —
oF | E ) ] | bbtt: 2.16—2.80
1E | 1 [ N\ e 10 ]
O:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII: 0 I‘ ||||I||||I||||I||||I||||I||||
7] —1 0 1 2 3 4 5 6 7 8 =2 -1 0 1 2 3 4 5 6 7 8

K Ka
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Summary
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ATLAS has a strong program searching for Di-Higgs topologies!

Searches for new resonances decaying to HH performed with full dataset for bbtt, bbyy and 4b.
Non-resonant searches performed with full dataset for bbyy and bbrtr.

More updates with the full run-2 dataset will follow!

New: Interpretations of non-resonant HH searches in HEFT benchmarks!

No significant excess found in any channel, but strong constraints established.

ATLAS Preliminary =

Vs =13TeV, 139 b1
O34k +ver = 32.78 fb

(I)bserved
.......... Expected
T Comb. exp. limit £ 1 0
1 Comb. exp. limit £ 2 0

Combined limit on SM HH:

3.1 observed, 3.1 expected
Combined limit on K

Obs.  Exp.
bbttt | \ 4.6 39 -
bbyy \ 4.3 57 -
Combinedf (] 3.1 3.1 -

1

10

95% CL upper limit on signal strength

[-1.0,6.6] obs., [-1.2,7.2] exp.

New HL-LHC projections
(14 TeV, 3/ab) yield a
significance for SM HH

evidence of 3.2c

No syst. unc.

Baseline

Theoretical unc. halved

Run 2 syst. unc.

-+ Expected limit
Expected limit +20
Expected limit +10

ATLAS Preliminary
Vs =14 TeV, 3000 fo
HH - bbT* T~ +bbyy
Projection from Run 2 data
Asimov data (bkg. only)

Ogsgl;\,'l:+VBF = 3879 fb

Exp.

0.42

0.58

0.93

1.16
Lo

0 0.5 1 1.5

2

I\IIIII\IIII
25 3 3.5

95% CL upper limit on signal strength




Backup



bbyy event candidate of the high mass BDT tight category
m = 123 GeV, m =113 GeV, m*bbw=625 GeV

ATLAS

EXPERIMENT

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST




ATLAS

EXPERIMENT

Run: 350013
Event: 1556168518
2018-05-11 01:39:26 CEST

4b event candidate in the resolved category
m, is 629 GeV



VBF HH — bbbb (Full Run-2 dataset) HDBS-2018-18

Resonant Non-resonant o(qq — HH)=1.726 fb

q q

Vector-boson

fusion AT
H
q q
q HHH q
rParrc])é)lengfrzeg(c))_r]1aOnoc()e (ranea&s VBF production is sensitive to constraining K, coupling
Jet and event Selections: ?E 0.045— AITILASI SlilTllul|atli0|n | \/Ig=l 1|3 ITeIVI lm)l( =I GIOB éé\/l —E
0035 Sr—
* 4 central b-jets (pT>40 GeV, |n|<2.0), 0.03- =
used to form the 2 Higgs boson candidates 0.025( =
0.025 ~
+ 2 forward jets (pT>30 GeV, |n|>2.0), 0.015- E
select events with m >1000 GeV, |A”'1jj|>5-0 0.01E E
Jet energy regression BDT improves 2b mass resolution by 25% 0'005 E

(trained on b-tagging score, jet pT, jet width, energy leakage outside jet R BT VR T T oaain o Y
cone, energy loss from semileptonic B-decays) m,, [GeV]
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VBF HH — bbbb (Full Run-2 dataset) HDBS-2018-18
§ N N R
:G>J E| LI B B T T T L O B O L T T 1 ; Background 5105;_ ATLAS - Observed |Im|t(95%CL) _;
g j0¢L ATLAS ¢ aitlzj:?m'm | estimation T = (s=13TeV, 126" ... Expected limit (95% CL) 1
= = (s=13TeV,126fb" [— Alhadi = similar to ggF :L [ HH- bbbb .Expected+ o N
% 10° __ Signal region [ Non all-had f _ 4b analysis <10 § Spin-0 narrow resonance - §
g % . ggF nf)n-resone.ant HH % g_ B Expected £ 20 ]
T = Post fit Post-fit uncertainty ] Q| 5
102 & L - - _ 3 Spin-0 narrow resonance (800 GeV) — "‘E10 = E
E « "% VBF non-resonant HH (i,=3.0) E S - -
10 = 10% E
1 10 E
10_1 l 1_—| 11 | | 111 | | 111 1 | 111 1 | 11 1 1 | | N T | | 111 1 | 11 1 | | 1 1 |:|
200 300 400 500 600 700 800 900 1000
5 . : m, [GeV]
&) 2;_ i . _; § % T | T T T | T T T T T T | T T T | T T T | T %
HCE 15 »._-,..d‘._N.Q._\-*\\-‘\~—+«+f\-\i\-\+\-\*\\+\$\\\\\>§§§\\\\\\\\\&\&§ "E 5: ATLAS === Theory prediction .
= 0; E % 10 = Vs=13TeV, 126 fb” — Observed limit (95% CL) =
O gg cT>_ 43 HH— bbb e Expected limit (95% CL)
200 300 400 500 600 700 800 900 1000 &10 §_ - Expected + 16 _§
m4b [GeV] @ - Expected + 2¢ m
©10° . E
Allowed L parameter range: Signal acceptance § .
for k. ~1 (SM) 10°g E
-0.76 < x_ < 2.90 (observed) 2V - .
2v very small because 10 _=
-0.91 <k, < 3.11 (expected) jets are very soft : -
1 —
. . F . 1l v v vy e e vy e ey oy Ly A
Limit on SM: 840 (observed), 550 (expected) 4 -2 0 2 4 6

A
N
<
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Boosted HH — bbtt (Full Run-2 dataset) HDBS-2019-22

Di-t reconstruction efficiency

Di-t reconstruction efficiency

— e
i\)'-h'cn

0.8
0.6
0.4
0.2

1.6¢

1.4

1.2

0.8
0.6
0.4
0.2

II| IIIIIIII IIIIII IIIIIIIIIIII |IIII|IIII|IIIIJ
C ATLAS Simulation e Boosted di-t

[ X — HH - bbr,r, = Resolved t
- \E=13TeV,mX=2TeV
(1) > 10 GeV, p_(di-ti?) > 300 GeV

T
©
4

¢
4

01 02 03 04 05 06 07 08 09

true true
AR (T1 Vis? T2 VIS)

_\_III|III|III|III|III|III|III|II

_l\\\l‘\\\l‘\\ll‘\\l\\\I\‘\II\‘\I\I‘\I\
- ATLAS Simulation e Boosted di-t

— X = HH — bbt, T, = Resolved t
- Vs=13TeV,my=2TeV
T( °)> 10 GeV, AR(t{'7, 154) > 0.2

\
o

\J\|I\\‘I\\+I\\‘II\‘\I

L ]

-
- - .
41\\*I\\‘I\\‘I\?‘II\‘\I\‘\I\‘\IL

00 300 400 500 600 700 800 900 1000
Dit p™ [GeV]

» Boosted bb system reconstructed as a large-R (R=1.0) jet,
b-tagging applied to variable-R (0.02<R<0.4) track-jets

 In the boosted regime, also the tau jets merge and standard
reconstruction (that is seeded in R=0.4 jets) becomes inefficient

 Boosted di-tau reconstruction and ID:
- seeded in R=1 jets
- Reclustering the constituents into 0.2 subjets
- 2 leading subjets define the di-tau system
- Identification BDT to discriminate ditau system from
gluon- or quark jets (60% efficiency WP chosen)

- 1 or 3 tracks geometrically matched to the subjets (AR<0.2)

iso-track

Primary Vertex
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Boosted HH — bbrtt (Full Run-2 dataset)

HDBS-2019-22

95% CL limits on ¢ (pp — X — HH) [fb]

3 final mX-dependent selections on m
that define the SRs used for event counting

Multijet background data-driven (fake factor
method), Z+HF normalized in a CR

Severely statistics limited analysis,
not competitive with boosted HH — 4b

: 2, V1S
Selection on m HH

> () GeV

> 900 GeV

> 1200 GeV

: | 1 1 I I | 1 1 1 I I I I 1 1 | 1 I I I :

- ATLAS —e— Observed N

- X — HH (bbtyr) Expected -

- -1 ]

1 Ys =13 TeV, 139 fb Wil )
10°¢ []+26 -
10° E
10 :_ | | | 1 1 | | | | 1 I 1 1 | | | | 1 1 1 | _:
1000 1500 2000 2500 3000

m, [GeV]

Zrr+hf 0.80+0.257027 07502170437 0.17+0.05£0.07
Zrr+lf 0.05+0.05+0.03 0.05+0.05+0.03
Multi-jet 0.18£0.03+£0.14 0.17+0.03+0.13 0.09 £0.02 £0.07
ZH 0.11+0.01 £0.04 0.09+0.01 +£0.03 0.02+ +0.01
Others 0.13 + 0.0Sj&éﬁ 0.13 + 0.0SjS:é? 0.05 + 0.03ﬁ8:£
Sum of backgrounds ~ 1.36 + 0.2670-32 1.19 +0.2370-) 0.33 £ 0.07+)15

Data 2 2 0

B [T T T | T T T T T T | T T T | T T T | T T T | T T T _]

GC.) 6: ATLAS . Data _

— = ¥ X—HH (m_=1.2 TeV) ]

i - (s=13TeV, 139" XOHH (m23.0 Tev) _

~ Signal region BN Zothf N
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C [ Ay _
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HH — bblvlv (Full Run-2 Dataset)

HDBS-2018-33

S

Deep neural network classifier g
that produces multiple outputs:

- one discriminant for each HH, top,
Z(I) and Z(tt) components

- final cut placed on d discriminant

- 35 input variables enter the DNN training

030~ ATLAS Simulation
Vs=13TeV

HH — bblviv pre-selection
0.25 —

0.20 —

0.15—

0.10—

[
—— HH
— Top

Z-I

—_— Z-T7 |

-30.0 -20.0 -10.0

)

=
©

0.30— /s=13TeV

0.25—

0.20 —

0.10—

0.05—

e Search for non-resonant HH production only

* Select events with 2 (resolved) b-jets and 2 leptons (e/pn),
signal dominated by bbWW but bbZZ and bbtr also included

. Cutsonm and m__ efficiently suppress background
(20 GeV <m <60 GeV, 110 GeV <m _ <140 GeV)

« Backgrounds estimated mainly from simulation but normalized
in signal-depleted data CRs enriched in top and Z+HF events

I I I |

ATLAS Simulation — HH
— Top _|

HH — bblvlv pre-selection Z-H

JL I Z'TT

il _
LT

-15.0 -10.0 5.0 0.0 5.0 10.0 15.0
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HH — bblvlv (Full Run-2 Dataset)

HDBS-2018-33

107 E

Events / 1

10° F
104 |
103%
102 L
101 |

109

107"
1.5
1.25
1.0
0.75
0.5

Data / Pred.

ATLAS
= /s=13TeV, 139 fb!

= Selection:
- SR, SF+DF and no dyy cut

T T |
Data

Top
Zl~*+jets HF
Other

HH (x20)

N&\&\N&\\&\N&\{\\

11

Final cut placed atd

> 5.45 (5.55) for ee/uu (en)

95% CL upper limit on o(gg — HH) [pb]

‘IO1 5

- —— QObserved

=== Expected
I +1o
+20
10-2:’"III-I-lhleolrylplreIdIICtllo?llllIIIII:IIIIIIIIIIIIIIIIIII__-
-20 -15 -10 -b 0 5 10 15 20
A%\

No values of K, excluded, DNN trained on SM only

Event counts fitted simultaneously in two SR and two CR (top, Z+HF) for limit setting

95% limits on

SM non-resonant
HH production:

—20 —1lo0 Expected +10 +20 Observed
o (gg — HH) [pb] 0.5 0.6 0.9 1.3 1.9 1.2
o(gg — HH) /o™ (¢¢ — HH) 14 20 29 43 62 40
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HH — 4W, bbWW, WWyy

10?

95% CL limits on (gg — X) x B(X = HH) [pb]

1 B L R B L L B

- ATLAS — Observed N

o P Expected |
\s=13TeV, 36.1 tb -i 1 expected
HIGG-2016-20

|

+ 26 expected

10F E
- HH — WW vy -
250 300 350 400 450 500
m, [GeV]
o ki “#|' Limits on non-resonant
H o HH production [x SM]:
8 GEGEE00T N H
AW bOWW 1lep WWyy
observed 160 300 230
excluded 110 300 160

95% CL Limit on 6(pp— S— HH) [pb]

—
<

— Observed ATLAS
--- Expected Vs= 13 TeV, 36.1 fb™
I Expected 16

Expected +2c¢ HIGG-2016-27

Expected Stats Only

(36/fb) 17129
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_ I LN ~H
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- : 11 - <
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= - |88 A
E | | | | | | | | | | ‘ i | | | | | | | | | | | | | ‘ E
500 1000 1500 2000 2500 3000
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HH Combination (36/fb)

HDBS-2018-58

Limits on non-resonant HH production:

HH— bbt*t
HH— bbbb
HH— bbyy

HH— W'WW'W
HH— W'Wyy
HH— bbW*W’

Combined

| ATLAS

- oM (pp — HH)=33.51b

{s =13 TeV, 27.5-36.1fb"

——g— (bserved
------ Expected

W Expected £ 1o
Expected £ 2o

Obs. Exp. Exp.stat. |

10°

12.5 15 12
I 12.9 21 18 _
I 20.3 26 26 ]
I 160 120 77 ]
I 230 170 160 ]
I 305 305 240 ]

-. | | 6.9 10I 8.8
10 10? 10° 10 o

95% CL upper limit on O gor (pp — HH) normalised to ¢

ggF

,Big-3“ channels dominate:

bbtt
bbbb

bbyy

bblvlv not included

For full run-2 dataset update,
expect improvements not only
from larger statistics, but also
more sophisticated analyses
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HH Combination (36/fb)

HDBS-2018-58

Limits on non-resonant HH production:

Oyqr (PP — HH) [pb]

10

107"

1072

 Allowed «, interval

L R R R—"
-~
gy

at 95% CL _

Obs. Exp. .

(Exp. stat.) ATLAS |

-5.0-120 | -58-12.0 s =13 TeV |
(-5.3 -11.5) 27.5-36.1 b

== " Exp. 95% CL limits

— Obs. 95% CL limits

T bbbb - Large abs. values of k
T b excluded

— bbyy

— Comb. * bbtt and bbyy limited

I Comb. 1o (exp) by data statistics

Comb. £2: (exp.)

= Theory prediction
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HH Combination (36/fb)

HDBS-2018-58

Limits on resonant X — HH production:

4W

WWryy

10

ATLAS
{s =13 TeV, 27.5-36.1fb"

spin-0
bbWW (11)

3x10?

Resonant searches were interpreted in models that

2%10° 3x10°
mg [GeV]

predict at least one heavy additional Higgs boson:
EWK-singlet model, and hMSSM (type-ll 2HDM)

— range of model parameter values excluded

ATLAS o )
V5= 13 TeV == Di-Higgs (exp.) === 5SM Higgs (exp.)
27.5-36.1fb™! 1 Di-Higgs (obs.) SM Higgs (obs.)
EWK-singlet =« Constant Ms/m Ms/ms > 10%
ms = 260 GeV sTs 4 TS
QIOW'—“——,—_ T T T ¥ W - T "~
e : :I ' I “ -
2 oF AL
- .. ’
8 S
7 & LE I
S 'i" 1
6 1
I
5 |
1
4 ]
/]
3
|sina| <0.35
2 (0.48) allowed
by obs. (exp.)
1 SM Higgs couplings
== N I I IR N I | B R
-9.00 0.75 0.50 -0.25 0.00 0.25 0.50 0.75  1.00
sina
ATLAS
oo 13Tev == Expected L[] Observed
2;;_36_1‘9%71 == +10 (exp.) ===+ Constant ms [GeV]
hMSSM
Q:}_S'Oll""lo' """ T i B

N R N
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H+HH Combination (36-80/fb) ATLAS-CONF-2019-049

Constraints on k, can be obtained from single Higgs Channels included:
measurements (as well as HH searches) Analysis Integrated luminosity (fo- ")
H — yy (excluding ttH, H — yy) 79.8
NLO EW corrections depend on A, . and impact inclusive f—2Z —4l(including 1H. H— 227 46) 798
HHH H—WW*— evuy 36.1
and differential cross sections & branching ratios H—rt't 36.1
VH,H — bf_) 79.8
Differential information encoded via the simplified template /-4 =% jol
i i ttH, H — multilepton 36.1
cross sections (STXS) framework for single H HH — bbb 275
HH — bbt*1~ 36.1
3 H HH — bbyy 36.1
E 10 él 1T | T T | T T ‘ T T Fr T T 1T T T T Ié //""\\
g £ =0 c . / \
L ggF ZH _ \
© " ~Ovgr Oy i Ho=mmmes s oo a
10°: o —c E \ /!
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H+HH Combination (36-80/fb) ATLAS-CONF-2019-049

< 8:I 1T | T T | T T | T T | [ | T T | T T | T 1T I:
—  ATLAS Preliminary —_— dQU?leHHiggs . HH alone cannot simultaneously constrain kA and «t
o~ [F Vs=13Tev,275-79.8f" —— BH9ETO% — But H+HH combination can constrain both parameters
! C Ky T K, TKEKEK, = ]
6:_ _: M-H 1_4_I LI | 1T 11 I L | I I"I | | I:I | LI I_
- - ~ ATLAS Preliminary :
5- — [ (5=13TeV,275-798 " N
L . 1.3__KW=K’Z=K‘=Kb=1 ]
- . - %SM ! : ‘
4e— W\ E— 12: :Best Fit H AT _
B - — 4 Best Fit H+HH : itz R ]
“95% CL ] B resecL i o .
3 - [ - 95% CL L _
- . 1.1 =HH ,,. P2
20 . N — H+HH fiod .
: | 1 —F [ — -
YeswcL B : Fo ] T
- T | | | | | g 0.9 : e S —
-20 -15-10 -5 0 5 10 15 20 - b ]
1 1 | | | I I | I.'I 11 | 11 1 1 | 11 1 1 | 1 1 1 | 1§y 1 1 Ilal 1 1 1
. K 0'—820 -15 10 -5 0 5 10 15 20
Strongest constraints on ki A "
assuming new physics will only impact «A: 4
Observed: -2.3<xA<10.3
Expected: 51<wxh<11.2 Profiling the other coupling modifiers results

HH-only expected: -5.8 < k) < 12.0 in less stringent constraints
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