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Motivation

Di-Higgs production
e Cross section small in SM:
e 8 TeV ~ 10 fb (NNLO)
e 13 TeV ~ 38 fb (NNLO + NNLL)
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Di-Higgs production
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* Annn triple-Higgs coupling K
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O * Heavy Higgs: 2HDM N
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Motivation

Di-HIggs decay

larger branching ratio—higher yield

hh-Br
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-049/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-024/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-046/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-004/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-071/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-33/

Strategy

D/_/—//ggs /OW maSS SeafCheS Phys. Rev. D 92, 092004 (2015)

e Mass range: 250 ~ 1000 GeV Run | Combined Limit
102 g e e §
* Model: resonant, non-resonant - ATLAS 15 =8 TeV, 203 " -
ager efficienc b —Observed - —
¢ | |IC] =S i Expected ~ ----- WWyy exp =
gg y " tf1cexpected —— bby: pr E

+ 20 expected — — bbbbexp __

e branching ratio

c(gg—H)xBR(H—hh) [pDb]

1 11 I | I I | | 1 1 1 1 | | I I | | | I I | | | I I | | 1 1 1 | | I I | | IE
300 400 500 600 700 800 900 1000
my, [GeV]

Nov 11,2016


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-33/

Strategy

D/_/—//ggs /OW maSS SeafCheS Phys. Rev. D 92, 092004 (2015)

e Mass range: 250 ~ 1000 GeV Run | Combined Limit
» Model: resonant, non-resonant = | :
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Strategy

D/_/—//ggs /OW maSS Searches Phys. Rev. D 92, 092004 (2015)

e Mass range: 250 ~ 1000 GeV Run | Combined Limit

5 1T =

* Model: resonant, non-resonant = [ amasis-sTev, 203" -

-t _ ff . i\ 10;_., ....... —o— Observed bbtt exp _
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* Channels: o _j
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bbyy, WW*yy (250 ~ 500 GeV) o GV

* bbtt, bbbb (~ 1000 GeV)

Nov 11,2016


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-33/

Strategy

D/—/—//ggs h/gh maSS Sea/'Ch GS Phys. Rev. D 94.052002 (2016)

* Mass range: 1000 ~ 3000 GeV

 Model: resonant
e standard objects merge

e Channels;:
e bbbb, bbtt, bPOWW~
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Run Il 4b Limit, 3.2 fb
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Runll bbyy and WW*yy: methods

bbyy and WW*yy Selections

o Both built on top of SM h-yy selections—clean signature
* Both require 105 GeV < myy < 160 GeV
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Runll bbyy and WW*yy: methods

bbyy and WW*yy Selections

o Both built on top of SM h-yy selections—clean signature
* Both require 105 GeV < myy < 160 GeV

dI'nggS Decay/ bbvv WW*YY
Signal RegiOnS (semi-leptonic only)

hghter mass window: 122 GeV < mW < 128 GeV

..................................................................................................................................................................................................................................................................................................................................................................

Resonance

same as resonance
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Runll bbyy and WW*yy: methods

bbyy and WW*yy Selections

o Both built on top of SM h-yy selections—clean signature
* Both require 105 GeV < myy < 160 GeV

Signal RegiOnS (semi-leptonic only)

hghter mass window: 122 GeV < mW < 128 GeV

..................................................................................................................................................................................................................................................................................................................................................................

Resonance

| - 2 jets, 1 lepton
2 b-jets - mass window Cuts on Mpbyy

95 GeV < mpp <.
135 GeV ésame as resonance
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Runll bbyy and WW*yy: methods

bbyy and WW*yy Selections

o Both built on top of SM h-yy selections—clean signature
 Both require 105 GeV < myy < 160 GeV

Signal Regions (semi-leptonic only)
hghter mass window: 122 GeV < mW < 128 GeV
Resonance |
. 2 ets, 1 lepton

2 b-jets - Mass window Cuts on Mpbyy
95 GeV < Mpp < ) :

Non-resonance 135 Gey | fit the full myy same as resonance

s - without tighter mass window
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Runll bbyy and WW*yy: results

ATLAS-CONFE-2016-004

bbyy and WW?*yy Signal Regions
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Runll bbyy and WW*yy*: limits

obyy and WW=yy Limits ye——

 No resonant excess observed
 Non-resonant hh limit:

* bbyy — 3.9 pb (5.4 pb expected)

o« WW*yy— 25 pb (12.9 pb expected)
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Runll 4b: object definition

JeZ_S Me/’g/ng and Z_he TWO C/’)a/")/”)e/S ATLAS-CONF-2016-049

o Standard resolved 4b jets for the low mass range

Objects/ Resolved
Final State =~ (250-1100 GeV)

.
" Trigger Mixed b Trigger

B-tagging /0% WP on EM Jets

Nov 11,2016
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Runll 4b: object definition

JeZ_S Me/’g/ng and Z_he TWO Cha/”)/”)e/S ATLAS-CONF-2016-049

o Standard resolved 4b jets for the low mass range

* 1.5 TeV resonance — ~ 600 GeV pr Higgs = ARpp ~2mn/pT ~ 0.4

Objects/
Final State

Resolved Boosted
(250-1100 GeV) (1100-3000 GeV)

,\R=,O.4
" Trigger

B-tagging

Mixed b Trigger

/0% WP on EM Jets
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Runll 4b: object definition

JeZ_S Me/’g/ng and the TWO Cha/”)ne/S ATLAS-CONF-2016-049

o Standard resolved 4b jets for the low mass range
* 1.5 TeV resonance = ~ 600 GeV pr nggs — ARbb ~2mp/pT ~ 0.4

Objects/ Resolved Boosted
Final State ' (250-1100 GeV) ~ (1100-3000 GeV)
Trigger Mixed b Trigger Large R-jet Trigger
Jets Four 0.4 Anti-kt Jets Twzr:t'i(_’kttrgzed
Leading > 450 GeV I]
PT cuts Jetpl > 30 GeV Sub\eadlng > 250 GeV Q ’

/7% WP on Anti-kt
R=0.2 track |ets

B-tagging /0% WP on EM Jets
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Runll 4b: object definition
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Runll 4b: object definition

TWO /_//ggS Ma SS P/an e ATLAS-CONFE-2016-049
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40
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Runll 4b: object definition

Iwo Higgs Mass Plane

ATLAS-CONFE-2016-049
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Runll 4b: resolved selection

Jets Pair Combinatorics and Cuts

o
e Select hh pair that has the minimal distance to the "
diagonal line on the 2D mass plane

* M4 dependent requirements on h p1, eta, and dR;j;

(GeV]

subl
J
S
N

Nov 11,2016
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Runll 4b: resolved selection

Jets Pair Combinatorics and Cuts

e Select hh pair that has the minimal distance to the
diagonal line on the 2D mass plane

ATLAS-CONFE-2016-049

v

o) ‘}'/ o)

* My dependent requirements on h pT, eta, and dR;j;
* (Good signal efficiency across large mass ranges

;‘ c>>\ _I [ | L | T 1T | T 1T | T T | L | T 1T | T 1T | I. [ -l | L | [ I_ 0_08_
CCB CIC) 0.2 4 b-tagged jets A TLAS Prellmlnary = B ]
B 1 . - N
S, rlead bl = 3 esolve B
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Runll 4b: resolved background estimation

Resolved 4b Background
e Background:

e O3% gcd—data driven

* /% ttbhar—MC
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Runll 4b: resolved background estimation

Resolved 4b Background

ATLAS-CONFE-2016-049

4b
e Backgrouna:
» 93% gcd—data driven 2b
o 7% ttbar—MC 8 [ JATLAS Prelminany | & T I“’
8E'cv250_ = Resolved " _ n %

* Background shape estimation comes
from 2Tag SB(sideband)/CR(control)/
SR(signal) regions

150—

100—

 2b inclusive sample is used to derive ¢
¢ the normalization estimation in 40 "
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Runll 4b: resolved results

Signal Region: Resolved

ATLAS-CONFE-2016-049

e Final d|scr|m|nant four jets’s mvarlant mass; Nno significant excess observed

.......................................................................................................................................................................................................................................................................................................................................................................................................................................................

Exp | 1189 + 76 3860 + 230

> — I I I I I I I I I I I I I —
> : I I I I I I I I I I I I I I I I I : q) 3 | . . ]
o . . O 10 E ATLAS Preliminar —+— Data =
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o (s=13TeV, 2015, 32" L1 Multijet T ¢ - e Recalv Ot -
— 10° = S = ’ P Ot = D = Signal Region: Resolved G ]
D = _ Signal Region: Resolved = 2 —— G(300) x10
= = — G(300) x10 - o 10° = —— G(800) x10 =
o B —— G(800) x10 ~ T = SM hh x500 =
W 40— \ SM hh %500 _ — N\ Stat+Syst Uncertainty —
= N N Stat+Syst Uncertainty = — -
& f i3 m 2016 -
— N S5 201 5 — = A\ -
W - 4= -
= i;v ‘I’ — B NN 7
- - - \\\\\\\\‘
[ N ] 1N | e | NNNRNNNRSSESSSS —
B : N | =N &\\\\ N S =
N NNANNRRNRRNN\\S L —
1 0_1 — “% ANANNNN AN L — : N |:| &\ —_ ! \;
E \]_ \\\\\\ N 10_1 — ] Ll 1 I_I_. I_II ] ] ] ] ] lN\\\
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2 - T T T == I o \
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Runll 4b: boosted selection

[rack Jets lagging and Signal Regions
* 41agQ: >< 3Tag: (recover efficiency) »‘ e

28
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Runll 4b: boosted selection

Irack Jets Tagging and Signal Regions
e 41aQ: »‘ 3Tag: (recover efficiency) ><

o 2Tag Split: one b Tag in each large R jet ><

I I | I N B I N B I N B

— ATLAS Preliminary —s— 2b-tagged track-jets
- Ge=1.0, (s=13TeV
. Boosted

N

—=— 3 b-tagged track-jets

—— 4 b-tagged track-jets

| I N B | I ]

I I I I I I I
1000 15

(Harvard)

I I I I | I I I I
00 2000 2500

| .
3000
Mass [GeV]

ATLAS-CONFE-2016-049

— .
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Runll 4b: boosted selection

— ATLAS Preliminary
- Ge=1.0, (s=13TeV
. Boosted

I I | I N B | I N B I N B

T T T |
—e— 2 b-tagged track-jets _:
—=— 3 b-tagged track-jets -
—— 4 b-tagged track-jets E

| | I I I -+

Acceptance x Efficiency
© o o ©o =
N [ L T 1 m T 1 m [ = N

o .
[T T

(Harvard)

l l I l l l |
1000 1500 2000 2500 3000
Mass [GeV]

Irack Jets Tagging and Signal Regions
e 41aQ: }‘ 3Tag: (recover efficiency) »-4

o 2Tag Split: one b Tag in each large R jet ><
Three Signal Regions: 4Tag, 3Tag and 2Tag Split

L ATLAS Preliminary

‘“l Ge=1.0, (s=13TeV

. Boosted

1 I I | I I I I | I I I I | I I I I | IIIIII
—e— large-R jets = 2
—a— IAnth <17 |
—— b-tagged track-jets =2
—— X, <1.6

1000 1500 2000 2500 3000

Mass [GeV]
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Runll 4b: boosted background estimation

BOOSZ-ed 4b BaCkg/’Ound ATLAS-CONF-2016-049

e Background:
* 835% gcd—data driven
 15% ttbar—data driven

250

ATLAS Preliminary
Vs=13 TeV, 13.3 fb™

-

—150

I1OO

50

Boosted

200

msee [GeV]

150

100

Q5 150 200 250 O

M2 [GeV]
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Runll 4b: boosted background estimation

Boosted 4b Background

ATLAS-CONFE-2016-049
e Background: |

* 835% gcd—data driven Ob SR H

e 15% ttbar—data driven

ATLAS Preliminary
Vs=13 TeV, 13.3 fb™
Boosted

 Background shape estimation comes
from Ob SB(sideband)/CR(control)/
SR(signal) regions

e Fit the leading jet mass in SB to extract
ttbar and gcd normalization estimation
comes from Ob to N(2, 3, 4)b

250
miead [GeV]
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Runll 4b: boosted results

S/-gna/ Heg/an: BOOSZ_ed ATLAS-CONF-2016-049

Final discriminant: dijet invariant mass; no significant excess observed
Channel 2bs % 3b ? 4b

S :> """""""""" AL L L
> T Ty 2 | | o ,,2L_ATLAS Preliminar t Data -
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o - (s=13TeV, 13.3fb” Multijet 1 o = /s=13TeV, 13.3 f Multijet . S _ Signal Region, Boosted 4-tag : n
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~ 10° = B B ] ~ — n
P = Stat+Syst 3 I\ Stat+Syst % s | 2t(e;t(—)|-08(;/)st1 .
e [ _1G(2000<100 7 T 107 ... G(2000)x100— S *

O — -
1 10 <4 m C - O 10 N —
; 2bs - : 3b : : fl 4b ;
- . | ] — [k L -
10 E = n o =
10 3 - Tl ] 13&
- | - - N - \ L YR
| N N L QPL:NJ ; -
1= ? 1= 5 — — T - 7
— I T |E = - Lol ool - L . | | ! L
S F T T i 5= /7 ° F T T T T -
x@ 4 ;i §) 4_— — Q 4+ —
- ¢ \§ o 3 1T S m  3r )| S
© 1 i& § —~ 21 + +{ I % ~ 2—_ N
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Comb/'n e d L l.m /'Z.S ATLAS-CONFE-2016-049

51045 ! o b I B 1 T 1 T T 1 — T T 1 =
* Resolved + Boosted = | ATLAS Py — sasathess
COmbIﬂed ASym ptOUC I%“)sz det=13.3fb'1 - Ezg:ztz: iiTOit (95% CL) .
leItS E E Expected = 20 E
bt ICHEP -
§1 02 — Resolved | Boosted —
c E
* Non-Resonance limit: Lo :
© 10 —
* bbbb: 1 pb (1.3 pb : -
expected) : :

1 =

| | | | | | | | | | | | | | | | | | | | | | | | |
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Conclusion

 Searches covered by ATLAS
pbbbb (8 1eV, 183 TeV 3 b1, 13 ib-T)

Summary

bbWW* (13 TeV in progress)
bbtt  (

pbbyy (8 eV, 13 TeV 3 ibT)
WW*yy (8 TeV, 13 TeV 13 ib-1)
WW*WW* (13 TeV in progress)

8 TeV, 13 TeV in progress)

* S0 far no significant excess observed, 13 TeV non-resonance limit at 1 pb
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Summary

C O C / LIS /O N ATLAS-CONF-2016-024
o) I e e e e
e Searches covered by ATLAS 1200 ATLAS Prlmnary — wonenmigasen,
O B S = ev,L= I Expected = 1o -
ro B Expected + 20

 bbbb (8 eV, 13 TeV 3 b1 1311

e bbWW?* (13 TeV in progress)

e bbrr (8 TeV, 13 TeV in progress)

e bbyy (8 eV, 13 TeV 3 ib1)

e WW*yy (8 TeV, 13 TeV 13 ib1)

o WW*WW* (13 TeV in progress) o
* S0 far no significant excess observed, 13 TeV non-resonance limit at 1 pb

* Also protect studies—see talks tomorrow!
6y ® Search teams are actively working on development and 2016 data! Stay tuned!
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Runll 4b

Fit on Leading Jet Mass Distribution

» Given: N}, =y N2, +a*N"”

ATLAS-CONFE-2016-049

data tt

o Simultaneous fit of p., a. to extract the normalization factors

o All fits are independent
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Runll 4b

Reweighting Detalls

* Kinematics dependence of pqcd IS corrected by reweighting

 Resolved: Njet distribution, leading Higgs candidate pI, subleading Higgs
candidate E

 Boosted; leading Higgs candidate pT, leading track jet pT of the leading
Higgs candidate, leading track jet pT of the subleading Higgs candidate

e |terated reweighting is used such that the correlations are taken into
account.
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Runll 4b

Control Region: Resolved

ATLAS-CONFE-2016-049

 Good agreement in shape and normalization
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Runll 4b

Control Region: Boosted

ATLAS-CONFE-2016-049

 Good agreement in shape and normalization
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Runll 4b

Uncertainties Countdown

ATLAS-CONFE-2016-049

Resolved
2015 2016
Source Background SM hh Gy, (800 GeV) Background SMhh G, (800 GeV)
e B -
_ . . JES : 6:4 1:3 : 6:6 1:3
o Signal uncertainty mainly comes s ——— 2 33 -2 33
] Theoretical — 9.7 4.2 — 9.7 4.2
from b-tagging Miger 5 - : s - :
: : : Total 5.5 26 35 5.5 27 36
« Bkg uncertainty is dominated by t
data driven control region Boosted
estimates 2 ag:spli 5ag tag
Source Background Gp, (2TeV) Background Gp, (2TeV) Background Gp, (2TeV)
« Background/QCD shape e o : o1 i 03
= . . JMR - 12 - 12 - 12
uncertainty is also applied JES/IMS : EE : 42 : EE
Theoretical 27 Z 23 i 2
Bkg Estimate 4.4 - 4.6 - 21 -
Statistical 0.5 1.4 1.1 1.0 1.2 1.3
tt 1.6 - 4.7 - 10 -
gﬁ? Total Sys 4.7 59 6.6 20 24 40
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Runll 4b

ATLAS-CONFE-2016-049

Limit Comparison
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Run | 4b

HeSO/\/ed and BOOSted H@SU/{'S Eur. Phys. J. C (2015) 75:412

Sample Signal Region Yield

Sample Signal Region Yield
Multijet 81.4 4+ 4.9 g
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o Resolved 52=2¢6 7 Boosted 2.2 + 0.9
Z+jets 0.4 + 0.2 |
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Combined Limit
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Runll bbyy and WW*yy: methods

ATLAS-CONFE-2016-004

Control Regions

ATLAS-CONFE-2016-071

» Control region: bbyy—O0b-tags; WW*yy—zero lepton + 2 jets
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Runll bbyy and WW*yy: methods

ATLAS-CONFE-2016-004

bbyy Systematics

Source of systematic Impact in % on the search for di-Higgs production in
uncertainty non-resonant mode resonant mode
hh signal Single-h bkg Cont. X —hh signal SM h+hh bkg Cont.
Luminosity +5.0 +5.0 - +5.0 +5.0 -
Trigger +0.4 +0.4 - +0.4 +0.4 -
Pileup reweighting +1.6 +2.4/-0.4 - +1.0 +2.3 -
Generated event statistics +1.3 +16.8 - +4.3 +12.6 -
. energy resolution 430/ —15 +30/ —15 - +7.0/-0.3 +40.0/—-3.8 -
. Sys’[ema’“ CS bpoe energy scale +0.5 +0.5 . 41.9/-35 428/-30 -
. identification +2.5 +2.5 - +2.5 +2.5 -
dominated by pho’[on isolation +3.4 +3.4 i +3.9 +3.9 .
: Jot energy resolution  £2.7 +24 - +9.1 +1.6-9.8 -
energy resolution energy scale 113/ -11 412 i +12.1 +10.6 i
b-jets +12.9 +10.0 - +12.6 +12.6 -
bt acein c-jets +0.05 +4.1 - +0.2 +3.0 -
58S Hight-jets +0.5 +3.9/-46 - +0.2 +0.5 i
extrapolation +5.1 +2.8 - +5.2 +3.0 -
m~~ modelling - - +11 - - +11
Shape My~ Modelling - - - - +25.0 +27-40
PDF+ag - +6.8 / —6.6 - - +7.4/-7.3 -
Theory Scale - +5.7 / —8.2 - - +6.9 / —10.9 -
EFT - - - - +5.7 -
ﬁ‘ Total +34 / —22 443 /-35 =11 +23 / —22 +36 / —35  +£29-41
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e Systematics
dominated by statistics
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Runll bbyy and WW*yy: methods

WW*yy Systematics

ATLAS-CONFE-2016-004

ATLAS-CONFE-2016-071

Trigger 0.4 0.4 0.4 -
Pileup re-weighting 0.8 0.2 1.8 -
Event statistics 2.0 1.8 2.7 14.7
energy resolution 2.0 1.8 1.2 -
energy scale 4.2 4.1 1.6 -
Photon identification 1.2 4.2 4.2 i
isolation 1.0 1.0 1.1 -
Jot energy resolution 0.8 0.2 8.0 -
energy scale 3.5 3.5 5.2 -
b-jets 0.06 0.05 5.4 -
bt acein c-jets 0.5 0.5 0.3 -
SEIE light jets 0.4 0.4 0.4 i
extrapolation 0.006 0.06 0.8 -
[enton electron 0.7 0.7 0.7 -
P muon 0.3 0.3 0.6 .
lepton dependence - - - 7.4
background modelling - - - 3.8
“r sideband definition - - - 1.2
statistics on €., - - - 1.3
PDF (2.1) - 2.2 -
ag (2.3) - 1.5 -
scale (6.0) : 3.7 -
Theory HEFT (5.0) - - -
jet multiplicity - - 12.5 -
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