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The existence of an extended Higgs sector is not ruled out, g ’
although our recently discovered Higgs boson is highly /
compatible with the Standard Model (SM) predictions

(1]
Overview

e Theoretical motivation

« 2HDM
« EWS
e The H—77 searches Will present an overview of the
e The H=2WW searches ATLAS searches for heavy Higgs
e Results bosons in the ZZ and WW channels

Outlook and summary with \/s = 8 TeV data



THEORETICAL MOTIVATION

Models with extended Higgs sector
« 2 Higgs Doublet Model (2HDM)

e Electroweak Singlet (EWS)



The Higgs sector contains 2 complex doublets (O, ®,), resulting
in 5 Higgs bosons after spontaneous symmetry breaking
e Interpret the 125 GeV Higgs as h — search for the heavier H ‘ ‘

Charged, CP-even

Parameters of 2HDM Several types of 2HDM
e Masses of the bosons e Type-1: @, couples to all °

quarks and leptons

e tan(P): ratio of vacuum
expectation values of doublets o Type-2: @, couples to down- Neutral, CP-odd

e a: mixing angle of doublets type quarks and leptons, e .
®,couples to up-type quarks aa
The width of the heavy Higgs is highly dependant on Neutral,.’CP'-'ei/'e'ﬁ:

the 2HDM parameters

e Results in narrow width over large part of the 2HDM parameter space

The H—ZZ channel presents a 2HDM interpretation (type-1 and -2)



Simple extension to SM Higgs sector with an additional singlet, resulting in
2 Higgs bosons after spontaneous symmetry breaking
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Couplings of both Higgs scales in relation to SM couplings ° G

e Preserves unitary in vector boson scattering Neutral CH.ova
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H can have non-SM decays

k*(h) + K*(H) =1

« Branching ratio to non-SM decays given by BR__

H width varies as function of couplings and BR__,

Given current measurements of signal

AP W TPPPIPN | WP ML P TP
LHCHIGGS XS WG 2013

strength for light Higgs, if BR__, = 0,
H will have small width

The H>WW channel presents a EWS-like
interpretation by scanning over multiple widths




OVERVIEW OF SEARCHES



The ZZ and WW high mass searchesrely g "°f T eearev]
on 20.3 fb™! recorded at /s = 8 TeV % 1_ . i
© ‘VB
Both channels search in multiple final 10_1: Ww iy )
states, which are then statistically 7 "\ 21149
combined to provide a combined limit 107 | 2z = 1w
ZZ — I'TI'T
Both channels classity events according 10° 5/ Fvob -\ 3
to production mode |\
. 10 '
* ggF- or VBF-like 100 200 300
* Determined from jet multiplicity
* Asignal strength parameter is defined
for each production mode (pggr, Hver) B
Channel Final states
4 41, llv, llgq, vwag
WW Ivlv, lvgqg

LHC HIGGS XS WG 2012




Different results are produced, depending on the various signal scenarios

Narrow Width Approximation (NWA)
» Signal modelled as a narrow resonance with I'y= 4 MeV (['smhe@125 Gev)
» Width fixed as function of mass
* Interference with light Higgs and diboson continuum neglected
» Used for pseudo-model independent results and 2HDM interpretation

Complex Pole Scheme (CPS)
* Lineshape derived with full complex Higgs propagator
« Width identical to SM higgs, I'i(my) = I'sm(my) > 103E'
e Interference with diboson continuum included %102;
o Used for SM-like results -

Intermediate width

o Width of CPS samples scaled down to 20%, 40%, :
and 80% of 'sm 107

e Used for EWS-like results _
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O(100) GeV) and sensitivity

Final state Selected final state Discriminant Event categories Main backgrounds
objects*
41 2 lepton pairs** M 4| ggF/VBF/VH Y4
1 lepton pair**
llvv pETmist Mt ggF/VBF 77, WZ
1 lepton pair** , ,
llgqg 1 or 2 jets Mij(j) ggF/VBF Z+jets, top, diboson
v Epmiss M - Z+jets,
a9 1 or2jets T 99 W+jets, tt
N — . —— * lgnoring jets for VBF taggin
E 0 ;AlTLAS | | -»-Data | _§ E 10° __ATLAS -o- Data _| *% g+ ~ g+J B gg g
o [ Vs=8TeV,203fb"  [HggFH(200GeV) | S [ (s=8TeV,20.3fo"  [EIggF H (400 Gev) - Mporee
5102§_H—>ZZ—>IIII, ggF DZqX—‘:Zsz. limit % - H—ZZ-livv ggF ng:";;- limit 1 *** More details in backup
& | Moo 7z 2 " Bl IV OGF B3 E
[ |Z+jets, tt | = Z+jets N .
5 10) Zuncertainty o 1[ o s Channels have vastly different
5 A linceninty © experimental resolution (O(1) -
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THE H=>WW SEARCHES

arXiv:1509.00389
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Final state Selected final state Discriminant Event categories Main backgrounds
objects*
2 leptons**
lviv . miss mr ggF/VBF WW, top
1 lepton**
lvqq Eqmiss Miyjj ggF/VBF W+jets, top
2 jets
% E‘I""I'é'l""""""I"_'.'_I'D"'I""I"" %J S
104 ATLA ; atas s @ stat — —&— Data ] . . .
@ ys-aTov[Ldie 203" = gfgggg:_ATLAs . % sueposy 3 * Ignoring jets for VBF tagging
> 10° & H->WW- evuv + 0 jets, SR 1 Waets & Mottt 2 E (s=8 Tevf Ldt=203T0 " [ wajets - *%
-oUEJ S = Zy 9 16000 ultiie — IJ ore
) = [ Other WV 2 - [ ] Muttiet -
- H[125 GeV] = C o - . .
d 10 Skt 3§ 000 B oo 1 * More details in backup
10 evuyv 0 jets 10000 [ Hcps.s00Gevie0 3
1: 8000
E = cle . . .
: 50005 Sensitivity of final states differs
107 4000,
- | om B’ el  ACross mass range
100 200 300 400 500 600 700 800 m90[0G ;8?0 200 300 400 200 600 00 800[G s\;/(])o
m . |Ge .
s ey S e 20 o Low mass: lvlv dominates
8 ~ ATLAS % gl?/:_a(sysestat) , 8 —&— Data .
S 102 Vs=8TeV [Ldt= 203 1" - Zy - « Y oM (sys @ stat) E
E ; H—-WW-— evev / uvuv+ 2 jets, SHE:WV?ZSG § < 600 [ Waiets . ° LeSS baCkg round
g B = Ot[h_er weV] ) - @ 500 (] Muttet = 1 I
g 1oL SPEAT 7o -« High mass: lvgg dominates
~ - S 400 I Divoson/Z+jets —
| evev2jets Corem e e Higher BR and better
. .
o 200 experimental resolution
100




RESULTS

Pseudo-model independent limits on oy xBR
e H—=ZZ, Narrow Width Approximation

e H>WW, Narrow Width Approximation

Model-specific scenarios
e H—/Z/Z, constraints on 2HDM type-1 parameter space

e HWW, [imits in EWS-like scenario

In backup
e HPWW, Complex Pole Scheme

e H=/Z/, constraints on 2HDM type-2 parameter space
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H—ZZ Narrow Width Approximation

3‘ _l | I [ I [N I [ I [ | L | | | | | | E _| T | T T 11 | T T 11 | T 11 | T 1T 11 | T T 11 | T T 11 I T T 11 I T T 1 l_
o - ATLAS — = llll expected - o - ATLAS — = llll expected -
N oL Vs=8Tev,203f" -~ H4a+vvaqexpected N 10L (s= 3! - lag+vvaq expected |
N 10 C STEPEY lIvv expected 3 N 10 = is ) 8TeV,20.3 1o SRRy lIvv expected :
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E : —e— Combined observed : E : —e— Combined observed :
% [ +1o0 o [ <10
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L - ] i - ]
3 1 < :
o ggF i R | VBF 1
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Pseudo-model independent limits obtained by setting limits
separately for pggr and pver

* Avoid model-specific assumptions about ggF/VBF ratio
* |n observed limits, the p not being fitted is profiled

No indications of a heavy Higgs
* Upper limits on ggF: 0.53 pb — 0.008 pb
o Upper limits on VBF: 0.31 pb — 0.009 pb



LIMITS ON OuxBR(H—=>WW)
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H—-WW Narrow Width Approximation

ATLAS

I T TTTTI
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No indications of a heavy Higgs
* Upper limits on ggF: 0.91 pb - 0.021 pb
* Upper limits on VBF: 0.23 pb — 0.006 pb



CONSTRAINTS ON 2HDM
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H—2ZZ Narrow Width Approximation

@_ _III|IIIIIIIlIIIIIIIlIlIlIIIIIII & Ill|||||||£II|I|I|IIIIIII
H—2ZZ, m =200 GeV H—ZZ, cos (-o)=-0.10
c c
8 ATLAS SupmTypel & o ATLAS oM Typel .
—— Obs 95% CL limit [] +10 band - —— Obs 95% CL limit [ 1o band -
s=8TevV .. Exp 95% CL limit [ ] 20 band - Is=8TeV ... Exp 95% CL limit [ J+2cband -
20-3 fb Ej Excluded ~ 20.3 fb @ Excluded D FH > 0.5%mH_
f? ; 2HDM type-1,
; i cos(B-a) =-0.10
2HDM type-1, /'~
mu=200 GeV /)
AT - R ]
1 IS SIATASO | B IAAALATAD ] | | .‘. ." .. 40 10 ]
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Constraints on 2HDM parameter space obtained by fixing ggF/VBF
ratio according to values of cos(f3-a) and tan({3)

The range of cos(B-a) and tan(p) is limited to the region where the
Narrow Width Approximation is valid

Similar plots with type-2 in backup 1 ()
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H-WW intermediate width scenario

L e L L L e 9
oL ATLAS __oObs.x’=08 | Assume scale factor k< between
= heww  lviviivgq —Bpx=08 3 SMand EWS scenario
N —— S. K =U. Z ,
- (s=8TeV f Ldt = 20.3 fb” ...Exp.x%=0.4 -1 < Limits set for different values of k*
10E Obs. k2=0.2
= Exp. k%=0.2 - ”
_ - /
ke, 2 o = K™ XO
NN ggF+VBF _ H H,SM
; T : Iy = «*xThHsm
10 ggF+VBF production TSI e 1
§ % BR;, = BRSM,i
II_I 1 l I _I

'2 1 | I 1 | | | 1 | 1 1 | | 1 1 l | 1 | | l 1 1 1 1 | | | 1 |
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The parameters of a true EWS are constrained by measurements of the 125
GeV Higgs

* This approach allows a greater spectrum of possible widths to be explored

ggF/VBF ratio assumed to follow that in the SM
* Limits set on the global signal strength p



SUMMARY



ATLAS presented searches for heavy Higgs bosons with the run-1 dataset
in the ZZ and WW channels

e No indications of additional Higgs bosons observed so far

H—ZZ interpretations done on the basis of the Narrow Width Approximation
e Pseudo-model independent limits on oyxBR(H—ZZ)

e Constraints on the 2HDM parameter space in type-1 and type-2 2HDM

The H=WW channel presents results with three different signal scenarios
e Pseudo-model independent limits on limits on oyxBR(H—=>WW)

e Performed with both Narrow Width Approximation and Complex Pole Scheme
e EWS-like limits on oyxBR(H—=WW)

e Intermediate-width scenario



OUTLOOK

Sensitivity expected to increase rapidly at /s = 13 TeV and become comparable
to Run-1 analyses with as little as ~5 fb"'

©. Guilian
mu [GeV] Run-1 Run-2 5 b’
200 6.25 6.05
600 4.59 7.01
1000 1.3 2.01
mu [GeV] Run-1 Run-2 5 fb'? |Run-2 30 fb’
200 1.2 1.24 3.04
600 3.6 5.64 13.81
1000 0.7 1.21 3.25
S/B H-WW-Ivqq, ggF > Diglio
my [GeV] Run-1 Run-2 5 fb'7 |Run-2 10 fb"’
300 3.95 3.99 5.65

Stay tuned for early Run-2 analyses!
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LIMITS ON OuxBR(H—=>WW)

H—-WW Complex Pole Scheme (SM-like scenario)
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No indications of a heavy Higgs
* Upper limits on ggF: 1.20 pb — 0.040 pb
* Upper limits on VBF: 0.26 pb — 0.020 pb

"800 900 1000
m, [GeV]
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CONSTRAINTS ON 2HDM arXiv:1507.05930

H—2ZZ Narrow Width Approximation

o lII||II||I|-|I|Z|ZII||2|0IO|GIIVI||II|III o ||||||||||£||||||||[||l||
c - —&E, M = e . - H—ZZ, cos (B-a)=-0.10
s | ATLAS  5pm Type lI ] S 10 ATLAS ,upm Type lI -
—— Obs 95% CL limit [ +1o band . —— Obs 95% CL limit [ 1o band -
- (s=8TeV .. Exp 95% CL limit ] +20 band - - Vs=8TevV ... Exp 95% CL limit (] +2 band
20.3 fb /] Excluded - 20.3fb™ 77| Excluded [T, > 0.5%m, -
- 2HDM type-2,
- cos(B-a) =-0.10

-08 -06 -04 -02 0 02 04 06 08
cos (f-o)

Constraints on 2HDM parameter space obtained by fixing ggF/VBF
ratio according to values of cos(3-a) and tan([3)

The range of cos(3-a) and tan(P) is limited to the region where the
Narrow Width Approximation is valid
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Events / 10 GeV
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s=8TeV,203f"  [MogFH(200Gev) | o 10°EVs=8Tev,20.3f6"  EVBFH (200 GeV)§ S 10k Vs=8TeV,20.3fb"  [VH(200GeV) -

102 H—>Z2Z-1lll, ggF 5 x obs. limit g H—2ZZ-llll, VBF 5 x obs. limit T - H>ZZ I, VH 5 x obs. limit -
: [Haa-2z 1 2 WVH(200GeV) | o [agq-2z i
i Wgg—2Z i 510 5xobs.limt ] T Hag-2Z 1

10 [[1Z+jets, tt . Lﬁ Clag—zz u>_| 1 : [ |Z+jets, tt E
%7 Uncertainty Mgg—-22z | i 7 ]
_ 1 WZsjots, 72 Uncertainty ]
1 | 7 Uncertainty 10_1 _ .
g E 107 : E
B 1 . _
10 3 10—2 E 10_2 - _g
L i ] i
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HoZZ-llvv

Transverse mass is defined as (% (\/m + [P+ A2+ |Em| ) |ﬁ”+Emlss
> - T 1 " 1 T 1 T 1T 4
8 10% = ATLAS -o- Data _
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H—-ZZ—llgg

Np—tag ggF Merged VBF

mi;; CR eu CR m; SR m; CR mi;; SR ms;; CR

0 b-tag —
ii | MV1cSum

1 b-tag - mij mij miijj miijj

mijij

—— Data
103 ATLAS mm ggF H (400 GeV)

\s =8 TeV, 20.3 fb 30 x obs. limit

H—ZZllgq t d B Z+hf
—4c—lqq tagge  Z+bl

i Z+cl
w1 Diboson
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Uncertainty

Pre-fit background
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I I I I I T I I T I T I I | |
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H—=ZZ-llgq

Categories
Np—tag ggF Merged VBF
Merged Category mjj SR mjj CR eu CR mSR mj CR mjj SR mjj CR
0 b-tag —
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10 ﬁ:’w‘ﬂj = - i
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— 9%%%% E — -
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H—-ZZ—llgg
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H—=Z/Z—-vvqQ

Data/Pred
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H->WW=lvlv

Category Njet =0 Njet =1 Njet 22

Two isolated leptons (£ = e, u) with opposite charge
lead sublead
: pt " >22GeV, py > 10 GeV

Preselection DF: my; > 10 GeV
SF: mgp > 12 GeV, | mee — mz | > 15 GeV

Lepton pr plT‘?ad > 60 GeV plTead >55GeV p}Fad > 45 GeV

pSTublead >30GeV p:°‘r“bl""1ld >35GeV p?r“blead >20GeV

Missing transverse
momentum

DF: pfl’}iss >45 GeV

SF: ET“,‘;SI >45 GeV

DF: piss > 35 GeV

SF: Eflft;isl >45 GeV

DF: EX'SS >25 GeV
,calo
. SS
SF: ET'% > 45 GeV

SF: p,lni“risl >65GeV  SF: p%“rf’l >70GeV -
. - Npjet =0 Npjet =0
General selection pif > 60 GeV - pyt <40 GeV
- - mijj; > 500 GeV
- - Ay jj = 4.0
VBE topology - - No jet (pt > 20 GeV) in rapidity gap
- - Both ¢ in rapidity gap
H—-> WW — vty mee > 60 GeV myee > 65 GeV DEF: mge > 60 GeV, SF: myge > 45 GeV
topology Anee < 1.35 Anee < 1.35 Ange < 1.85
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H->WW=lvlv

Transverse mass is defined as it =

Events / 40 GeV
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H->WW=lvlv
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H->WW=lvlv
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H->WW-=lvqgg

Object selection 1 isolated charged lepton (e or p): pr > 25GeV, 5| < 2.4
ET >, > 60GeV
jet: pr > 30GeV, || < 4.5
large-R jet: pr > 100GeV, || < 1.2
VBF selection (> 4 jets) or (> 2 jets + > 1 large-R jets)
mj,,j, > 600 GeV
py > 40GeV
Ay(jr, j2) > 3.0
ggF selection not VBF tagged and (> 2 jets or > 1 large-R jet)
Further selection, hadronic
W boson reconstructed as: jet pair large-R jet
Decay topology p!%“" > 60 GeV -
Ap(jj) <2.5 -
A¢(j,€) > 1.0 A¢(J,¢) > 1.0
Ad(j, ET ) > 1.0 A$(J,ET ) > 1.0
Ag(¢, E%‘CS:JO) <25
b-tagging

veto events with:

both W candidate jets b-tagged b-tagged jet with AR(j,J) > 0.4

or any other jet b-tagged -

W-mass window

65GeV < mj; < 96 GeV 65 GeV < my <96 GeV
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H—=ZZ SYSTEMATICS

ggF mode VBF mode

Systematic source Effect [%] | Systematic source Effect [%]
my = 200 GeV

gg — ZZ K-factor uncertainty 27 gg — ZZ acceptance 13

Z+hf A¢ reweighting 5.3 | Jet vertex fraction (€€qq/vvqq) 13

Luminosity 5.2 | gg — ZZ K-factor uncertainty 13

Jet energy resolution (¢££qq/vvqq) 3.9 | Z + jets A¢ reweighting 7.9

QCD scale gg — ZZ 3.7 | Jet energy scale n modelling (££qq/vvqq) 5.3
mpy = 400 GeV

qq — ZZ PDF 21 Z + jets estimate (££vv) 34

QCD scale gg — ZZ 13 Jet energy resolution (£€€€/LLvv) 6.5

Z + jets estimate (££vv) 13 VBF Z + jets my;; 5.5

Signal acceptance ISR/FSR (£€€€/{Lvv) 7.8 | Jet flavour composition (£££€/€€vv) 5.3

Z +bb, Z + cc, pff 5.6 | Jet vertex fraction (£€qq/vvqq) 4.8
mp = 900 GeV

Jet mass scale (£€qq) 7 Z + jets estimate (££vv) 19

Z + jj p% shape (vvqq) 5.6 | Jet mass scale (££qq) 8.7

qq — ZZ PDF 4.3 | Z + jj p¥ shape 7.3

QCD scale gqg — ZZ 3.5 | Jet energy resolution (€€€€/ELvy) 4.4

Luminosity 2.6 | Jet flavour composition (V' V/Signal) 2.6
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