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Probing 2HDM with ATLAS

Overview

e Motivation
e 2HDM overview

e Experimental searches
— Charged Higgs
— Heavy scalar/pseudoscalar Higgs decay to 77

— Heavy pseudoscalar Higgs decay to Zh
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Probing 2HDM with ATLAS
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Probing 2HDM with ATLAS

The Two-Higgs-Doublet model

Two complex doublet scalar fields — 8 degrees of freedom

After electroweak symmetry breaking, W™ and Z bosons

acquire mass

5 Higgs particles remain: h, H, A and HT

Free parameters: masses of Higgs bosons, and two additional

parameters (a and f3)
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Probing 2HDM with ATLAS

ATLAS BSM Higgs Searches at 13 TeV

Not 2HDM or MSSM searches

2HDM or MSSM searches -
H — hh — bby7y - ATLAS-CONF-2016-004

H — hh — bbbb - ATLAS-CONF-2016-017

Charged Higgs

HTE 5 70U - aXiv:1603.00203

Neutral Higgs

H — ZZ — 4¢ - ATLAS-CONF-2015-059

H/A —S T7T - ATLAS-CONF-2015-061 H — ZZ — EEVV - ATLAS-CONF-2016-012

H — ZZ — 0lqgq - AtLAS CONF-2016-016
] ] H — WW - ATLAS-CONF-2016-021
Higgs-to-Higgs

Boosted resonances - ATLAS-CONF-2015-

A / H — Z h(125) - ATLAS-CONF-2015-015 068, ATLAS-CONF-2015-071, ATLAS-CONF-2015-075

X — 7YY - ATLAS-CONF-2016-018

X — Zry - ATLAS-CONF-2016-010
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Charged Higgs searches (arXiv:1603.09203)

Search for H* — 1v
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Charged Higgs searches (arXiv:1603.09203)

Search for H* — v

Background estimation

o True 7: tt, W-jets from MC, validated in
control region (CR)

e Fake T:

— From jets (QCD multijet):

driven

— From

leptons

(top,

V +jets,

data-

di-

bosons): shapes from MC, normalisa-

tion from data
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13 TeV hMSSM results (3.2 fb~—1)

e Values of tan 3 from 42-60 ex-
cluded for m 1+ = 200 GeV

e At tanf8 = 60, 200 < my+ <
340 GeV excluded
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Neutral Higgs searches (ATLAS-CONF-2015-061)

Search for H/A — 771

e Decays of H/A to 7-leptons enhanced in MSSM for large values of tan

TlepThad €vent selection _
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Neutral Higgs searches (ATLAS-CONF-2015-061)

Search for H/A — 771

Background estimation 80
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13 TeV hMSSM results (3.2 fb~ 1)

e tan 5 > 10 excluded for ma = 200 GeV (95% CL)
e At tan 3 = 60, 200 < ma < 1200 GeV excluded
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A — Zh search (ATLAS-CONF-2016-015)

Search for A — Zh, h — bb

e Resonant production of heavy pseudoscalar decay- 3 _,
0] ATLAS Preliminary - Ao Zh (0=1131b)
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Z e
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e Categories used to separate decay channels and to

improve analysis sensitivity
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A — Zh search (ATLAS-CONF-2016-015)

Search for A — Zh, h — bb

Background estimation

o W/Z+jets, tt shapes from MC, normalisations from CR

e Several “W/Z+jets" CR defined based on number of leptons and b-tags
e Additional tt CR defined with e and p

e Diboson and single top from MC
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Summary

Summary

2 ATLAS has a rich program of searches for BSM Higgs

2 Results presented here cover searches for charged Higgs, CP-even and CP-odd neutral
Higgs decaying directly to leptons and quarks at 13 TeV

2 This is just the beginning... 2016 will be an exciting year for BSM searches!

> See Ben Kaplan's talk (Tuesday, 2:45 pm in BSM Higgs Il) for H — hh and other
interesting Higgs decays

> See Ben Pearson’s talk (Monday, 5:30 pm in BSM Il) for H — dibosons
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Backup Slides

Backup Slides
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ATLAS detector

Muon Detectors Tile Calorimeter Ligquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Search for A — Zh, h — bb
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Searches for H — hh

e Heavy Higgs bosons in 2HDM models can decay to lighter Higgs bosons

bbyy and bbbb are promising states due to large branching fractions for Higgs decay

No interpretation done (yet) in terms of 2HDM or MSSM models

More details in Ben Kaplan's talk in BSM Higgs Il (Tuesday at 2:45 pm)
H — hh — bb~vy~, narrow-width X H — hh — bbbb, spin-0 narrow-width H
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13 TeV hMSSM results (3.2 fb—1)

N

bbyv: Observed 95% C.L. limits range from 7.0 to 4.4 pb for 275 < mx < 400 GeV
bbbb: Observed 95% C.L. limits range from 30 to 300 fb for 500 < mx < 3000 GeV
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H* — 7v control regions

W — 1v control region _
tt control region
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e Selection:
— m7 < 100 GeV
— zero b-tagged jets

e Selection:
— m7r < 100 GeV

— two b-tagged jets
e Used to correct normalisation of simu-

lated W — 7v background
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H* — 7v MC samples

e Signal samples:
— H™ produced in association with single ¢
— Generated in 4FS at NLO with MadGraph5_.aMC@NLO v2.2.2
— NNPDF23LO for PDFs

— Pythia8 v8.186 used for showering with A14 tune for underlying event

e Background samples:
— tt, single t (s- and Wt-channels): Powheg-Box v2, CT10

— single t (t-channel): Powheg-Box v1 with 4FS for NLO ME calculations with
CT10F4, t decayed with MadSpin

— W/Z+jets: MadGraph5_.aMC@NLO v2.2.2 at LO with NNPDF23LO PDF
set, Pythia8

— Diboson: Powheg-Box v2 with Pythia8, CT10 NO for HS, CTEQ6L1 for
parton shower

18
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H* — 7 fake factor method

e Jet — Thad-vis background includes processes where a jet is reconstructed as a Thad-vis
e Control region consisting of misidentified 7,4-vis used to measure fake rate

e Selection same as signal selection except:
— ER'™® < 80 GeV
— zero b-tagged jets

e Fake factor (FF) defined as number of misID 7,,4.vis candidates fulfilling nominal selection to
number of misID 7Ty.4-vis candidates satisfying “anti-Thad-vis  Selection

® anti-Thad-vis Selection: inverted Tha4-vis |ID criteria with loose requirement on BDT output
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H* = 1v

Sample Event yield
True mhaq

tt & single-top-quark 590 £170

W — tv 58 =+ 14

L =TT 6.4+ 2.0

diboson (WW, W Z, Z7) 4.3+ 1.3
Misidentified e, 1 — Thad-vis 40 £+ 6
Misidentified jet — Thad-vis 196 4+ 24
All backgrounds 900 =+ 170
HT (200 GeV), hMSSM tan 8 = 60 175 £ 28
H™T (1000 GeV), hMSSM tan 3 = 60 20£ 0.2
Data 890

- R. Harrington, ATLAS
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H* — v

Source of systematic Impact on the expected limit (in %)
uncertainty my+ = 200 GeV  mpy+ = 1000 GeV
Experimental
luminosity 2.0 1.1
trigger < 0.1 < 0.1
Thad-vis 2.7 1.1
jet 0.4 < 0.1
Eiiss 0.3 < 0.1
Fake factors
statistical limitation 4.5 0.7
true m,.q contamination < 0.1 < 0.1
anti-mhaq.vis BDT score 0.2 0.6
Signal and background models
tt cross section 0.2 < 0.1
tt modelling 7.5 1.0
I signal modelling 1.4 1.3
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H/A — 77 production
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H/A — v MC samples

e Signal samples:

— b-associated production: MadGraph5_.aMC@NLO 2.1.2 for 9 masses between 200
and 1200 GeV

— Gluon fusion: same masses generated with Powheg

— Pythia 8.2 for parton shower, underlying event and hadronisation

e Background samples:
— W/Z+jets (except ThadThad): Powheg-Box v2 with CT10 PDF set, Pythia8.186

— Wjets for ThadThad: Sherpa 2.1.1 up to 2 partons at NLO, 4 partons at LO usign
Comix and OpenlLoops, meged with Sherpa PS model using ME-+PS@NLO (# events
with high p:,VY too small with Powheg)

— tt, single t (s- and Wit-channels): Powheg-Box v2, CT10

— single t (t-channel): Powheg-Box v1 with 4FS for NLO ME calculations with CT10F4,
t decayed with MadSpin

— Diboson: Sherpa 2.1.1, calculated up to 1 additional parton at NLO, and up to
3 additional partons at LO using Comix and OpenLoops, merged with Sherpa PS
model using ME4+PSQ@NLO prescription
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H/A — 77 data-MC comparisons
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H/A — 77 fake factor

o Jet — Thad-vis background includes processes where a jet is reconstructed as a Thad-vis
e Control region consisting of misidentified 7y ,4-vis used to measure fake rate

e Selection same as signal selection except following:
— Wjets lep-had: 60(70) < mz (£, EF'®%) < 150 GeV for 7, Thad (Te Thad
— Multijet lep-had: isolation requirement inverted for lepton

— Multijet had-had: no b-tag requirement

e Fake factor (FF) defined as number of misID 7y,,4.vis candidates fulfilling nominal selection to
number of misID 7,,4-vis candidates satisfying “anti-Thaq-vis selection

® anti-Thad-vis Selection: inverted Tha4-vis ID criteria with “very loose” requirement on BDT output
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H/A — 77 MSSM results
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A — Zh MC samples

e Signal samples:
— m4 varied from 220 to 2000 GeV using narrow-width approximation
— A — Zh generated using MadGraph5_.aMC@NLO 2.2.2 (ggF, bbh)
— NNPDF23LO for PDFs
— Pythia8 v8.186 used for showering with A14 tune for underlying event
— my, fixed at 125 GeV
— ma width smeared to values expected for o, tan 3

— Wh, Zh generated using Pythia8.186 for g-induced, Powheg+Pythia8.186 for
g-induced Zh

e Background samples:
— W/Z+jets: Sherpa 2.1.1 with CT10 PDFs
— tt, single t (s- and Wt-channels): Powheg-Box v2, CT10 with Pythia6.428

— single t (t-channel): Powheg-Box v1 with 4FS for NLO ME calculations with
CT10F4, t decayed with MadSpin

— Diboson: Sherpa 2.1.1 with CT10 PDFs, normalised to NLO cross-section
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A — Zh control regions

W / Z +jets, 0-lep, low p¥ W / Z +jets, 2-lep, low p¥ tt, 2-lep, low p¥
> E.H.v..w....]y..v,.|..|v.bavta|.y..‘..|.= > 6.v..]...v,m..]y.H|....[.yba.|m.w.... >109§v_.y||....]..|.,.v..].”w;.“'..v.,‘.'_‘g
& F ATLAS Preliminary = AL Zh (o=113 1b) & 10°E ATLAS Preliminary = A Zh (=113 1b) 3 & ,E ATLAS Preliminary mmm A Zh (o=1131h) 5
S 0Pk 1s=13TeV [Lat=321b" e 3V S \s=13TeV [Ldt-3.21b" v A g 10°E \s-13Tev [Lat-321" _m,}f:fneev E
g E 0/ep.,22iet:,1tag -éh " 3 g o 2:ep.,22iets,1tag -:“ " B % 107; 2lep., > 2 jets, 1 tag -a'"ﬂ:f,?p " _é
r i T ingle to = E ,be,cc,| =
2 oL 150 GeV < p! < 500 GeV o Gindletop by 2 pY <500 Gev o Singletop oy 5 2 106;_pr<5006eV - Wl E
g E m, <110 GeV 140 GeV <m o Wael E ">’ <110 GeV, 140 GeV<m o Weel 4 °>’ E eun W+l E
it} S bb Wl E i} Moo oo mmm Zs(blcl) ] i} SF = Z+(blcl) 3
I mm Z+(bl,cl) - -Z+§bb,bc,cc) - 10° = Z+(bb,bc,cc) =
1 04 — = Z+(bb,bc,cc) — 4 Z4l i _ E Z+l i El
Z+l 3 10 Uncenalmx El a4l Uncertaint:
Y Uncertainty = = Pre-fit background I 10 B ... Pre-fit background 5
..... Pre-fit background 3 SE e 3
10° < 1 10° et S —
= 3
3 10 10?
2
10 10
2
10 10 1
1
oo flo b ollonnollooonllonon o llrn ol nnafl i llo i allonnnflonanllonns 10
_c'1.2;—4vww|uw||‘|vw||w||w‘lvw||w|vw|vu||‘w|v>—7 _d1.1>4uw||w|vw|vw||‘w||w||w|v4vww|ww||‘||w _o'1.1_4|v|||v|||4|vu||u|||||vw|w||||||||v||
o £ ] o E + o E +
% 1E NSNS : % 1§ N SN\ % 1E
wog—.. L L I~ © 09 Loy b b b Lo Lo b s 0.9
o 00 300 400 500 600 700 800 500 1000 O 200 300 400 500 600 700 800 900 1000 O 200 300 400 500 600 700 800 900 1000
m.(Vh) [GeV] m(Vh) [GeV] m(Vh) [GeV]
>105§.‘.,y..w.u.,y..y,.y..,v..,....[..yé > R I R A RSN S R >108§ LRAARRAL AR RARRE BN SRR AR
& E ATLAS Preliminary = A (oe11316) T & 107k ATLAS Preliminary = A (52113 1b) 8 _E ATLAS Preliminary = A Zh(c_113fb) 3
S [ vs=13Tev [Ldt=32" — 500 GeV . g s-1aTev JLat=321" 500 GeV g 10°E \s=13Tev [Ldt=321b" e E
N 10 E Olep., > 2jets, 2 tags -:Ith E N 10 E 2lep., > 2 jets, 2 tags -Vh N 106;_z’lep., > 2 jets, 2 tags =§v(§§‘:&%c by ]
|2} C \2 il | [2] = v [2] E v - Z- E|
2 F 150 GeV <p! <500 GeV o ndletop by 2oL Py <s00Gey —Sm?bﬁtggccbl) 2 = pY <500 GeV S roeriain E
o 4L m,, <110 GeV, 140 GeV <m o Wacl 1 o E m,_ <110GeV, 140 GeV <m m Z+(bl,cl) S qpSk-en + Pre-fit background ]
o 10%E e bb = Z+(bl,cl) E o bb bb -Z+(bbbccc) o E El
E mmm Z+(bb,be,cc) 3 E 3
c Uncertainty 3 [N Uncenalmy al ]
----- Pre-fit background | Pre-fit background 10 B @eronnony E
E 1°E =
o llannaflannaflnanflonnnllonnnllonanlonns
5 15— e AREE R R e e e o R  RAREEEEE S f{AF T
o £ o o E
o 1k .- . o MMM o 1B * m
s & B 3 SN ~ s ° \
) ST B B © 0.9B .l bl b by e © 0.9B .l Lol
A %6300 400 500 600 700 800 900 1000 O 200 300 400 500 600 700 800 900 1000 O 200 300 400 500 600 700 800 900 7000
my(Vh) [GeV] m(Vh) [GeV] m(Vh) [GeV]

R. Harrington, ATLAS 28 PHENO 2016, Pittsburgh, PA, 9-11 May 2016




Backup Slides

A— Zh,

0-lep

ATLAS Preliminary
\s=13TeV [Ldt=3.21"
0 lep., > 2 jets, 1 tag

150 GeV < p¥ <500 GeV
110 GeV <m,, < 140 GeV

Events / 100 GeV

L L L L L L L L

o b b b b b b Ly

—e— Data
mm A Zh (6=113 fb)
m,=600 GeV

mm Diboson
mm Vh
tt
m Single top
mmm W+(bb,bc,cc,bl)
o Waeel
W+l
m Z+(bl,cl)
= Z+(bb,bc,cc)
Z+l

Uncertainty
..... Pre-fit background

B B B L e o o A L
[ £
Q‘: =SSN ® T * \\\*\\\\N\\\\
g 05E
S 055 il . . . h AP,
O 200 300 400 500 600 700 800 900
my(Vh) [GeV]
2 L A I I A I I
10} 1o5§— ATLAS Preliminary mm A— Zh (6=113 fb)
= E \s=13TeV [Ldt=321" v
g 104__ 0lep., > 2 jets, 2 tags -xh
E v Si
-‘g = 150 GeV < p7<500 GeV =V\;:?t:§,'b°cljcc,bl)
9 - 110GeV <m,, <140 GeV o Wacl
m 10°e m Z+(bl,cl)
E ] §+§bb,bc,cc)
Bl U:lcenain
102 i e Pre-fit background
10
1
107"
S A 5E T T T T T
9] E
% 1 w\\\\‘\\\\\\\\\*\\\\\\ SN M \\\\
T 055 ;
0O 200 300 400 500 600 700 800 900 1000

= R. Harrington, ATLAS

m;(Vh) [GeV]

29

1000

low p; categories

2-lep

ATLAS Preliminary
\s=13TeV [Ldt =32 b
2lep., > 2 jets, 1 tag

p¥ < 500 GeV
110 GeV <m,,

Events / GeV

, < 140 GeV

lvv‘lllv[llll|ll||||vv'||yxy||||||1||

—e— Dat
- A—> Zh (5-1 13 fb)
m,=600 GeV
[} D'i)oson
m Vh
it
mm Single top
mmm W+(bb,bc,cc,bl)
o Weeel
mm Z+(bl,cl)
- §+§bb,bc,cc)
+

Uncerlainlz
..... Pre-fit background

35 S ‘ —
o
a
8
© N B \ .
o QOO 300 400 500 600 700 800 900
m(Vh) [GeV]
> T T T T T
8 . ATLAS Preliminary mm A Zh (6=113 fb)
5 10E s-1aTev [Lat=321m" o D600 GeV
‘GE; 10° 2 lep., > 2 jets, 2 tags - Vh
> Si
i Py <500 GeV = b e bi)
102 110 GeV <m,, <140 GeV mm Z+(bl,cl)

- —-
< o
L |

-
S
w

mm Z+(bb,bc,cc)
Uncertainty
..... Pre-fit background

-
RS,

Data/Pred.
o

200 300 400 500

PHENO 2016, Pittsburgh,

600 700 800 900
m(Vh) [GeV]

PA, 9-11 May 2016 ==



Backup Slides

Events / 500 GeV

Data/Pred.

Events / 500 GeV

Data/Pred.

= R. Harrington, ATLAS

A — Zh, high p; categories

0-lep

] A A B o S B
F ATLAS Preliminary -A—>Zh(c-113tb)

a0l 1s=13TeV [Lot=3210 - DAb;fs"o,,G
- Olep., > 1large-R jets, 1 tag
- Sln e top
C 500 GeV < pV - W¢?bb be,cc,bl)
25 75Gev < m,, <145 GeV = 2e(Bleh

mm Z+(bb,bc,cc)
Z+l

Uncertainty

2= | = Pre-fit background

15

10

III|IIII|IIII|I|II|]\I|III|[|IIII|

15F T T T L B B
1 \\ \{\\ AT %

05.\...

m.(Vh) [GeV]

ErT T -
= . Dat —
2'45 A LAS Preliminary =A Zh (o=113fb) 7
2.2 (5=13TeV [Ldt=3.21b" o el 3
2F Olep., > 1 large-R jets, 2 tags E ‘{" -
1.8 500 GeV <pY - W(bb,becobl) 3
E 75GeV <m, . < 145 GeV W+l I
1.6 bb  Z+(bl,cl) —
= B Z+(bb,bc,cc) -
1.4F Uncertainty i
E == Pre-fit background
1.2 N\ —
1= =
0.8 —
0.6 —
0.4k =

LN L B B L B B

(1)2 TR \\X\\\\\\X\\\\\\

I I B L L
0™600 800 1000 1200 1400 1600 1800 2000

m;(Vh) [GeV]

30

800 1000 1200 1400 1600 1'80(') 72000

2-lep

> UMMM B S RS
& 10/~ ATLAS Preliminary = A Zh (0=1131b) |
= | \s=13TeV [Lot=3.21b" s Dlboton - 4
© I 2lep., > 1large-R jets, 1 ta =§:§g{;ﬁ',)c‘cc) -
‘g 8 ,_ 500 GeV < p: lZJ:\ce_rlainly ]
q>) | 75GeV Smbb<145GeV ..... Pre-fit background

i} L J

6 _

41— _|

2_

9 PR
?;15.,”.|,H|.H‘.,,H.|H|..‘
% 1%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

8 05 h
© P N IR BRI BN BRI R B
a © 600 800 1000 1200 1400 1600 1800 2000
m(Vh) [GeV]
> L L B B0 WA B
& 0.5 ATLAS Preliminary = A Zh (0=1131b) |
S [ \s=13TeV [Ldt=321b" OV
© T 2lep., > 1large-R jets, 2 tags =§:§g:;j',)c’cc) .
£ 0.4~ 500GeV < 14 U;cqnaint‘)(' —
q>) L 75GeV smhb<145GeV ..... Pre-fit background _|
& C 2
0.3~ ]
0.2 -
0.1 ]

P I N R PR R
81%""
% 0'51 SAAAAAN
® pEil ol by b b by Ly
o 0 600 800 1000 1200 1400 1600 1800 2000

PHENO 2016, Pittsburgh, PA, 9-11 May 2016 ==

m(Vh) [GeV]



