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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/

Introduction

« Many ATLAS BSM Higgs searches in many final states: too many to cover all
here!

- Searches for heavy Higgs (2HDM/MSSM inspired):
eg. H->11/\WW/ZZ,yy, A—Zh, H—hh

- Searches for charged Higgs bosons (2HDM/MSSM inspired):
eg. H-1v/WZ/cs

- Searches for light BSM Higgs bosons: eg. in NMSSM a—py,
h—aa—uuTT1/4y

- Invisible Higgs Decays: eg. VH — hadronic + invisible, ZH—Il +
invisible, VBF H — Invisible

- Exotics Decays: eg. H—Z , Z. ., LFV H-1l, HHyy+MET

(dark) —dark’

« See backup for references to analyses
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Two Higgs Doublet Models

« Extends SM Higgs sector with two complex Higgs doublets, H, and H,
« Leads to five physical Higgs states: H*, H, A(CP-odd), H, h (CP-even)

- accommodate observed Higgs boson naturally as h=125 GeV

- Additional 2HDM parameters: ratio of doublet vevs tan@=v./v,,
CP-even Higgs mixing angle a and m,

* Four types considered:
- Type-I: all fermions couple to H,
- Type-ll: up-type fermions couple to H,, down-type to H,

- Lepton Specific: quark couplings as Type-|, leptons as Type-lI
- Flipped: quark couplings as Type-ll, leptons as Type-|

Coupling scale factor Type I Type I Lepton-specific Flipped
Ky sin(B — a) sin(8 — @) sin(8 — ) sin(8 — a)
K, cos(a)/sin(B) | cos(a)/sin(B) cos(a)/ sin(B3) cos(a)/ sin(B)
Kz cos(a)/sin(B) | —sin(a)/cos(B) | cos(a)/sin(B) | —sin(a@)/cos(B)
K; cos(a)/sin(B) | —sin(a)/cos(B) | —sin(a)/cos(B) | cos(a)/sin(B)
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MSSM Higgs Sector

BR(A)

« MSSM Higgs sector is a constrained Type-ll 2HDM

at tree level

- Tree level MSSM Higgs sector determined by m,

and tanf3

 Consistent with SM-like h=125 GeV

« Neutral Higgs: b-quarks and 1-leptons couplings

enhanced for large tanf3, more numerous decay
modes at low tanp (eg. H-WW,ZZ, A—Zh)

BR(H*)

« Charged Higgs: decay to 1v (tb) dominates below
(above) top threshold

 NMSSM: additional singlet on top of MSSM leading to
light pseudo-scalar Higgs boson

WARWICK
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MSSM A/h/H—-TT JHEP11(2014)056
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-31/

See P. De Bruin Talk 30/07/15
MSSM A—Zh > PLBe 72??2015)163-183
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H —>ZZ ATLAS-HIGG-2013-20
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H —>VVW ATLAS-HIGG-2013-19

 Search for H-WW-—lIvlv and Ivqq
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H—hh

ATLAS-EXOT-2014-11
PRL 114, 081802 (2015)
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BSM Higgs with ATLAS
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Higgs Hunting 2015

BSM Higgs searches, but also act as
preparation for SM dihggs production

H—hh—4b search in resolved (4 b-jet)
or boosted (2 b-tagged large-R jets)

Fit m(4j) or m(2J) distributions with m(h)
constraints on m(2j) and m(J)

H—hh—2y2b search based on 2
photons, at least 2 b-jets with
95<m(jj)<135 GeV

Non-resonant unbinned fit to m(yy):
continuum + h(125) + BSM hh signal

Resonant fit to m(yyjj) with additional
m(yy) = 125.5 £ 1.6 GeV constraint

- sensitivity to tanf3~1 for
intermediate masses
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-11/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-30/

HY-—WZ PRL 114, 231801 (2015)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-13/

& Constraints from Higgs Couplings ., cc.os.0s
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« Combined fit on SM Higgs measurements:

- h-yy, h—ZZ*—4l, h-WW*—lvlv, h—Zy, h —-bb, h — 11, and h — pyp and
tth with h—yy, h —bb and multileptons

- Extract coupling scaling factors relative to SM (k,, k , K, and k) using BSM models

« Significant constraints on 2ZHDM parameter space

« Interpretation in h(MSSM compliments direct searches: observed limit m,>380 GeV

for 1< tanf3 < 50
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-03/

2

NMSSM h—aa ATLAS-HIGG-2014-02

ATLAS-EXOT-2013-24
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WARWICK
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BSM Higgs with ATLAS

 h—aa—uurtT: 7T decays from boosted a
boson lead to collimated ehad or phad:
require lepton with up to three tracks in
AR<0.4

e Fit m(pu): oxBR limits set for h(125) and
100<m(H)<500 GeV

- 0xBR =3.5%*SM (m(a)=3.75 GeV)

e Search in final state with 3 identified photons
for Z/Z'—3y as well as h—aa—4y sensitivity

 Two collimated + two resolved photons due
to boosted a boson

« Fit m(y,,y,): oxBR limits set for h(125) and
125<m(H)<900 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-02/

: ol EPJC (2015) 75:337
& H 1ggsS — Invisible ATLAS-CONF-2015-004
is-0Tl 2031 Amas « Search for invisible h decays in g-fusion
W/Z(—5jj) H(—inv.) l.iEX%eded(CLs) production in VH—)qq+|nVISIb|e deCay mode

—_
T

- Two and three jet channels with 0-2
b-jet categorisation

- 0oxBR limits set for 115<m <300 GeV

| and upper bound on BR—Inv. for SM
10:‘ Lol b b b b b bl | h(125)=78%

1 1 1 11 1
120 140 160 180 200 220 240 260 280 300
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95% CL limit on o, x BR(H—inv.) [pb]

e Search for H—Inv. in VBF production: upper
W0 e e e bound on BR—Inv. for SM h(125) = 29%

- ATLAS Preliminary
L is=7TeV,454.7 fb
8 1s=8TeV,2031b"
- Obs.: ;
—Vis. & inv. decay channels

. e Combination of VBF H—Inv., VH—qq+Inv. and
: ZH—Il+Inv.

6_ ]

[ 7inv.decay channels ] - direct search: upper bound on BR—Inv.
4__ --=Vis. decay channels ; for h(125) — 240/0
) ] - combined fit including visible decay

modes in addition: upper bound on
................ : BR—Inv. for h(125) = 17%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-004/

Summary

« Wide range of ATLAS searches for BSM
Higgs bosons

- multiple final states with

com plementary Coverage Of W 0bs., h couplings [k, k,, k] [ :bs., H— ZZ- 41, Il qq/bb/vy
R EEEEEEE Exp. e Xp.
large regions of phase space =1 obe, At EEEED Obe. o W
------- Exp. ’
. . s As Zhos llivy [ Obs.,, H— 1v
- not time to cover everything here! S oA Exp
. . . ‘g— W' U Uy U U L T T|
* No discoveries of BSM Higgs sector yet, £ 4of ]

however stringent limits set in multiple BSM | |
models ‘

ATLAS Preliminary

\s=7 TeV, 4.5-4.7 fo' 7

« LHC Run2 means plenty of BSM Higgs fun 5 ey ae0a ]
to look forward to 3 '-.. \SSM, 96% CL lmits |

2 b .

- Increase in COM energy 8—13 TeV . R \

. . éOO 250 300 350 400 450 500

leads to large increase in cross m, [GeV]

sections for heavy resonances

- hence drives early searches for
heavy H, H*"

- higher luminosities for searches for
rare and exotic processes

WARWICK  BSM Higgs with ATLAS Higgs Hunting 2015 M.Beckingham (Warwick) 16
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Backup: References

* Neutral Higgs Searches:

A/h/H—1T1 JHEP11(2014)056

A—Zh Physics Letters B 744 (2015) 163-183

hh—4b ATLAS-EXOT-2014-11 (Submitted to EPJC)
hh—2y2b_Phys. Rev. Lett. 114, 081802 (2015)

H—-WW ATLAS-HIGG-2013-19 (note: paper in preparation)
H—ZZ ATLAS-HIGG-2013-20 (Submitted to EPJC)

« Charged Higgs Searches:

H*—1v JHEPO3 (2015) 088
H*-—WZ Phys. Rev. Lett. 114, 231801 (2015)

* Light (NMSSM) Higgs Searches:

WARWICK

h—aa—putt ATLAS-HIGG-2014-02 (Submitted to Phys. Rev. D)
h—aa—4y ATLAS-EXOT-2013-24 (note: paper in preparation)

BSM Higgs with ATLAS Higgs Hunting 2015 M.Beckingham (Warwick)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-30/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-24/

Backup: References

« Dihiggs Searches:

- H—hh—4b ATLAS-EXOT-2014-11 (Submitted to EPJC)
- H—hh—2y2b Phys. Rev. Lett. 114, 081802 (2015)

* Invisible Higgs decays:

- VH—qqg+Invisible: Eur. Phys. J. C (2015) 75:337
- VBF H—lnvisible: ATLAS-CONF-2015-004

« BSM Higgs Couplings and Invisible Decays: HIGG-2015-03 (note: paper in
preparation)
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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/HIGG-2013-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-03/

Backup: The ATLAS Detector

Tile calorimeters

\ : L LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transifion radiation tracker
Semiconductor tracker

« Muon spectrometer |n|<2.4 * EM calorimeter |n|<3.2
(air core toroids + muon chambers)  (Pb/LAr accordion)

« Hadronic Calorimeter |n|<5 * Inner detector |n|<2.5

(Fe+scintillator tiles or LAr+W/Cu) (2 Tesla solenoid, Si pixels,
Si strips + TRT)
WA]QV/ICK BSM Higgs with ATLAS Higgs Hunting 2015 M.Beckingham (Warwick)
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Backup: LFV H—-T1p

Events / 10 GeV

o
o)

Data / BKG

Events/ 10 GeV

Data / BKG

WARWICK
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o
o N
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-
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o
o]
TTT

-
N
TTTTT
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TTTT

S
ATLAS Preliminary —— Data2012,201b"

[ SRiut  events —— H(125) — 1 [BR = 25%

C rad . W + jets (0S-SS)
(5=8TeV [Ldt=20310" g oo ccion

C I Z > o+ jets (0S-SS)

C B Z - pp+ VV(0S-SS)

Syst. Unc.

100 150
mYMC [GeV]

x10*

— -
— ATLAS Preliminary —+—Data2012,206"  —
SR2ut events m— H(125) - . (BR = 25%]

e ., R Z - c4jets (0S-SS) ]
s=8TeV [Ldt=20310 W + jets (0S-5S) ]
I Same Sign 3
B Z - pu+ VV(0S-SS) -
Syst. Unc. ]

1.4

1.2 i ——
1 Lo )
S T ’

0.8 —
50 100 150

myMC [GeV]

BSM Higgs with ATLAS

Search for h(125) decaying to tau(had) + muon

Two signal regions defined by correlation of
m_(4,MET) and m_(1,MET)

MMC (tu) used as discriminating variable

Local significance 2.30 in SR2 for
120 GeV< M,,,,. <140 GeV

Combined significance 1.40

Observed (expected) limits on
BR(h(125)—Tud) = 1.92% (1.24%)

Higgs Hunting 2015 M.Beckingham (Warwick)
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Backup: A/h/H—-TT

Pre-selection

b-tagged

b-veto

WARWICK

BSM Higgs with ATLAS

T — ey

OSeandyp

m(e,u) > 30 GeV
Ap(e,u) > 2.0
MET+pT(e)+pT(H)
<125 GeV
2cosAQ(I,MET) > -0.2

Exactly 1 b-jet
2pT(jets) < 100 GeV
0 b-tagged jets
2pT(jets) < 150 GeV

Higgs Hunting 2015

1T — eth / uth

OS | and th
-No additional leptons
-mT(I,MET) < 30 GeV

Leading jet b-tagged
pT(b-jet) < 50 GeV

Lead jet fails b-tag
MET > 20 GeV

TT — ThTh

Two OS Th
No light leptons
MET > 25 GeV

Leading jet b-tagged
pT(b-jet) < 50 GeV

Lead jet fails b-tag
Lead th pT > 60 GeV

M.Beckingham (Warwick) 21
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Backup: A/h/H—TT

> N N R A RS RARRA RS Fr T T T T T T e S B e e Rt I
8 [ ATLAS,\s=8TeV, IL dt=20.3 fb” ] 8 [ ATLAS,\s=8TeV, IL dt=20.3 b ] 8 r ATLAS,\s=8TeV, _[L dt =20.3 fo! ] Esooooi ATLAS,\s =8TeV, IL dt=20.3fb" 1
i 250 /AT T —e— Data2012 1 o200 hWHA-T, T, —e— Data2012 1 o 700y HA—=T e Thag —e— Data2012 1o [ hHA—ST, T g —e— Data2012 ]
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L K \\\\' Bkg. uncertainty | LI 8000~ [ \\\' Bkg. uncertainty —| L1l . &*& ) Multiet 1 1120000f = Multiet ]
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100F 3 : - ) 3001 3 f .
L ] 4000? ' ] C ] 10000_— ]
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> _|||v|||||‘|||v|v|||‘||||[v||\|\|||‘HII‘\;!I'HII_ > Fr T T T T T T T T T T > 4IIII‘\\V\[IIII'\\\\‘\\\VII\\V‘\\V1I|IIII
8 [ ATLAS,\s=8TeV, JL dt =20.3 fb ] 8 300~ ATLAS,\s = 8 TeV, det: 19.5fb™ - 8 10*= ATLAS,\s =8 TeV, JL dt=19.5fb E
o 300_—h/H/Aﬁ'c|epthad —e— Data 2012 ] o C h/H/A_)ThadThad —e— Data 2012 ] o E h/H/A—)‘Chad’Ehad —e— Data 2012 E
0o [ high mass category my=350,1anf=30 1 O 54 single-t, | trigger m,=350, tanf=30 | T F Thadthag rigger category m,=350, tanf=30
=~ r Z-tt 1 >~ L had 71T 1 = | had'ha Z-tt i
£ 2501 o Zoeelup 4 £ - category I Multijet 1 2 I Multijet
S r B t&singetop ] C o Wow+jets 1 o 10°k o Wotvejets
> r [ ] W+jets & diboson S 200 - B t&singletop > F B it & single top E
W 200f [ Multijet 4 W C ] Others ] u F [ Others ]
L \W\\\' Bkg. uncertainty ] r \\\\\' Bkg. uncertainty | L \W\\\' Bkg. uncertainty |
: ] 1501 ] . 1
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g 1 r 1 10 E
100F 3 100~ - i ]
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Backup: A/h/H—-TT
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gluon fusion d— 1T E
—+— Obs 95% CL limit |
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F mmio .
_ 20 _
7| L1l ‘ L1l ‘ L1l | L1l ‘ L1l ‘ L1l ‘ [ ‘ L1l | L1l I7
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BSM Higgs with ATLAS
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MSSM m™* scenario, M
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S0 ATLAS is=8 TeV, j Ldt=19.5-2023 fb" -
L MSSM "light stop” scenario, M =0.5TevV 1
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Higgs Hunting 2015

500

m, [GeV]

M.Beckingham (Warwick)
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MSSM m™* scenario, M
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Backup: MMC

WARWICK

El“m — Pmis; sin Hmisl COS quisl + Pmiso sin HmiSQ COS émis;

EI‘y — Pmis; S1I1 Hmisl Sl qsmisl + Pmis, S111 gmisz S111 qsmiSQ

6-8 unknowns when
reconstructing mass of di-tau
Invariant mass spectrum,
depending on tau decays
(depending on number of
neutrinos in final state)

T

2 2 2 2 2 2 2
M - mmisl + mvisl + 2 pvisl + mvisl \/pmis1 + mmisl
_zpvislpmisl COS Agvml

2 2 2 2 2 2 2
M’rz — Myyis, + Mg, + 2\/pvi82 + Myisy \/pmng T Minis,
_2pVi32 Pmis, COS Agvmz

Four constraints: METX,

METY, M,,;» My, e -
> I 45<p <50 [GeV] |
Scan parameter space, Soots- ATLAS Simulation
. . . _e - -

calculate di-tau invariant < - Z-»re Simulation

mass at each point and

. 0.01; , — Probability function |
weight by tau decay i ]
likelihood distribution i

0.005—
Most probable value of mass L
used as estimator for di-tau 7 o
maSS 00-'. - IO.OS‘ | 0.1 | b.15| — IO.é -
AB,, [rad]
A.Elagin, P.Murat, A.Pranko, A.Safonov NIM. A654 (2011) 481
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http://www.sciencedirect.com/science/article/pii/S0168900211014112

MSSM A—Zh

See P. De Bruin Talk 30/07/15

PLB 744 (2015) 163-183

% 25_' T T rTT T rrrTrrrTTTT T T T T T T T T T T
5 - ATLAS ¢ Data2012 .
(@] I -1 * ]
ﬂ 2O_x‘s=8TeV, 20.3fb | I ZZ(,)SM Zh _]
%) B i
= - [ ] Fake-7/l background :
D15 N Uncertainty -
B M, =340 GeV -

10 A—Zh— I T/ g Ty

5 —

~ 550300 350 400 450 500 550 600

. mee [GeV
A—Zh—lITT; h [GeV]

Events / 8 GeV

Data/SM

10

T

ATLAS mmm m, = 500 GeV
E 1s=8TeV,20.3fb" SAI\—’;%!':(bb)
E j [
C 2lep., 2 + 3 jets, 2 tags Diboson
Top
mmm Multijet

L L L LB LA L L L LU UL L L L=

—e— Data 2012

Bl Z+hf

. .,., ,/%//////

A—Zh—llbb, vvbb:

« three channels, based on tau decay

modes - 1(lep)t(lep), 1(lep)r(had) and *

1(had)t(had)

« m(tT) from MMC

« 80<m <100 GeV, 75<m_<175 GeV

« high p.?

e m, from constrained mass:

rec
My =Mygrr —

WARWICK

Mgy — My +Mz + My

BSM Higgs with ATLAS

N(b-jet)=

300 400 500 600 700 800 900 100011001200
mie [GeV]

=2, 105<m, <145 GeV

. llbb channel: MET/VH.<3. 5 GeV'?,

high p.%, m™(A) =
m(h)=125 constraint on m(bb)

b,) with

(1’ 2’

« Vvvbb channel: E™*>130 GeV, p,™*>30

GeV, A@(MET, bb)>2.8,
transverse mass

— \/(Ei%b + ETITliSS)Z _ (f)Tbb + E'}niSS)ZI

Higgs Hunting 2015

rec, T
mA
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-06/

MSSM A—Zh

oxBR(A—Zh)xBR(h— 77) [pb]

6xBR(A—Zh)xBR(h-> bb) [pb]

WARWICK
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BSM Higgs with ATLAS
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- A—Zh m,=300 GeV 1
{\TLAS 2HDM Type |
102 V;Offg?v — Obs 95% CL [I+1c band |

IIII|

[JExcluded
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- S 2HDM Type Il
¥s=8TeV — Obs 95% CL mm+lo band_|
20.3fb" . Exp 95% CL [—+2c band -
) Excluded by A-1t
= width>5%m, A

'EIIIIIII|III|III|III|III|III|III|I

220 240 260 280 300 320 340 360 380

m, [GeV]

e gluon-fusion cross section and model dependent

limits

« Complementary to other searches, with exclusion
up to tanp = 7(3) for Type-I(ll) 2HDMs

Higgs Hunting 2015
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Backup: H—-ZZ
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Backup: H—-ZZ
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Backup: H—-WW (Signal Regions)
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Backup: H—-WW (Signal Regions)
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ATLAS upper limit at the 90% CL on the WIMP-nucleon scattering cross section in a Higgs portal model as a
function of the mass of the dark matter particle, shown separately for a scalar, Majorana fermion, or vector boson
WIMP. It is determined using the limit BRinv.<0.22 at the 90% CL derived using both visible and invisible Higgs
boson decay channels. The hashed bands indicate the uncertainty resulting from the form factor fN. Excluded and
allowed regions from direct detection experiments at the confidence levels indicated are also shown [105-113].
These are spin-independent results obtained directly from searches for nuclei recoils from elastic scattering of
WIMPs, rather than being inferred indirectly through Higgs boson exchange in the Higgs portal model.
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