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Before we start: Disclaimer

In this talk I will be discussing some aspects of collider
searches for Beyond-SM (BSM) Higgs bosons

v The talk aims to give the “big” picture of the BSM Higgs
searches to a broad experimental audience and discuss

- what is the meaning of the searches with respect to the
underlying physics models?

- what does the 125-GeV Higgs discovery mean for BSM Higgs
searches?

- when and how are we going to discover
the BSM Higgses?

v Warning: Biased selection of

experimental results: I will mostly
show ATLAS results
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LEPTONS

The Standard Model of Particle Physics (1897 — 2012)

In summer 2012, slightly more than a century after the
identification of the first elementary particle, the last piece
of the Standard Model was directly observed

I The Standard Model of particle physics

Years from concept to discovery
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The Higgs boson

The Higgs boson discovery was a great benchmark in the
history of physics. Not only it provided evidence for the
Brout-Englert-Higgs mechanism for the Electroweak
symmetry breaking but also

v first fundamental (?) scalar particle found
v direct access to a SM sector that is less
constrained by symmetry principles

The Higgs sector has such unique properties
that make it an excellent probe for
BSM Physics

Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 4
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Beyond the Standard Model

 Standard Model is not the full picture. A number of of
questions that may be related to the Higgs sector are
the following

« Where are the additional sources of CP violation in
nature needed to explain the matter-antimatter
asymmetry?

« What is dark matter composed of?

Do interactions unify at some
high energy scale?

 What is the neutrino mass origin?
e Can fundamental scalars exist in Nature?

Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 5
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Beyond the Standard Model

Standard Model is not the full picture. A number of of

questions that may be related to the Higgs sector are
the following

« Where are the additional sources of CP violation in
nature needed to explain the matter-antimatter

asymmetry?  2HDM, SUSY, ...
 What is dark matter composed of? SUSY, “Higgs portal”

Do interactions unify at some SUSY
high energy scale?

Higgs triplets &
see-saw mechanism

e Can fundamental scalars exist in Nature? SuUSY, TG, ...

 What is the neutrino mass origin?

Examples of popular topics for physics models with extended Higgs sectors
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Talk Overview

 In this talk only few of topics of the vast work on
extended will be discussed

MSSM Higgs bosons
Beyond MSSM: generic 2HDM searches
Exotic 2ZHDMs, Exotic Higgs representations

Beyond MSSM: light pseudo-scalar particles
(NMSSM)

Higgs connection to Hidden sectors
Comments about the current status & the future
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Talk Overview: the “big” picture
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What is the structure of the
Higgs sector?

= 2 doublets? (2ZHDM; MSSM)
=» More than 2 doublets? (e.g. NMSSM)
=» Higher order representations? /

Y
p

<

Is Higgs a bridge to hidden sectors?

=» hidden valley; Higgs to dark matter, ...

Notice: I have chosen a simple framework to place the
experimental search program; I won't discuss theory models
like Little Higgs, Extra Dimensions, etc.

Nikolaos Rompotis
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The MSSM

« The Minimal Supersymmetric Standard Model (MSSM) has
been the leading idea behind the design of the BSM Higgs
searches at the LHC in late 90's and up to the start of LHC

« MSSM has the following features

Minimal gauge group, i.e. SM SU(3)®SU(2)®U(1)
Minimal particle content

R-parity conservation, i.e. dark matter candidate
Soft SUSY breaking

In general the MSSM has about 100 parameters, which are still
too many to study the phenomenological properties. Under some
assumptions the number of parameters can be reduced to about
20 (pMSSM = phenomenological MSSM)
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The MSSM Higgs sector

* One doublet is not enough for SUSY

« Higgs supersymmetric partner, the Higgsino, is a
fermion: anomaly cancellation dictates a second doublet

 One doublet couples to leptons & down-type
quarks and the other to up-type quarks

« This leads to 5 bosons

— 2 CP-even bosons: h, H o /@ §
— 1 CP-odd boson: A Prediclion o @ 8
— 2 charged scalars: H* @ 7
The MSSM Higgs sector depends only on 2 | A gs
parameters at tree level which can be \) =
chosen to be: @ 2

—m, orm,g,
— tanfB = ratio of the v.e.v.s of the two Higgs doublets
Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 10
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MSSM Higgs mass constraints

« The lightest CP-even Higgs boson, h, is light (s 140
GeV)

3G, 4. M:

) &M}f = ——m; log —
* Driven by the top mass V22 m?
— conspiracy that led to the non-discovery of SUSY at
LEP 500 T T T 1
My [GeV]
 There are also a lot of mass Sl Xy = v _
constraints imposed by SUSY B R i
Mz, = M3 + Mg, il )

150

Large tanf3 (>10) and large M (>130 GeV)
M, =M y=M . and M,~130GeV

100

Large tanf3 (>10) and small M (<130 GeV) )
M ,~M, and M ,;,~=130GeV 50 0 150 200 30 500

M, [GeV)
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MSSM Higgs Properties: h/H/A Decay Modes

Neutral Higgs decays depend on the tanp value
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Example: Heavy CP-even Higgs decay BR for a low and high tan3 (maximal mixing)
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MSSM Higgs Properties: Decay Modes

Charged Higgs decays predominantly to tv and tb depending

mostly on its mass
I

= T

BR(H®)

tan & = 30

0.1F 0.1k

0.01 5% e 0.0l o5

o [

| 001 \ |

0.001 s |
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My [GeV] M, [GeV]
Charged Higgs decay BR for a low and high tanf3 (maximal mixing)
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MSSM: The LEP legacy for Neutral Higgs

 LEP has left a huge legacy for MSSM Higgs searches

 The design of the LHC MSSM Higgs searches has
been driven by LEP results

LEP was an electron-positron collider (cm energy up to 209 GeV) that could
produce Higgs bosons radiated off a Z boson (for the CP-even Higgs bosons)
or through pair-production (the only way to access the CP-odd Higgs boson)

e+ . h o
g Various decay
Z#C ”
7 channels
AN considered:
™ h - bb, TT, jj, AA

WA Z -1
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MSSM: The LEP legacy for Neutral Higgs

« LEP has been able to probe the MSSM very
effectively disfavouring low mass Higgs bosons

- m, > 90 GeV is allowed

2 @

ssible

Theoretically Inacce

Excluded
1 by LEP

Theoretically
Inaccessible

0 20 40 60 80 100 120 I4 0 200 400 , 0 200 400 i
m, (GeV/c) m, (GeV/c") my* (GeV/c™)

Eur.Phys.J. C47 (2006) 547-587
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Neutral MSSM Higgs @ LHC

e The search for h/H/A in the Tt channel is the best
probe for MSSM Higgs at the high tanp regime

« Better sensitivity (wrt to other channels, e.g. bb)
 Robustness in radiative corrections (“tt conspiracy”)

« BR(H/A - t1) ~ 10% for a large part of parameter space
in the MSSM

 Two main production mechanisms:

b
° b b o

Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 16
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Neutral MSSM Higgs @ LHC

 Overview of channels & analysis features considered

« Take advantage of b-associated production: categories
requiring a b-tagged jet

o “leplep”: BR(T T = ep + neutrinos)~6%; single & double
lepton triggers; competitive sensitivity at m, < 200 GeV

 “lephad”: BR(tt — e/p t(had) + neutrinos)~46%; single
lepton triggers; competitive sensitivity for the whole

mass range; separately optimized for low and high mass
(>200 GeV)

e “hadhad”: BR(tt — t(had) t(had) + neutrinos)~42%:;
single and double hadronic tau triggers; competitive

sensitivity at high mass (> 200 GeV) _
arXiv:1409.6064

Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 17
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Neutral MSSM Higgs @ LHC

« Example for the lephad channel

Z - Ttis one of the most important backgrounds: use
__w of “tau-embedded” Z-pp events in data

> ML IR LN LR LU IR
© - ATLAS,\s=8TeV, [Ldt=20.3 iy’
G 30000~ ’ ’ ]
o - WHA=T Ty —e— Dalar2012
A _ veto category =150, tanp=20 i . . : .
250001 \ a6 -+  Events with a tau faked by a jet, like Z+jets, W+jets,
o - B {t & singletop - / ttbar production are normalized to control regions.
> - [ ] W+jets & diboson
11120000 I Multijet d
500k nEeeRY 1 Multi-jet events with both taus faked by jets are
. EX estimated from data using a 2-dimensional sideband
10000 7" method based on lepton isolation and charge
- correlation between the tau and the lepton.
5000} |
- 1 The rest of the backgrounds are taken from simulation.
0 0 50 100 150 200 2 50
<mMMC [GeV]>
Mass reconstruction: MMC technique takes into account information from
MET in order to predict the direction of the neutrinos arXiv:1409.6064
Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing
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Neutral MSSM Higgs @ LHC

 No excess found: interpretation of the search as a
search for a single tautau resonance with different

production mechanisms

3103§IIIIIIII\H\‘HH‘\HI‘I\I\\I\I‘IIIIIIII '—103 -
2~ ATLAS uf§=3TeV.[|_<:|t=195-203fb'1 2 : | | | 1 |
d : ' — - ATLAS Vs=8 TeV,det: 19.5-20.3fb
¢ — 1 § ll::102§b—associated production d— 11 =

& 102 £ gluon fusion

o

T :
=3 —— Obs 95% CL limit -
= Exp 95% CL limit 3

—+— Obs 95% CL limit 1

-3_\ [
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arXiv:1409.6064
19

'3 IIII|IIII|\\\\‘\\\\‘\\\I‘I\I\ [ |
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Neutral MSSM Higgs @ LHC

« Model dependent interpretation: in various MSSM
scenarios; just 2 examples shown here

oo | FTTT ‘ 7T | FTTT ‘ T | FTTT ‘ T | FTTT | I \-I I | FTTT ot | —rT | — T ‘ — | — ‘ ——
c 1
S102-ATLAS is=8TeV, [Ldt=19.5-2031 = 5102 ATLAS ys=8 TeV, [ Ldt=19.5-20.3 b

TMSSM mhmax scenario, MSUSY =1TeV,h/H/A— 11 -: - MSSM "light stop" scenario, MSUSY - 0.5TeV E

my=300 GeV
| my=500 GeV

g 5 — 98% L observed lmit | 5% L obsorved limit St
ot § ---------- 95% CL expected limit . oL 95% CL expected limit |
A C 95% CL excluded region r/\ 95% CL excluded region f
|M L1 ‘ L1 Ij\ | L1l ‘ L1 \!:l [ | ‘ L1 \Il [ | | | | [ f"l "'-'l“_‘ L ."II Ll L I;:: L
1100 200 300 400 500 600 700 800 900 1000 Lo 200500 400506600
m, [GeV] m, [GeV]

arXiv:1409.6064
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MSSM Higgs & Higgs discovery

« The ATLAS search discussed in the previous slides
was essentially designed in the 90's

Technlcal Design Report

Issue: 1

Revision: 0

Reference: ATLASTDR 15, CERN/LHCC 99-15 VOI u me I I
Created: 25 May 1999

Last modified: 25 May 1999

Prepared By: ATLAS Collaboration

Is the way we do this search relevant
after some years of LHC search results &
a discovery of a 125 GeV Higgs boson?

q:L-.':lﬂ I .
540 - l\\'
= S
30 x
N H/A — 17
SR g
N 3 -
R
-

— /Ldt=300 b
___ JLdt=100ip™"
e fLdt= 30 b

ST

50 100 150 200 250 300 350 400 450 500
m, (GeV)

-
L= " LI (A I = T )

[

Figure 19-62 For integrated luminosities of 30 fb-1,
100 fb-1 and 300 fb-1, 5c-discovery contour curves for
the H/A — 1t channel in the (m,, tanp) plane.
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MSSM Higgs & Higgs discovery

boson

MSSM is compatible with a 125 GeV SM-like Higgs

« Although lots of scenarios that were considered in the past

are now obsolete because they cannot obtain such a high
Higgs boson mass (e.g. “zero mixing” scenario)
mh-max” scenario

\Hl\ll\\H\I\II\H\HI\'I\I\‘\HI‘IIH
— ATLAS {s=8 TeV, [ L dt = 19.5-20.3 fb"
:MSSMmh

scenario, MSUSY =1 TeV, h/H/A— 1:1:-_:

sofff
200 ||

2 B

,,,,,,,,,,,,,,,

—— 95% CL observed limit
------- 95% CL expected limit
95/ CL excluded r eg ion

A A
1100 200 300 400 500 600 700 800 900 1000

m, [GeV]

Nikolaos Rompotis

“mh-mod+” scenario

\‘HH
1Oa,ATLAs \E—sTev[Ldt 19.5. 203 "

M‘SSM my %" scenario, Moy =1 TeV h/H/A—> ]
my, = 128.2 GeV i

A
%o

3ol /s
20 )(/ §

10\ =

> 0
T
o o
o !
2
37WJ
L
E;

LHC 8 TeV Run

S My =10

| —— 95% CL obser ved limit
---------- 95% CL expected limit
95% CL excluded regio

200 300 400 500 600 700 800 900 1000
m, [GeV]
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Charged Scalars

« Searches for the charged scalars of the MSSM

have been performed as well
Heavy Charged Higgs is

produced mainly in

Light Charged Higgs is produced S, :
g g 99 P association with a top quark

mainly in top quark decays

«{2 0_1:| T | L | T -apT |:§
'% 0.095 _ FeynHiggs —55
2 0.08F et
= & CPsuperH 13 g@
% 0.07 = O
F 7 2
0.061 E £
0.05F = 2
s 1 @"O‘G‘G“O‘
0.04f 3 666
0.03f E (66
0.02F S
0012_ '\'\:—.’ GV m/’/:;
0:| 1 '——r—r"T"'}e"T'"'Tmf‘.ﬂl IR T N R B! |:
0 10 20 30 40 50
tanp
+ r—-—-—-—-- H—
BR(Top -» bH™) vs tanB
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« What we are looking for: search topology

Channel topology can be organized according to W and tau decay

m/?/wvvv\,t/;: g@
£
%,
, SRLLLd
,,,,,, 66
H* >t — g(66

T(lep)+W(=lv): tt - bbWH - bb (Iv) (TlepV) BR ~ 15%

T(had)+W(=1v): tt - bbWH - bb (Iv) (Thadv) BR ~ 14% T(lep) =
T(had)+W(=jets): tt - bbWH - bb (qq) (t__v) BR ~ 46% T(e) or T(p)
T(lep)+W(—jets): tt - bbWH - bb (qq) (TlepV) BR ~ 25%

Channel of first choice: Highest BR, highest sensitivity and excellent physics
potential: but all these are possible only because of the tau(had)+MET trigger

Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 24
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H* = 1V

e “Tau + jets” selection

Low mass category High mass category
At least 4 jets; one of them b-jet At least 3 jets; one of them b-jet
One tau(had) with pT > 40 GeV; veto additional taus, e, u in the event
MET > 65 GeV; MET significance > 13 MET> 80 GeV; MET significance > 12 GeV
The transverse mass of the tau and the MET is used as discriminating variable

(11
> L L B AU R é > [T T T T T MET
& 10° EATLAS Preliminary e Data 2012 E & 10 ;ATLAS Preliminary e Data 2012 E Si niﬁicance,,
o 1 = o C A T g
& J-Ldt= 1e5f"  [__]True ¢ i} S _['-d‘= o5’ L] True s definition:
~ -~ E- =
2 10 (s =8TeV [ Jet—7 misID E; £ E Is =8 TeV [ Jet—zmisID = .
5 . 22 Uncertainty ] o . >3~ Uncertainty . Emi.*;.‘-;
W 1078 [ m, =130Gev(x10) § [] m.=250GeV (x10) 3 T
B(t—bH") = 0.9% . tan(g) = 50, MSSM m™> PV trk
102 (_> ) - 102_ h E_ 0.5' ZPT
Light H" Selection E - Heavy H' Selection ]
10 = 108
1 !\T\ s_g 1 ‘
Lo PR S T T R T | I \\I —a El PR T T [N T N [N S T S S NN S S |\| AN )
0 100 200 300 400 500 600 0 100 200 300 400 500 600
my; [GeV] my [GeV]
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H* —» 1V

« Constraints on charged scalars

Branching ratio of the top quark Cross section limit for a Heavy H+

decaying to bH+ with the H+ (mass> top mass) assuming that H+
decaying exclusively to tv decays exclusively to tv

. FU U ATLAS Preliminary 0 et i g 1T g

T ATLAS Preliminary Data 2012 a = ATLAé Preliminary Data 2012 3

o) L _ — ~ ]

7 —— Observed CLs /s = 8 TeV e - —— Observed CLs ; .

~10' Expected - a T o Expected \s=8TeV ~

@ f [z JLdt: 195f" 3 : 5 te JLdt: o5’

- _l_ ] B n

F e : B é

101 .

0% E

E E 102 = é

L. I 11 1 1 | 1| 11 I 1 L Il ‘ 1 11 | | L Il 1 ‘ 11 | 1 I 1 1 1 1 | I_ : :

S I I ) 10 k003640506 540608

" m,, [GeV]

ATLAS-CONF-2013-090
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H* —» 1V

« Constraints on charged scalars interpreted in the
MSSM parameter space

Q60_|IIIIIIII|||I||I||I||II||IIII||II|_ Q —‘"Illlllllll‘l"llllllll T T 1T |||'|’L'||IIII_
c - = —- Median expected exclusion Data 2012 % 65 \ /7 . ]
S I [ Observed exclusion 95% CL i — kX / ,."' THets -
50 5 Ik Observed +1c theory z'+jets 60 N /7 , -
B - Observed -1o theory a ’ i
[ — — - Expected exclusion 2011 / ] L’ 7
401 Observed exclusion 2011 . 5K .~ ATLAS Preliminary
- ATI:‘S\F Preliminary . 50{ mp> 1s=8TeV |
30f- M 18=8 TeV ] i Data 2012 ]
L - /- oy ) i
: fl_dt =19.5fb 45 JLdt =195 ]
B 40 :_ — — = Median expected exclusion _:
s E I:, Observed exclusion 95% CL E
. 35 :— ------ Observed +1c theory —:
= L e Observed -10 theory :
0 | I - i L L [ H | I - i L1 1 1 H I i L T 1 1 i L 11 3 _I L1 | L1 1 | L1 1 I L1 | I L1l | L1 1 | 111 | 111 | L1 1 | L1 I_
90 100 110 120 130 140 150 160 200220 240 260 280 300 320 340 360 380 400
m.. [GeV] m,,. [GeV]

ATLAS-CONF-2013-090
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Charged Scalars and the MSSM

 The mass constrains of the MSSM imply that the
MSSM charged Higgs searches face fierce competition
from h/H/H—- Tt

ATLAS/CMS Excluded
LEP Excluded

ATLAS Direct H+ 1

M, = 125.7+-2.6 GeV |

MFe = M3 + My,

Comparison: 7 TeV LHC results on the MSSM plane.
Black line is the contstrain from the Charged Higgs
and the red area due to neutral h/H/A -> T 1 150 200 25°M§‘{%e§,~’)’° 400 450 500

“mh-max”, m(h)~126 GeV
Oscar Stol, CHiggs2012

Nevertheless, the existence of charged scalars in Nature is interesting
beyond the MSSM. The simplest extensions of the Higgs sectors include
them and for which none of the severe constraints of the MSSM hold
Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 28
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The 2-Higgs-Doublet Model

 The 2-Higgs-Doublet-Model (2HDM) is conceptually
one of the most straightforward extensions of the SM

« Simply add another SU(2) scalar doublet in the model
and you get after electroweak symmetry breaking 5
Higgs bosons: h, H, A, H*, H-

« There is some physics motivation, e.g. non-minimal Susy,
opens options for more sources of CP violation

- But it doesn't address at all naturalness, unification etc:
addressing these issues means that the 2ZHDM won't come
by itself, but with some company (e.g. like in the case of

SUSY)

Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 29
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2HDM basics

« Some assumptions are made to reduce the number of free
parameters. Most general gauge invariant potential reads:

+ 1 1 1 t +
V@1, ®2) = mi, @@ +mizy®;D; — (@ @2 +h.c) + S (@) 1)” + 7 A2(@;D2)” + A3(@ D1 )(@,P2)

+ . 1. . R +
+A4(D, 02)(D,Py) + {Erls('I'i'sz)g + [26(0]@1) + 11(D;02))(@]D2) + h.c}

. CP-conservation in the Higgs sector, softly broken Z
symmetry (@, —» -®,) leaves us with a potential
that has 7 free parameters: masses (m,, m_, m,, m_ ) angles
( tan B, cos(B-a) ) and a potential parameter m_,

and 4 ways to arrange the yukawa couplings to fermions:
type-I, type-II, “lepton-specific” and”flipped”

Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 30
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2HDM features

Type-1 Type-II

lepton  flipped

: specific
* Yukawa couplings P
hVV Sg—a S8—a S3—a Sg—a
1 1 !].-Q'U. Sg—a t+ Cc’i—f.&/{t"ﬁ Sg—a + f-’--’?—r.t('/tﬁ Sg—a + Ci?—f.};ft"i Sa—n T+ C"ﬁ—n/tc’i
In this n ion: D el Dl R
t S Otat O u’LQG{ S3_a + CI;';E—Q/IE:'B SA—o — t,&?‘r:{?—a Sg—a + c.\'?—u/t»'? Si—a — ?'-3(','-"3_‘-‘:
t —_ tanB; hLe S8—a + c,c':i—f.:o,flr lg SF—a — tﬁ‘:.‘? —x S3—o — lg Cl—u S3—a + €3 —r.}:/H t,c':i
B HVV Ch—n Ch—n Ch—ar Ch—n
C —_ COS ( B—a) IIQH' Ci—nx — -g,cﬁ—fzft:'i Cl—a — S."i—r.t('/fﬁ Cl—o — 5,3—0;“:’3 Cl—o — S:’i—r.t/fﬁ
B_(X H Qd Ci—n — -‘3,":3—(.:,/lr lg Ci—a + f-_ﬁ ) Ci—n — 5,3—0/1 lg Cai—a + t_."is."i’ —x
S — Sin(B_a) HLe C_S—t.r - S,i':i—u/{t."f Ca—n + r‘_ﬁ‘gﬂ—u cﬁ—u + tﬁsﬁ—u Ca_q — S:’f—u/tﬁ
B-a AVV 0 0 0 0
Y Y ° AQ’“’ lft,l'? 1/f!3 ]'ffllﬂ lf[rS
* Interesting limits: AQd -1/t -1/t
ALe -1 / lg tg tg -1/ tg

« Weak decoupling limit: sin(B-a) — 1, i.e., there is a Higgs boson
that can be as SM as you like but also there are light H/A/H* bosons

» (strong) Decoupling limit: sin(B-a)=1 and two mass scales i.e.

all additional particles heavy. For a more formal definition see
PhysRevD 67, 075019

2HDM (and also MSSM) has a decoupling limit which
means that you cannot kill it, unless you Kkill first SM
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Constrains to 2HDM

e Precision EWK: measurement of
p=m,/(m,cos9,) =1

Two-Higgs Doublet Model
;1 ||||| ||||||||||
2 CLfi (h
ﬁ;' i L contours
[
For large mass splitting radiative = 800

corrections affect p hence it o I—
seems that 2 of the heavy bosons
tend to be approximately mass

degenerate. 500 1?— ' ___\ e
-« AW |
ol 1  GeVTT —r -

= -

: (. T I T I T T N I T T T | I I I I B I I
200 300 400 500 600 YOO 8OO 9S00 1000

Eur. Phys. ). C (2012) 72:2003
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Constrains to 2HDM

 Charged scalar mass constraints from flavour
p hys j.C S THOM Type 1 THDM Type 2

Flavor constrains heavily type-Il, 10

but low masses, even below 100
GeV are allowed for type-|

10..1 1 | 1 1 1 | 1 1 1 | 1 1 1 10.1
A/ 200 400 600 800 200 400 600
N M, (GeV) M, (GeV)

THDM Type 3 THDM Type 4

tan
tanp

b s
Type | Type 1l
X cot A4 cot 4 | | :
Y cot g —tang 10" 200 400 600 800 107 200 400 600 800
Z cot g —tan @@ M., (GeV) M, (GeV)

v v

Lyt = —H (*’"i Vid = o XPy - maVPy d vam, zmen) +ne N. Mahmoudi & O. Stall, Superlso v.3.4

Here and in the following I won't consider the BaBar B->D(*)tw measurement
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The Charged Higgs LEP legacy

 LEP results can indirectly constrain charged scalars

 But also LEP has made the most comprehensive
search for charged scalars in the 2ZHDM for
m_,< 100 GeV. LEP was in an advantageous position

« Simple production mechanism and few decay patterns

e+

Charged Higgs production at /
LEP is through pair production \

o- N H-
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The Charged Higgs LEP legacy

Type-1I 2ZHDM at LEP: in the relevant mass range there are
essentially 2 decay patterns H* - tw and H* - cs

In practice LEP excludes a type-1I1 2ZHDM Charged Higgs
with mass < 80 GeV

~ 1 —~ 1¢ T
£ 09 = F 09l
% 08 £ E 08
0.7 0.7 =
0.6 - 0.6/ | /-
05 = 05} NS
04 = LEP183-209 GeV 04 B :
0.3 £ 0.3} } :
02 02" —_
01EC | I 0. LEP183-200GeV / | f/\ E
05||||f/\|: V== . L]

50 60 70 80 90, 50 60 70 80 90
Charged Higgs mass (GeV/c) Charged Higgs mass (GeV/cz)
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The Charged Higgs LEP legacy

Type-1 2HDM at LEP: here there are 3 decay patterns H* -
T™/cs/AW and hence there is some dependence on A mass

100 100 p—rr e
Weaker constrain than type-II % g Mt Gech;
10+ 10} I
1 C
© 09 [ m,=30GeV/c 1 1r ;
"C"c 038 - my+=85Ge e
< ’ E 0. ] ] ETENENEEE 0. | 1 [IRTEEE R
= 0.7 © Lo 75 80 85 90 95 Lo 75 80 85 90 95
(] 0.6 Sesersennanen,, WA my* (GeV/c) my* (GeV/c)
=R R v 100 prrrrrrrrrrrre e 0
g 05 [ s = mA_SOGercz |' 1 o m, =70 GeV/c/.|
© 04 - ; 8 8
~ LT X 10 o4 10k .
|03 TNy / ;
0.2 _ 4 1f \ 3 1 E
0.1 £ : 5
0 Bt St N TN R O
U U S (. 70775 80 85 90 95 "o 75 80 8 %95
tan m* (GeV/c?) 4 (GeV/ch)
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H* — Cs

 Charged Higgs to quarks is favoured |-
in considerable parts of the 2HDM 7| 5l et
parameter space (and not only) G oo .,
« The ATLAS search looks for H+ ) f N e
in semileptonic ttbar production v
' 80 90100 MQHU:J - 300 400 500 600
Kinematic fitter AUpe— N —
to reconstruct S .. ATLAS Simulation
© 1400 After kinematic fit |
the H+ mass P Fo7TeV ]
= 1200 e
@ 1000f - H 110 GeV
800 : =
600 —
400 N
EODf— —f
Electron or muon to trigger the event L T T
Eur. Phys. J. C (2013) 73:2465 Dijet mass (GeV]
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[ I T T I T T T | T T T T | T T T T ]

0.14— Limits at 95% CL.: ]

042 ATLAS e Expected Limit -

- .

° ° ° + — E + ]

The invariant mass of the Higgs T o4E (s=7TeV j Lat=47 1! I Expectedtio - 2

decayv candidate system T E B(H'-> c8) = 100% Expectedtzo 4

y y & 0.08] (H= c§) = 100% —— Observed Limit

[ - L |

(o] | _

> = — g 006 =

2500 ATLAS 2 F =

(cg B -[ 1o 0.04- -

=~ N 20 Vs=7TeV:| Ldt=471" = E

£ 20001 2 ¢ Da 002 .

m B - _I 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I_
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5 [
4 %4424 SMwith uncertainty My [GeV]

N
=
Q
2
| =
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1000F 2
5005_ ' Limits for the Branching Ratio of
o top to charged Higgs assuming
% 60 B0 100 120 140 760 charged Higgs decays only to cs

Dijet mass [GeV]

Eur. Phys. J. C (2013) 73:2465

Nikolaos Rompotis 24 October 2014 — Seminar @ IHEP, Beijing 33



YA UNIVERSITY of WASHINGTON
H* = tb

» This is typically the most dominant decay modes of a
heavy charged Higgs (m>m,_ )

£+ CMS Preliminary, ys=8 TeV, L = 19.7 fb!
~— I T T L] L] I 1 L] L] 1 I 1 L] 1 1 I L] 1 1 1
i 9 —e— observed
a _F e median expected
",F 8 [ + 10 expected
W+ \ ) tlI_, 7E 1+ 20 expected
{ @ o B(H- th)=100%
{- X
° s
4
3
2
vl
1F S
b 0 1 1 L L I 1 L L 1 I 1 L 1 1 I L 1 :- :-
200 300 400 500 600
M, [GeV]
CMS-PAS-HIG-13-026
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H* = tb

» This is typically the most dominant decay modes of a
heavy charged Higgs (m>m,_ )

q = 1
- 95 Excluded region 2HDM Type |
g+ O, Region where analysis is not
H+ / + 190 - — valid (T, > 50 GeV)
=

\ 185 -

q' 180 -

D@ 0.9 fb' .

10 20 30 40 50 60 70

Phys. Rev. Lett. 102, 191802 (2009 )
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A/H - tt

« This is typically one of the most dominant decay modes
of a heavy neutral Higgs (m> 2 m__ )

Despite the fact that this is a highly motivated channel

= to look at, it is extremely difficult due to the fact that
the interference with a ttbar background changes the
- shape of the peak: essentially you need a shape
analysis
2 18 | o> 10°FATLAS Preliminary =Data  --5xZ (15TeV)
— t 107 J‘ Ldt— 142 15" Dﬁ ) 5><.gKK (2.0 TeV)
= b 9 10° W Vutti-jets  [JW-jets
16 ,"E i CIC) 10° [Jother Backgrounds
1§} |_|>J 10* Is=8TeV
t f
12 1 L L : 4 . L e
350 450 550 650 750 850 o nnn oo
/5 @eV) Z E j;;;;"';;i;j'»v‘w/////?///’///////
PLB 333 (1994) 126-131 mfe°° [TeV]
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Heavy Higgs search: HIgQs to Higgs

* Very interesting signatures that are very important
in generic 2ZHDMs:

e H—-> hh, A—->Zh, H* - Wh
e A—»ZH, H* - WH

« Conspiracy victims: The very nicely defined H — hh,
A - Zh, H* - Wh suffer from vanishing couplings in
the weak decoupling limit; A - ZH, H* - WH have
maximal couplings there, but they may be
constrained kinematically

« The LHC has just started exploring these final states
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Di-Higgs production: hh — bbyy

O Collect events with a loose
di-photon trigger
O Event contains 2 b-jets (p, > 55

GeV for leading, 35 GeV for the rest)
O 105 < m(yy) < 160 GeV

O 95 <m(bb) <135 GeV

O Use of techniques from the
ATLAS SM h - yy search

Example of a bb yy event as recorded
by the ATLAS detector.

This event has m(yy) = 125 GeV and
m(yybb) = 265 GeV
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Di-Higgs production: hh — bbyy

 Search for anomalous, non-resonant hh production

O Fit the m(yy) distribution: exponential
for background and Crystal
Ball+Gaussian for signal

O Constrain the fit from a control region
that contains less than 2 b-jets

C Obtained limit for anomalous
non-resonant hh production: < 2.2
pb (Exp: 1.0 pb)

(c.f. SM hh production ~ 10 fb)

Nikolaos Rompotis

Events / 2.5 GeV

Events / 2.5 GeV

10

- ATLAS

n J-Ldt =20 fb", \s =8 TeV

Signal

—— Data —
——— Fitted Signal + Bkds ]
Single Higgs Boson + Bkd ]
Continuum Background

Region

24 October 2014 — Seminar @ IHEP, Beijing
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Di-Higgs production: hh — bbyy

« Search for resonant hh production

T T T T T T T T

GeV

O Use of the same event as in the non- % 1o: fLZtLAstfb-1 L S Regor s
' " " - = ,\s=8Tev —+— Data 3

resonant search, but in addition a : oy Control Region Fit -

constraint in m(yybb) mass isimposed ~ “ = ]| 00 o, ot b6

O Simple event counting experiment 10" =

= A4S Endll .............. g

2 - ATLAS ] > ; . . :

= 4 [Lat=201"at s =8 Tev E o] <2 b'TagDC;’”"O' Region

0 = —a— Observed 95% CL Limit ST Landau Fit E

X 3.5¢ BEEE Expected Limit +1o ~

g ab .- Expected Limit 26 J 2 I T i

% C s Type | 2HDM: E ¢ 4L E

e C tanp=1, cos(B-oc):-0.0S_: w E

] 200 300 400 500 600 700 800 900
g Constrained m, ., [GeV]

Cross section X BR limits for a
— 1 narrow scalar resonance
nev  decaying to hh — bbyy
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Di-Higgs production: hh — bbbb

« Search for resonant hh production
O Events are selected by a set of jet triggers some of which trigger on b-jets
O = 4 b-jets (p, > 40 GeV) forming two di-jet systems with p_(bb) > 200 GeV

O Dedicated tt veto

O Constrain on di-jet mass system ATLAS-CONF-2014-005

\s=8TeV: | Ldt=19.5fb"

LA L B B e B L L L B B o > — 71 v T Tt [ Tt T T [ T Tt T ] T T T
[0 . .
ATLAS Preliminary 00% O] C Signal Region —e— Data
. -1 O] 3 o I Multijet
[ Vs=8TeV:| Ldt=1951fb < = 20 .
' 1 4250 1= I 1 G* (M=700 GeV)
: L S C —— G* (M=1000 GeV) x 10
— o 15
- (7] -
_200u>.l - ATLAS Preliminary

IIII|IIIIIIIII|IIII|IIII

100 . .

C "] 3 JE '

50 - M50 %’ 2.2 é: _+_ -+ —— Bkgd Systematics 3

C ] E 15 é— | - =

_I 111 | 1111 | 1111 | 1111 | 1111 | 111 I_ 0 8 0512:— o __-+__ Fu _-+__ . __‘.__-_‘;-_ _________________________________________ :E

00 50 100 150 200 250 300 “E . + . . . . , E

lead 400 600 800 1000 1200 1400 1600 1800 2000
Méiet [(GEV] m,; [GeV]
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Di-Higgs production: hh — bbbb

13 EXPERIMENT

O Interpretation of the result of this search using a Graviton model, but you
can also get an idea what the limit would be on heavy Higgs production

ATLAS-CONF-2014-005

T T T T T T T T T T I T T T
------ Expected Limit (95% CL)

[ Expected * 16

o(pp — G*) x BR(G* — HH —> bbbb) [fb]

Nikolaos Rompotis

10°

10

Expected + 26
m——— Observed Limit (95% CL)
== RS Graviton, kM, .= 1.0

ATLAS Preliminary

\s=8 TeV:j Ldt=19.5fb"

1 1 | 1 ]
600

1 I 1 1 1 I
800 1000

1 1 I 1 1
1200

1 I 1 1
1400

me. [GeV]
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Scalar resonances to di-photon pairs

 ATLAS has looked for A/H - yy at a mass range from
65-600 GeV extending the techniques mastered in the
SM Higgs — yy search

102

- -e-Data
800f_—Contlnuum +H fit (m,, = 125 GeV):
Contlnuum component of the flt E

115 120 125 130 135

Q\ /
iw
i
i
dN/dm,, [GeV']
2,

10

¢ Vo7 / Fs=8TeV, JLdt 203" T'{H
1E:
= —e— Data
/ h(125) —— Continuum+H fit (m, = 125 GeV) ﬁ
e et ~TTTTo 1 Continuum+H fit (m, = 250 GeV) ‘ | ’
10 )

— Cor|1tinuum+l-|| fit (my = I500 GeV | |
200 300 400 500 600 700
m,, [GeV]
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Scalar resonances to di-photon pairs

> 20000 . ' =
o) c ATLAS ] . . .
0] C -
o 15000 oaTev fdtez0sm Background estimation from m(yy) sidebands
2 10000}~ LU category E interpolation
g F —e—Dum | E : . -
" S000E T Contnuum eomponentof e fi = Analytical functions used for shapes of signals
e E and backgrounds
10000;_CU category ‘q}\x‘.H“*\ _;
- —e— Data Tea o -
50001~ Continuum+DY fit B S
- Continuum component of the fit 3
3000f E category High mass
E CCcategory e, ]
2000 T N . category
1000F Cont!nuum+DY fit . - 10° -
F e Contlnulum compolnentofthelflt | ] 2 E ATLAS 3
60 70 80 90 100 110 120 T F — observed ]
My [GeV] & 102 - Expected =
5 = ' -+1c 3
= [+20 ]
UU: unconverted-unconverted = ok 2
UC: unconverted-converted : E s
CC: converted-converted L 1
= \s =8 TeV, |Ldt = 20.3 fo! :
0 a0 30 a0 - 00 600
my [GeV]

Limit on the fiducial cross section as a function of the assumed resonance mass
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Higgs cascades: HY/A->H*W - - W *W "h

« An interesting possibility when more than one Higgs
bosons appear in the model includes decays of Heavy
Higgses into lighter ones

Electron or muon to trigger the event

Example of a cascade
decay: this final state
may be simply hidden

HO
in ttbar events! (@6@@6
g

Phys. Rev. D 89, 032002 (2014) 125-GeV SM-like Higgs decaymg to bb
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Higgs cascades: H/A->H*W - W *W "h

2 s = . 3 = 900[— o
§ /:ITLAS \s=8TeV | o Dataj L=20.3"b > — ATLAS g
W gt ; B S F ) o
B V-ets ® 800~ |Ldi=203fb" \s=8 TeV . E
[} = 3
10° Other = [ W WEH S ROWEWEBBWEW: =]
---- BDT threshold o 70 1 2
10° - I ~
600— ]
Signal (1.00 pb) - o
10 — mHn =625 GeV - —: 1 ﬁ\:
m, = 325 GeV 500 — - 3
1 | L 1 1 i | 1 : H ]
S 0 E e e e e 400—
D 0.4f-- -
5 obw - 107
O b Y Y e Uncertainty 300{—
% o i_ ..... : TR
O -0.6 = p ; ; i i i ;
-1 -0.95 -09 -0.85 -08 -0.75 -0.7 -0.65 -0.6 400 500 600 0 900 1000
BDT output H” Mass [GeV]

Trained for Mo Mo = 625, 325 GeV

Example of a BDT output: the kinematic
differences between a Higgs cascade and top

pair production is exploited to improve sensitivity
Phys. Rev. D 89, 032002 (2014)
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Exotic Higgs sectors: Flavour violation

« Flavour changing (FC) neutral currents appear in many
BSM theories

« In type-III 2HDM, for instance, FC couplings tch (and tuh)
exist and can have sizeable effects for LHC searches

« ATLAS has looked for FC decay
t - ch/uh in ttbar events
with h - yy

& 2 isolated photons, ET>40, 30 GeV
to form a Higgs boson candidate

<& Two channels: the other top decays
hadronically or leptonically
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Flavour violating top decays: t = ch

Example from the “hadronic top quark’ The CLs as a function of the FC
channel: final distribution of events. branching ratio
2 6 amas  eommdan ] p lg T
O] C 4 . . — Sig.+SM Higgs+continuum bkag. fit] ®) - ATLAS .
< - adronic Selection (m. = 125.5 GeV) ] - -1 -
_.\CQ 14— ------ SMHHiggs+continuum bkg. - _'-L dt = 20.3 fb ,Js:STeV_
[ r ---Continuum .
2 12 Gontinaum blg = - J-Ldt= 47" s =7TeV ]
v J-Ldt=20.3fb'1,\/s=8TeV ] 4l B
10— — 107 & 3
- J-L dt= 471", vs=7TeVv A - 3
8 — C _
= AN E | —e— Observed |
4 T ] 10 - ..e-- Expected 3
oF T - "o 5
90:0 710720 130 740 150 1:60 Bewd IO, |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
m,, [GeV] B

t - qH

Final constrain on the FC branching ratio:
BR(t =» gh) <0.79 (0.51) % observed (expected) @ 95% CL
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Higher order representations

 The addition of multiplets with weak isospin higher than %2
can give very interesting phenomenology

e Also one can envision a connection with neutrino mass when
one considers T = 1 (i.e. Higgs triplet)

« The big problem here is that these models generically have
to be fine tuned such that they do not contradict precision
electroweak measurements mentioned previously

« However, it is possible to make models which suffer less
from fine tuning

« For instance Georgi & Machacek (Nucl. Phys. B 262, 463
(1985)) had noticed that if you introduce 2 triplets: one real
(Y=0) and one complex (Y=2) the p parameter is still one at
tree level
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Higgs Triplets motivated signhatures

Doubly charged Higgs and exotic charged Higgs
decays like H* - WZ are examples of signatures that
cannot be found in (tree level) 2HDM, but they come

from a Higgs triplet
Example from ATLAS resonant WZ

production search ATLAS-CONF-2014-015

> 1O4E—I | T T I LI | LI | LI | L I LI | LI I T T I?_
> S e I A I O AL B R o = - 3
(QD, s ATLAS ~ Data 2011 (Cjz - ATLAS Preliminary —+—Data — W’(600 GeV)
2 705_ J-Ldt —4.7fb" [ ]Non-prompt _E j 10° = \s=8 TeV, ILdt=20.3 fo DWZ — W’(1000 GeV)
£ 601 ls=7Tey  LChargeflips — 2 - [[]Other bkg — W'(1400 GeV)
. - [ ]Prompt E Q  10%E
§ Ok eu [+ 250 GeV ] Lo :
g 40 H{* 300 GeV
30F [ JH 350 GeV 3
N [_JH™ 400 GeV_f
104 i
0 ~""700 200 300 400 500 600 s ‘
m(e"u*) [GeV] 200 400 600 800 1000 1200 1400 1600 1800
ATLAS H++ Higgs search Eur.Phys.J. C72 (2012) 2244 My [GeV]
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Higgs Singlets: the NMSSM

 Extending the MSSM Higgs sector is another way to
get more freedom from the severe constraints of the

MSSM

« Simplest way is to include a singlet: next-to-MSSM =
NMSSM

 Two additional Higgs bosons and one more neutralino
wrt MSSM

« It also solves the so-called p-problem of the MSSM (that
was actually the main motivation for introducing
NMSSM)
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Higgs Singlets: the NMSSM

« The NMSSM is not simply about introducing more
particles

« The Higgs sector is not necessarily CP-conserving at
tree level (c.f. MSSM)

- Although many pheno studies assume CP-conservation
. The tree-level “m,_ < m " relation is modified: no
constrain for a light SM-like Higgs boson
« The MSSM LEP constraints don't hold

- In general, ultra-light Higgses, even few GeV in mass are
allowed

- The decay h, — a,a, opens up weakening the LEP limit
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NMSSM motivated searches

 The basic feature of CP-conserving NMSSM is the
addition of potentially light CP-odd particles which
can be looked for

 Direct decays: a, = pp/tt/bb;

decays to yy and ee also possible, though more
constrained from fixed target experiments and axion
searches; Charged Higgs decays: h* - Wa,

- Through Higgs decays: h, — a, a,
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Few NMSSM motivated searches

« Light CP-odd Higgs al - pp CMS PRL 109 (2012)
121801

 Charged Higgs

-t
F-3

;_ —— Observed CMS
12 |#E== Expected = 1o
h+ - Wal (- pp/t1) [ Btz w1,

CDF note 10104
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Few NMSSM motivated searches

 Higgs — al al with

« al al » pp pp CMS-PAS-HIG-13-010
« al al - yy yy ATLAS-CONF-2012-079

Some limit example plots from CMS-PAS-HIGG-13-010
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Portals to Hidden Sectors

e If there is a hidden sector in nature: how to
connect to it?

é A

SUSY? GUTS? ...

SU(3)XSU(2)XU(1)
Standard Model

< 4

Nikolaos Rompotis

Assuming only renormalizeable terms in the
Lagrangian there are only a handful of ways to
make this connection! Potential access to Dark

matter in colliders

p [

1

Hidden sector

< 4
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Higgs portal

¢ Ly

ruyv
vF

Neutrino portal

Vector and Axion portal
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Higgs to Invisible

« The SM Higgs boson has decays to (LHC detector)
invisible particles, e.g., h = ZZ - vvvv, which has BR
~ 1/1000 and hence it is beyond our current

sensitivity.

* S0, we can use invisible Higgs decays to probe Higgs
portal - X

« ATLAS has looked for
Zh - /] inv

arXiv:1402.3244

q
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Higgs to Invisible

O Data collected with Giof aras T T
single lepton and di-lepton triggers & £ 37 e — B ]
O 76 <m(lf) < 106 GeV §F e — R
O MET > 90 GeV a == o o
O A@(MET,p.miss) <0.2, | =
O AQ(MET,p.") > 2.6 I e e E
O Ap(d) < 1.7 . ]
O |MET - pTul / pTM <0.2 %153% g -

O veto of additional jets 5 05 e =

100 150 200 250 300 350 400 450
E™ [GeV]

Examine the MET distribution for discrepancies
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Higgs to Invisible

arxiv:1402.3244
ATLAS-CONF-2014-010
e 600" T T ' =
:. j ATLAS _______ GZH,SM 7 H:IE-' 1039'I_I T i-rrrr'l TTTTTT] T ‘1'r T r!
% 500 's=7TeV,[Ldt=45f" ____ opserved 95% CL limit ] = = N ATERS Evsimma. -
B o q H T -4 @ 1
Ry T 'S SZLeV {p 'I;dt, 203" ....... Expected 95% CL limit - e~ 10 . A ]
g 400 -_“ - + Inv. - o _: 10.43 I
X [ ]2 : as[
& 300 = R
’ 1Y T \s=7TeV, [Lt= 464817
200 7 - = \s=8TeV, [Ldt=203 1" E
- . 107 hosyy, h=2Z" 41, hsWW'ssivlv,
100 — 10_5{ h—stt, h—sbb, Zh—lI+ET™ ]
- - | [ DAMA/LIBRA (99.7% CL)  ATLAS (95% CL)in  _|
0|: I B R R S |. ..I """""" [ ey el B LK 1 TN 10_53 —' - gg;ssstgésfzhl_?l-} Higgs pOﬂal model: !
150 200 250 300 350 400 B CoGeNT (30% L) . 31?;?;’;“;'“&'.’”.: i
85 —— XENON10(30%CL) s =
my, [GeV] 10 [ — XENONm{;: (90% C=_}| SRR i
' . _ 10" - Lux@swel) | o
Constrains for the discovered Higgs boson: r 0 7 0
. m, [GeV
BR(h — inv) < 75% (observed) (62% expected) Ll

 The Zh - Il inv constrain on the BR(h— inv) can be combined with the
direct measurements of the Higgs couplings giving a combined result

« BR(h— inv) < 37 % (observed) (39% expected); the result can also be

Interpreted in terms of the dark matter-nucleon scattering cross section
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Higgs to hidden sector

 Higgs doesn't have to decay to dark matter particles, it can
simply connect a hidden sector with exotics particles

e Various results have been obtained

Higgs to lepton jets and long-lived particles

~ LI TYPJEO U arias

20.3fo" Vs =8 TeV

d

95% CL Limit on 6xBR(H—> 2y +X) [pb]

1= FRVZ 2yd model _
- m, =400 MeV ]
expected + 26 — observed limit
expected t 1o === expected limit
IIIHIJ 1 IIIIIII| 1 III\IJIl 1 lIIIlIl[ 1 11
3
1 10 10° 10

Dark photon ¢t [mm]

arXiv:1409.0746
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Constraints from Higgs measurements

I have already mentioned that Higgs to invisible
decays can be constrained by Higgs coupling
measurements

 We can use Higgs couplings also to constrain several
other BSM Higgs scenarios, like 2ZHDM, MSSM, etc

HDM Type | ATLAS Preliminary
—— Obs. 95% CL \s=7 TeV: [Ldt= 4.6-4.8 b
X Best fit 1s=8TeV: fLdt=203 1" =y 10_ L e L B B
- - === Exp. 95% CL Combinedh—»'{y,z_Z',WW‘ % 9_ _f
See for instance several O ATLAS Proiminary E
exam pIeS In E N ' 7_ ls=7TeV,J.Ldt=4.6—4.81fb'1 _%
F l‘s=8TeV,_[Ldt=20.3 fo 3
ATLAS'CONF'2014'010 6_ Combined h — vy, ZZ*, WW*, 1z, bb _g
S Simplified MSSM [ky, K, k] _g
4 —
3: ===Exp. 95% CL =—O0bs. 95% CL _E
2f s
18 _ =
= i X B N I vt il B a2
0.tk DA A Ll 00 300 400 500 600 700 800 900 1000
-1 08-06-04-020 02040608 mA[GeV]

cos(p-a
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Where we stand: hints for the future

« There is high motivation to look for an extended Higgs
sector

« Higgs sector is little constrained by SM symmetries &
precision measurements

« Many BSM theories include either an extended Higgs sector
or more Higgses (e.g. Susy, Extra dimensions);
others include exotic Higgs properties (e.g. composite Higgs,
Higgs portal)

« A lot of BSM theories include a (weak) decoupling limit

* In other words it is possible that you have exactly a SM Higgs
boson and a 200 GeV additional Higgs boson

 i.e. the direct search for Higgs bosons is indispensable!
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Where we stand: hints for the future

 We have just started probing the relevant
parameter space for most models

« MSSM Higgs searches are mature and they have
constrained the high tanp region

« MSSM is still relevant and MSSM Higgs searches
will continue playing a major role in the search for
BSM physics

 More generic models than the MSSM help us in
extending the list of signatures; e.g. NMSSM
inspired h — a,a, searches
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Where we stand: hints for the future

A very important point:
a generic signature for a heavy neutral Higgs is its
decay to tt (form > 2m_ )

a generic signature for a heavy charged Higgs is its
decay to tb

 None of these decays has been studied in detail yet at
the LHC!!!

« This is because these are very difficult channels and
require a lot of advanced techniques and integrated
luminosity

« Also remember that Higgs production is not like SUSY:
the cross sections are generically small
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Concluding remarks

« BSM Higgs search program is still in its early years,
but we have learnt a lot!

 The road to discovery is difficult:

 most of the highly motivated signatures are difficult

« Cross sections are usually low: unlike SUSY, Higgs is
less likely to be discovered with few pb of data from a
high energy machine

e So, it is not unreasonable that BSM Higgses exist but
we haven't discovered them yet

* Be tuned for the next LHC Run:
Run-I was Higgs, Run-II could be Higgses!
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Concluding remarks

No BSM? Beware Historical Hubris

|* ""So many centuries after the Creation, it is unlikely that anyone
could find hitherto unknown lands of any value” - Spanish Royal

Commission, rejecting Christopher Columbus proposal to sail
west, < 1492

* “The more important fundamental laws and facts of physical science ;
have all been discovered”™ — Albert Michelson, 1894

* "There is nothing new to be discovered in physics now. All that
remains is more and more precise measurement’ - Lord Kelvin,

1900

|* “Is the End in Sight for Theoretical Physics?” — Stephen Hawking,
[ 1980

o E AET ] Fisa? W

PTG T T R P PR YT — o
From the theory summary talk in LHCP 2014 by J. Ellis
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Additional slides
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MSSM Higgses: which of them is the h125?

* In some of the previous slides I have assumed that
the h125 Higgs boson is the lightest CP-even Higgs

« This assumption is viable and can live in many
places in the MSSM parameter space

« The case where m_ =125 GeV is possible: we end up
in a very interesting configuration

- All Higgs bosons are light and around ~ 125 GeV

- The lightest CP-even Higgs boson couplings to vector

bosons are greatly suppressed; Charged Higgs has
mass < m,

As a result the mH = 125 GeV case is constrained by a number of other light
mass Higgs searches and it is difficult to find much of parameter space
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MSSM Higgses: which of them is the h125?

 Example of pMSSM-7 scans

ATLAS Charged Higgs limit, 8 TeV

1'|"|"'|"'|"'|"' 30-|---|-'-|"'|".'|."'
251
—~ 10"
2
L e
T o2k = S
T 5
m v
10°
10°~700""720 740 160 180 200 100 120 140 160 180 200
M, (GeV) M, (GeV)
Red are yellow area correspond approx. to 1 and 2 sigma
bands assuming h125 measurements and few other constraints Eur.Phys.J. C73 (2013) 2354

(here using mostly 2012 measurements)
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Nikolaos Rompotis

Neutral MSSM Higgs

« Comparison of the sensitivity of each channel

80__1||||||||||||||||||||||||||||||||||||||||||||
- ATLAS Vs=8 Tev,det=19.5-2o.3 b’

MSSM m™ scenario, M =1 TeV, h/H/A— 1t

tanp

70

SuUsy

60
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Tlepthad
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K

1IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII—
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m, [GeV]

arXiv:1409.6064
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