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What it's all about

v What is the motivation for a BSM Higgs sector?

v What have we learnt from LEP and flavour physics and what does the
discovery of a 125-GeV SM-like Higgs boson mean in this context?

v' What have we learnt from LHC Run-I and what are the prospects for
Run-II?

Warnings:
= Not meant to be a comprehensive discussion of these topics: this
would need much more than a seminar
= Biased selection of experimental

results: | will mostly show few LEP
and ATLAS results

Apologies if your favourite BSM
Higgs result is missing
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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
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The Higgs boson

The Higgs boson is not only an important piece of the electroweak
(EWK) symmetry breaking mechanism: it also provides access to
physics beyond the SM

v first fundamental (?) scalar particle found

( )

v a least constrained SM sector by symmetry
principles ( )

v the only dimension-2 coupling in the SM Lagrangian

v the only non-gauge interaction in the SM
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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

« CP-violation sources in nature, baryogenesis conditions
2HDM, SUSY, ...

 What is dark matter composed of? SUSY, “Higgs portal”
» Do interactions unify at some high energy scale? SUSY

* What is the neutrino mass origin?
Higgs triplets & see-saw mechanism

« Can fundamental scalars exist in Nature? sysy, TC, ...

Examples of popular topics for physics models with extended Higgs sectors
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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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Supersymmetry and the MSSM

MSSM has been the basic idea behind the design of BSM

Higgs searches from LEP and Tevatron till the discovery of
h125.
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Supersymmetry and the MSSM

e MSSM = Mininal Supersymmetric Standard Model

* An (almost ?) complete realization of low energy
supersymmetry

 Minimal gauge group, i.e. SM SU(3)®SU2)®U(1)
 Minimal particle content

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

= MSSM has more than 100 parameters; but fortunately it can be
shown that most of the choices violate experimental bounds
= Assuming reduced FCNC, no new sources of CP-violation, 1t & 2"
generation universality you are left with 19 parameters:

or
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MSSM: Higgs at tree-level

« MSSM has 2 Higgs doublets

 Higgsino is a fermion: anomaly cancellation needs 2™ doublet
* One doublet for up-type fermions and the other to down-type
 CP-conserving Higgs sector (at lowest order)

o After EWK symmetry breaking 5 Higgs bosons
e CP-even: hand H; CP-odd A; Charged H* and H-

Very economical: only two SUSY parameters needed
= m, orm_ _ = tanf = v /v, (ratio of Higgs v.e.v.s: up / down)

Very constraining: tlght restmctlons in Higgs masses
= e.g. lightest CP-even Higgs is lighter than the Z boson!
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MSSM: Higgs beyond the tree-level

« Radiative corrections play an important role for the mass
of the lightest CP-even Higgs, h

4 2 2
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MSSM: masses of the Heavy Higgses

« MSSM poses tight constraints on the other Higgses,
especially at high mA

» Charged Higgs mass (tree-level) ™ ey
X: = VbMs
M2 — M2 M2 300} g m &
H:I: A _I_ 44 t::n,-’_iﬁ: 33 ----- ".‘

 Example for other masses at a
“maximal mixing” scenario

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

50 100 150 200 300 500

Large tanf (>10) and small M (<130 GeV) “ M, [GeY]
M ,~M, and M ;,=130GeV
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MSSM Pheno: Neutral Higgs decay

 The phenomenology for neutral Higgs depends a lot on

tanf3 Example for Heavy CP-even (H) Higgs decays
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGCrossSectionsFigures#MSSM_BR_plots
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MSSM Pheno: Charged Higgs decay

 The phenomenology for charged Higgs depends on tanf3,
but to a smaller extend wrt neutral Higgses

Example for Heavy Charged Higgs decays

0.1F 0.1

001E" e 001 e

0.001 e 0.001
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My [GeV] Mz [GeV]

Charged Higgs decay BR for a low and high tanf3 (maximal mixing)
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MSSM Neutral Higgses at LEP

* LEP: electron — positron collisions with c.m.e. up to 209 GeV

;,  EurPhys.J. C47 (2006) 547-587

o P /" Various decay channels
L7 considered:
\\ h - bb, T, jj, AA
AN Z - jj, 11
a- N A
The basic LEP 10 10 ¢
result 1s that
m, < 90 GeV
(mH+< 120 GeV) 1 1

Theoretically

\N

iS exluded [ Inaccessible
0 200 400 020 40 60 80 100 120 140
m, (GeV/c) m, (GeV/c")
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MSSM Neutral Higgses at LHC

* Neutral Higgs production at the LHC

Gluon-fusion and “b-associated” production
b
2 b b Ry

* Preferred decays at large tanf3: h/H/A — tt and bb

« BR(H/A — 11) ~ 10% for most of the parameter space
* “17” modes have usually better sensitivity
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 Separate by T decay mode: Cepliep’ Uiepthad® Chad thad

and “b-tag” / “b-veto” categories to benefit from the
different production modes

> NN RN LN L L N BN 1 ” .
D oo ATLAS.\5-8TeV, [Lat-20316" - Z -» Tt from “tau-embedded” Z-pp events in data
o B h/H/A_yclepﬁchad —e— Data 2012 i
T C veto category m,=150, tanB=20 ]
25000 ‘ , 5:5;/% .
c r ; ] . . . . .
200001 e & ddion Events with a tau faked by a jet, like Z+jets, W+jets,
i ey Brodreertainty ] / ttbar, multi-jet production are data-driven.
15000
- The rest of the backgrounds are taken from simulation.
10000
50001 . Mass reconstruction: MMC technique takes into
of ] account information from MET in order to predict

0 50 100 150 206 the direction of the neutrinos
arXiv:1409.6064
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h/H/A — 1T

e No excess of events: cross sections limits for a narrow Tt
resonance for different production mechanisms
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h/H/A — 1T

 |nterpretation of the search for various MSSM scenarios

—ATLAS {s=8 TeV, [ Ldt=19.5-20.3 o’ .
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MSSM Charged Higgs at the LHC

Light Charged Higgs is produced
mainly in top quark decays
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Heavy Charged Higgs 1is
produced mainly in
association with a top quark
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H* - 1V

« Final state: one tau(had) from H*, MET (from v), jets from the full

hadronic top decay

 Trigger: tau(had)+MET, Separate analysis for low and high mass
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H* - 1V

BR(t - bH*) x BR(H*— 1v) and cross section limits
- translated to MSSM parameter

— T
£ F AJ"’-A-‘(") sorved CL Data 2012 E
— serve S 4 ] ] .
- coes - Juesset 1 gpace limits
w10 [ tto \s =8 TeV -
X [ 1+2 ]
T
]
= 3
1073_7 — @_60_ |||||||| ||||||||II|IIII|\III| IIIIIIII ]
S T P R N PR TR R S [ ——- Median expected exclusion ]
80 90 100 110 120 130 140 150 160 -~ B i
m,,. [GeV] 50__ |:| Observed exclusion 95% CL — ATLAS —
o= Observed +1o theory -
— e e ey B -1 i
-9& - ‘ AT‘LAS ‘ J T T Data ‘2012 ‘ ] 40? --------- Observed -1o theory _] - .- JLdt =19.51b —
= 1oL —— Observed CLs 4 _ B ] Co. : :
Y N Expected Ldt=19.5fb = . ATLAS - i/ \s=8 TeV -
T F El+tt \s=8TeV . 30 JLdt — 195" - 45~ Data 2012 -
%: 1 - 1 [ J+2o E C ] C MSSM mj® scenario ‘
>§I i ‘ - 20;\’8:8 TeV 40_— — — - Median expected exclusion -
S0t E " Data 2012 B ]
= 3 L ata 20 |:| Observed exclusion 95% CL |
10—2; ,; 10:— MIETELE] ffy™ ey 35:— ------ Observed +16 theory —:
B 3 C ] T e Observed -1o theory
10-3_.‘\.‘..\.H.\‘.‘.I‘."|‘..‘|.‘.‘\.‘..\.H.|._ 0|\|||\||||||\||||||||||||\||\|||||||\|| 30_||||||\‘||||||||||\
200 300 400 500 600 700 800 9D Gev) 80 90 100 110 120 130 140 150 160 200 220 240 260 280 300
"
m,- [GeV] m,- [GeV]

Nikolaos Rompotis 27 May 2015 — Seminar @ Liverpool 21



ATLAS

w UNIVERSITY of WASHINGTON /4 EXPERIMENT

The discovery of a Higgs boson at the LHC
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Which MSSM Higgs Is the *h125"?

 The MSSM is fully compatible with a SM-like Higgs at 125 GeV
e This can be identified with one of the MSSM Higgs bosons

Which Higgs boson is the one at 125 GeV? Eur.Phys.J. C73 (2013) 2354

“PMSSM-7" assuming stops up to 1.5 TeV 5'3'5 B
among few other assumptions; fits Higgs 50k
measurements, flavour observables etc :

— yellow points ~ 95% CL
— red points ~68% CL

— grey points: excluded at the time of the
study by direct MSSM Higgs searches

LHC Run-I h/A/H — ~x search limit 300200 800 800 3000
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Which MSSM Higgs Is the *h125"?

Eur.Phys.J. C73 (2013) 2354

Assuming m_ = 125 GeV

LHC Run-I H* —» v search limit
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MSSM scenarios after the discovery

Update of MSSM scenarios in order to include a light CP-
even Higgs with mass ~ 125 GeV

mh-max” scenario ‘mh-mod+” scenario

‘ T T ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT | TTTT ‘ TTTT ‘ TTTT ‘ TTTT
1021 ATLAS Ys=8 TeV, [ Ldt=19.5-20.3 fb" .
CMSSM m* scenario, M\ =1 TeV, hW/H/A— 11 ]

T ‘ TTTT
102_ATLAS \(E_sTev det 195 203"
MSSM mi"* scenario, M

=1 TeV h/H/A— 1t
Ao 7 LHC 8 TeV Run
30 ' exclusion
20-%'1\ / /1 - : .
1oL\ UL A ) Region compatible
] ] with a 125 GeV light
N e i CP-even Higgs
37}.* % —— 95%CL observed limit i 3r & | —— 95%CL observed limit 1
27 % ---------- 95% CL expected limit B 2— ------ 959% CL expected limit .
A = 95% CL excluded regio :" 95% CL excluded regio
s I f|
1100 200 300 400 500 600 700 800 900 1000 1100 200 300 400 500 600 700 800 900 1000
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The effect of the Higgs measurement

125 GeV is ok, but what about the h125 properties?

* The decoupling regime is ok with h125 measurements

 Low tanf3 needs very high mass Susy scale to accommodate the
mass and even in that case doesn't survive the Higgs

measurements
60— o 10pr———r+——F 77— =
: LI C =
B Ir. . S 9 —
50: o w 3 ATLAS Treliminary ) _§
E Is=7TeV, | Ldt=4.6-4.8 o 3
40: / Is=8TeV, _[ Ldt = 20.3 fb™ _g
- 6 Combined h — yy, ZZ*, WW*, 11, bb —E
. E 5 =
E 3[}: . Simplified MSSM [k, ,, %] —%
- dedTe cu. 2, , 5 -=-Exp. 95% CL —Obs. 95% CL 3
20 E
" J 2 =
10-JRE . o 1 e, E
= 1\ ) | IW\-M:WYA-M-N-l-)zn"\'1'\T}E"T\'F"I%W' -
; e T T 800 300 400 500 600 700 800 900 1000
200 400 600 s el iE e, m, [GeV]

M, (GeV) Plot to be handled with care
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Beyond the MSSM Higgs sector structure
e Going beyond the MSSM

« LHC Run-I showed two major outcomes:

- 125-GeV Higgs boson and no evidence for supersymmetry
 The discovery it opens the way to

« Define searches without the MSSM pheno prejudice

e Use the mass of the Higgs and its SM-like properties to choose
among possible models

I will only mention here very few simple cases related to modifying
the Higgs sector structure:

— Two-Higgs-Doublet models (2ZHDMs)
— next-to-MSSM (NMSSM)
— Higher order representations
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2HDM: Two-Higgs-Doublet model

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

 Add another SU(2) doublet in the model and you get after
EWK symmetry breaking 5 Higgs bosons: h , h,, h,, H", H

+ 1 1 1 t +
V@1, ®2) = mi, @@ +mizy®;D; — (@ @2 +h.c) + S (@) 1)” + 7 A2(@;D2)” + A3(@ D1 )(@,P2)
1 t 1 1 t }
+A4(@ D) DLD1) + {5 45(D] D) + [A6(@[D1) + A7(D;D2))(@,D2) + h.c}
2

— Opens the phasespace for more decays
— Decouples the mass of the neutral and charged Higgses

— More options for CP-violation

—5 ...
But it doesn't address naturalness: most probably it will come with

company
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2HDM basics (1)

« CP-conserving 2HDM with a (softly broken) Z, symmetry

(@, - —P ) leaves us with

/ free parameters: masses (m_, m,, m,, m, ) angles (tan 3, cos((3-a))
and a potential parameter m_,

and 4 ways to arrange the yukawa couplings to fermions:

3 EXPERIMENT

lepton flipped

Type-1 Type-II
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2HDM Dbasics (ll)

* |Interesting limits:

 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

e (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 Eur. Phys. ). C (2012) 72:2003

Two-Higgs Doublet Model
IIIII IIIIIIIII

» Constraints from EWK 3. Fu '
precision measurements =" oo
p = (m,/(m, cos 9,))* =1 600

2HDM has p =1 at tree level, but radiative
corrections affect this number a lot!

200 300 400 500 600 700 8OO 900 1000

Nikolaos Rompotis 27 May 2015 — Seminar @ Liverpool 30



YA UNIVERSITY of WASHINGTON L EXPERIMENT

2HDM Dbasics (lll)

* Flavour physics constraints to 2ZHDM

THDM Type 1 THDM Type 2

Flavor constrains heavily type-lIl,

but low masses, even below 100 s
]
GeV are allowed for type-| — e
BB —-D:v
WD -tV
(B, —up
V | | | -ﬁMB
W 107200 a00 600 8o 10" 200 400 600 800 4
L M, (GeV) M, (GeV)
o ™ \ THDM Type 3 THDM Type 4
|f \
b s
Typel Typell
X cot g cot f# | | |
Y cot 2 —tanp 400 600 107 200 400 600 800
z cot i —tang M, (GeV) M, (GeV)

Lyt = —H (*’EVM T R e o Vam, ZMR) +ne N. Mahmoudi & O. Stall, Superlso v.3.4

v v
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Charged Higgs at LEP

. H+
 Charged Higgs at LEP: simple S
production, limited decay channels i
= perfect 2HDM case!
o- *  H=
2HDM Type-II has just H* - *v and H* — cs
= 1 e SRR _ 1 == e
109 E ) % 09
Efmsg— Z 08 ; )
07 - "= | /1 LEP excludes a
g':i y 0.61 ~ / 1 type-II 2HDM
0:4; LEP 183-209 GeV gj Charged Higgs
02 F 020 ) 1 GeV
01F (M;LEH&JM&N/" E

507607080090 0==30 60 70 80 90
Charged Higgs mass (GeV/c?) Charged Higgs mass (GeV/c?)
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2HDM Type-I is more complicated: it has one more decay:

Charged Higgs at LEP

H* - Tv, H* - ¢s and H* - W*A

1 ¢

09 -
0S8 E_mH+=85 Ge
0.7 F
06 &
05 |
04
03 F 7
02 F
0.1 |

m, =30 GeV/c;

e,
AR AL PRI

0 B
02 10" 1
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+
H* = tb

* This is the most typical decay mode of a high mass
Charged Higgs

 The LHC has just started exploring that!

CMS Preliminary, ys=8 TeV, L = 19.7 fb!
I L] 1 1 1 I 1 1 1 L] I 1 1 L] L] 1 L] L]

£+

a |
a 9 —+— observed =
a _F e median expected ]
",F 8 [ + 16 expected E
W+ ) AN v w7 [ ]+ 2c expected _E
) @ E B(H- th)=100% E
0 : :
° s
4
3
2
\)l
1 TS
b 0 L 1 1 1 I 1 1 1 L I 1 1 L L I 1 L :- :- n
200 300 400 500 600
M, . [GeV]
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A/H - tt

e This is typically one of the most dominant decay modes of a

heavy neutral Higgs (m> 2 m

18 |

o (pb)

PR
I
el

12 = i

350

PLB 333 (1994) 126-131

Nikolaos Rompotis

450

550 650

V5 (GeV)

750

850

top)

Highly motivated, but very difficult due to

interference ATLAS-CONF-2015-009

>

7
QL 10 ATLAS Preliminary -e-Data
e 10° 1s=8 TeV, 20.3 fb” % 2m t\}v .

) 5 et +ets
o 104 et @ Other SM
2 10 —g, 2.0TeV, 15.3%
C KK
o
>
i

N

Data/BG
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A/H - tt

* Recently there has been a lot of interest from the pheno
community on whether there is any sensitivity to H/A — tt

Craig et al arXiv:1504.04630
Djuadi et al arXiv:1502.05653 __ Hinthe Aligoment Limit, Type 1 2HDM

60
50

40
30

hMSSM

.l—F—n*v tg =10} ttH — tt tt, HL-LHC

20 LHC 14 TeV .
H —=tb tﬁ - 5
_ 10 . H - WW
s 7
g | Jnozz e
4
; D A—Zh
2 . H - hh
1 . - AH-tt rﬂ=0_1 | . . . . |
500 600 700 1000 350 400 450 500 550 600
M, (GeV) my (GeV)
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Heavy Higgs search: (heavy) Higgs to (light) Higgs

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

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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A - Zh

« Very interesting channel, mostly in m, ~ 220 — 350 GeV

« ATLAS search looked for Zh — lItt, lIbb and vvbb final
states

> UL DL DL DAL L BRI BRI LR UL L B
Data 2012
3 10t ATLAS o mi 2 500 GeV
® \s=8TeV,20.3fb" é“—’érl:(bb)
- D A A A A *213 2lep., 2 + 3 jets, 2 tags :?iboson
~ 1 [) [¢]
8 L ATLAS + Data 2012 — g 0 ] Mull)liiet
< - 5=8Tev, 203" *) . mm— Z-+hf
N gof 88TV []zz')sMzn - 1021 - Zc ]
(%) B i i v ; E
£ - [] Fake-#/l background J : Uncertainty ]
& 15RR\N 2% Uncertainty ] 10 3
B m, = 340 GeV . N ]
10 A Zh >l Ty T ] 3
N E 107 S
°F -
: 2
| 3
IIIIIIIIIII - m
=) ,/ 7
250 300 30 400 450 500 550 600 300400500600 700 800 900 10001100 1200
mee [GeV] miee [GeV]
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A - Zh

Cross section limits for heavy, narrow width, CP-odd Higgs produced via

gluon fusion

ro) _ L B BN AL BRI o) T L L BN LA BLNLELEL
X B —e— Comb obs 95% CL limit ] 2 —e— Comb obs 95% CL limit _|
E N ATLAS Comb exp 95% CL limit _| o) \ ATLAS . ) _t
T \s=8TeV [ 1o band _? 10 g— \ \s=8TeV Comb exp 95% CL limit —§
c 1F 20.3 fb! [ *20band EDE 20.3 fo! [ =10 ban i
% E -- '''' Thad Thad exP::;A’gLLI!i"Ti: E % = \ E + 20 band .
X BN TiopThaa OXP 5275 % IMIE 5 X 1 \ - llbb exp 95% CL limit =
S SN —— = TipTiep ©XP 95% CL limit - < - ]
0 SR ?‘\ - — = vvbb exp 95% CL limit |
< 107 ER :
& 1 & w0'g E
6 I ] 8 :
21 _ i |
107 = 102 =
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A - Zh

Examples of the interpretation of the search in the CP-conserving 2HDM
(also on the plots the constraint from A — t7)

@_ T | T TT | T TT | T'TT | TTT | TTT | T TT | TTT TTT T
C - -
ATLA A—>Zh m,=300 GeV
s N S oM Typel
102 ‘§0=38fJ?V — Obs 95% CL [ +1 band ]

----- Exp 95% CL []+2c band -
[JExcluded by A>T -

_I|III|II|III|IIII.|.|III|III|III|III|I_
-08 -06 -04 -02 0 02 04 06 08

cos(p-o)

Nikolaos Rompotis
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N S Siom Type Ii - o 2HDMTypel
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[JExcluded by A—1t r = width>5%m, -
10 10:_ E
1 15 =
Lol b b bl o b b by I "l||||lllllll|III|III|III|III|I_
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cos(B-0) m, [GeV]
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Di-Higgs production: hh — bbyy

Obtained limit for anomalous non-resonant hh production:

0 < 2.2 pb (Exp: 1.0 pb)
— Compare SM hh production ~10fb

Limit for resonant hh production (assuming
Y narrow width)

4 5 T T T I T T 1 T

T T I I T
ATLAS
_[Ldt =20fb"at s =8 TeV
—a— Observed 95% CL Limit
5l Expected Limit +1c
- Expected Limit +2¢

e Type | 2HDM:
tanp=1, cos(p-a)=-0

_J" PERIMENT 4

3.5

3

6, x BR(X—hh) [pb]

o
a

II|IIIIIIIllIlIII|IIIIIIIII|IIII|IIII

2.5

'I':,,J,"lll I|IIII|IIII|IIII|III|

2
1.5 e
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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 technigues mastered in the SM Higgs — vy

Low mass
category High mass
‘_'_' T 17 T | T
3 category
[ 2000f
0} 1800F = T 10°E
N 1600p = § ATLAS
£ 1400F % —
E 1200¢ - o — — Observed
2 1282-_:8 inuumH ft (my - 125 GeVY] 1 s 10° - Expected
© 600~ Continuum component of the fit En 5 : -+1(5
14520 T 130 135 - E o [J+20
E o 10
Fis = 8TeVJ.Ldt 203 1" 'f++ s E
1 E« Data 3 L
= — Continuum+H fit (m, = 125 GeV) ﬁ| |ﬁ 1
N Continuum-+H fit (m, = 250 GeV) = J 1
a - X = — | = =
10 E— Contlnuum+H flt (mX 500 GeV ‘ ‘ ‘ = ! \s=8TeV, JLdt 20.3 o ]
100200300400500 700 ol b—— oy )
100 200 300 400 500 600
m,, [GeV] 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 Iinteresting possibility when more than one Higgs bosons
appear in the model includes decays of Heavy Higgses into
lighter ones

— ATLAS

>

)]

G

@ 800/~ JLdt: 203" \s=8TeV
0] -

=

T

- H S WEHE SR WEWE S BBWE W

95% C.L. Upper Limits [pb]

400 500 600 HO I\Sfaltg)ss [G‘Igs;)]
125-GeV SM-like Higgs decaying to bb Phys. Rev. D 89, 032002 (2014)
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Heavy Higgs to Heavy Higgs

« CMS was bold enough to proceed to analysis that doesn't
vanish in the 2HDM weak decoupling limit

198fb (8T V)
1400 T T T T T T T T T

%_) B | + | CMS
(D Preliminary |
e/ u S1200F oo ]
D []zh ]
=1000+— EmZ+bb
e / lu § \:|2be i
Z ]
: 1 gool- =
’ i 4 -
I it lept ]
A e Z 600~ [ tidilep ]
s mww 8
/ r wz N
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/b 0: ]
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Heavy Higgs to Heavy Higgs

 Interpretation is more complicated than the previous
searches

Cross section limit in the m,— m,, plane

CMS Ppreliminary 19.8 o' (8 TeV) Attempt to show constraints on a type-I|
I

A1 OOO TR 1 02-\
S - | o ; ;
3 H - ZA , I 3 2HDM configuration
S 900 | 2
E:l: - : | 7 bm
800F- g . CMS Preliminar 9.8fb" (8 TeV) e
C J GEJ > I 2HDM type-l S _ 10 CMS preliminary 19.8 b (8 TeV)
700 ® 2 900F 5 cos(p - ~, ¢
- 8 5 F — ZA Tt 3 2HDM type:Il
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C MHH‘. s 3 8
500} = 10 XS ) 02 Obs. Excl,
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200F e |37 L)
100 - K
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Exotic Higgs sectors: Flavour violation

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

w 1 T T T T T T T T T T T T | T T T | T T T | T T T
o ATLAS
Ldt=203f", Vs =8 TeV]

* |Intype-lll 2HDM, for instance,
FC couplings tch (and tuh)
exist and can have sizeable 10"
effects for LHC searches

Ldi= 47f " Jys=7TeV |

—

102 —e— Observed

é_--o-- Expected
q (1) “mmztioc
[ J*20c
. 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
q (U) Bt—>qH
Y
.\(\‘\‘\‘\' Final constrain on the FC branching ratio:
BR(t = gh) <0.79 (0.51) % observed
LLLL , (expected) @ 95% CL
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e Criticism of the 2HDM

The only solution is
to follow the teachings
of Wess and Zumino!

2HDM gives you more freedom
— no severe mass constraints

— options for more searches for
CP-violation

— more signatures

But you have to trade the physics motivation of the MSSM or expect that

it will come with some company:
NMSSM keeps the SUSY physics motivation and allows for more

freedom!
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Higgs singlets: NMSSM

« NMSSM = next-to-minimal supersymmetric SM

Adds a singlet to the 2 Higgs Doublets of the MSSM: two

additional Higgs bosons and one more neutralino (wrt
MSSM)

Solves also the MSSM p problem
Higgs sector not CP-conserving at tree-level!
The tree-level MSSM relation “m_< m_ " is not valid!

LEP and MSSM tt limits showed previously are not valid!

Typical phenomenological signature of NMSSM: existence of ultra-
low mass Higgses, a,, opening up decays like h, - a.a, H*—-a W

1717
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h—aa —DUUTT

H—>aa L
u/e+w

L EXPERIMENT

arXiv:1505.01609

Searching for a bump in
the pp spectrum:

> T T T T T T
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O 1zl s=8TeV,203fb"  —— Background Model |

o 15¢ |

S - Fit Uncertainty -

..g M 1+ o Z/y* Component |

g | | tt Component i

w 104 Zy* —
. t i
n % Other .

5__ (h—aa)=10% |

—_ i i .

®100-

3 okt t

.a % %

S100r Il } o

<o 4 5 67 8910 20 30 40 5060

° m,, [GeV]

Nikolaos Rompotis 27 May 2015 — Seminar @ Liverpool

49



YA UNIVERSITY of WASHINGTON

h—aa —DUUTT

Look for m_in the mass range: 3.7 — 50 GeV and for a heavy
Higgs decaying to aa in the range 100 — 500 GeV

2
(\/I-s\ 1 O § T T T T T T T T T § g 1 02 é T T T I L | T T T T 17T | L | T 17T I L | T 17T E
S - m,=m, =125 GeV 3 = a m, =5 GeV N
g, N ATLAS 4 Observed 95% CL i B - ATLAS Observed 95% CL 7
& Vs=8TeV,203f"  cee Median Expected 95% CL I Peyis=8Tev,203f" ... Median Expected 95% CL |
x 10 . o E id . o
R - t20 . a . +92 _
- x 10 = KR teo =
g, B ’g? o e 8888 SMgg— H -
g 1 - T R0 :
X = = s
= . & '
=
%bm i } % 1
= 1L _ -
© 1 0 E 3 ']\ B
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] (=] L _
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Higher Order Representations

 There are arguments why one would be interested In
higher order representations (i.e. isospin > %2)

o triplets (isospin=1) may be connected to neutrino masses

* there are reasonable phenomenological possibilities that are

not covered by 2HDM/MSSM due to their restricted Higgs
sector structure

v absence of vertices like H*ZW (although they violate no
basic symmetry)

v Higgs coupligs to W/Z must be less than their SM values

* But they also suffer from a fundamental problem
X p #1 at tree-level
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Higher Order Representations

 There are ways to solve the tree-level p = 1 issue

* Fine tune the value of the triplet v.e.v. (up to GeV)

* Fine tune the Higgs potential, such that it has the custodial
SU(2), symmetry after EWSB (e.g. Georgi-Machacek

model)
* Typical signatures

 Doubly charged Higgs
¢ H*->WZ
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H* — [+t

JHEP03(2015)041

* Doubly charged Higgs to same sign leptons

* Pair production of H** via Z/y*

T T T T T T T T T T T T T T T T
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+
H - WZ

* VBF Production of a charged
scalar that decays to ZW

arXiv:1503.04233
3 10° AITLIAélllllllII+I°?ItaI+IIH§
O] . B H—>WZ-qqll .
- 102 's=8TeV, 20.3 fb m,,. = 400 GeV -
2] H S W*Z—qqll [ Z+jets 3 T -
S o x BR=1pb ] (l\ill_ltl,ltiiet 3 %) .
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m 10 -ul = =
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.
102k _ 0.5 H"— W*Z — qql =
F ] 0.4 — Observed (CLs) —i
107 E 03  pmt e Expected (CLs) 3
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Portals to Hidden Sectors

e |f there Is a hidden sector in nature: how to connect

to it?
o]l € Y
S The Higgs sector provides a
w| | SUSY? GUTs? ... connection with a singlet S
3 4 D enormalizable operators.
& perators:
=
S

Hidden sector
q) q) S S Higgs portal
SU(3)XSU(2)XU(1) L )
Standard Model
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Portals to Hidden Sectors

» Avariety of signatures is motivated by such a connection

* Couplings of Higgs to light (pseudo)scalars, ie. similar to the

signhatures of the NMSSM, see also _
arXiv:1312.4992

* Higgs to dark matter (invisible) or long lived particles
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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.

« Some ATLAS searches looking for “h125” — invisible
VBF Higgs to invisible: BR(inv) < 29%

> Frrrryrrrryrrroprrr T T T T T T T T 3
<)) - VBF Signal (m =125 GeV, BR=100%) -
g - W- v

5 10°) Bz

-E - - Other Backgrounds

g - —@— Data 2012

i

10?

ATLAS Preliminary -

10 20.3 b, 8 TeV

1

150 200 250 300 350 400 450 5b0
E?ISS[GeV]

V( —jj))H Higgs to invisible:
BR(nv) < 78%

Z(-l1)H Higgs to invisible:
BR(nv) < 75%
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Higgs to Long Lived particles

- Higgs decaying to invisible, long-lived “hidden valley” pions 1t , which
decay to jets in the outer calorimeter and are detected in the muon
system

h - L TC; TC - bb/ccitt

ATLAS muon system

Calorimeter

h{}p.//unus.ch

Simulation

Nikolaos Rompotis 27 May 2015 — Seminar @ Liverpool 58



YA UNIVERSITY of WASHINGTON

13 EXPERIMENT

Higgs to Long Lived particles

* Dedicated trigger development

Trigger efficiency for a signle 11, as a function

of the radial decay length in the barrel

Phys. Lett. B 743 (2015) 15-34

Observed limit for various mass assumptions

| T L T T 1 T T 1 T T 1 T T 1 T T T a T N T LRI T T T TTTT] T T
l_:> 0.6 [ I I [ [ [ 8_ L WV
= — . - ] - '
-B’ - ‘%*;m* " my, 126 GeV -m_, 10 GeV - = - \‘ \‘ Mg 300 GeV - m_, 50 GeV
= C . v ‘ ® m, 126 GeV-m,, 25GeV | 3 - U my 600 GeV - m_, 50 GeV
g 0.5 v Ywvy ‘ ¥>leO m,, 140 GeV - m,, 40 GeV _"| 5 "N === m,600GeV-m, 150 GeV
9 "~ V- Ty, % . s 10 VY mg 900 GeV - m_, 50 GeV =
s - o ""‘_Y. % : £ - -~ - = mg 900 GeV - m,, 150 GeV /’ -
0.4 m, 300 GeV - m_, 50 GeV * ., - 3 N #
— Y - —
- * m,, 600 GeV - m,, 150 GeV - o - .
L ad ] o
— ¢ m, 900 GeV - m_, 150 GeV x . 5 B —
0.3 « Al ] a3
B i L . 1= —
B V. s o s - * ATLAS 1 &\3 — -
L v >4 . . . - 3
0.2 8% et Satsg0. Simulation — s L ]
L o _ - 7]
B = 8 * ’lo ] L _
- . v barrel . I N N 1
0.1 o s — 1
L * o} _ Ldt=20.3fb
B +BO - ‘
C ¥  x . 10'1:— \s=8TeV =
- | | 1111 I I 111 I 1111 | Iq 1 | 111 1 I 11 1 I_ — =
0
1_ 2 25 3 35 4 45 5 _|||||||1 1 Lo I Lol ! Lo
107 1 10
r[m] 7, proper decay length [m]

Nikolaos Rompotis 27 May 2015 — Seminar @ Liverpool

59



YA UNIVERSITY of WASHINGTON f&lf!hﬁrﬁ

Run-| results and hints for the future

 The search for BSM Higgs has just started!
* There Is significant physics motivation

Supersymmetry, composite Higgs, baryogenesis, neutrino
mass, dark matter, ...

* Only now we are start being sensitivity to most of the
models
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Run-| results and hints for the future

* |n Run-I we discovered what is most probably the lightest CP-
even SUSY Higgs

 We have disfavoured additional light MSSM Higgses, as well as
the possibility that the heavy CP-even Higgs is the one at 125
GeV

* There is still a lot of space for MSSM Higgses at high mA
- H/A->tautau will continue being the workhorse at high tanf3

* |n Run-I also we started exploring lots of signatures without the

SUSY bias: Some of them have just started and are not yet
sensitive to any realistic model

« H*—tb has just started; H/A — tt is very difficult
» Triplets, exotic decays etc are just in their infancy
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Run-| results and hints for the future

* Do not forget flavour physics:

| didn't have time to talk a lot, but many channels, including
B, — yy, B — 1, etc have very high BSM Higgs interest

 We have to keep in mind looking for a Higgs boson means that
we are looking for “a Higgs boson”

e Higgs couples to mass, so disfavouring your exotic Higgs model
doesn't mean that you disfavoured BSM Higgs

e This essentially means that life may be more difficult than we
would want and we should not be surprised if we have to wait for

a discovery till the later stages of Run-ll
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Concluding remark

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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Even more results

 Not all results were able to be shown
» All public results from ATLAS here:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
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Exotic Higgs sectors: Flavour violation

* Flavour changing neutral currents may also appear in Higgs

decays as well arXiv:1502.07400
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