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® Neutral Higgs Boson searches
o Two Higgs Doublet Models (2HDM)

® Direct heavy Higgs searches

® Fermiophobic Higgs*

® Minimal Supersymmetric Standard Model (MSSM)

® Next to Minimal Supersymmetric Standard Model (NMSSM)

o Higgs to invisible
o Higgs in a model with a 4" generation of fermions*
o Hidden sector*

® Charged Higgs boson searches
o 2HDM—> MSSM : charged Higgs
o Doubly charged Higgs

® Future Plans
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NEUTRAL HIGGS BOSON SEARCHES
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- 2 HIGGS DOUBLET MoDEL (2HDM)

ARC Centre of Excellence for
Particle Physics at the Terascale

® A simple extension of the SM is the addition of a 2"4 Higgs doublet
® |t gives rise to 5 Higgs Bosons: h, H, A, H*
® Is the 125 GeV the lightest among the 57

® 2HDM models are classified depending on the fermion coupling:
o Type I: all quarks couple to just one of the Higgs doublets
- fermio-phobic limit

o Type II: the Q=2/3 right handed quarks h\ (—sina cosa) [¢1
couple to one Higgs doublet and the H/)] \ cosa sino ®9

Q=-1/3 right handed quarks couple to

the other A Y sinf3 cosf3 X1
—>MSSM is a type Il at tree level G cos3 sinfB /) \ xo
YoHDM /YsM Type I Type II

& sin(8 — «) sin(f3 — «)

h cosa/sinf3 | cosa/sinf3 Mixing angles: = ¢ ¢2: CP-even fields

3 cose/sinf3 | —sina/sin 3 x1,x2: CP-odd fields

v . o and 3

'3 cos(f — «) cos(ff — ) tan = 22

37t sina/sinf | sina/sinf V1

3 sine/sin 3 | cosa/ cos 3
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® Strategy: ATLAS-CONF-2013-027
o Assume m, =125 GeV

o Direct search for the heavier neutral Higgs H between 135-300 GeV in
H->WW->evuv channel

o Boson A and H*assumed to be heavy = do not affect the H xsec and BR
® Selections

o 2 leptons OS and OF

o 0jetand 2 jet final states
® Limits

o Final discriminant NN output trained for mH= 150, 180, 240 GeV

o Limits for tanf}=1, 3, 6, 20

Type | -tanp=1 Type Il - tanp=1

- g . Y Y y ’5 j ’8 ‘
=) ATLAS Frowmnary | Ldt=13.0%" \s-8TeV ]S ATLAS iy | Lt =13016" 158 TeV 3 _ ATLASPrelmmry {2 . ATLAS Probminary J
o HWW—svuv + 0 jats @ D= sm1monw] O HoWW smuy + 2iels Data » , " w >, e e T
- NN @150GeV -:{:Ta 1B O 11— 20 NN @180GeV 1 M Higgs m =126 GoV 8 '2 [_n « 1307 (5.8 TaV J 8 l ;"'?7 « 137 (5.8 TeV 4
P ol o BBV o 0. 270N Type-l tonft 7] 0.5 2HOM Type-t tanf=1]
g m iz ] S 27t " HWiW-ewr ] ’ "\ HaWti—avpy
g’ N (eye & g’ Cdwvgs ‘\ ) 1 L Sh el s
w - RV ZIW YN l| :
CISM (s & sl
. i .
10 , ] 0 | 1
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» -
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[ : ) ; EH
Constrained 2HDM.(type 1) ngf BesTev i
o MSSM can be described by tanf3 and M, vof ;
o Coupling with down-type quarks goes with T 10 :
tan?p g i
® Physics Processes: 107
o Production: Higgs couplings to b-quarks 102k
enhanced by factor ~“tan“f compared to SM 03%
o Decay: 1
® H->bb (BR ~90% for Tanf>3) 0% 1
® H->t*" 1t (BR ~10% for Tanf>3) M, [GeV]
® H-> u* u (BR ~0.04% for Tanf>3) 1
g bb tan g=30 3
9 DO000) t/b q B0 ? a3 “
‘i -2
§----- h/H/A PR T
. ;é s _ 55 i
g TOO—— /b 9 O T T
W | e ]
SO S o N WA s SO oo ve WY
o MSSM Charged searches - see “Charged Higgs Boson m ° my (Gig;; " o

searches” (slide 15)
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Particle Physics at the Terascale di Fisica Nucleare

® Selections: 8 final states: _ o Sopa i e s
Next slide S4BE T e
o ATLAS 4.7-4.8 fb1 @7 TeV ;2‘ =
E N er
® 4 channels: T, Thag s Thad Thad » Te Ty o3
® b-tagged/b-vetoed categories T decay 20F
15F

Lep-lep 12.4%

MSSM m™ scenario

0 CMS 4.9 fb' @7 Tev+12.1 fb'l @8 TeV

* Llep-Had456%  gb— Mauer =176V 3
® 4channels: T, Tp,g, TeThag s Te Ty T, T, odHedda2% oy
. m, [GeV]
® No b-tagged/b-tagged categories CMS-PAS-HIG-12-050
® Limits: final discriminant m__ 0
g ATLAS

MSSM combinaticn, 95% CL ima

CMS Preliminary, ys = 7-8 TeV, L = 17 fb' T Ty,
—T T T T T

T T T T T T T T >
%‘ 3 LI 10x0(160 GeV) —s, tanp=8] 8 80 7,1, b-tagged sample I Lat-47-48%
10 —@— observed - L
o )z E S 70 ® Data2011 A0 E-7Tev
~ B Z ce -~  F m,=150 GeV. tan p=20 I ]
—_— ey et 1 & ) .
£ 102 B electroweak _= 2 60 7 e | ey :
£ % gCD E s Other slectrowsak -
2 EE5833 bkg. uncertainty ] & 50 B & ]
Z o\ ] 5SSy Single top .
© H 3 40 Multi-jst .
W Bkg. Uncertainty —— ObservedCls 1

B-tag
Te+TN

---- Expected Cls
B tc ]

ATLAS

T

20 E=7TeV, JLdt =47®"

10

100 150 200 250 300 350 400 450 500
m, [GeV]

0 200 400 600 800 1000 50700 150 200 250 300 350 400 450 500 JHEP02(2013)095
m.. [GeV] miz¢ [GeV]
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O ATLAS 4.7-4.8 fb'l @7 TeV

® Same analysisas H2>tt

(previous slide)

w'w, b-tagged sample =~ ATLAS
+ Data2011
—— m, =150 GeV, tan f-40
m Zpup
Multi-jet
S e

Jiiiiy Bxg. uncertainty

:_[un-u-um'
C\E-TTev
= >0

-
95% CLimits |-

j Ldt=48"
fs=7TeV

® btagged: 1 or 2 b-jets
® b vetoed

JHEP02(2013)095

m,, [GeV] m, [GeV]

Clean signal with excellent mass resolution Limits: final discriminant M.

o 10— T T 1 T T L T S . CMS Preliminary 2011 1
=] r — M V4 .
1 2011 _ -
§ ool [T, Y Gl e 0 CIMIS 4.96 fbl @7 TeV
r \s=7TeV ax . > 105 mlg-1506.e‘t'l/tl:2 tanP=30|
sof | My [ s ¢ e on g
703_ :::2‘:::: 1i::: N 10‘ ﬂ:' t-channel . b tagged (bH)
F | M0 expected limit = 10 S~ ¢ : s-channel
60F 1007773 expected limit * 20 3
F p 10° £
sof g o 2u+btag
& 10%¢
40f a .
E 8 o 2u+third u (from b-decay)
30F 10
® b vetoed (ggF
: ; vetoed (gg
10— =
of I U B B 107

150 200 250 300
m,, [GeV/c’]

CMS-PAS-HIG-12-011
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CMS 2.7-4.8 fb"' {s=7TeV

S P s e eon e e

103F,,.,.Jx..

®* CMS2.7-48fbt@ 7 TeV

® Search for H->bb produced in association
with b-quarks

® Two approaches:

—— observed
------ expected
| B9 expected (68%)
------ expected (95%)

Upper 95% CL limit on o x BR(H— bb) [pb]

R

-
o
o

CMS-PAS-HIG-12-033

T AT

o All-hadronic = exploit b-jet multiplicity 10 E
o Semi-leptonic = exploit also the b>u : ;
1I‘l.xllnn.l.lnnl..xuinnnn
® . b bb 100 150 200 250 300 35(
Set upper limits on o(bbd) x BR(d—=> bb) m, [GeV/cT]
5 ; b Semi- leptonic Fully hadronic
tan /
b_r i Mass of leading jets pair ] Signal yields from a 2D fit on di-jet mass vs event Btag
b 3, RS s S g S e
o 2500— Low-Mass Scenario ]| g 180001 @ Low-Mass Scenario § r IL\II-H;Idron: Anah./sls
g b e s regrouna | 3 o AT S eyt
E 2000 a2 |i| M,=120 GeV § E ] F
w C [ 1M,=180 GeV 114000~ - 50000
1800 (tan =30 120001 = E
r ] E i 40000F
1oco ; 7: 10000;_ B BG Uncert. _i E i BG Uncert.
s00l E 8000F 3 30000F
B I 000k = g
C 1 20000
100 4000F - B
ols 2000F- 3 100005
1007 . . , .. Data - Background , . 0(; 50 100 150 200 250 300 350 400 450 5-0( 0
0O 50 100 150 200 250 300 350 400 450 500 M,, [GeV] 0 1 2 3 4 5
M,, [GeV] X1
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nMSSM: add one scalar singlet to MSSM.
o 3 CP-even h,,h,,h;, 2 CP-odd a,,a, , charged H*
o one CP-odd boson (a; ) can be very light m_;<2m,

Solve some problem of MSSM
o accommodates better M, = 125 GeV
o no fine-tuning for p-term (produced by VEV of singlet)

Production via gg = (h, a) through t, b triangle loop

Channels:

o Neutral
® h—=>aa=> 2u+2u
® h—2>aa—> 2y+2y
® a2 2u (backup)

o Charged - see “Charged Higgs Boson searches” (slide 13)
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CMS 2011 Vs=7TeV L_=53fb" ) -1 @
BT e m CMS 5.3 fb 7 TeV
v My = 3.55 GeV/c2

— m, = 1GeV/c E ® SEIeCﬁOn:

—« - m, =0.25 GeV/c?
—— Prediction with c(pp — h1)=oSM,

siN_ Shomomeesca-re | o >4, exactly 2 isolated

o Two di-muon 0.25 < m,,.< 3.55
GeV

| ® Limit:

05 1 s s s "'90"'1'06"1'16"1'26"?:1'&3;/1';% o A model-independent upper limit

o
o

2
m, [GeV/c?]
Events / (0.025 GeV/ ¢? x 0.025 GeV/ ¢?)

o(pp—h, ,— 2a) B*(a - 2p) [fb]

m; [GeVIeT] | ~MS-PAS-EXO-12-012 of 0.78 + 0.05 fb for o X BR X Acc.
is set

R >2000>"“I‘“'|""\""\'-‘-J_l“‘-,

_ E 0.8;— —; § 1800; —+—Daiazﬂ11@s=7TeV)‘ Ldt:A.le"_f

. ATLAS 4-9 fb 1 @ 7 TeV j o.7; ATLAS Preliminary Tf.zool:, zlleer\ced Limi é % 16003— _::::T.::::ﬂ;:::omi:)—f

. 1 O.GE— ------ Expected Limit —f E 1400; ...‘Signal(MN=|25<§eV.MA:=200MeV) é

® a 2>vyydecays very collimated ¢ .. O B T ———

.. . S oat E 1000f H t ATLAS Preliminary

o mimic di-photon events £ E— 4 ]

® Selection: 1.

o di-photon selection . o TR e e T o

m, [GeV]

o v -ID cuts with loosened shower-shape cuts sensitive to inner structure of em shower

o acceptance selection efficiency: 16-30 %
® Limit: ATLAS-CONF-2012-079

o exclude o (pp = h 2aa—> 4y) > 0.1 pb (0.2 pb) for m_ =100, 200 (400) MeV

m,, [GeV]
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® ATLAS:4.97 fbl @ 7 TeV + 13 fb! @ 8 TeV 2 E
® Direct search for the invisible decays of Higgs
® Selection: q 0 E
o e or u pair compatible with m,  ATLAS Preminary ;
. . i ZH-I(inV) i
o no additional lepton or jet VETTeV, [ Lota7m"
10’5— \rmv,H Ld-13.0/" E
® Limits: T S T R
. q i
1. assume SM ZH production for ATLAS-CONF-2013-011 | =A™
m;, = 125 GeV, BR(H—inv)<0.65@95% CL obs. =
= ATLAS PR —
2. set upper limit on additional Higgs-like state: z Mghﬁ);‘ T e
O, * BR(Z > Il) * BR(H > inv) ] gy e
— -:h
1
Et . Final discriminant |® CMS % [
3 STy | @ ndirect £
[ ATLAS Prolmray =BTV @ D2 |L=120m° =
S« (1 w = 4| searches 3
2 5 il T E ° . 3_2;
2 30F :Sﬁ'd(suza.m=1sow)i Relnterpret @ T e
E : ] ation Of SM 120 140 160 180 200 220 240 260 280 300
: m, [GeV]
i results to Previous Limits: Combined LEP
10f .SetBEE/II'm'tS results exclude H = invisible up
: . 11 m to m,, < 114.4 GeV, assuming
CMS-PAS-HIG-13-005 h : '
v e BR(H = inv) = 100%
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CHARGED HIGGS BOSON
SEARCHES

o 2HDM—-> MSSM : charged Higgs
® H* > 1'v
® H* > cs

o Doubly charged Higgs boson H**
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Charged Higgs searches can also offer limits on 2HDM

rr‘H+ < rntop 0 g t rnH+ > rntop
® Main H* D .~ ® Main production

production mode I mode gluon gluon

t > bH*  tbH

Decay channels

® Decay channels The cross section for H* production e i o

o H* > t*v:large tanp from single top quark events is © t

+ 3 s - o H* 2> 1'v
o H cs:tanP <1 much smaller than from tt
Charged Higgs in top quark decays

§ 1 g 1} MSSM
T 1o 2 08 H* decay
,,jc:; o R —H —>cs
2 S o6l e
o 10° @ —H -t
2 'S e
é 0.4 O H: — W=h°
@ 103- - 0.2; - B(t— Hb)

120 140 160 180 200 22[?1i?(%e2\6/9c%)80 0 ;—/F__\ ............ 1r° .........

tan

ATLAS
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2 M
= p [\
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® CMS:2.2-4.9fb! @ 7 TeV H*=> tv @ ° ATLAS 461 @ 7 Tev
® 3 final states ® 3 final states

o Di-lepton (T>lvv F;V%W) B(H+ = ) = 100% assumed o Semi-lepton (t=2lvv ; W—>jets)
© ;hl”lleﬁt‘;n (Th 'L' \|’1V+WI\;) " CMS-PAS-HIG-12-052 o th+lepton (th + W>Iv)
© Fully hadronic {t JEs JHEP 1206 (2012) 039 | o Fully hadronic (th+W—>jets)

- fs=7TeV_L=23fb"' CMS _ E=7ToV oM Ot 22D urdon” > L S I
8 A0 s o vy 2 Loas MO o oS Proaminany] 8 goLATLAS e Data 2011 E A
8 B Wit « om data) 3 Sejets, v, v, and ey final states ] S [JTrue s S [ ATLAS
P B ekt o (o %0.12 B = )=1 4 Otmerves = = 70H B Jot> ¢ misid T | —— Observed CLs Data 2011
5 = B xpected maden: 1> T gob B e misid I ®m 1 Expected s 7TeV
@ 3 B 01 —— Bpsctedmtien:: ] g [ Mutti-jets E F Bl - 7
4 ‘ch+jets 3 Eoos E 507 223 SM + uncertainty 7 P %2 _[Ldt =4.6fb"
2 A ] =* a0t —m,.=130GeV ] |
5 3 Toos = B(—bH") = 5% E 107¢ E
ERR 30 : g :
it e B 20 Jramsow 4 \ |
2 o s = ]
6%’1,51— L + l 0.02 10 1 =7eV . 1025 combined E
S o5t + ! : e ] E ]
8 5514556500 250 300 8080 06110 120 130 146 }(éo is0 % 50 100 150 200 250 300 350 400 50 706110 126130 140 150 160
mT e - PN
my [GeV] m,,. [GeV]
® -1 +
ATLAS: 4.7 fol @ 7 TeV H CS
PY | . arXiv:1302.3694
Selection —
S' I I . (?325 014, T T T T T ]
A4 Limits at 95% CL: =
o Ing e epton trlgger 320 ,\0.127 ATLAS e Expected Limit
o Atleast 4 jets pT>25 GeV H = =776V [ Lot a7 5" I Expected £ 1o
* 4500 1 B(H'— c5) = 100% Expected£20
o L' H 1 & 0.08 =R —— Observed Limit -
Imits 2o E
. . . . . e 1000 g 0.06 -
o Final discriminat di-jet mass £ 004 E
.. . 50 > ]
o Limits on BR(t2>H*b) = 1%-5% assuming BR ; S 3
(H*=>cs)=100% %7760 B0 00 120 140 160 0 e fo0 " Ho 10 Ts0 40 180

Dijet mass [GeV] m,. [GeV]
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® Minimal See-Saw Type Il
o Higgs sector extended to a triplet:
O, Ot Pt

o Responsible for low neutrino masses

® Search for ®** and ®* produced from W/Z

® 3 or4leptons in the final state

® ®*: narrow resonance

® Search for pairs of same sign leptons

® ®* couples to left- or right-handed fermions

® Variety of models
o Higgs Triplet
o Little Higgs
o Left-Right Symmetric Models

Cross section [fb]

— Associated production cross section ||
—  Palproduction cross section

AL ST SRS T ————

B L T T T S PP S P Y SRR oy P P P PR
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‘&) DOUBLY CHARGED HIGGS : H** JLLL
ey P : (e

As we don’t know v mass matrix, we don’t
® ATLAS: 4.7 fbL @ 7 TeV know BRs Search for BR(Q++—>1+1+)=100% (l=e,,T)

o o ~ Final State pair prod. [ combined
Final states: e~ ATLAS] CMS
B(dTT 5 eTeT) = 100% 409 382 444
Eur.Phys.J. C72 (2012) 2244 B(@tt o etpt) = 100% 409 301 453
Bttt o ptut) = 100% 308 305 459
> 80F "'w""l'l'qT'L'Als""l_;_'D"1261'1"-; B(d’++ . e+1'+) = 100% - 203 373
(0] r ata E
o M [P Batt 5 ptrt) = 100% - 300 375
5 e Jovny MChageps BTt o rtrt) = 100% - 169 204
g s0F- i 4 [ ]Prompt ; ek R .
5 F \ EL One2s0cev ] B — pp®) = 100%
g 40 " HE 300 GeV 3 CMS /5= TTeV, [ Ldt = 49 b~ ° . 1
g s hiinte ® CMS:4.9fbl @ 7 TeV
205 [(JH™ 400 GeV 3 - Enpecing vt (aestcated praeicten ° .
j: + e — Final states: e u-t-
00000 s00 00500 600 CMS-PAS-HIG-12-005
m(e"ut) [GeV]
e CMS Preliminary /s =7 TeV, [ £=4.6 fb~*
= \ T Soeervedasn OLuwperimit 3 150 200 250 300 350 400 450 500 ~ 0w
i \\\ -Exzemed Iimilet 1o " ] Mass of [GQV] - x:;«;
1 N\ Expected Iimitﬁi 20 o] N 10' = g:;lleswp
E NN o ) s 10-! , I o e 2 !ﬁﬁﬁi — sasocan
'JXJ R —— Pk grodueion dreds sestion g
1; L ~ | ' B 10 B
L E amas g
T Ldt=4.7 b z
% [ \s=7TeV . [ =
10750200300 200 500 600 10 i i A H PR
) [GeV] 150 200 250 300 330 400 450 G50

Mass of 77 [GeV]

200 300 400 500
m((*(*) [GeV]
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FUTURE PLANS
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FUTURE PLANS

Where theory drives both experiments...
... discussions and strategy plans ongoing within the

BSM LHC Cross Section Working Group *

a joint effort among ATLAS, CMS and theory community whose main goals are:

® Select/define general benchmarks for BSM searches
® Reinterpret SM searches/signatures in BSM scenarios

Plan for the future
® Complete presented analysis with full available statistics

® Investigate more generic models for Heavier Higgs partner searches :
o neutral and charged,

® EW-singlet mixed with SM-like Higgs

o Including H>hh decays ® 2HDM - (type Il discussed yesterday by R.Contino)

o more final states for heavy Higgs

® Investigate further final states

* https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsBSM

cms |
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CONCLUSIONS

® The present

o Several BSM Higgs bosons searches in ATLAS and CMS:
® Neutral
® Charged

o No BSM/exotic Higgs observed
o Set limits on the presented scenarios

® The Future

o Finalize some of the presented analysis with the whole
available statistic

o Explore new final states driven by theory
o Approach more generic benchmark models

ATLAS
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BACKUP
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OTHER CHANNELS
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SM HIGGS + REAL SINGLET

S.Diglio & S.Lacaprara VI Workshop Italiano sulla Fisica p-p a LHC

Two resonances with couplings rescaled wrt to SM
h125 (h) coupling = C x SM

Heavy Higgs (H) coupling= C* x SM 2 free parameters:

M, and 0 mixing angle

Unitarization

C’2+C2=1, |e CI=COSe,C=SIn6 :.... ............ . ....... 400060000 eesa, )
+ universal rescaling of Higgs couplings :

Heavy Higgs width and cross- SN SM .

secglon directly rescaled with ¢ L VI G X X

cos“0 : SM

o u‘H’ - COSZBX nHSM .....................................

o Iy =cos?0xC M cy =Cp =/l i +cZ=1

H coupling constrained by the  Taking the uncertainty to be Gaussian, these

measured h correspond to a 2o lower bound on p and hence an

Signal strength (July2012): upper bound of C'? of
® Wucms = 0-87+0.23 Wuems> 0-41 -C%2<0.59

ATLAS




SM HIGGS + REAL SINGLET (Il)

What if H=>h h decay (+ new unknown decays) ?

® Considering H=> h h decay
(+ new unknown decays)

—1 additional free parameter (BR

new)

® Heavy Higgs search in 2 parameters
space for each mH hypotesis

/-L, - Clz(l_BR‘new)
C/2

/ —
Ftot — (1 _ BRnew) FSM‘

® Very narrow width possible

BRnew

3 free parameters:
M, , 6 mixing angle, BR_ .,

Direct heavy Higgs search can be reinterpreted in this BSM
scenarios as limit on mixing angle and H mass
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® Possible with extended Higgs
sector (2HDM Type |)

® SM-like but no coupling to

fermions

® decayH > WW /ZZ,yyonly

o vy enanched (no negative interference
between W and t loops)

® Production only via VBF and VH
® nogg =2 H nor ttH production

o Total yield comparable to SM at 125
GeV

o Higgs is boosted due to production
mode

o additional signatures due to associate
production: di-jet, lepton, MET

® LEP excluded M, < 108.2 GeV

WW (SM)

T | T T T T E =
Fermiophobic £

) —

J

q
W#, 2+
W, Z strahlung: h .
q :

5.4%

H

X 05%

& o !
tt fusion: ~  f------ H
£ O T
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S Qe ] Eur. Phys. J. C (2012) 72:2157
£ oo Mo AT ® ATLAS:4.9 bl @ 7 TeV
‘:S‘i [ e vY: SM-like selections
3 vamsort eerv 1 ¢ Largest excess M;=125.5GeV 1.6 0
iLd;:hngw 1 ® Exclusion for 110 < M,,<118 GeV and 119.5 <

10790118 420 25 130 135 140 145 150 MprS].Zl GeV @95% CL

my, [GeV]

® CMS:5.1fbt@ 7 TeV+5.3fbl@ 8 TeV

° H2 WW/zZ g 1OE_vC‘sM=S7 TeV, L=5.1 fi" Z omoned |

®* H> YY in association with CMS-PAS-HIG-12-013 g (5=8TeV,L=531" | : 10 oxrosd
o Di-jets E 1 i
o lIsolated lepton g E
o Boosted Higgs § :

® Excess at M ;=125 GeV is the SM Higgs 10" |
- not compatlble with FB Higgs : |

® Exclusion for 110 < M,;(,<147 GeV @95% CL 110715120 125 130 135 140 145 150

FP Higgs boson mass (GeV)
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- HIGGS IN STANDARD MODEL WITH 4TH

ARC Centre of Excellence for
Particle Physics at the Terascale

Four Generations
of Matter (Fermions)

® Standard Model with a fourth m _C-I U
generation of fermions u,, d,, |,,v, ———1—

® 4th gen. masses not excluded by .
direct searches 1

Quarks

® Large impact on production and

decay rates

o o(gg>H) enhanced e
o VBF and VH negligible i
o BR(H>WW/ZZ) smaller JT el

o H=>yy suppressed
o H->fermions larger

® Need re-interpretation of SM(3) /
results in the context of SM4 O e

My [GeV ]

S.Diglio & S.Lacaprara VI Workshop Italiano sulla Fisica p-p a LHC




Y HIGGS IN STANDARD MODEL WITH 4TH

GENERATION
® ATLAS:1.0-2.3fbl@ 7 TeV J [ amaSPrimioay Clslmis |
°® Channels: g i —— Obearved 4 GeneratnonModelﬂ
o HD yy ATLAS-CONF-2011-135 | £ °F e [Lare 102517
- : \s=7TeV
o H>ZZ > 41/livv /llgq 3 R |
o HOWW = Ivlv &
o H2>tt =2 It,3v /Il 4v
o H->bb
® Exclusion: 95% CL 119 < mH <593 GeV 102 500500

,-+-~ “(.J-l.):-cr-r;\-:; | m||4 md4 (50 1 : I ( H )) V

s=7TeV. L=511" 8 Expectod (63%)
®* CMS:5.1fb! @7 TeV+5.3fb!l @ 8 TeV

—_—
<

(5«8TeV. L=53m" sss Expected (95%) |

—

® .
Channels: CMS-PAS-HIG-12-013
o H=>ZZ-> 4l /llvv /llqq

o H2WW = Ivlv
o H2tt 2 Ity 3v/undv /endv

® Exclusion: 99% CL 110 < mH <600 GeV

95% CL limit onolog,,, ,
=

10° N L L3
100 o 200_ 300 400‘_5_0Q R

ATLAS
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ARC Centre of Excellence for
Particle Physics at the Terascale

HIDDEN SECTOR

® ATLAS: 1.9-2.04 bl @ 7 TeV

® Search for rare H decay into hidden-sector particles

® New particles assumed very light - decays are boosted - jet of
muons/electrons with high impact parameters

* Assume
* heavier y,: 400MeV, with ct~(40mm)
* m(f;,)=5GeV, m(f,,)=2GeV
* VYqPHM:45%
* Trigger with the muon spectrometer, large
IP prevent the use of inner tracker
» 2isolated muon jets, back-to-back (Adp>2)

g 50F
MUONS

expected + 26 (stat.+syst.)
b . expected * 1o (stat.+syst.)
401
r ------- expected limit
—— observed limit

e OXBR(H-Y ¥ 4X) =0y

ATLAS

\s=7 TeV, J. Ldt=1.91"
m,, = 100 GeV

95% CL Limit on 6xBR(H—y vy +X)
w
?

Phys. Lett. B 721 (2013) 32-50 1 10 10° 10°

Dark photon ct [mm]

* Search using the HW(=>e/u v) production

* Single lepton trigger, one isolated lepton,
MET>25GeV

e atleast 2 electron-jets

* 3 step decay chain model also studied

ELECTRONS £ 10p Ty
= [ ATLAS --Observed ]
= [ ]
. ©” [ 2011 Data, \s=7TevV Expected ]
d e z |
AT Eeon jet ko} J Ldt=2.04 10" o
WWWWWMP<6T o
hd,z/y ¥y e :;]5 I:I +20
T 1 .
H 2 r Signal model: 2-step, mYd=100 MeV B
777777777 . I L ]
N ]
\ 6
gy \g;EIectron jet £
ﬂ“?fzwmm<e' 610»1"|H.‘\.‘..\.H.\..‘.|‘.
2 100 110 120 130 140
o
Yol
> my, [GeV]

New J. Phys. 15 (2013) 043009
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ARC Centre of Excellence for 7
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£ NMSSM: a>uu

® Search below and above Y resonances o0l E
o - oo0l ] .
Substantial BR(a;2uw ) for 2m, <m,, <2m, St [ -
® Dedicated exclusive Trigger W Bk |
o 2u, low pt, same vtx & 0.005F E
o selection in Muu |
+ 0.001 =—— :
u 0 12
®* CMS1.3fbl@ 7 TeV
. @ ® ATLAS39pbl@ 7 TeV
® Selection: CMS-PAS-HIG-12-004 o :
5 isolated Selection: ATLAS-CONF-2011-020
O Zisolated, prompt o 2 isolated u coming from the same
® Limit: particle
o Mpp€e [5.5-8.8] U [11.5 - 14] GeV excluded o likelihood-based discriminant
14;_ — Observed CMS preliminary,\'s = 7 TeV E — Observed CMS preliminary\'s = 7 TeV % iiés'l"elflré”r;ﬂh;r}; o ‘.r Ldt:;g p'b_;‘_i
12| | Expectedt 1o L =13f5" 3 [ Expected + 16 Ly =131b" 71400
105— ---------- Expected + 26 " E “ Expected £ 29 Ué —— Observed limit

s Expected limit

Upper limit on 6(pp— a — ) [pb]
Upper limit on 6(pp— a — up) [pb]
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Search for H+ 2 tvin tt 2 bbWH+ = bb(lv)(t V) ATLAS

Bt — bH*)

—— Observed CLs Data 2011
! ;ib ed {§=7T9V

® ATLAS:4.6fb!t @ 7 TeV

® Search through violation of lepton universality in tt
® Method:
o R.=N(e+t,,q)/ Nfe+p)  R.gy ~0.11

o in tt decays with H* - decays Ry, differs from R, due to
enhanced H* 2 t+ v coupling

CJ+2¢c

| Ldt=461"

107

T llllll'l

7

107

90 100 110 120 130 140 150 160
® Limit m,. [GeV]

o eventyield ratioR,,, = [N(e+t, ,)+N(u+t,,4)1/ [N(e+p)+Ngp(u+e) combined limits from direct

searches for H* 2>tv (all
channels)

* R, limit derived with ratio-
method

e combination of limits from tt
- bb (qq’)(t ;.4 V) and ratio-
method

ATLAS

S.Diglio & S.Lacaprara VI Workshop Italiano sulla Fisica p-p a LHC



ARC Centre of Excellence for
Particle Physics at the Terascale

m, M3 -scenario: [hep-ph/9912223]

parameters chosen such that maximum possible Higgs-boson mass m,,
is obtained

Q 60_ T 1T I T 1T I T 1T I T T | L I L I 1T ]
% [ — — Median expected exclusion Re_,_# + T+jetS;
50_ D Observed exclusion 95% CL Data 2011 lf'
Lo Observed +10 theory /""._-
40 [ o= Observed -10 theory 'i', ]
- ATLAS /.
- mpa \s=7 TeV 1
30F (" -
i JLdt - 461" ]
20 .
= i
10F <l .
._ I | I : 11 I | T—Il—lfl 1 .I.‘T 1 I I :

90 100 110 120 130 140 150 160
m,. [GeV]

JHEP03(2013)076 "

fs=7TeV L=23fb"' CMS
60IIllllllllllll[llll|IIII[IIII I-.J

[ toH'b, H'>1v

L 1, tets, eth Mt and ey final states
MSSM m;”

50— B(H" —)‘w) 1

[ u=200 GeV

N
o
»

!
-
P4
T

I]|ll|]]]ll|

..........

.......
......

=& Observed

----- Observed t+1¢ (th.)
Excluded

= {558 Expected mediant1c -

r- s Expected mediant2 ¢ |

IIIIIIlIII[IIIIIlI

IIIl|IIII|IIIIIIIIIlIIIIlIIIIlIIII
%O 100 110 120 130 140 150 160

m,. (GeV)
JHEP07(2012)143

® Large regions of parameter space excluded

CHARGED HIGGS: H*-> tv — m, ™Rl

e MSUSY =1 TeV; the common
soft-SUSY-breaking squark
mass of the third generation
* Xt=2MSUSY;
Xt = At -u =tanf} is the stop
mixing parameter
* u =200 GeV;
the Higgsino mass parameter
* M~g=2800 GeV,
the gluino mass
* M2=200GeV,
the SU(2)-gaugino mass
e Ab-=
At and Ab are the stop and
sbottom trilinear couplings
* The value of M, is xed via
the unication relation M, =
(5/3)M, sinB,,= cosB

® unexcluded regions still compatible with 126 GeV SM-like Higgs boson

S.Diglio & S.Lacaprara
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Variables used in the O-jet channel and the 2-jet channel

> >
[n(€1) The absolute value of the pscudorapiéity of the leading lepton. § g
mr The transverse mass of the lepton-ET"*system, as defined in Equation 2. P P
. . . c [ —
m(£17) The invariant mass of the dilepton system. 3 é’
Variables used in the 0-jet channel only
pr(ti6r) The transverse momentum of the dilepton system. éé, %
miss iecti ) . issi ® T*qo0 150 200 250 300
ETS The projection of the calorimeter-based missing transverse momentum. . il [GeV]
[AY (£165)] The absolute value of the rapidity differences of the two charged leptons. @
Variables used in the 2-jet channel only > GOO—A}LA'sw;m'm, "[Ldt-1301" {e-8TeV ] 2 ATLASPmlmﬂy Tlat-1301" fe-8Tev]
- 8 HoWWosewy +2jels o Dats i 8 300 o Daiz HoWW—sevp + 2 jots ]
pr(t2) The transverse momentum of the second-leading lepton. Q WSWHgsmozsc | © [ SM Hags m-125 Ge
. L w400 a 3
pr(j1) The transverse momentum of the leading jet. £ S 200
o >
. . . > w -
m(j1) The mas.s of the leading jet. TR oo}
cos#(fy,£,) The cosine of the angle between the two charged leptons. .
m(jij2) The invariant mass of the dijet system. R 0 .
2 The total transverse momentum, defined as the magnitude of the vector sum of the transverse 5 e = S ‘=| 5 a N =
. . 0 200 400 500 0 20 40 60 80
momenta of the two jets, the two leptons and the missing transverse momentum: 1prob:8% mijj) [GeV] 12-prob.1 46 % mll) [GeV]
lol |ptol |pT + pT + p!l' + p#- + pmlSS| () )

4

Type II excluded region shrinks strongly with increasing tanB since the BR to the WW final state decreases

cr.r r T rrr T
-

B = — e —
— I ATLAS Profiminary | = n ATLAS Proliminasy ATLAS Prui-ry K- - ‘"—45 Pf*-'*v
8 ] , [La-1e’ ety ] 3 X [Lai- 138" 3-8 TV ] [La-138" E-8Tov ] § Y [Lat-13%" -8 Tev ]
0.5F . 2HDM Typol tang-6] 0.5¢ ', 2HDM Type-! tanf-20] \ " Z:0M Type-ll tanfiut] 05F 2H0M Typo & tmg-20]

- A HWWsavey - - \ HoWW— vy " HoWW-sovev ] C HoWW-s avev

- - \ - - ) -

[ N , 3 X N

: : ,. . 0 ; :

[ ] } ] " i ]

[ ] ] C h ]

N 7] —— Exp. 85% CL ] -0.5r /4 —— Exp. 6% CL ]

N i — Exp. 69%.CL ] - 0%, CL ]
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0.6

Dominant uncertainties:
o +12% for WZ/ZZ cross-sections
 +40% for non-prompt and charge flips

0.5

0.4

0.3

Acceptance x Efficiency

III[|IIII|]III|IIII|IIII|IIII
IIII|IIII|IIII|IIII|IIII|IIII

* Limited by the statistics at high mass ATLAS e
0.2 J-Ldt =471’ +eu
\'s=7TeV +H1p
0.1
O 200 400 600 800 1000

m(H™) [GeV]

Limits depend on if the H** couples to left- or right-handed fermions

e — 1 ——— T
S 4y = T 1" =
— Observed Ilmlt ee = - 0.9 —— Observed limit: e*e* Y
- -- Expected limit: e"e* E T - - Expected limit: e*e* / 3
— Observed limit: peps 3 %{I 0.8~ — Observed limit: i 3
- - - Expected limit: p*p* = = 07 - - Expected limit: ptu* =
—— Observed limit: e"p* 3 m —— Observed limit: e"u* 3
- - Expected limit: e*ut . - 0.6 - - Expected limit: e*u* -3
I —: 0.5 _;
Hit 7 E 04 E
L j g = 0.3 =
/A ATLAS E 0o ATLAS 3
=] 5% 1 — ’ Ldt = 4.7 fb” E
7 Ldt=4.7 fb E E
7 7 g = 0.1 \s=7TeV —
_GE \s=7TeV E e N N -

== rta Al R R B B B £00 150 200 250 300 350

150 200 250 300 350 400 450

. m(H;*) [GeV]
m(H™)

o)
)
S
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BSM HIGH MASS REGION —~MOTIVATION-

We want to determine if the ~125 GeV Higgs-like particle (h)

is fully responsible for the generation of the masses of the other
SM particles

® Does h fully unitarizes the high-energy scattering
amplitudes for V V2V V, (V=W,Z) and V V > ff ?

® If h is NOT fully responsible for the unitarization of the scattering
amplitudes, then additional new physics must be present to play
this role

® There are BSM ‘SM-like’ models in which a second heavier scalar
particle (H) completes the unitarization of scattering amplitudes

S.Diglio & S.Lacaprara VI Workshop Italiano sulla Fisica p-p a LHC



BSM HIGH MASS REGION —STRATEGY-

Is a completely model independent analysis possible?
= NOT enough data yet to have a model independent conclusion

Even with a few reasonable assumptions

o spin-0 + CP-even Relations imposed by unitarity

o custodial W/Z symmetry ViVi — ViVi c%/ + cg —1

5 No FCNC § o
still the parameter space is large VLVL = ff |[CVCF + CyCp =

- need to consider benchmark models that...

® ... are consistent with ~¥125 GeV observation

® ... contain an heavy Higgs-like state

o , , y nies o | Two proposed benchmarks:
... compatible with EW precision data: | SM Higgs + Real Singlet

o h VV couplings to be less than 15-20% 2. 2HDM (Type | and Type Il)
deviated from the SM
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FIRST STUDIES: SM+REAL SINGLET

® Goal: reweight the heavy Higgs lineshape width by some factor

) ’) _ *
I = (C /(1 BRnew)) I-SI\/I Presented by CMS
® How to devise a reasonable reweighting scheme at the BSM LHCXSWG

o Re-weighting the CPS lineshape:
Ad-hoc scaling proposed by fitting the CPS lineshape to a BW (fixed width) and
scaling the fitted width by the BSM factor (C’%/(1-BR_.,,))

o Scaling interference effects to the BSM case

C’.\A-..l

MCFMv63, gg-H-WW w/ interference, MH=700GeV, 8TeV = T T T T v T T T T T T
0.0018 . . . . . . . «© —— Cetrmm_oe .
SMH —
0.0016 ¢ 5 SM Hwsth Inf ———— 6000 —~— — e e et =
. -~ C?-0cH .
0.0014 ¢ '/ C?-0c Hwnk Iaf————- CatT, o4 et

00012 ¢ ,l' I C2-—g03H ————e-
: 5 2 _0.2 H with In
0.001

0.0008 f < 4000 e Cen e crmey |
0.0006 P =
0.0004 } BSM Lineshape for ggH

do[dMyw [pb/GeV]

including CPS and interf
reweighting

0.0002
ok

00002 b e e e

500 550 600 650 700 750 800 850 9
A!ww [GQ\’I

Distributions of mass with and without
interference for different values of C'

S.Diglio & S.Lacaprara VI Workshop Italiano sulla Fisica p-p a LHC



2HDM APPROACH

® Particular focus on the “low mass” region (neutral Higgs < 400 GeV)

® The 2HDM parameter space is large

o Free parameters: mh, mH, mH+, mA, tanf, a (or m, and potential
parameters A,,...,A; ) for the CP-conserving 2HDM

o Different possible scan: cos(B - a), tanf and 3 self-coupling combinations
A, Aand Ar(mh is fixed to 125, so 5 parameters remain)

o Some simplifications have to be done (e.g. mh=125 GeV, some parameters
neglected for specific searches, etc)

® Tools:
o For the experimental search we need (o X BR)(m,,m,,m,,m,, &, B, M5, ... )

o BR and width
® 2HDMC calculates all 2HDM BR and width for any parameter (yukawa type, mass or
potential term) at tree level

® HDECAY/EDECAY: can calculate BR and width taking into account higher order corrections;
in the latest version we have to include the couplings by hand in order to get the 2HDM

o Production cross sections

® SusHi : can calculate ggh and bbh production

® VBF/VH: one can get adequate estimates by running VBF@NNLO and VH@NNLO and NLO
and apply the 2HDM ouplings to the Higgs to these cross sections

® Charged Higgs? There is a calculation by M. Dittmaier et al for MSSM; can it be modified
to implement 2HDM?
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ANALYSIS CUTS
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Fully leptonic H>7tt decay

ATLAS

Missing Mass Calculator (MMC)
Scans neutrino direction and keep
Most probable value for mass

reconstruction

S.Diglio & S.Lacaprara

. ® Invariant mass not fully constrained by
reconstructed objects
E-" o M, would underestimate m,,
o Undetected neutrinos = ET

miss

CMS

Maximum Likelihood Mass

Likelihood for free parameters maximized
wrt kinematic constraints

VI Workshop Italiano sulla Fisica p-p a LHC
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tt — bb(qq’)(Ticpv’)

3 F eDam20i1 A
o_[Od-ww ]
Z. 200(- @ Others =
g &3 SM + uncertainty .

[ — m, - 130 GeV ]
DS By, br) - 5% ;

r _, ]
m-[m-a.em E

F N5 -7 TeV
[ ATLAS

96 40 60 80 1001201401&)1-80
m [GeV]

Single w or e trigger
P> 25 or P' > 20 GeV
2 b-tagged jets

Et > 40 GeV

Top pair kinematics
Fake leptons bkg

estimated in loose
control samples

S.Diglio & S.Lacaprara

e Data 201
Jrruer 3
B ot o mind
B - r misd E
[ Misdsd opton
3R SM 4+ uncortainty =
m“_-IBOGoV

J‘Lck-.c.sb"
L =TT

Single n or e trigger
P> 25 or P' > 20 GeV
Tau: Pt > 20 GeV

>1 b-tagged jets

tau lepton fake from e
and jets estimated
from data

tt — bb(qq’)(Thaav)

Events/ 20 GeV

VI Workshop Italiano sulla Fisica p-p a LHC

00 50 100 150 200 250 300 350 400

my [GeV]

T+ E' . trigger

miss
>4 jets, 21 b-tagged
Tau: Pt > 40 GeV

Et ...> 65 GeV

miss

Top pair kinematics

Multi jet bkg estimated
from E'_.__template fit

miss
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Di-leptons (ep)
” {s=7TeV L=2.3Ifb'1 CMS .
z m,, =120 GeV o ondata
g B(t—H'b)=0.05 -
w

. W+jets
N Single t
I Diboson

. stat. @ syst. uncert.

-

4

©
@ AN

Data/Bkgnd

2 leptons M>12 GeV > 2 jets 0S

Selection step

* e trigger
e P> 20 GeV

© 22 jets, PY> 30 GeV

* Main bkg: tt

S.Diglio & S.Lacaprara

T + leptons

Ns=7 TeV 4 9 fb CMS Prehmmary

S 04f ——d

(4] F — H‘[mar =120 GeV]
- ) misidentified t,
0.35 3 DY + jets "
I Diboson

00 other tt

2 - tt— E
0.25 : ™ bkg tofal unc. ]
I:] signal total unc.

B(t— H'b) =005

0.2k
0.15}
01

0.05f

0.10.2030.4050.60.70.80.9

0.3 - B Single t =

1

plead.track/Ef

* Single u (or e) trigger
* Oneisolated e/u
© 22 jets, PY> 35(30)

GeV, 21 b-tagged
« Et_ >45(40) GeV

* 1Tau: Pt>20GeV

* OSt-lepton

VI Workshop Italiano sulla Fisica p-p a LHC

Events / 20 GeV

Data/Bkgnd

T + jets
{s=7TeV L=23fb"' CMS

T T T T T
..... m,. =120 GeV ® 71 +ets data
; B(t—H'b)=0.05 with H 17y
[ multijets (from data)
I EWK+ti t (from data)
I EWK+tt no-t (simul)
77/, stat. ® syst. uncert.

A A Y {ERRA RYRR A RRTNA RRUTA ARRRINURI ANURE INERARRARAAT

2

5

159

b

G0 50 100 150 200 250 300
m; (GeV)

t .
T+ B trigger

>3 jets, PY> 30 GeV, 21
b-tagged

1 Tau: Pt > 40 GeV
E' > 50 GeV
Ad(T + Et .. ) <160

miss)

Reconstruct M;(t + E*

()

miss)

ATLA
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®* CMS2.7-4.8fbl@ 7 TeV o Use di-b-jets mass and Event-BTag, a
® Search for H->bb produced in o dedicated variable that combines the

association with b-quarks o b-tag info of the 3 jets
® Two approaches: o Get 2D data-driven templates

4000F

10000F

o All-hadronic o Fit 2D templates to observed data.
> Semi-leptonic o Use di-b jets mass
® Two dedicated triggers p e
small overlap O Z\;\{_Ipmdaattjsdnven QCD background
CMS-PAS-HIG-12-033 ® from single and double b-tag samples
2 WA BN g SRR e g e ]
§ 18000;— (a) ;Zn:FVI:ssfz:e/n:::o _E 560000—— () I;j\;vb:nfss182:in1:r;o _f g g <:V:V:- ;sasta CCCCCCC _E
£ 16000 7 g < Data 520003_ Eij:gcrf;:S i
& 14000/ - 50000~ e T u [ 1M,=180 GeV ||
r ] E Bl (Qb)b 1 1500 — (tan B=30) i
120001 E 40000f (oo = - .
10000: ¥ BG Uncert. E % B(G l)Jncert. 1 1000 — —_
80003 30000: = oo E_ _E
s000F 200005 . ; g

2000F

%50 100 150 200 250 300 350 400 450 500 0 1 2 3 4 5 -100 Data - Background

M,, [GeV] Xiog 0 50 100 150 200 250 300 350 400 450 500
> [GeV]

ATLAS
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FUTURE PLANS

Upgrade issues
o Trigger object definitions

® H* physics relies on T+MET triggers currently = these challenge the
trigger bandwidth

o Level-1 Topological
® What can be gained by having access to n, ¢, and E; at Level-1 for 1, jet,
bjet topologies?
® Study topological triggers to avoid the threshold creep
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