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@ |Introduction: One scalar discovered, are there others

at even lower masses?
# BSM models allowing low-mass (pseudo)-scalars

# Results from LHC Run 1:
#& MSSM: neutral scalars
& MSSM: charged scalars
# NMSSM: scalars and pseudoscalars
# Scalars'in Fermiophobic and 4" generation

. @ Challenges for LHC Run 2 and beyond
.- & Summary and Conclusion
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“Introducter 15 was) there something else with m<125 GeV?

z Final LEP SM Higgs beson search results:

>2c excess at mH= GeV. Has contributed to

sustained interest by both theorests and
T e == experimentalists in the poessibility of additienal

>eR, Sy . low-mass (pseudo-) scalars
& Ll ' .~ ! ' ' L P e s (O s O s () ) S b 2o U
v = _LEPHWG, Phys. Lett. B565:61:75,2003.
= Z Subject of'this talk: ATLAS and CMS =

searches during LHC Run 1 for additional
» Scalars/pseudoscalars with m<125 GeV,,
by definition in a BSM context. : S R e A B N

. Q

Zz New (pseudo-)scalars are either
searched for alone, or In a context where
the scalar withh m~125 Ge\V is one of the

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

other Higgs bosoens in the model g | Egzszs' Otercedl oo
3 Bt 2 BEEY ® | v P | ted-for buch
AR . J . - 4 [ L o L___ L j
> ’Meyr ln - «. - ’ \ \ & T ........ ________ ....... .......

# Searches covered include: Neutral and -

charged scalars, scalars decaying to 2 , mH(GeE*TcZ)
pSeudoscalars, directly-produced N A ,
pseudoscalars. w F-RHN-C - A=




““Introduction:”"BSM Models allowing

a ecorgeqd. ou

e loWimass (pseudo)bcalars

# 2HDM (Two Higgs-Doublet Models) : General,
includes MSSM

# MSSM (Minimal Supersymmetric Standard Model) : o 38
2 neutral scalars : h, H; 1 pseudoscalar A; 2 ch rged : MSSM m;™"-scenario
H* mostly in Mh-Max scenario |
# Also low-MH scenario : mH~125 GeV and m{H+
A, h} <125 GeV

# NMSSM (Next-to MSSM). MSSM + 1 Slnglet( 3
neutral scalars hy, h,, h;; 2 pseudoscalars al, a2 2
charged H*

@ DarkSusyE o> Np (‘d_ark’ unc_jetected neutralino) + yp 2 35‘3’%:?[‘;3”:%]5“
(‘dark’ massive weakly-interacting photon)

# MCHM (Minimal Composite Higgs Model)

# Fermiophobic Higgs Models

# 4 Generation of fermions

@ see J. Gunion’s talk for a complete theofetical review
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Neutral scalars ' ®@'(MSSM):t channels, CMS, 7/8 Te gz
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CMS Preliminary, H—tr, 49 fb" at 7 TeV, 19.7 fb™ at 8 TeV CMS Preliminary, H—tr, 4.9 fb" at 7 TeV, 19.7 fb™ at 8 TeV
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Table 7: 95% CL upper limits for o-BR(gg®) (pb) as a function of M.
M55M Higgs Expected 7-BR (ggd®) limit Observed
mq [GeV] —2r —1r Median +1c +20 -BR (gg®) limit
90 GeV 13.8 18.6 26.1 37.2 50.9 50.2
100 GeV 10.5 141 19.8 27.9 37.8 313
120 GeV 2.29 3.03 414 571 7.56 /.38

Table 8: Expected range and observed 95% CL upper limits for o-BR(bb®) (pb) at § TeV center-
of-mass energy as a function of Mg.
M5SM Higgs Expected o-BR (bbd) limit Observed

mq [GeV] —2r —1r Median +1r ) -BR (bb®) limit

90 GeV 3.11 4.15 5.79 8.07 L 6.03

100 GeV 2.24 2.99 4.17 5.85 7.8 4.14

120 GeV 1.13 1.50 2.09 293 3.93 1.76
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CMS Preliminary, Hotr, L= 19.7 fb™ at § TeV 8 CMS Preliminary, Hotr, L= 19.7 fb™ at § TeV

- m, =90 GeV 95% CL
68% CL
J= Best fit

m, = 100 GeV 95% CL
68% CL
J= Best fit
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# Relative importance of gg—>®-tt and gg->bb®—->bbtt channels for
low-mass @
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the MS5M search.

g eual sca

E—N

Lumi section: 171

159943472

ﬁrs @r(MIS$M)~T Qhaﬂhels CMS 7/8 Te e
P

able 6: Expected range and observed 95% CL upper limits for tan S as a function of M, for

r‘[’"

N2P3 ‘

@ Exclusion in the

MSSM Higgs Expected tan § limit Observed tanB-mA plane: onIy
mpy [GeV] —2¢ | —1c | Median | +1¢ +2¢ | tan p limit a small window left
00 GeV 2.70 | 3.56 4.98 7.02 8.71 7.19
100 GeV | 277 | 348 | 438 | 668 | 844 7.48 for low masses
120 GeV 292 | 342 3.84 4.94 6.30 5.01
=
CMS Preliminary, H—tr, 4.9 fb' at 7 TeV, 19.7 fb™" at 8 TeV CMS Preliminary, H—tt, 4.9fb" at 7 TeV, 19.7 fb™" at 8 TeV
oY [ | - T ] T T T T T T % 1 0 | | | 1 1 | 1 I I
S | MSSM m_ ™ scenario Mg,qy =1 TeV =
8 89
- — B
7
95% CL Excluded: H
- observed :
—— SM H injected H S
— gxpected ]
B t 1o expected 4
+ 20 expected 3 95% CL Excluded:
I LEP I cMS
2 —— SM H injected
expected
1 - £ 1 LEP MSSM m_** scenario
[ : Mg,sy = 1 TeV
I ] [l [l [l [l [l [l 0 ] I ] ] ] F ] ] ]
100 200 300 400 1000 100 120 140
m, [GeV] m, [GeV]
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Neutral sCaIars (ID’(MSSM) T channels, ATLAS, 7 Te
. [ “JHiER02(201% 5‘”!‘5?-
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Neqtral g@alalrs @'(MSSMM @hannels ATLAS

# Exclusion in the tanp-mA plane:

[ Lama7-0a8' N ATLAS

[ T I I T T Y I 1 L O
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@ 3 b-tagged
jets, ‘all-
hadronic’ or
‘'semi-leptonic’
with muon

@All-hadronic:
2D background
templates in
m(j1,j2) X b-tag
variable

#Semileptonic:
binned LH fit to
m(j1,j2)

# High
sensitivity to
large tan 3
scenarios
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& Upper limits on o X BR(®—>bb) : ~312
pb for M@ = 90 GeV , ~120pb for Mg =



N2P3

stvr Namowar, oe Pavsigue Nucus
v ot Pavsigue oes Pa umun\ _//

CMS,,I 7 Tev “i;;ﬁeb

)a.r?‘- 1 \)a.r?

# Exclusions in the tanp-mA

= 1 Ve =
plane: CMS 2011 L=2.7-48fb", Vs =7 TeV

\\ \\k\\k\\*\\\t\\ e e R S e
R

95% CL Exclusion Regions

CMS 2011, L=2.7-4.8 fb™" s =7 TeV e [ observed
T T T T [ T T 1 L L L A O B B A N 2 Median expected
95% CL Exclusion Regions ; > ;

1o expected range

Observed
Median expected
16 expected range

20 expected range

20 expected range
= = Median expected all-hadronic

Median expected semileptonic

- MSSM m scenario
w= -200 Gevl

BT

|III|IIII|I|l

|III‘.I

| | | | | | | | | | | i | | |
200 250 300 350
M, [GeV]

MSSM m:?ax sbenario
u=-200 GeV

l l | l l l l | | l l l | | l l
200 250 300 350
M, [GeV]

—
o

S. Gascon-Shotkin ‘After the Discovery’ Benasque April 10 2014



g Charged Scalars (MSSM): tv channel,

L =

| ATLAS, 8 TeV” RTIASTEONEZOT0467

- K
i O (B e S |

& Scenario mH#+<mt,
gg->ttbar->bH* +bW

& H+>1v @ Binned LH fit to the
assumed [ transverse mass’ m;
100%, both T’ background model from
and W decay/ data
hadronically |

ATLAS Preliminary e Data 2012

J.Ldt _195f" [_]Truer
\s =8 TeV ] Jet—7 misID
3N Uncertainty
[ ] m,=130GeV (x10)
B(t—bH") = 0.9%

Events / 20 GeV

Light H" Selection

300 400
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#Upper limits on BR(t=>bH"),
between 0.24 and 2.1%

# Exclusions in the tanf-mA
plane:

T T 1 T T 1 IIII]IIII[TIIIIIIII'ITTT — — Medianexpectedexclusion Data20127
ATLLAS Pre“mmary Data 2012 [ Observed exclusion 95% CL i

—— Observed CLs is = 8 TeV Observed +1o theory z'+jets
Expected Observed -1o theory

N ESS JLdt =195 fb'1 ‘ - Expected exclusion 2011
\:| + 26 Observed exclusion 2011

ATLAS Preliminary
mpax ys=8 TeV

I\L|III\|\I\

JLdt -19.5fb"

[ 1

| |
IIIITII\IIIII\TI\\IIIII\I\\IIIII

0
90 100 110 120 130 140 150 160
m,,. [GeV]
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ATLAS 7 TeV‘

@ Scenario mH+<mt,

| gg->ttbar->bH*+bW

]
@
0
[iu]
@
@
=
L

@ H+->csbar assumed 100%, W

decays leptonically

2500 ATLAS

fa=7Tav: [ dt=d7 "

2000

| ata
- R i
1500

-===— Wan-il

L s
%ﬁ SM with uncastairy
i
o

!Irﬁllllllllllllll_

1000

500

0080 T 160
Dijet mass [GeV]

# Binned LH fit to the dijet
mass distribution, jets
assigned to ‘W’ or ‘H+’ t quark
based on kinematic fit result

B

@Upper limits on BR(t>bH"),
between 5% and 1.8%
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» Scalars decaying to pseudoscalars (NMSSM%
& . IDark Susy): 4u channel, CMS, 7/8 TeV

eta=-1.795
phi = 1.042

CMS-HIG=13-010"

= h>2a + X94M + X

CMS Prelim. 2012 {s=8TeV L, =20.651b’]

K [TTT I I T I \ 1
8 140~ ]
3 ol |
¢ 120 7
942 8 r ]
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X 60:
0 L _
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N w i
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Jhy and bbar ) . 25 5 35
WS- Gascon=Shotkin “After the Discovery” Benasque April 10 20145 - M, [GeV/cT]
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? ML{u_n111. " Scalars decaying to MpL;ﬂ" 92 »
2 | ota= .1 705 PSeudoscalars: 4p | gta = 0.295
phi = 1.042 channel, CMS, 7/8 Teyphi = -2.864

# Upper limits;en
c(pp-2>2a)X
BR¥(a>210)X 0as

Muon O,
pt=13.11
eta=-1.797
phi =1.042

1 BR(yp=20 ) up te
4596

1M}, =66 GEV.
(WMAR; LEP)
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CMS Prelim. 2012 Vs=8TeV L, =20.65fb"
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Muoni, | Scalars decaying to
£L'=1.11'}995 pseudoscalars: 4
phi = 1.042 channel, CMS, 7/8 Te\phi = -2.864

Muon O,
pt=13.11

eta=-1.797

phi = 1.042

2 BR(a; 22w ) high
for2m, <m,;<2m.

£ 3IIIIlIIlII‘ll‘lllllll!llllllllll
— C NMSSM 95% CL Limits:
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0 L —-m, =0.25GeV/c? 1
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7 o X BRZ limits in NMSSM
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— CMS Prelim. 2012
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4 Scalars!decaying . to pseudoscalars

(NMSSI\/I/I\/ICI—!M) 4y chnnel ATLAS 7TeV

& h->2a 92’}( + 2’Y ;‘\ @év‘ *’yw'\ﬁ‘ge | m, =125 GGI:V‘
# a decay photons highly boosted-)less
collimated EM showers than H->yy photons

T T T 171
I

ATLAS Preliminary SMH- 7y
Simulation m, = 100 MeV

—_—
Q

-e-m, = 200 MeV
e m, = 400 MeV

IIIHI|
| \\II\IIl

& Suppress from vy identification variables
most sensitive to shower inner structure
# Signal model much broader than for H,

background fit from data ﬁ‘
@ Upper limits on o (pp2>H—>4y) .
for 110<m,, <150 GeV and 110<m_<400-MeV

Entries/0.01 (normalized)
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Rse'udoscalar to dipmuons (ﬁNM%SM):
Rope e 15 G

& m,,<2mg possible

CMS Vs=7Tev J
L=1.3fb"

+ Barrel Data

— Total Fit ?:
— 7 GeV Signal x10 1
— 12 GeV Signal x10 -

Events/[0.1 GeV]

# Unbinned LH fit to mj,,
background model fro data

£

+ Endcap Data
— Total Fit
— 7 GeV Signal x10 |
— 12 GeV Signal x10 3

# Limits an' cos 0,
& o X BR(pp=2>a—=>pp) limits in 2 a,= CoS 0, a5yt SiN
mass regimes (avoid bottomonium)  9,a. tighter than
— those from BaBar for a
= Expected = To S|gn|f|cant{ portion of

--- EXpected + 20

Events/[0.1 GeV]
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Fgr_m!ophebm Higgs boson, diphoton

'(;han el “ATLAS (7 TéV) & CMS (7/8 TeV)

# Event Classes: 91‘}1';{83981@{6@3‘72&“201 ,36'-*‘39«
Untagged, dijet, # A fermiophobic Higgs boson is excluded at
lepton and MET 95% canfidence level in the mass range 110—147
tags GeV and at 99% in the range 110-133 GeV

# PDFsof S &Bina2D LH fit
(my'ya TCT :pt/ m'yy)

CMSVs=7TeVL=5.11b"

* Data
— Bkg Model
m 200%xFP my =120 GeV

110 115 120 125 130 135 140 145 150
FP Higgs boson mass (GeV)

> ATLAS 7 TeV result : Excluded 110.0-
18.0 GeV and 119.5- ,121 0Gev
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5'\1 96 Higgs boson in 4" Generation: tt, WW, 77
«Kq channels,CMS,7/8 TeVig

A

= T 10f” e L =T R T L I L B e B
- % E CMS —=— Observed E I CMS = Combined obs. ] - . .
ba f E=7Tev =510t |EE Expected (68%) & E=7TeV.L=51" - Combiined exp. & Relnterpretatlon
€ [ E=8Tev.L=53%" |- Expected (5% s 10 E=8TeV,L=53f" - f SM Hi h
= 1 = :\x\ [ 0] IggsS searc
= £ s ez | results
= b = 1k o - =
o o ' Q\‘““ ——
2 2 o g - .
5 2 | ] # An SM4 Higgs
5 boson is excluded
102F T ] at 99% confidence
T T N T T I N T T ,]D,_llllllllllllllllIllllll""'

’11'[] 115 121] 125 130 135 140 145

110 115 120 125 130 135 140 145 I
SM4 Higgs boson mass (GeV) ' level in the mass

SM4 Higgs boson mass (GeV)

“range 100-600

..... Exp. for 5M4 Higgs boson

H—=1t
—_— e WW

=
en
I

i

I 2.5 TTTTTTTTTTTTTTTTTT |||| TT | TTTT | TTTT 0
% % ??Snem i (B 68% CLband | GeV and at 99.9%
7 L 20 B=smevi=53m g In the range 100-
3 = 15 EN 560 GeV
S 3 ]
—— Combined obs. m 1.0 .

—_— He 7T

10° ]
> cMS 5 - -
107 N, E=7TeV,L=51f" -0.5F =
p E=8TeV, L= 53ﬂ:| C .
8 T N T N . _
10090715 120 125 130 135 140 145 P HE 2025 T30 135 140 145 CMS Experiment at

Data recorded: Sun

\
SM4 Higgs boson mass (GeV Run/Event: 194108

SM4 Higgs boson mass (GeV)
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T @ The increase in center-of-mass energy from 8 to 13 or 14 TeV is usually

accompanied by a sizeable increase in production cross sections (in general X2
for SM Higgs)

# However the LHC experiments will be dealing with greatly increased pileup
(number of interactions per beam crossing will go from ~15 to 40)

# This will affect the efficiency to identify ‘physics objects;’/f(electrons, photons,

muons, jets...) . The experiments are C rﬁﬁntly reevalug ing and reworking the
relevant algorithms. i\\ J /

|-/
# In particular, for analyses searching fa \\PQ’[IV[X’ W-mass resonances,
X\./ £

/7
s

triggering will be a major challenge.

CMS Experiment at
Data recorded: Sun
Run/Event; 194108
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Z 2VIStSY neutral scalars:
#Model-independent limits of a few to several tens of pb on sigmaX BR
#The entire tanb-mA plane is expected to be excluded in the mh-max

scenario, but a small window is left between 90 GeV<mA<120 GeV
and 4.4<tanBeta<7.6 |

# MSSM charged scalars: A very small win 0\}\/ in the mh-ma}gf"s"/(:enario

is left between 90 GeV<mH+<100_GeV an 6<"1;anBe5§:1<10 /

\:\\;\\ . \"-\ L,;;" ,/
# NMSSM-like scalars and pseudoscalars: Limi n_;_g_'r_[jg.imm__g\few to

hundreds of fb have been set on sigma x-BR- sealars decaying to tight

pseudoscalars in the context of the NMSSM 5?6/@ Susy models, and a
few pb for directly produced pseudoscalars I X

//
# Scalars in Fermiophobic and 4th generatien: F i H\,j'pgs bd\sons have
been excluded for mH>110 GeV and 4th generation Higgs bosons for
mH>100 GeV. \f '\

A/
/

oy
o,

# Many other searches for low-mass scalars/pseudoscalars are in
progress even with Run 1 data, and more are in preparation for Run 2.
We should keep looking!
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CMS Experiment at LHC, CERN
Data recorded: Sun Jul 18 04:24:49 2010 PDT
Run/Event: 140382 / 159943472
Lumi section: 171
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