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* Problems of the Standard Model

—“huge fine-tuning is needed to have m, ~
125 GeV after the radiative corrections”

—“Big hierarchy problem”:
* A (M;,;~10% GeV or M, ~ 10'3GeV) >> M,
—Does not include Dark Matter particle(s)



The Higgs gives us a hard time!

“ Both the EW symmetry breaking and fermion masses are economically achieved
by the fundamental scalar, Higgs.

“Fine tuning problem”

¢ But the quantum correction is UV sensitive:

ly|? Ayvy
SMF = 1{;2 —2A%y + Gm?p In oy
® InSM, Ay = M, ~ 10" GeV How big is fine tuning !
(Ma)phys = (MH)pare +0Mpy

100GeV ~  (100000000000000001L00GeV )yqre
—(10000000000000000000GeV) o

= Gauge Hierarchy Problem



“Hierarchy problem”

Forces gravity
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Searches for BSM Physics with
Higgs bosons

 Non SM decays of h(125)
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The present accuracy of Higgs boson 3.4 e
measurement (in CMS) allows o :
BR(h->BSM decays) < 0.65at 95 % CL >
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* Additional Higgs bosons
e precise coupling measurements for h(125)



Searches for H->invisible decays
at LHC

Detection of Dark Matter



Evidence for dark matter

Rotation curves
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MOdified Newtenian Dynamics
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A new confirmation of dark matter (astro-ph/0608407)

A DIRECT EMPIRICAL PROOF OF THE EXISTENCE OF DARK MATTER *

DoucLas CLOWE!, MARUSA Brapa&?, ANTHONY H. GoNzZALEZ?, MaxiM MArkEVITCHY®, ScotT W. RANDALLY,
CHRISTINE JONES', AND DENNIS ZARITSKY'

Two galaxy clusters collide.

Most baryonic matter is in the gas.

The gas is stopped in the collision, the stars continue.
Grav. lensing shows that the potential follows the stars.
Hence most of the matter is hidden around the stars.
No alternative theory of gravitation can explain this.



One of simplest models of DM:
Higgs-portal DM

DM consists of real scalars S, or vectors V or Majorana
fermions f which interact with the SM fields only
through the Higgs boson

— It is the simplest extension of the SM
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q q
DM annihilation direct detection scattering  invisible Higgs width
Y.Mambrini arXiv:1108.0671 1 1 ‘
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Connection between
LHC H->inv. and XENON measurements

S 'S
o5ty = Qiss) mi/y
SN T A6 (Ms + my)?
o Moo w12 DM-nucleon scattering |
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A. Djouadi et. al. arXiv:1112.3299



DM (WIMP) detection on Earth
with XENON experiment ()

Cosmic radiation bombards our
planet constantly. Rock shields
the experiment from many of
these particles.

|

™\ =
N - 4 The electrons move from?
e 3 — liquid to'gas; creating
P @ Weakly Interacting Massive Parti A ﬂa?h.Of light the
{ & - photomultipliers can
/ - ; (WIMPs) can pass through th tetect. The TelRne
‘ \ reach the Xenon100 detector. brightness of the two
p flashes reveals the type of
particle that/caused the
signal.

An electric field draws the
free electrons to the

anode at the top of the

Start data taking in 2007 at Gran Sasso in Italy. Current XENON100 — 165 L xenon. Plan for 1000 L



DM (WIMP) detection on Earth
with XENON experiment (ll)

XENON collaboration, arXiv:1207.5988
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XENON and LHC H->invisible
constraints on DM
og; (Pb)  A. Djouadi et. al. arXiv:1205.3169
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LHC is currently most sensitive DM detection apparatus, at
least in the context of simple Higgs-portal models



H->invisible BRin ..

124GeV<M,, <127GeV, Hy->13 1]

(N)MSSM

* NMSSM H,->y%°
King, arXiv:1211.5074

1
BR=0
BR<0.1

0.1=BR<0.2
0.2<BR<0.25
BR=0.25
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* pMSSM h->y%°
Djouadi arXiv:1211.4004

Compatible with LHC Higgs data

(green color)
Alexandre Nikitenko Higgs Exo, 15th January'13, CERN
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H->invisible:
topologies proposed for LHC searches

* VBF H->invis.
— D. Zeppenfeld, O.J.Eboli 2000
e ZH, H->invis., Z->€¢, bb
— D.P. Roy, D. Choudhuri 1994
— Recently R. Godbole et al arXiv:1211.7015

e gg->H+jet, H->invisible
— A. Djouadi at al arXiv:1205.3169

Alexandre Nikitenko Higgs Exo, 15th Januar y'13, CERN 16



VBF H->invisible analysis

U —s———df VBF Higgs production features:
Z +H+ - two jets in forward-backward
pesennees: H 4 direction with large rapidity separation
Z oW+

. - large di-jet invariant mass
- no jets in the central detector region

EWK Z+jj as benchmark process



EWK Z+jj vs VBF H+jj
 EWK Z+jj production graphs

d

u

Figure 1: Representative diagrams for EWK ¢/ jj production processes. Left - bremsstrahlung,
middle - VBF process, right - multiperipheral .

e DY Z+jets production — dominant background

+ many more types of processes with oqcp?




Extracting

EWK Z+jj signal

* Signal significance:

 Agreement with SM predictions

NBV ents

Data/MC

16
14
1.2

0.8
0.6

0.4 [

0.2

2.6 for 7 TeV
4.9 for 8 TeV

E T L | T ™=
:CMSLWH 3 = s
\s=7TeV,L=511b = lbar -
'E_\ s=7TeV, 511b =W 4
B = ‘évv‘\':fvonly .
| e Data |
I A R | -

30 4050 100 200 300 1000 2000
m; [GeV]

/o

102

10

|T| IIIIIHI| IIIII|T|'| IIIIIHI| IHIIIII| II\IIIII|

—_

MS eeJJ

=7TeV,L=5.0fb"

L L]
ERRE2E

JIlIJLI.I IIIIlHI| IIII|I.LI.| lIIJIHJ| IHIJlIIl IIJIIIIII

(7> B
Al
o | L messgunen T gy 7
e s T vy Sl PO s et e R -
D e s
) 7
%2 02 0.2 0.4 0.6
BDT output
10 " T T I TTrrrT [ Trrr T LI ‘ T Ii IVIBIF,Z‘H] T
> . .
QO
3 CMS Preliminary oy
10°-ys=8TeV,L=19.7fb"" B op
. . w
. " — VBF Zjj
10° 2 - s Data
- -

- 2,
‘. III|T|'1 \IHI|T|'| IIIIIHT‘ I\II|T|1 IIIH|T|" IIIH|T|'| IIIII||T|_

III|,|,|J \I\IIL|,|,| IIIIILL|J I\IIul‘ NI R IIIII||,|,|_:

(Data-BG)/YBG

ddhhlhonnnedh

02 03 0.

BDT output



What did we learn from EWK Z+ijj
analysis useful for VBF H ?

Identify and solve problem with Jet Energy Scale
in the forward region

— important for all VBF Higgs analyses

Study central jet veto performance (although did
not use it in final selections)

Found that MadGraph Monte Carlo does not
describe well mj; and y*=y,-0.5(y;;+y;,) data
distributions for DY Z+jets

— use NLO corrections from MCFM program
Agreement with SM predictions made us sure

that we understand our selections and
systematics (tagging jets,...)



VBF H->invisible:

offline signal selections and topology

two jets p;>50 GeV, |n|<4.7
m; > 1100 GeV

Anjj>4.2 e
] nal: small Ao..
E,™iss > 130 GeV Signal: small Ag;

Ad; < 1.0 QCD: large A¢;

Central jet veto

A :
H->y 0" t J1

i1 /\jz / j2

multijets (“QCD”)



A¢; and m;

* A¢; after selections on: * m; after selections on
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w
6 —
_'g 10 E CMS Preliminary e Observed E 104E CMS Preliminary _e- Observed
- E ) — Signal 100%BR
O y — Signal 100%BR F \s=8TeVL=19.61fb"
> 10°E V's=8TeVL=1961b C :
10* |;— B +Dvvv : = B t+DY+vV
E ) 10
- e =
3 * C u
10F - O 1ok
- o > E
- - LL -
L
107
10%g
103
g 1: ] 73
O L i‘” - g e F
©[= O *&t&* +**$%:F .
© - + alL.
o +

10500 1000 1500 2000 2500 3000 3500
M, [GeV]




Central Jet Veto (“rapidity gap”) in VBF (VV->H) production

first discussed in :

Yu. Dokshitzer, V. Khoze and S. Troyan, Sov.J.Nucl. Phys. 46 (1987) 712
Yu. Dokshitzer, V. Khoze and T. Sjostrand, Phys.Lett., B274 (1992) 116

From D. Zeppenfeld talk on TeV4LHC, 2004
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Veto region in CJV

min i3 max
ntag.j < Tl’ < ntag.j

v

/
/A\ JtagZ

* reject event with j; “between” two tagging
jetsinn

J

tagl



Signal region, with CJV (x,y view)
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Signal region, with CJV (Z view)
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Cut-and-counting analysis

* All background are obtained from data-driven
methods with minimized dependence of MC

 QCD multijet bkg. is reduced to ~ 10 % level
* Number of events after all selections

Background Nt

7 — vV 102 £ 30 (stat.) = 26 (syst.)
W — uv 67.2 = 5.0 (stat.) = 15.1 (syst.)
W — ev 68.2 £ 9.2 (stat.) == 18.1 (syst.)
W — tv 54 + 16 (stat.) = 18 (syst.)
QCD multijet | 36.8 &= 5.6 (stat.) &= 30.6 (syst.)
Other SM 10.4 £ 3.1 (syst.)

Total 339 £ 36 (stat.) £ 50 (syst.)
Observed 390




Upper limit on BR(H->invisible)
in VBF analysis
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At m, =125 GeV

— 0.53 expected — the best limit so far among ATLAS
and CMS analyses with ZH, H->invisible, Z->€8,bb

— 0.69 observed; within 1o of expected
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Summary on H->invisible analyses

 VBF H->invisible mode has the best sensitivity which can be
improved using shape instead of counting analysis

Event 191202:51:82701983

 Combination of all H->invisible modes provides upper limit on
BR — 0.54 (0.46 expected) better then indirect limit from visible
SM modes, 0.65.

* Analysis will become really interesting for physics once
sensitivity better than ~ 30 % will be reached with 14 TeV data



Higgs analysis in the framework of
SUSY models (MSSM, NMSSM,...)



* Super Symmetry (SUSY) is one of the
possible solutions of “SM problems”

— SUSY is symmetry relating particles of
integer spin (bosons) and particles of
spin 2 (fermions). Each particle has a
partner (“sparticle”) with the same
guantum numbers, but spin.

—SUSY must be explicitely broken since

m I=m

spart ° part



SUSY solution for “fine tuning problem”

¢ One way to solve the gauge hierarchy problem is introducing a new boson in the
loop of 51 #. Because fermion and boson have different statistic, such that

_. lyr]? yp |
5ﬂf% ~ 1Fﬂ_2 I:—A%rv + TH?O(].)]W [—}—ﬂ%rv — ?Tlg@(l)]

¢ SUSY algebra

ifermion) = Jsoson) , @|boson) = |fermion)

guarantees that |y¢|* = |¢|°. If one can also manages |m; —m7| < TeV, the
gauge hierarchy problem iIs solved.




¢ RG running of the gauge coupling

SUSY and gauge couplings unification

1 1 B; M%
_ = — — In =
o (Mx) ai(Mz) A4x M7

® For SM, the beta function is

&0 —L__T T T T T T T T T T T T
T World average 91
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22 agl 110
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¢ With SUSY, the running becomes
5 60 E—"__""'“u.ﬁ‘ (@
0 2 ? i jz H'““'m.x
—6 |+ 2 | FH| N g0 e
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N, number of Higgs doublets (SM =1, MSSM = 2) 10 10t 10° 190(:;13; 1o 107 10% 10'
F number of flavors, SM = MSSM =3



MSSM and
Higgs bosons in MSSM



e Unconstrained MSSM is the most “economic” version of SUSY
— Minimal gauge group SU(3)xSU(2) xU(1),

— Minimal particle content; tree generation of spin % quarks and leptons [no
right handed neutrino] as in SM; The Higgs sector consists of two scalar
doublet fields H, and H, that leads, after EW symmetry breaking to five
Higgs particles : two CP even h, H bosons, a pseudoscalar A boson and two
charged H*/- bosons

— R parity conservation: Rp = (-1)>>+38+L
— Minimal set of soft SUSY-breaking terms
— Unconstrained MSSM has 124 free parameres (104 from SUSY breaking
terms + 19 parameters of the SM)
* Constrained MSSM (or phenomenological MSSM) reduces number
of free parameters to 22

— all the soft SUSY-breaking parameters are real => no new source of CP-
violation in addition to the one from CKM matrix

— no FCNC at tree level
— the soft SUSY-breaking masses and trilinear couplings of the 1t and 2"
sfermion generations are the same at low energy
* So far most of the MSSM Higgs boson searches at LHC were
performed within the framework of phenomenological MSSM
(pPMSSM) without assuming any particular soft SUSY-breaking
scenario (mMSUGRA, AMSB, GMSB, ..)



At tree level Higgs sector of MSSM is determined by two parameters:

M, and tan(p)

1< tan(B) = v,/v, = (vsin(B)) / (v cos(p)) < 60

where v, and v, are vacuum expectation values (vev) of the neutral
components of two Higgs doublets.

v, 2+v,2=v2 = 2M,2? /(g,%+8,%) = (246 GeV)?

Higgs masses at tree level

my 2 = %[ (M2 +m,2) £ (M2 +m,2)2— 4m,?m,? (cos?25))Y/?]

7

2 = 2 2
My~ = My~ + My

m, <m,



The radiative corrections increase the upper bound of my, significantly

3m} MZz X7 X7
€= 5 5. 25 |08 5 > |1~ p
2m=v< sin” 3 M3 Mg 12 Mg

with leading 1 loop corrections

there X, = A, — p/tan(p), Ms? =72 (Msl0p12 * Msmpzz)

A, is trilinear Higgs-stop coupling, u is Higgs-higgsino mass parameter

M, reaches maximum value at X, = 2 Mg (FD) and local minimum at X, = O; these are
two scenarios (m,™* and no-mixing) used in LEP Higgs searches:
M. Carena, S. Heinemeyer, C.E.M. Wagner and G. Weiglein, hep-ph/0202167.
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10 | SUST | | B oo : Ms=1TeV . igees
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Masses of MSSM Higgs bosons

m, =171.4 GeV

00— T T T T T T T 1 L N ;/};|
Ht

250

I FeynHiggs 2.5 |
50 | | | | | | | | | | | | | | | | | | | | | | | |
50 100 150 200 250 300

M, [GeV]

* Five Higgs bosons in 2HD and MSSM model:
two CP-odd h, H; one CP-even A, two charged H*/-



Total width of MSSM Higgs bosons
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Neutral Higgs boson couplings to fermions and gauge bosons in the MSSM at tree level
normalized to the SM Higgs boson couplings g,4=(2"/2G )?m;, g, = (212G )*M,? and the
couplings of two Higgs bosons with one gauge boson, normalized to

8w = (272G )2 for ggp,w. and g,=(212G )/2M; for gq,p,

P Joau Jodd govv 9gpAZ JeHEWT

Hsw L 1 1 0 0

h | cosa/sinf | —sina/cos3 | sin(8 —a) | cos(8—a) | Fcos(8— a)

H | sina/sing //cos a/ cos :? N\ cos(B —a) | —sin(8 — a) || £sin(8 — «)

A cot(3 \ tan 03 / 0 0 1
S

a is a mixing angle between neutral components for two Higgs doublets H,°, H,°
to give the physical CP-even Higgs bosons h, H

cos2a = -cos2f ((M,2-M,?)/(M2-M, ?))

Radiative corrections introduce dependence on other parameters :

M, M + 5 “physical” parameters: mg,; 5, My o10m1.20 0
or

+ 5 “unphysical parameters”: mg,,,,, Mgo00) Moporiompr Av Ay

gluino stop

p, M,, M

gluino



MSSM neutral ¢->t7 : the most sensitive
channel at high values of tan

b T oY——— D
g g
t,b,t,b _____ h,H,A 77777 h/H/A ffffff h/H/A
g b g TEOTOe—+—— b
100 o(pp — ®+X) [pb] ] 1000 B\ .
I VE=14TeV | | N
tanf8 =3
_/ _ - NN Y
100 | i ""-.\ z o T
10 =, - 0 ~. =l
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o Lk -
\“‘ . .:.":'é‘?h pp s H+t_b
0.1} ' e - R
| orp g % e
0.01 1 A= Hy N T 0.01 K W L N L N
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* Bobb oV = Byppo v X tanP (¢=A) at tree level
* Br(¢p—>17)~ 10 %



T identification ()

e Step 1: decay mode finding

Reconstructed using the Hadron plus Strips (HPS) algorithm

. Ti %Tfi TEi TEi VT Three Hadrons Hadron + Stnp
mtonrnny \, J; single
— T ‘ i Hadron
h| » v-rn’y i
T NG s /
+ +
T ST : :
8 T oTV, compatible with a /p

® Correct tau energy scale with the tau mass

® Fitting MC to data — a shift in respect to data would indicate a incorrect

t I i
au energy scale ~ 3 % 1 JES uncertainty
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T identification (Il)

* Step2: isolation of 1,
CMS Preliminary 2012

% _ MVAZ2 Isolation
s ® HPS MVA2 Loose
_g‘) B B HPS MVA2 Medium
© v HPS MVA2 Tight
L HPS Loose Comb d 3 Hit
B HPS Medium Comb dp 3 Hit
pe ¥ HPS Tight Comb dp 3 Hit

HPS Loose Comb dp 8 Hit
HPS Medium Comb dp 8 Hit
B HPS Tight Comb dp 8 Hit
II|IIII|IIII|IIII|II|I|IIII|IIII|I|II

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
Efficiencv




B-tagging

» EE

CMS Experiment at LHC,|CERN
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CMS b-tagging algorithms used in
2012 data analyses (PAS BTV-13-001)

* Track Counting

— high purity; use 3" track 3d ip significance

* Jet Probability

— use 3d ip significance of all tracks to build likelihood
that all tracks come from PV

 Combined Secondary Vertex

— uses SVs and track-based

life-time information
to build likelihood-
-based discriminator
between jets from b, c,
or light quarks and g’s

Signs of Impact parameter and of
vertex decay length are defined
according to jet direction

),"
impact .
-

arameter ~
0 -

SV SV jet dlrectlhun

(wrong side) %=




Misidentification probability

Data / MC misid. SF

 CMS b-tagging performance with 8 TeV data
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Fr CSV Discriminator Value
b tagger misidentification probability SHight
JPL 0.0944 4+ 0.0004 1.03 £ 0.01 = 0.07
Fake rate: CSVL 0.0990 + 0.0004 1.10 % 0.01 = 0.05
. JPM 0.0105 £ 0.0002 1.10 £0.02 £ 0.20
for 80 < p;/ <120 GeV csvm 0.0142  0.0002 1.17 +0.02 £ 0.15
TCHPT 0.0026 4+ 0.0001 1.27 +0.06 4 0.27
| M | <24 JPT 0.0013 - 0.0001 1.11 £ 0.07 £ 0.31
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Preparation for
pp->¢+X, ¢->tT discovery

 CMS “discovery” of Z->tt, 2010, 1.7 pb!

Ny 12— RN RARE LR AR

= - 5TTBar -

@ i Wo1tv]

Th ¢ 10¢ EzZ-opp

o L W - pv

> & .f Jacp -

-~ 8__ Bzt

/ o 0 « DATA _

y o 6 CMS Profin N

> i reliminary 2010

. Ly = 1.7 pb™,\5 = 7 TeV

4- -

< o i

u from t->uvv decay of .
0 20 40 60 80 100120140160 180

visible Mass[GeV/c?



CMS Z->tT measurement, 36 pb!
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Z+b as a benchmark for MSSM H+b

ase L LS

e S kT

B The production of Z + b is very similar to
that of H + b, even lying in a similar
kinematic region for a low mass Higgs.

B Theoretically, the two processes have ! rrrrrT———
the same inputs and uncertainties.

— same initial state, similar (z, Q?) b MA< o,

— the same H and Z decays

t °
B Test the experimental analysis procedure 15 CMS Z+b anaIVSIS
by re-discovering the Z — With 2.2 fb_l at 7 TeV

a) Z+ one jet which is b-tagged ;

II|IIII|IIII|I-
cMs h
\s=7TeV,L=221" |
#- Data
oz
CZ+c
D Z+b
4

o
o
=

Events/10GeV

* Data vs MC comparizon
— kinematics => acceptance

— cross-sections 4FS vs 5FS
* relevant for low mass Higgs boson

 b-PDF - to be studied

(s3]
=
=

150 200 250
jet
N P ™ (GeV)



CMS SUSY H->tt analysis, 2013
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Triggers

® Distinct triggers for each channel

W urt:isolated u > 17 GeV + isolated t > 20 GeV

B et:.e>22GeV +isolated 1 > 20 GeV Not changed

® ey u>17(8) GeV + e > 8(17) GeV since HCP 2012
B uu:u>17GeV+u>8GeV
"

11 : 2 Isolated t > 35 GeV

B Using parked dataset
® Not need to use ditau+jet trigger

Efficiency
—

=
]

=
=

=
=
III|III|III|III|III|II

E_EI

0.2
TT turn-on curve

1 | 1 I 1 | 1 1 1 | I I | 1 I 1 |
BD 100 120 140 160
PFTau ET [ GaV

-
=
8



Event selection overview

® Two well reconstructed, isolated leptons of opposite sign:

channel P; | P; |

eu > 20 GeV (elu) < 2.3 (elu) > 10 GeV (u/e) < 2.3 (We)
et > 24 GeV (e) <2.1(e) > 20 GeV (i) <21 (1)
e > 20 GeV (u) < 2.1 (u) > 10 GeV (u) <2.1(u)
ut > 20 GeV (u) < 2.1 (u) > 20 GeV (1) <2.3(1)
1T > 45 GeV (1) < 2.1 (1) > 45 GeV (1) <2.1 (1)

mewD =P - 1.85-P Vs > -20 GeV
m et ut: M <30 GeV

® uu: Special BDT trained for rejection of Z/y* — uu events



Categorization

m The chosen categorization is Higgs-p_independent in order to stay as model
independent as possible



gg->H in SM and MSSM

g TUTTE
N N
t,b,t,b e - - - h,H, A
g .09000

At high tanf3 and in m,™2* scenario b-loop
dominates in MSSM gg->h production leading to
change of p;" in comparison with SM gg->h
where top loop dominates:

1. Spira et al. hep-ph/0604156
2. J. Alwall, Q Li, F. Maltoni arXiv:1110.1728

3. E.Bagnaschi, G. Degrassi, P. Slavich, A.Vicini.
arXiv:1111.2854
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J. Alwall QLl F. Maltom aer'1110 1728
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bb— h
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Acceptance of kinematic selections

* Acceptance selections at generator level (corresponds

to current CMS cuts at reconstruction level):

— electron from t->evv decay: p;>20 GeV, |n| <2.1

— 1, from 1->hadrons(t,) v decay: p; >20 GeV, |n|< 2.3

— AR, > 0.5
My [GeV] | Acceptance. PYTHIA gg — H | Acceptance. re-weighted for b-loop | Cormrection factor
140 0.072 = 0.001 0.070 £ 0.001 0.97 = 0.01
400 0.149 = 0.001 0.152 £+ 0.001 1.02 +£0.02

Table 1: The e + 7, acceptances before and after re-weighting to correct for b-loop confribution.




Background estimation in ® — 11

Zy* -t

* Embedding: in
Z— up, replace p by
sim. 1 decay

* Normalized from
Z—pp events

ttbar:

* From simulation

* Normalization from
sideband

CMS Preliminary, H—11, 19.8 fb" at 8 TeV
L]

QCD:
* Normalization &

shape taken from
SS/OS or fakerate

20 —r——r—r oV
% E"Eh T J - —TT ! E
18 —&— observed ]
w B-Tag % I AN ]
~ B Z > ee -
— 16 —— =
EE 14 — tl;cn E
Fraed bkg. uncertainty :
E 12 Mihes (M, =160 GeV, tanB=8) —
© 10 ﬁ _E
S E
4 =
° =
0 1 | .

100 200 300
m,. [GeV]
Di-boson/W+jets: ZIy* — ee (pp):

* From simulation or data
* Normalization from
sideband

* From simulation or data
» Corrected for jet— T,
e/p -t fakerate




Example: control region for W+jets bkg

* Normalize W+jets MC on m;> 70 GeV region

* Predict W+jets event yield in signal region m; < 30 GeV
using m; shape from MC

CMS Preliminary, s =8 TeV, L = 19.8 fb™ Ut
o0 L B B L L B L L L
EBDDDG 5 —+— gbserved g
LI:J i %75 bkg. uncertainty |
B Cdz—1e
25000 —
B Z—pp
B B =lectroweak
- I
20000 [Jaco
. . 15000 |- . . .
Signal region : W+jets control region
10000 | a
5000 § -
of

0 20 40 60 80 100 120 140 160

m; [GeV]
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dN/dm_ [1/GeV]

dN/dm_ [1/GeV]

Tt mass after all selections

CMS Preliminary, H-1t, 19.8 fb' at 8 TeV
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tanf

Sensitivity in M ,-tanf3 plane for

different event categories
* b-tag. vs no-b-tagging

1 decay modes

CMS Preliminary, H-1t, 49fb"at 7 TeV, 19.4 fb' at 8 TeV

i RS S AR I
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B i [ é
T L S —
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Expected exclusion limits

* In m,-tanf} plane  model independent
60 Prellimilnar.y, 4..9 flla"' e:t 7 :I'e\l: 19..4 f:r' a:t alTaV. | — 0.20 I:'ra!Imfnarly. t;.':or:mlrati.on: L|= 1?.3 lflc:rq lal I;! TE:V .
95% CL Excluded: | =" [ m, =350 GeV === 95% CL i
Asimov w/ H(125) o 68% CL |
50 | — Expected i % - - " -
[ £ 10 Expected 9 = 015 = Best fit —
40 + 20 Expected n ﬁ i 1
e . 1-\'1 i
: > .k : T
30 _ 0.10 b-only asimov .
dataset -
20 - i
10 MSSM m ™ scenario _ ]
Mgysy = 1 TeV ]
1 1 I 1 1 1 1
T SES TE S S TR S S NN R SN S |
000 400 600 800 1000 0.15 0.20

m, [GeV] 9g—0xBR [pb]



MSSM benchmark scenarios (l)
(from M. Carena et al arXiv:13027033)

* m, "™ updated scenario:
— green strip is allowed region of M ,-tanf3

60

my = 173.2 GeV,

Msusy = 1000 GeV, 50
=200 GeV,
My = 200 GeV, ““
Xtos = 2 Mgysy (FD calculation), 2w
{ XM — /6 Msusy (RG calculation), )

Ap = Ar = Ay, 0

mg = 1500 GeV,

M;, = 1000 GeV .

o M, =1255+3
e M =1255%2

® | HC excl
s | EPexcl

Excluded

10

800

M, [GeV]




MSSM benchmark scenarios (ll)
(from M. Carena et al arXiv:13027033)

* m,M°d scenario:
— green area is allowed region of M,-tan3

60

my = 173.2 GeV,
Msusy = 1000 GeV, ol . - izsses
=200 GeV. . M=1255+2

M, = 200 GeV, ol o oo
Xf) > = 1.5 Mgysy (FD calculation),

XMS = 1.6 Msusy (RG calculation).
Ay = A = Ay, 20 Allowed
mg = 1500 GeV, region

M;, = 1000 GeV . “

200 400 600 3800 1000
M, [GeV]



How to access allowed region ?
(from M. Carena et al arXiv:13027033)

* m,™°d updated scenario:
— green area is allowed region of M,-tanf3

— A/H decays to charginos/neutralinos are open here
 Latest LHC analysis H/A->cc->4l+MET arXiv:0709.1029

60 60

mod+
mh

50 o M =1255%3 50 BR < 04
e M =125542 0.1<BR<0.2
02<BR<03
® | HC excl 0.5 < BR < 0.4
e 4 £
40 LEP excl. 40 <

04<BR<05
05<BR<06

@ a 0.6<BR<0.7
& 30 & 30 0.7<BR <08
®  LHC excl.
20 Allowed 20
region
10 10

200 400 600 800 1000 1000
M, [GeV] M, [GeV]




Latest development: “hMSSM”
A. Djouadi et.al. arXiv:1307.5205

* For m, >>M, and heavy sparticles ~¥> 1 TeV
measured value of m, defines radiative
corrections at any order

— no need anymore for “benchmark” scenarios

* Only three input parameters in hMSSM

_ B ’ mhl m A
N2 — (MAHME-MRMEE M S3) - M3 M3,
hMSSM : MZe3+M3 53— Mj
o = — arctan [~z tMa)esss
DN T S G C R T




m,-tanb in “hMSSM”
from A. Djouadi et.al. arXiv:1307.5205

° From LHC measurement of h and searches for
H/A/H*

' MSSM Higgs fit

Fit of u ratios

350 500 750
MA(GeV)

| | |
155 200 250



Is low tanf region excluded ?
(from A. Djouadi arXiv:1304.1787)

* Low tanf} region is not excluded for large Mq
* Accessible with a number of channels:

50 | T L T L T T T 50

Mn =114 GeV
Mn =120 GeV
Mn =123 GeV
M, =126 GeV . 1
M = 129 GeV LHC sensitivity

M, = 132 GeV 7+8 TeV/ 25 fb!

tang3

H/A — 77 |
H—VV s |

A — h7Z
H — hh i

H/A — tt m—

3

10° 10* 10° 10° 107 160 200 400 600 800 1000
Ms [GeV] Ma [GeV]

with m, uncertainty 3 GeV (from tt~ cross-section) At"m, is ~ 6 GeV




H->hh mode at low ta

100 =

\,".g = E {I‘EI‘" 2:&_". ..........
tand=25 gl —
10 | My, = 126 GeV kb

bhH  —

0.1

oipp — 4 [ph

00L |

0.001 b - . i
A0 400 il A00 1000

M, [GeV]

Scalars: H,h,A,H*; h(125) is discovered
For m,=300 GeV, tanf3=2.5

— o(gg->H) ~1pb

— Br(H->hh) ~ 0.6
c x Br and N, for 20 fb!, 8 TeV:

— yybb ~ 1 fb=>20ev

— 1tbb ~ 60 fb => 1200 ev

— bbbb ~ 300 fb => 6000 ev.

1

.0

BR(h)/BR(Hsn)

n MSSM

H-+ WW

H -+t
H -+ hh ——
H -+ b ——

H-7"r
H ¥ ——

—

N

400

By 00

My [G'EV]
h— bb ——
tan3 = 2.5 h— 7 ]
[T —
L My, =126 GeV hoZ% —
h—=WW

300

A0
M, [GeV]

600 800 1000



Search strategy
— select yyjj events with at

least 1 b-tag

— select events within m;;
and m_... mass wmdows

— fit m,, for selected events

CMS preliminary 19.62/fb |
2 jets / at least one medium btag

120
100%—
aoé—
sof
40f

20

ok

CMS preliminary 19.62/fb

H->h(125)h(125)->pybb (1

2 jets / at least one medium btag

o100

-l

60

Events/ 2 G

40 .

20]-

T Ip'r&rrllplt;lm‘:ﬁr!blllu
I prompt fake

[ fake fake
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VBF
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CMS preliminary 19.62/fb
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180I I
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500 1000

|
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2000

WJI
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*m, after m;; and m

H->h(125)h(125)->yybb (I)
m_ =300 GeV with tanf3=2.5

* o x B for signal ~ 1.3 fb for m ;=300 GeV
— Signal efficiency for 2b-tag category ~ 0.06

7.

Expected Ng~ 1.5 ev

S

CMS preliminary 19.785/fb |

Events/ (1 GeV
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T T

2 btag

5]
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4
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2
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— Fit 4
two sigma
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I
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jj mass window selections
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n
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N
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adily
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1 btag

.L

CMS preliminary 19.785/fb | _ -

L
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Searches for t->H*b (m,, <m,)

~ — FeynHiggs

g+ o< mptan B(1 4+ v5) + mycotF(1 — ;)

T | LI T | T 3 1 __I T I I: |_ E

T. Plehn et al., hep-ph/0312286
o, [pp—tH +X [pb]

..... . CPSuperH T.I].'I'IEI = 3:]

m, [GeV]

pp->tbH* is in MC@NLO (T.Plehn et al)

& 7T T recipie for m ., ¥ m,: add tt and tbH*
il ] e 4FS and 5FS NLO calculations exist

e Study decay mode H*->tv
assuming BR(H*->tv)=1

™N

T AR R
1 10 gao’

n(p)




CMS H*->tv. Topologies considered:

Fully hadronic

< Jet
:

T
SUSY SM
Ntt > Ntt

Leptonic It

/q

g/q

Leptonic I %%?/u
T

SUSY SM
Ni”™" < Ny

fe=7TeV L=221" CMS Simulation

w1000¢ T T T T ]

= E T (WW + WHE + H'H) ;

2 g-m— ——— WW (W 'BWE) E
L gogE —— WHE (W bH'B)

E H'H* (#t—H'bHB) ]

700t m,. = 120 GeV E

Em:_prh final state =

08 1
B(t—H'b)

fs=7TeV L=23%" CMS Simulation
T T T I T T T I T T T I T T T I T T T ]
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— tt W + WH" + H'H) ]
—- WW (tft—W"bWB) .
--— WH' (ft—W*bHD) 3
H'H (ft—H'BHE) .

my. = 120 GeV 7

au final state




Event yields for individual analyses H*->tv:

T, +jets LT, ey
[E=7TeV L=231" CMS [5=7TeV L=22fb"CMS ) (5=7TeV L=231" CMS
-g - m,=120GeV @ Tyetsdaln % m,, = 120 GeV e pr, daa . %105;— m,, = 120 GeV b oedda
—-—- wiith H* B{t—H'b)=0.05 s with H s atv = B{t—HD)=0.05 i
L a1 U B poein 3 0 s
werterlifriririee [ EWK+1T no-t {simul) ] B Diboson 7 0 -lw'|1
555y sial. @ syst. uncert. I single t ] “
onsi i . 10* € pl+X = c L et St ane
R Bl - |||.‘r.+]l|'. 3 -

w stat @ syst uncert.

2t ] 2k . | 1 2 E
% ¢ + + + i ] o 1; + + + T 3 m 1 ¢ ¢ t !

g 08 E gﬂﬂ; 1 Sosf 5
=3  gmw,g5p  bBg  Ag< 160 23+ET=  biag I 08 8 5 leptons M>12 GevV >2jets  0S

Selection step Selection step Selection step

Ns=7TeV L=23@" CMS

4 = TGl Ty Tl Access or deficit of events in data is related to
m v omann 1 the difference between MSSM and SM tt~ event yields:

[ EW K+t no-1 (simul)
s stat. & syst. uncart.

Events / 20 GeV

AN = NPM — NoM = 2% (1 — x)Nwg + #*Npm + [(1 — x)? — 1]NM.

x=Br(t->H*b)
5.2 1 T,tjets channel is most sensitive, since most of the
Ry B — 7 tt~->WbWhb background is measured from the data
R T VR T VR RN

my (GeV) and m; shape is used



Results of H*->tv analysis with 2.3 fb!
JHEP 1207 (2012) 143
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At tanf3 ~ 8 Br(t->H*b) has a minimum in MSSM at a given

In the next iteration of analysis with whole 2011/12 dataset it might be possible
to exclude m, < ~ 130 GeV, since for this mass region exp. exclusion limits on
Br(t->H*b) might be smaller than minimal possible values in MSSM m max
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Update for light H* analysis

with 2.3 -4.9 fb!
* to understand m . -tanf} plots remember the

H*tb coupling structure:

ga+m o< My tan B(1+75) + mycot (1 — ;)

pt, analysis is updated

with 4.9 fb'! at 7 TeV
and using shape of 1
polarization variable

Ns=7TeV, 4.9 fb"' CMS Preliminary
TTTT III!IIII!IIII!II
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Heavy charged Higgs decay modes to
be searched for at 14 TeV runs

 tv,th, Wh
* Production process: gh->tH*

g: 7 I
[ BR{H*)
[ tan 8 = 30
0.1 0.1 F
. .': ..”.. be
0.01 . s {001 o
- : - \
1.001 - ' 0.001 \ '
100 200 300 400 300 100 9200 300 400 300
M- [GeV] Mg+ [GeV]

From A. Djouadi “Anatomy of EW Symmetry Breaking. Part Il”. hep-ph/0503173



NMSSM and
Higgs bosons in NMSSM

e Enlarged (pseudo-)scalar and neutralino sector: 2 complex doublets ﬁu,ﬂd,
1 complex singlet S

7 bosons: HI,HQ,H:;,AI,AQ,H+,H_

5 neutralinos: YV (i =1,...,5)

e Significant changes of the phenomenology

Resent NMSSM scans of LHC h(125):

S.F. King, M. Muehlleitner, R. Nevzorov, K. Walz
arXiv:1211.5074, accepted by Nucl. Phys. B,
“Natural NMSSM Higgs Bosons”

S.F. King, M. Muehlleitner, R. Nevzorov
Nucl. Phs. B860 (2012) [arXiv:1201.2671[hep-ph]]
“NMSSM Higgs Benchmarks Near 125 GeV”



Next-to Minimal Supersymmetric Standard Model

Field content:

NMSSM superfields = MSSM superfields + Higgs superfield singlet 5

Superpotential:

PPN P 1 .
Wnmssm = WMSSM‘“:O - AS H;r HE +AS gf Jj + 3 ke S3
2 new coupling parameters: \, x  (Hy, H,: Higgs doublet superfields)
uu term of the MSSM: Wyyssy = ... nH HZ + ..
— dynamically generated in the NMSSM u=7\,<S>

(scalar Higgs singlet field has a vacuum expectation value vs)

Soft-breaking part extended: New parameters: m%, A\, A.

Higgs Bosons in the NMSSM: Part 1: Masses Heidi Rzehak Higgs Days at Santander, 18 September 2013

* solve “p-problem” of MSSM (Kim, Nilles 1984)

— u must be order of SUSY breaking scale Mg,
* two scales in the MSSM theory — EWSB and M,
* one scale in the NMSSM theory — M ,q,



N MSSM Scalar Boson Mass in View of the LHC Results

e Vast literature on NMSSM scalar boson of ~ 125-126 GeV

Hall eal; Ellwanger; Gunion eal; King, MMM, Nevzorov; Albornoz Vasquez eal; Cao eal; Gabrielli eal;

Ellwanger, Hugonie; Kang eal; Cheung eal; Jeong eal; Hardy eal; Kim eal; Arvanitaki eal; ...

e Compatibility of NMSSM scalar boson mass with LHC Searches:
* Upper mass bounds + corrections to the MSSM, NMSSM scalar boson mass:
MSSM: m32 ~ M2 cos?283 + Am?

NMSSM: m2 ~ M2 cos? 283 + A\2v? sin® 23 + Am?
= Mpy =~ 126 requires:

MSSM:  Amy, ~ 85 GeV (tan 3 large) = large corrections are needed ~~ conflict with fine-tuning
NMSSM: Amy, = 55GeV (A = 0.7, tan 3 = 2)

= NMSSM requires less fine-tuning Hall,Pinner,Ruderman; Ellwanger; Arvanitaki,Villadoro;

King, MMM, Nevzorov; Kang,Li,Li; Cao,Heng,Yang,Zhang,Zhu

M.M.Miihlleitner, 4 Feb 2013, CMS Workshop, CERN



N MSSM Scalar Boson Mass in View of the LHC Results

Hall, Pinner,Ruderman 1112.2703

NMSSM Higgs Mass
140 A=0.6,0.7
| m; = 1200, 500 GeV -
130 X:=0

my, = 124126 GeV

Tan S

¢ mj, maximized for small values of tan 3

o my ~ 126 GeV can be achieved also for zero mixing X; =0 and m; > 500 GeV

MM Mihlleitner, 4 Feb 2013, CMS Workshop, CERN




Landscape for NMSSM

Scala rs o 124GeV<M,; <127GeV, Hy->H; H,
. 2.4 T T
— H1,H2,H3; m ;; <m, <m; bl | B0
. 0.1<BR<0.2
— A]., A2: mAl < mAz 2F | 02<BR<0.25
18+ *+ BR=025

LHC discovered H2(125)

How to access H1 and H3 L
— H2(125)->H1H1, Br ~ 10-20 % T

—H3'>H2(125)H1 0 20 40 60 a:n 1I00 1I20 140

MH1 in GeV

Favorable final state decay modes depend on m,

16

Mp(H2)

14 +

2m, 2m_. 2m, 125/2 GeV 125 GeV

| | | | .

m,,, axis



H2(125)->H1H1: 2m < my, < 2m,

H2->H1H1->pppp Although recent NMSSM scans
— CMS PAS HIG-13-010 do not favor very low m,, ,,

= CMS Prelim. 2012 s=8TeV L, =2065fb 124GeV<My, <127GeV
= Il NMSSM 95% CL Limits: | .
= —-m, = 86 GeV/c? 400
N 10 e m, =125 GeV/c? e
T — Prediction with B(h —2a) =0.8% | 350 -
&52 o(pp —>h) = 0 (m, = 125 GeV/c), - _ 300
o and o(pp — hz) X E(h2 —2a)=0 T
= [ N, S 250 |
g |-
T ‘I:— e — . — . & E-CC 200
8 150 |
<
T 100 |
o
‘-%10-1|\\|||\|\\|||\||||||\||\\||\||\\| 50- 1 |
©Yo 05 1 15 2 25 3 3 24 0 0 40 B0 80 100 120
m, [GeV/c7] My, in GeV
2m, 2m; 2m, 125/2 GeV 125 GeV

L 4

m,,, axis



H2(125)->H1H1: 2m < m,, < 2m,

 H2->H1H1->tTttT ~ 3 pb => 60K ev. for 20 fb! at 8 TeV
— T,TpT, T With SS p's looks
very promising !

10 ,
TuTh o1 5
) 0.1 F N\
" R ootf
H1 T 0001
‘= 0.0001 |
$ teost
TuTh ES 1e-06 | . BR<.0_'1: ..: Ce e a _,-:’1-
gf“ 1e-07 O';<EE<8‘§ ) :: . e
1008 |- | oS )
16-09 ! : . . .
0 10 20 30 40 50 60 70
. . My, [GeV]
— on going analysis
2m, 2m, 2m,  125/2 GeV 125 GeV

—— ' L

m,,, axis



H2(125)->H1H1: 2m,< m,, <my,/2(l)

* H2->H1H1->ttbb; ~ 0.4 pb => 8 K events for 20 fb -1 at
8 Tev 08 . BR<D1

07 G- 1<BR<0.2 _
* 1,t,bb mode looks hopeless - 028R025
with SUSY H->1 1, selections:

06 . B!:E>O_25 .
p;*>20 GeV, |nH|<2.1
p;*" > 20 GeV, |n™|<2.3
two jets p;>25 GeV, [n|<2.4
at least one b-tag jets
— N~ 2-6 for m, (20-60) GeV
— N ~ 3K from data

0.5
04
0.3
02
01

':5H2I.|‘:1'F‘{H2-"’H'|H1mER"''r"bb.rE'RHr’"f'r [PD]

0

2m, 2m; 2m, 125/2 GeV 125 GeV

My,




H2(125)->H1H1: 2m < m,, <m,,/2 (ll)

* WH2->H1H1->bbbb, 100 fb => 2000 ev with 20
fb'1 => 400 ev. with W->e/p v

 Particle level estimates STeV: tan=24; A=1.5Tov

with VH->bb analysis

selections
— p;* > 24 GeV, |n*|<2.1
— p;° > 27 GeV, [n®¢|<2.5

* * 2
G(WH,)*BRyy 514, 1, "BR spp [fb]
o
2

— p°>20 GeV, |n®| < 2.4 ST e

2m, 2m; 2m, 125/2 GeV 125 GeV

My,




AR,
and b-jet definition

bl

Rbb
b2
>

b4

AR,, < 0.5 => consider as one jet

UISII=I§I-II-eI\|/III

CMS Simulation
IIII|IIII|IIII|IIII
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b-jet topologies in H1,->bb + H1,->bb

t—j‘l—\ I J1 J2 1 Ja
2 K \’ J3
— - Ja
)> )> J3



Lepton N events at 20 fb! for a given m,,

Selection 20 GeV 40 GeV 60 GeV
o Br2(H1->bb) Br(W->e/p v) 400
cuts on p;¢, n’ 284 284 284
Int| < 2.4 203 194 199
AR(b-1) > 0.5 186 178 182

Jets selectionand ——0oH

20 GeV

40 GeV 60 GeV

b-tagging

two jets/passed p;cut  16.9/16.6 5.8/3.8 7.8/6.8
three jets/passed p; cut 105/14.4 26/14 57/24
four jets/passed p; cut 63/3.7 146/15 117/31
sum/passed p; cut 185/35 178/33 182/62
Tagging with 2.2 2.1 3.9

Inclusive Vertex Finder*: 0.5%



Rare not reducible backgrounds for
WH2->H1H1->bbbb need to be estimated

Z+tt

ttbb

W+bbbb, W->8v
WZ+bb, W->€v, Z->bb

From DPS

— W+bb & bb

— W+bb & Z->bb
— W & bbbb



* Itis for 14 TeV LHC:
— H3(300-600 GeV)->H2H1->W,W, bb, proposed in arXiv:1301.0453

— H3(300-500 GeV)->H2H1->bbbb, KIT started analysis. They
conclude that:

@ ggf -H — HH —bbbb is an interesting search channel

W xsecat8TeVis 54 fb 170 fb at 14 TeV
W TMVA Optimization

- % may reach 8.47 for 14 TeV and high luminosity 500 fb!

® Data driven method promising

® Todo
W understand influence of trigger

2m, 2m, 2m, 125/2 GeV 125 GeV

My,




conclusion about NMSSM part of talk

good prospects for H2(125)->H1H1->tttT at 8 TeV
— Higgs-Exotics lunched analysis; 2m_<m, <2m,
difficult region 2m, <m,,; <m,/2
— most probably need 14 TeV data
— WH2->H1H1->bbbb — need bkg. estimations
— H2->H1H1->bbbb — not addressed yet
good prospects for H3->H2(125)H1->WWhbb, bbbb at 14 TeV
— Higgs-Exotics lunched analysis; m, > 60 GeV

still need to be considered decays H1(~100 GeV)->A1A1l

2m, 2m; 2m, m,,/2 my,

! ! ! ! :
My,




2 Higgs Doublet Model

See for example “Theory and
phenomenology of two-Higgs-doublet
model”. G.C.Branco at.al. Phys.Reports

516 (2012) 1-102



Theoretical structure of the 2HDM

* The scalar fields of the 2HDM are complex SU(2)
doublet, hypercharge-one fields, ®, and ©,

— the most general scalar potential:
V=mHdldy + mi,dldy + 1m0l s + hie + I\ (B]d))?
H N (DID2)2 4 Ay (D] D) (DI Do) + Ay (D] Do) (DI D))
4 {%AE)((I){(I)Q)? + a(@1By) + A (BFDo)] DDy + h.e.} |

— compare to SM with single doublet scalar field ®@:
scalar potential V(@) = p2®T® + \(OTd)?

A U - _)\u’U
\/§ 3 u

Mz =2 \? = —2u*  Mme =



* Yukawa couplings are given by:
—Ly =U WU, -~ D K'o, WU, +U K&hP "Dy + D d°hP Dy

AN OThETER + Ep@OhETER + hc. .

-

— where h_,Y and h_Y are Yukawa coupling matrices and
K is CKM matrix; a=1,2
* Ityields however three-level FCNC mediated by
neutral Higgs exchange, since only one of h_ Y
and h_P are diagonal

 The problem is solved by imposing discrete
symmetry on the Higgs and fermion fields to set
two of four Yukawa coupling matrices to zero



Four possibilities exist in the 2HDM:

1. Type-lI Yukawa couplings: hf = h..‘P = hf’ = 0,

P =h=0.

2. Type-ll Yukawa couplings: hY = h

3. Type-X Yukawa couplings: h{ = h¥ =l =0,

4. Type-Y Yukawa couplings: hY = h¥ = hi =0.

The four types of Yukawa couplings can be implemented by a discrete Zs

symmetry, with the following charge assignments:

-:111 (13'2 UR DR ER L"TL, DL, f\'rL, EL

Type | N - _ . -~ i
Type Il (MSSM like) 4+ | — | = I n
Type X (lepton specific) | + | — | — _ n n
Type Y  (flipped) I N 4+ _ i




Couplings and free parameters

* Higgs couplings to fermions

hUU  hDD  hEE  HUU HDD HEE iAU~sU iADysD  iAEysE
Type | || 24 Ssg Geq sng R EREG —cotf cot 3 cot f3
Typell || S2g  —sig  _sma  sng g L84 —cotf —tanf  —tanf
Type X || <24 Ssg  —sma sng qng Ls% —cotf cot B —tanp
TypeY | <o —sng Seg  sme Lsg =BG —cotf —tanf cot 3

e couplings to bosons: Ch-a 56—
HW W~ hW W=

HZZ hzZ Z

7 Ah ZAH
* Free parameters: WEHFh WEHTH

— my,, my, my, my, Q, B, my,




Recent scans in 2HDM with LHC h(126)

 from arXiv:1305.4587, Ferreira, Santos. Sher, Silva

Type Il - ATLAS data Type Il - CMS data

20 20 l]
18- 18-
16+ 16+ 1
14+ 141
12r 12r

=8 <=8

c =

& 10F & 10¢

gr Br

6+ 6r

4 4

2 2t

a6 0.685 0.7 0.75 - 0.8 0.85 0.9 (.95 1 04 0.5 0.6 a7 0.8 0.9 1
sin(f-) sin(f-o)

Figure 3: Points in the (sin(/ — «), tan [3) plane that passed all the constraints in model type II using the ATLAS
data analysis (left) and using the CMS data analysis (right) at 1o in green (light grey) and 2o in blue (dark grey).
Also shown are the lines for the SM limit sin(5 — a) = 1 and for the limit sin(f + o) = 1.



Recent scans in 2ZHDM
with LHC h(126) and H->VV

 from arXiv:1305.1624, Chen, Dawson, Sher

Type-1
95% Confidence Level

Type-I1
95% Confidence Level

... Limit from Heavy Higgs Search. M, =300 GeV
— - Limit from Heavy Higgs Search, M, =200 GeV
—— Limits from Higgs Coupling Measurements

T T L T T T T T
-_ n |

- Limit from Heavy Higgs Search, M, =300 GeV
— - Limit from Heavy Higgs Search, M, =200 GeV
— Limit from Higgs Coupling Measurements




Recent discussion by Howard E. Haber on “Higgs Days in
Santander 13”, Sept. 2013:

However, there are various reasons to consider the more general 2HDM without

imposing an additional discrete symmetry on the model.

1. It would be useful to consider a formalism that can treat all four Yukawa
coupling types simultaneously. (After all, experiment should decide which

Yukawa interactions are relevant in nature.)

2. It may be that the suppression of tree-level Higgs-mediated FCNCs is
a consequence of some new high scale physics. When this new physics is

integrated out, the effective low energy 2HDM takes on its most general form.

Strategy for benchmarks in the general 2HDM with a new set of
free parameters will be proposed soon to ATLAS and CMS



Conclusions

* Very reach physics program for BSM Higgs
boson searches at LHC

* We expect to have a second discovery in Higgs
sector during LHC and HL-LHC operation

* You are very welcome to join our searches



