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INntroduction

* Discovery of SM-compatible mu~125 GeV Higgs boson in 2012
 What else can we find?

« BSM models with 2 Higgs doublets = 5 Higgs bosons :
e MSSM

 [wo free parameters at tree level:
ma, tanB (ratio of VEVs of Higgs doublets)

« Additional parameters entering in radiative corrections: fixed in benchmark
scenarios
« Generic 2HDM (e.g. type |, II)
« MSSM: subset of type || 2HDMs
 Parameters: masses of Higgs bosons, tan3, mixing angle between Higgs
doublets a
 Couplings of SM-like H to up-type fermions

 ~cosa/sinfintype |
* ~-sina/cos Bintype |l

 Resonances decaying to 125 GeV Higgs &

1%
e e.g.radion, graviton in models ¢
with warped extra dimensions H
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CMS-PAS-HIG-16-007

Run | BSM Higgs results

e Searches performed in many

channels during Run |
e H-bb, H-WWH-ZZ, H-TT,
H-opp, H—=hh, A=Zh, HE> 71V, ...
- Interpretations in MSSM - scan
IN Ma-tan3 plane of:

. mhmod+  »

e hMSSM
* Large part of high tanf region
excluded

CMS Preliminary <5.11" (7 TeV) +<19.7 b (8 TeV)
7 , 4

-

T - - - ______ mh=125 Gev

- ____ m,=124 GeV

~ ‘~\~ T = - - - _ _ _ _ __ mh=123 Gev
____________ m,=122 GeV

\: Observed exclusion 95% CL

S S S s .
=== Expected exclusion 95% CL

w +~ OO0

[ ] W > v (arxiv:1508.07774)
A/H = bb (arXiv:1506.08329)
AH/h — py (arXiv:1508.01437)

[ ] AMHMK =t (HIG-14-029)

H — WW/ZZ (arXiv:1504.00936)
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CMS-PAS-HIG-16-007

Run | BSM Higgs results

e Searches performed Ta many CMS Preliminary <5.1 " (7 TeV) +<19.7 fb" (8 T/eV)

o« 60
: : & 50
channels during Run | g0
+ H-bb, HHWW,H~ZZ, H-TT, | =
H-puu, H-hh, A2 Zh, H=>1v,. .. ) 0 o
_ _ sy g /
- Interpretations in MSSM - scan = /
iIN ma-tan@ plane of: /
mod+ 0B AL - - #/ _ Model not strictly applicable _
* Mh - 7
hMSSM —> [ / [ ] Observed exclusion 95% CL
6 < Expected exclusion 95% CL
¢ SenSItl\/lty tO H_’hh A_’Zh at 5!‘: __:_- Model not strictly applicable
4r [ h(125) (HIG-15-002)
|OW tanB 3l AH — bb (arXiv:1506.08329)
AMM/h — py (arXiv:1508.01437)
ol [ ] AHh -t (HIG-14-029)
H — hh (bbrr) / A — Zh (lker)
] (arXiv:1510.01181)
H — hh (bbyy) (HIG-13-032)
| / H— WW/ZZ (arXiv:1504.00936)
1 / , L
130 200 300 400 500 600 1000

m, [GeV]
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HIgh mass Higgs searches in Run |

e Searches included in this talk:

e H-hh:
e H—=hh—bbbb HIG-16-002
* H—=2hh—=bbWW HIG-16-011
* H—=hh—bbTtt HIG-16-013
e H-oZ/ HIG-15-004, HIG-16-001
e HoTT HIG-16-006 NEW

* A lot of material to cover in 15 minutes, particular focus on
new results presented for the first time today
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Resonant hh

« Common strategy for resonant hh searches:

* Pick h(125) decays with large branching ratios or clean final states:
* H—hh—bbbb
* H—=hh—=bbWW
e H—=hh—bbTtT

e Use information of 125 GeV Higgs:
e Select h candidates with invariant mass compatible with 125 GeV

* Reconstruct mass of resonance - i 1
for signal extraction - *13 .
T ww ® | - 10
| < | BR(hh— xxyY) 1440
* In absence of signal: @ o) 137
* Model independent ul * | -10°
upper limits on oxBR co 10
* Comparison with 22 10

models

w - zy oYY Zz cC T g9 WW bb

BR(h— XX)
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X—NN—DbDbD

Search for a spin-0 or spin-2 narrow width resonance X

« Select events with 4 b-tagged jets

e Split mass region into low and medium mass region 2
«  260-400 GeV: hh candidates chosen such that their invariant mass is close .5

to 125 GeV

. 400-1200 GeV: hh candidates chosen such that AR between jets is small

e Use kinematic fit to determine mx

 Dominant background: QCD, shape estimated by fitting mx

distribution in sideband in data

CMS-PAS-HIG-16-002

237" (13 TeV)
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E CMS --------- Expected Upper Limit
- Preliminary Expected = 10
B Expected + 2 ¢
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- ——— KK-Graviton, kL=35, k/MPI=O'1
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CMS-PAS-HIG-16-011

X—=Nnh—=bbW(Iv)W(Iv

« Search for spin-0 or spin-2 resonance X S b wecorieroucramas e mi
 Select events with two oppositely charged e/u and two b- 5wl —m Zsm0cey ~w
tagged jetS 120;— Uncertainty
« Use BDTs trained on kinematic variables to separate signal “E
from dominant tt background: \_
« for mass range 260<mx<450 GeV: BDT trained on 400 GeV signal >
for mass range 450<mx<900 GeV: BDT trained on 650 GeV signal 3
 Define 4 categories for each BDT by splitting into low- and t :
high BDT scores and applying m; cut around 125 GeV O wETT .--.,%. T % ............
e Upper limits on o x BR, compared with radion, graviton, type | s B ‘,"UHH%H*%H } -
and type |l 2HDM scenarios 8 B U L T
:IIII|IIII|II:II|IIII|IIII|IIII|IIII|II: _.—9 | :
E —e— Observed 95% upper I.im'it E / \2’\£ E —®— Observed 95% upper limit 7]
: ............. ZEZSZZ ::1;: :)pset:”::viation : 'g | i """""""" Expected 95% upper limit :
i Expected limit = 2 std. deviations | :'T: i ! Expected limit = 1 std. deviation |
I |
_______ radion (Ap=1.0 TeV, k.=35) g 3 N Expected limit + 2 std. deviations N
E_ 2HD_M, Gtanﬁ:O.‘I_O, cog(ﬁ—a):O.JO ) _E :i 1 O E E
CONE L m,,=0 GeV, m =125 GeV, m, =m,=m, | % B . . ]
I N _ T - \ — A E """" RS1 KK graviton, kL=35, k/Mp;=0.3 .
L 2 ] L .
; ; %10 E_ ', \ E R e ﬁ _E
B ; i g [ | i
B i : Radion = - ' KKGraviton .
- TypéI2HDM B 1 S T | -
IIIllIll\llllllIIIIlIIIIlII\II\IIIIIlII 8 IIIilllIII|II:II|IIII|IIII|IIII|IIII|II
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spln O(GeV)
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CMS Preliminary
—

Signal (1 pb) [l Drell-Yan —]
— m, =400 GeV [ Single top =

vV

SM Higgs
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CMS-PAS-HIG-16-013

X _> h h _> b bTT 2.7 o (13 TeV)

I; 102 :_CMS bb Mh ¢ Data
O E preliminary channel [ tt
(D [
: : . : < i QCD
* Select events with two b-tagged jets + di-T pair €Th, \Th = oL = Drell-Yan
Oor ThTh, With Th a hadronically decaying 1 = : \§ Sk“;eL,?ES;tamty
. . . . 4 N .
 Requirement on reconstructed di-T invariant mass and " G
_ _ — m, =450 GeV
bb invariant mass: 80 < myr,mpp <160 GeV — 2:=3oo Gev

o(pp— H) x BR (H— hh) = 10 pb

* Reconstruct invariant mass of di-Higgs candidate pair
using kinematic fit which assumes mn=125 GeV

2.7 fb'1 (13 TeV)

300 400 500 600 700 800 900 1000
k|nf|t [GeV]

Upper limits on o x BR
Ranging from ~0.1 pb at high mass
to ~4 pb at low mass

e-- Expected CLs
£===% Expected = 10
----- Expected + 20

—_ 1 1 | | 1 1 1 | | | | | | | | | | | | | | | | | |
102 500"""200 500 600 700 800 900
my, [GeV]
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CMS-PAS-HIG-15-004
CMS-PAS-HIG-16-001
H—//

. . 8 R l L L L) ' L} LA l L} L Ll ' L) L Ll ' L) LA '
e Searches performed in two final states: : ot up =0jets
« H—ZZ —212v: oL
* Require Z —Il candidate + large MET, use transverse mass for —_—
signal extraction
* 3 categories to maximise sensitivity: VBF, >=1 jet , 0- jet !
* H—=/Z/—4l. 1
* Select Z— Il candidates, use 4-lepton invariant mass for signal
extraction
e Upper limits on o x BR for different resonance widths
107
. . T [GeV]
Interpretation in type Il 2HDM R
L 41 212v
2.8 fb” (13 TeV) 2.3fb" (13 TeV) 3 », CMS Preliminary 2.8 (13 TeV)
% CMS 2HDM Type II, cos(B-c)=0.1 = 107 = =""F i
= Preliminary m, = m,. = m;, + 100 GeV = ~ £ — Observed 95% CLs
L] E— I T— R e T 7 = N & JEEEE 1'=0, expected = 1 s.d.
8 7 - = S B e R ST Eer) I'=0, expected = 2 s.d.
7 ~ Obs. 95% CL limit = oy ! B
6 i 10 T N T =5GeV
5 Exp. 95% CL limit - y N ol i, e I = 20 GeV
4 . . (o)) >1; .......
~ H—>ZZ—4l (HIG-15-004) o T
B Non-perturbative region | 10 b% % .....
- - - o) ~ Ta.
2 % o N NG
2 1=
1 °© s
1 -
500300400 500" 600 700 800800 1000
o P m,(GeV)
750 200 250 300 350 400 450 500 200 300 400 500 600 1O

m,, (GeV) M, [GeV]
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NEW

H/A—TT overview

* Search for H/A— 1T, masses up to 3.2 TeV in 4 final states
€Th, MTh, ThTh, €M Th = hadronically decaying T
Divide events into two categories:
no b-tag: b-tag:
O b-tagged jets

>1 b-tagged jet

g b

g b

Y

CMS-PAS-HIG-16-006

targets gg—h,H,A targets gg—bbh,H,A

ut, NO b-tag 23" (13 TeV) = 107 ut, b-tag 231" (13 TeV)
S a0l S 5
o %[ CMS Bz o |+ CMS B z-n
Q E imi i O 10°} Prelimina Bz
— - Preliminary B Electroweak — i ry = Electroweak
S 6l 4 ~ 1
g 10°F 51;00 E10°F Jaco
é- - Background uncertainty é_ - B:tqround uncertainty
O 3 L — 0 H ATy o 10 w— hHATy
2 10 - ¢ Observation 2 ¢ Observation
© g © al "y
1F :f:;ooo GeV, tanfi=50 107 m,=1000 GeV, tanf}=50
: 10'3
10'3 =
10°
6L s
10 1 Ak A A ad " Ly Q 110; " ' ‘
Q 15 | < 1. +
x .
: o
8 0.5t it — T O 05k = - — J "
10 10° 10° 10° 10° (GeV)
e
15/06/2016 M (GeV) | HCP 2016 M 12



NEW

1,7, No b-tag 2.3fb7 (13 TeV)
< oL
—TT reSullS 5 cus =
~ - oo - Electroweak
= ook Preliminary =
 Fit reconstructed di-t transverse mass to set \5 ] [Jaco
. . . — e Background uncertainty
model-independent upper limits on o x BR = 10°F A
e Scan ma-tanB plane in benchmark MSSM scenarios % i ¢ Obsorvaton
for model-dependent limits 18 m,=1000 GeV, tanf=50
............................................. T++ ‘
++++++W++#++ ..............................................................
__________________________________ " ,++ L g
10? 10°
WT, +€T, +eUtT, T, 231" (13 TeV) (o WT, +ET,HOUAT T, — 2.3 fb (13 TeV) M (GeV)
T ' T ' ] = =
10°L CMS —e— Observed - CMS —e— Observed
E Pre[iminary E— EXpeCted ] i Preliminary - EXpeCted 1
i [] =10 Expected ] 102k [ =10 Expected .
10°F [ ]+20 Expected : [ #20 Expected ]

10

10 3

95% CL limit on o(gg¢)-B(¢p—Tt)(pb)

1072 3

Upper limit on o x BR
for gg¢: ~0.02 - 40 pb

15/06/2016

10

95% CL limit on o(bbg)-B(¢p—>Tt)(pb)

10'25—

Upper limit on o x BR
for bb¢: ~0.02 - 20 pb

10?
LHCP 2016

03

m, (GeV)
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NEW

CMS-PAS-HIG-16-006

H/A—TT model interpretation

Scan ma-tanf3 plane in benchmark MSSM
scenarios to set model-dependent limits
For example in mpmod+ scenario

Test MSSM signal hypothesis against SM
Higgs + bkg hypothesis

Light blue shaded region: observed &
exclusion
Dashed (solid)
blue line: expected
(observed) exclusion from
/+8 TeV H—> 11 analysis

60

40

Surpassing expected sensitivity from

Run | starting
ma ~ 600 GeV

100 ¢

T

2.3 (13 TeV)

CMS

95% CL Excluded:

§ LGS SAALIAIAIAIA, G A A I

¥ r

v
PRI

|:| Observed [ + 10 Expected [ |mM*™ - 125 + 3 GeV
Preliminar V - Expected | =20 Expected— 7 + 8 TeV(HIG-14-029)
1 I‘no]—d+r L} I— I I I —I 1 i T T T LN I I l I I I |
my, scenario
B

L ratios of LHC parton luminosities: 13 TeV /8 TeV /' 20 _L§ |
/{ N
/] N
| ——gg / N
% F ---- XqQq / 1 O N N
> qg /i g :
= 10p ya 1 N NN NN \‘\\Q\\\ NN
3 » yy 3 NN NN NN NN NN
= i RS RAN TR SRR, \\\\\W AR AR | \\\\\\\\\\‘ AN IR oy
5 el 200 400 600 800 1000 1200 1400
o m, (GeV)
1 P | " P |
100 1000
M. (GeV
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summary

* During run | of the LHC, BSM Higgs boson searches were

already performed with CMS in many decay channels
e (Can exclude large part of parameter space in benchmark MSSM
model scenarios

* These searches continue at 13 TeV in run |l
e Searches for high mass resonances decaying to a pair of SM-like

Higgs bosons

 Final states of bbbb, bbWW, bbtT have been discussed
 Direct resonance searches

e (Covered H—2ZZ and H—T1T

 No excess above SM expectation has been found
 Upper limits on o x BR are set

* The H—=T1T result has been interpreted in MSSM benchmark scenarios and
surpasses the limits set during run | at intermediate and high ma

New physics reach with 2015 dataset already - and more
data coming in quickly to extend this even further

15/06/2016 LHCP 2016 15
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MSSM scenarios

* mpMod+ scenario:
 Modified version of mymax scenario to incorporate 125 GeV higgs boson
* mpMax scenario:
« Used in LEP Higgs searches

e Msusy =1 TeV
e Stop mixing parameter Xt = 2Msusy

e |n mpmod+ gcenario: Xt =1.5 Msusy, other parameters remain the same:
=200 GeV, M1=5/3 Matan2By, M2=200 GeV, Ab=Ai=Ar, mg=1.5TeV, mz=1TeV

* hMSSM scenario:
« Effective MSSM model, trading precise knowledge of SM-like Higgs
against unknown higher order corrections

e Strictly valid for ma>130 GeV and tan3<10
« (Can be formulated for values up to tanf3 60 by omitting direct higher order SUSY
corrections to down-type fermion couplings and corrections due to SUSY particles

In loops

15/06/2016 L HCP 2016 17



BSM Higgs searches in Run |

- 2HDM (type | and 1)
e Scanin muy-tanp plane
* mn=125 GeV, ma=mu-=mn+100 GeV
e cos(B-a) =0.1

15/06/2016 LHCP 2016
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CMS-PAS-HIG-16-007

Run | BSM Higgs results

* Direct searches interpreted in 2HDM scenarios

CMS Preliminary <5.1fb" (7 TeV) + < 19.7 fb™ (8 TeV) CMS Preliminary <5.1fb" (7 TeV) + < 19.7 fb™ (8 TeV)
2HDM Type |, cos(p-a)=0.1, m, =m.=my,+100 GeV 2HDM Type Il, cos(p-a)=0.1, m =m_=m,+100 GeV
. 10 . 10
cC 9O = c 9 .
S gt [ Observed exclusion 95% CL | 8 8 [ Observed exclusion 95% CL | 4
7r ~————— Expected exclusion 95% CL N 7 ~——— Expected exclusion 95% CL .
6 H— WW/ZZ (arXiv:1504.00936) |7 6 — 21(12\?\3\/(;/'2_(15_)(()'021)504 00936) 7
—> arAlv: .
5L [ ] AHh—w (HIG--‘I4-029) - or [ ] A/H/h— Tt (HIG-14-029) |
4 B \: A—ZH—lhkt (arX|v160302991) | 4 | I:I A—ZH—lhkt (arX|v160302991) i
[ ] A=ZH-lIbb (arXiv:1603.02991) [ ] A—ZH-lIbb (arXiv:1603.02991)
3L Non-perturbative region i 3t Non-perturbative region |
1 PO . . . . .
2 _\~ ] 2 IQ : N ]
3\ R
\\
N\ \\ \
N
\§ N N\
1k ,\ - I A\ -
-~ | \ NN \\ _ N § .
- 3 \\ - K \ —
B~ N \\ | N - NN § _
N ‘\.‘ AN\ NN \ _ . ' i
oshidl ) L NYSENR 0.5 M W mc
200 300 400 500 200 300 400 500
m,, [GeV] m,, [GeV]
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NEW| CMS-PAS-HIG-16-006

H/A—TT

Dominant backgrounds vary between the different channels

QCD
from sideband in data

ut, no b-tag 2.3fb" (13 TeV) . T NO b-tag 2317 (13 TeV)
< 1500F | > CMS
() CMS l:l Z—tt 8 50 C E Z—1t
(\D L .. |:| Z—uu < - Pre/iminary Electroweak
: i Prellmlnary - Electroweak :: I:I i
£ i I E 40 [ Jacop
W+J ets §|_1 000r- I'I Th l:l aco 2 ThTh Background uncertainty
S - Bar«ground uncertainty Q 30k R . W+J ets
Data_ 2 @ Observation Z - TT 2 Observation
driven © L2 | From MC
, sool From MC with 20f
estimate T~ data—driven of |
(norm), | correction | ﬁ
shape | ot
.I:rom M C Q 15 g_ B e
'@ 1 U\UJ) | — +++ ........ +_+_ ....... _¢_—¢—+__¢ _+_++ .......
8 o o+l Tyt
O [ o] e — T SR, N O 0.5
0 50 100 1 50 200 0 1 OG 1 50 200
T‘IZ‘E (Ge V) T‘IZ‘C (GeV)

ttbar
From MC with data—driven correction
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\NEW\ CMS-PAS-HIG-16-006

H/A—>TT model interpretation

Scan ma-tanf3 plane in benchmark MSSM

scenarios to set model-dependent limits 2.3 o (13 TeV)
 For example in AMSSM scenario CMS 95% CL Excluded:

 Test MSSM signal hypothesis against SM o [ ]Observed Wl = 1o Expected
Higgs + bkg hypothesis Pl’ellmlnal’y ---- Expected + 20 Expected

 Light blue shaded region: observed& 07— Ty
ex?:lusmn J m . hMSSM scenario

Note: model not M ;
strictly applicable for tan3>10 T / 1

R R R SR AN T TN TN S TN T TN N TN SO S NN SO SO SR AN N N S
200 400 600 800 1000 1200 1400
m, (GeV)
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