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Higgs Bosons in the MSSM

* MSSM like any 2 Higgs Doublet Model (2HDM) predicts five Higgs bosons:
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Observed Higgs Boson mass and tan 3

9 5 5 > 10) ---- m, (taB = 3)
3 m4 Py X X @ i b AN T T
Am2 =—= Tt R b S, 500 0) ——m, (tanp = 3)
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* 30% of my, due to higher order corrections. 3007
* Following factors help to increase my,: large m;, 2001 -

large m;, large X, large tan 3.

Xy =my (Ar — pcot B) 125 --é-“
100 —

* Strict mass requirements at tree level: gg

two free parameters: ma, tan B = vu/u, 50
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Special role of down-type fermions

gvv/ 915}]\‘/4 Guu/ 9534 9dd/ g(?é”
A — ~s5 cot 3 ~5 tan 3
H cos(f—a) —0 sina/ sinf3 — cot cos a/ cos f— tan
h sin(f—a) —1 cosa/sinff — 1 —sina/cosf— 1

Forma > mgz: a — g — /2 (coupling to down-type fermions enhanced by tan j3).

Production modes:

q b

gg — ¢bb (“bbo”)
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Special role of down-type fermions
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Forma > mgz: a — g — /2 (coupling to down-type fermions enhanced by tan j3).

Production modes:

g b

gg — ¢bb (“bbo”)

Decay channels:
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral
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Importance of the di-7 final state

* Better experimental accessibility of 7 leptons w.r.t. b quarks wins over larger BR in hadronic
LHC environment.

* History of MSSM H — 77 analyses @ CMS:

CMS Publications (2011 - 2017)
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Importance of the di-7 final state

» Better experimental accessibility of 7 leptons w.r.t. b quarks wins over larger BR in hadronic

LHC environment.

* History of MSSM H — 77 analyses @ CMS:
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CMS-PAS-HIG-17-020

» Better experimental accessibility of 7 leptons w.r.t. b quarks wins over larger BR in hadronic
LHC environment.

* History of MSSM H — 77 analyses @ CMS:

(2011 - 2017)
Y * Brand new CMS result discussed today
(based on 36/fb @ 13TeV).

CMS Publications

™
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* What's special about this publication:

20 * Maximally data driven background

estimates.

Increased sensitivity due to more
[ ] Observed exclusion 95+% CL complex event categorization.

% Expected exclusion 95% CL

Differential signal modeling consistently
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Di- final state
W e ,u .U
Decay Mode BR [%] T .o
eVels 17.83 Vr
JTIZmze 17.41

1-prong v 37.10
3-prong v 15.20

* Search for 2 isolated high pr
leptons (e, 1 ,7h).

* Reduce obvious backgrounds (— E7),
reconstruct a discriminating variable
(— mit, explained in backup).

Six decay modes:

ThThy, UTh, €Th,

* Kinematic selection: °r
final state first lepton second lepton
ep) p5>13 GeV, |n°|<2.5  ph >10 GeV, |p* |<2.4

p7>26 GeV, |n°|<2.1  pihr>30 GeV, |n™|<2.3
pr>23 GeV, |nt|<2.1  p>30 GeV, |n™|<2.3
pr > 40 GeV, ™| < 2.1

W pr > 24 GeV on the higher pr trigger match (see text).




9/18

Additional event information

* Increase sensitivity to signal by making use of further signal specific event information (e.g.
enhanced presence of b quarks):

No B-tag B-tag
H—717—=ep ILOW—DC II Medium-D; IHigh—Dq I Low-D¢ IMedium—DC " High-D¢
H— 11— em I Loose-mr II Tight-myp Loose-mr I Tight-mr I
H — 717 = ump, I Loose-mr Tight-mr I Loose-mr I Tight-mr I
H—711— ThThI I
Z = i

wo

: Signal region (SR)
:' Control region
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Additional event information
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Additional event information

I

35.9 fb (13 TeV)
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Additional event information

e 35.9 b (13 TeV)
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Control regions used for in situ determination of
normalization and partially shapes of backgrounds
in ML fit used for statistical inference of the signal.




10/18 et, No B-tag Tight-m, 35.9 fb” (13 TeV)

n ; = CMS —h,H ATt #  Observation
Background modeling ™ Prelminary ., Tl
5 o R
« Background related to jet — 7, misidentification g 5;‘9“"’”‘*3*‘ s
estimated from data using fake factor (FF) method. [§ 5o Background uncarimy | %
* Background model cross checked by two 10; 8
alternative estimation methods (MC driven, 10 B
embedded). ofE |
1.5 T ........
] S - ;
background process misidentification e ety UTh  ThTh 1'690 200 1000 2000
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{— Th MC MC MC
s jet — MC wF FF FF
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Diboson+single top et — 7, MC FF e FF |
_ T T T
i T/K — Th MCt MCT MC' MC
jet — T, 'FF FF FF
W +jets jet — 7, MC |FF _FF  FF|
QCD jet = T4, CR |FF FF FF

T Normalization from control region in data.
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Fake factor (FF) method

* Fake factor: number of isolated over number of anti-isolated 7 .
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Fake factor (FF) method

* Fake factor: number of isolated over number of anti-isolated 7 .
Expected event composition in AR:
SR FF — E w’L : FF‘L n— T,
signal 2
region Ni e
AR multijet Z_+jets
i — 3 > A tt
FF > Nar
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AR i € {QCD, W+jets, tt}
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application
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Signal modeling

Test MSSM vs. SM hypothesis; allows for
well-defined statistical problem even when
reaching sensitivity to the 125 GeV Higgs

* pr(AHh) @ NLO QCD + PS — multiscale problem.

* Plus:bcontribution varies as a function of tan 3.

40}
30}
20}

10

boson.
i T T T | T T T T | T T T
: hMSSM scenario
Ot 1 :
I 1 | 1 1 1 1 l 1 1 1 1 | 1 I 1 1 ]
500 1000 1500 2000
m, (GeV)

* Typical scan to determine exclusion contours in specific
models.

* Determine CLS in each point in the parameter space to
obtain limit at significance level «.
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Signal modeling

* pr(AHh) @ NLO QCD + PS — multiscale problem.

* Plus:bcontribution varies as a function of tan 3.
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Signal modeling

* pr(AHh) @ NLO QCD + PS — multiscale problem.

* Plus:bcontribution varies as a function of tan 3.
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[ tointerterence (Q,)
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Q Powheg damping factor

tan 5 =15

b ey TS
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°F Powheg NLO (2HDM)
C m,=500 GeV, tanB=5
350 \:| thinterference (Q,)
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251 Q¢ Powheg damping factor

A tanf = 5
15

=
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| | [ |
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Signal modeling

Changing pr(A,H,h) — chang- | i

ing signal acceptance!

* pr(AHh) @ NLO QCD + PS — multiscale problem.

* Plus:bcontribution varies as a function of tan 3.

10

40}
30}

20}

i e = = R
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tan 8 = 30

0 50 100 150

200 250 300 350 400
p, [GeV]

i T T T | T T .l T
. hMSSM scenario

.

do/dp_ [fb/GeV]

T

08
06
04

02

1417 m, =500 GeV, tanB=15
N [ tbinterference (@,)
12 [ bavarkony (@)
[ t quarkonly (@)

Powheg NLO (2HDM)

Q Powheg damping factor

tan 8 =15

200 250 300 350 400
p,[GeV]

do/dp _ [fb/GeV]

T

°F Powheg NLO (2HDM)
L m, =500 GeV, tanf=5
3L [ ] tointerference (@,)
3: [ bavarkony(@,)
o [ t quarkonly @)
25 Q¢ Powheg damping factor

o taIl /6 — 5
150

f
05

ol | [ .

0 50 100 150

200 250 300 350 400
p, [GeV]




14/18

Signal modeling

* pr(AHh) @ NLO QCD + PS — multiscale problem.

* Plus:bcontribution varies as a function of tan 3.

00000000

tot
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.0”000'

= onggm (Q)|+ OII\D/ISSM (Qv

t+b
+| NS

2
<Y,

t quark
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* Taking into account all tan 5 enhanced SUSY
corrections & non-trivial tan o dependency for

H/h.

><1/t Yb
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2
><Yb

b quark
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tan 8 = 30

* Worked out in collaboration with E. Bagnaschi and S. Liebler in frame
of LHCHXSWG-3.
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Shown are the most sensitive categories

with an MSSM m**?* hypothesis with

Observatlon ma = 700 GeV and tan g = 20 fitted to the data

urt, No B-tag Tight-m, 3597 (13 TeV) et, No B-tag Tight-m, 35917 (13 TeV) 1,7, No B-tag 35.9 1o (13 TeV)
—~ — —
% 4000 [ CMS =—hHA-1T # Observation % 1500 CMS =—hHA-1T # Observation % 3000 F CMS —hHA-1T $  Observation
a . mmndv , a . mndv . . . mnd»
o Preliminary ey 7 o Preliminary PR I O] Preliminary Woanocey [z
Z 000t m, =700 Gev ] iet—s3, fakes ha m, =700 Gev ] iet—s%, fakes =z M =700 GeV [ ot v, fakes
B tanfi = 20 (A B 1000 tanfi = 20 [0 zee B 2000 tanfi = 20 "
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G 2000 =T 5 O L 5 3 B« H
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Model independent limits

* Narrow width approximation, two parameters of interest 1,,4 and tpye :

35.9fb™ (13 TeV) 35.9fb™ (13 TeV)
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* No deviation beyond 2 sigma found.

* Cross checks discussed e.g. in Ph.D. thesis from Rene Caspart and master thesis from Janek
Bechtel.


https://publikationen.bibliothek.kit.edu/1000076416
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Model independent limits

35.9fb™ (13 TeV)
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new models/scenarios
(— e.g. arXiv:1507.06706)



https://arxiv.org/abs/1507.06706
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Model dependent exclusion contours

* Exclusion contours in predefined benchmark models:

35.9fb™ (13 TeV) 3591 (13 TeV)
CMS 95% CL Excluded: CMS 95% CL Excluded:
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* In general: parameter space explored down to tan 8 2 6 for m4
ma < 1600 GeV.

< 250 GeV and up to
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Summary

* CMS has released the first MSSM H — 77 LHC run-2 analysis (CMS-PAS-HIG-17-020).
* Flagship analysis of CMS in the BSM Higgs program.

* Preliminary result, as shown here, entered CMS wide review and will be submitted to JHEP,
as soon as possible.

* Analysis significantly extends the explored parameter space for models of more complex
Higgs sectors (— serious investigation up to the TeV scale).

* Upcoming paper will set many standards for the end of LHC run-2 and subsequent analyses
(— analysis techniques, signal modeling, statistical inference, ... ).
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MC driven cross check
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