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MSSM Higgs bosons

Neutral Higgs bosons production

- The MSSM features two Higgs doublets.

« Symmetry spontaneously broken twice

« Higgs sector: Five Higgs particles g
« Three neutral:  =h, H, A
- Two charged: H*

« Observed 126 GeV state often identified as
the lightest Higgs (h)

LHC HIGGS XS WG 2012

- At tree level, two independent
parameters:

ma or mu: (mass of the CP-odd or of the
charged boson)

- tan 3 (ratio of v.e.v. of the two Higgs doublets)

- The mass of the CP-odd Higgs boson A
Is usually ~degenerate with one of the

o(pp — ¢ + X) [pb]

- mhmax scenario \;
CP-even bosons 104 L . s

107 10°
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MSSM Higgs searches in CMS

Luminosity
Mode Production Channels ; Documents
7 TeV 8 TeV
99— 4 L _
d = TT 491fb1 12.1fb'| CMS PAS HIG-12-050
bbo 4
® — bb bbd 2 4817 -  |Phys. Lett. B 722 (2013) 207
efeludy 1 L
® = py 4911 - CMS PAS HIG-12-011
bb¢ 2 g
JHEP 07 (2012) 143
+ + + -1 —
oy e i 4 9T CMS PAS HIG-12-052

Roberval Walsh (DESY) ISHP 2013, Beijing, SUSY Higgs in CMS 3


http://cds.cern.ch/record/1493521
http://cds.cern.ch/record/1493521
http://cds.cern.ch/record/1453716
http://cds.cern.ch/record/1453716
http://cds.cern.ch/record/1502246
http://cds.cern.ch/record/1502246

MSSM ¢ — 1T search

Roberval Walsh (DESY) ISHP 2013, Beijing, SUSY Higgs in CMS



G — TT Search

® Th:Th
, ® U;T
e Good compromise between | channels
. . +th | —yincluded in CMS
relatively large BR also at high e+ | MSSM analysis
masses and manageable ®p.p

®ec.e

backgrounds.

3.0%

Production mechanisms & event categories

> 1 b-tagged jet with pt > 20 GeV

b-tag category < 1 jet with pr < 30 GeV

..... ) no b-tag category  NO b-tagged jet with pr > 20 GeV

gluon fusion
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¢ — 1T : Trigger and selection

e Triggers
® T+, T+€: Cross triggers T + lepton;
® e+|: Cross trigger e + |;
® U+: single- or di-muon triggers

e Lepton selection

e muons: isolated; pr>17-20 GeV, | n | < 2.1
e electrons: isolated; ptr > 20 -24 GeV; | n| < 2.1, or 2.3 in ey channel
e taus: isolated ; pr>20GeV, | n|< 2.3
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% ¢ — TT : Reconstruction of T-pair mass

¢ [nvariant mass of Tt determined using a maximum

Ikelihood fit. =
» Estimated on event-by-event basis using four- Phasespace  Expected g
momenta of visible decay products, Ex™ss, E,/Mss, of --decays  Resolution

expected ET™ss resolution

CMS Simulation Vs = 8 TeV ut CMS Simulation Vs =8 TeV ne,
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Z—T1t: Embedding,
replace p in Z—py
events by simulated
T decays; normalised
by Z—pup events.

QCD: Normalisation
and shape from
SS/0S
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¢ =TT

. M+ distributions

no b-tag category
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% & — TT : channels and categories sensitivity ‘

CMS Preliminary, H—tt, L=17 fb™
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e Sensitivity driven by semileptonic channels : e+1, P+t
e At low probed masses (< 200 GeV) sensitivity of no-btag category is higher.
e At higher masses sensitivity of the two categories are comparable.
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d — 1T : MSSM limits

CMS Preliminary, Vs = 7+8 TeV, L = 17 fb

% 50 [ T T | T T T | T ;. T
o] 95% CL Excluded Regions
<= 45F [ observed

-------------- Expected

+10 expected
+20 expected

N LEP

¢ |nterpretation in the my™#* scenario

e O5% CL exclusion limit in ma—tanf3
parameter space

e tan(3 < 5 for ma < 250 GeV

¢ [ouching LEP constraint at
low ma.

MSSM m:‘a" scenario

M =1TeV
SUSY

200 400 600 800
m, [GeV]
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MSSM ¢ — bb search
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MSSM ¢ — bb searches

e MSSM neutral Higgs boson decaying to b quakrs ¢
and produced in association with b quark(s)

e Enhancement wrt SM for tan 3 > 1
e | arge BR(@—bb) even at large masses

g

e Only b-jets (and radiation) in the final state:
e Challenging triggers at the LHC

associated with b quarks

¢ Two complementary approaches:
e “All-hadronic” trigger: requiring up to 3 jets; > 2 b-tags (3 offline b-tags)

e “Semileptonic” trigger: requiring 2 jets; = 1 or 2 b-tags (3 offline b-tags);
> 1 muon from B-hadron decay

e Almost independent samples (2—3% overlap)
e Data: 2.7 fo' - 4.8 fbol at 7 TeV (2011)
e Background: heavy flavour multi-jet, derived from the data.
e Signal would appear as a peak in the di-jet mass distribution in triple-btag sample.
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MSSM ¢ — bb : Signal templates

(all-hadronic)

e Pythia in the 4-flavour scheme.
e [nvariant mass M2 of the two leading jets.

e \ariable X123 computed from the secondary vertex mass of the three leading jets,
reflects the b-tag content of the event — further signal / background separation.

- 0.40 p——————r——————— 5 08pT—————T————
© - CMS Simulation 2011 ys=7 TeV - @© CMS Simulation 2011 {s=7 TeV
0.35F E 0.7
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0.25¢ J“ — m,=250 GeV/c?: b — m, =250 GeV/c?
0.20F 5 0.4
0.15F 5 0.3
0.10F B E 0.2
0.05F - —_ —LLH = 0.1
:...=_|—|_!_..|..._._|—.. . I l
0.00 100 200 300 400 D 2 4
M,, [GeV/c?] X123
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MSSM ¢ — bb :

all-hadronic)

% (

e Data-driven background modelling
from double b-tag sample.

e Untagged jet is weighted according to
the b-tag probability and the
corresponding SV mass index
probability of assumed flavour.

e Almost identical templates merged
e bbX =bbC + bbQ
e (Fb)o = Fob+bFb, where F=B,C,Q

e X423 gives further distinction between
different flavour compositions.

e Five 2D templates: M12 vs. Xi23

e Normalisation from fit to data
spectrum.
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MSSM © — bb : Fit to data

(all-hadronic)

e [t with background only templates with shapes obtained with double b-tag sample.
e About 73% contribution of real triple b jets.

e [Excellent agreement with triple b-tag data

CMS 2011, L=2.7 fb' Ns =7 TeV

CMS 2011, L=2.7 fb' \Ns =7 TeV
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MSSM © — bb : Fit to data

(all-hadronic)

CMS 2011,L=4.0 fb' \Ns=7 TeV
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% MSSM © = bb : Semileptonic analysis

CMS 2011, L=4.8fb',\'s =7 TeV
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MSSM @ — bb : Limits

/2
Z

¢ All-hadronic and semileptonic analysis are almost orthogonal, 2-3% overlap (removed from
all-hadronic dataset)

e Upper limits for oxBR and tanf3 vs ma (NNLO 5-flavour scheme cross sections - Higgs XS WG)
e CMS convention: SUSY parameter py = + 200 GeV

3 CMS 2011, L=2.7-4.8 b, (s =7 TeV CMS 2011, L=2.7-4.8 b, (s =7 TeV
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e For comparison with Tevatron, we also give results for y = —200 GeV (next slide)

Roberval Walsh (DESY) ISHP 2013, Beijing, SUSY Higgs in CMS 19



MSSM ¢ — bb : Comparison with Tevatron

CMS 2011, L=2.7-4.8 fb, \s =7 TeV
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e CDF-DO0 +20 excess at low mass not confirmed.

¢ First time done at the LHC!

| | l | | | | [ | | | | [ | | |
150 200 250 300 350
M, [GeV]

¢ \Vorld’s best sensitivity in the bl channel, with 2011 data alone.
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MSSM ¢ — pu search
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¢ — pu Search

¢ Excellent mass resolution and manageable backgrounds, but low BR.

e Signature: two oppositely charged, isolated muons with prie) > 30 (20) GeV,
| n| < 2.1; missing Et < 30 GeV.

e Background estimated from data, dominated by Drell-Yan.

Production mechanisms & event categories

> 1 b-tagged jet with pT > 20 GeV,

Category 1 Nl < 2.4, AR(,) > 0.5
Category 2 0 S 2% AR = 05
g
..... o) Category 3 all other events not in Categories 1,2

gluon fusion
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¢ = py

e Combined result from 3 categories.
e NO excess observed.

U+u- invariant mass distribution

Results

95% CL upper limits on
cross-section x BR

CMS Preliminary 2011
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e Combined result from the
three categories.

e 95% CL limits on tan B in
the range 20 — 60.

Roberval Walsh (DESY)

¢ = py

Results (1)

CMS Preliminary 2011
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Light MSSM H* search
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Z’a Light H* search in top decays

fully leptonic T Lo
HT

 oomsonmonons—r—= b ]
t \b;/ vy
e Basic process: top pair production e
® Assumiﬂg MHi < Mtop — Mpottom.
t — k)l_li iS allowed Seml-leptOnlC 7+ — hadrons
HY
e Dominant decay mode (tan 3 > 5) T
H* = T+ vy 1.
e Assume BR(H* = T+ vi) = 100% vl
e Channels:
e+ T , e + u , T+ Je-tS (20 _ 23 fb-1) fUIIy hadron|?l+”‘<r+—>hadrons
e U+ T (4.9 TP
t \/E g’
g S w:“‘</

q
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Light H* search : Results

® Slgﬂal extraction: _ Ns=7TeV, 49 fb' CMS Preliminary
| | S .40 !+!d9ta! RARREERRRNREREERRRED !//////Z
® T + jets: fit transverse mass ©  F — Hlm, = 120 Gev]
. . \ . — misiaentified t I
distribution of T and Ex™ss 0.35C DY +jets A
0 3: = gibolson 5
. i _ nlead.track G oy ingle t ~
e U+ T:fitof R=p /E+ e b+ Tchannel | -
, - — ut -
e Other channels: event counting 0.25¢ bk tofal unc. :
B signal total unc. N

0.2
B(t — H'b) =0.05
Vs =7TeV, 4.9 fb"' CMS Preliminary O 1 5
2 ' ! ‘ ' _e data _ . NN NN
C 5 10° my.=120GeV - gzt:amﬂiv =
_g a8 B(t - H*b) =0.05 o misidentified ‘th: O 1 ;2222222
O 105 DY+jets _ S N e
D Il Diboson T . .11 b
T) mm Single t 3 0.05 s
2 10 5 ] T
o : 0
5 S e B 0.10.2030405060.70809 1
""""" = lead.track
[0 o) /E"
E 10
E % 1?11-31 - o
R e e NO excess observed
095 A S
09 S
+ 0082 ..............................................................................................................................................
= 11+ > 3j EMss > 1btag 11 oS
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Light H* search : Limits

e Combined all channels
e 95% CL limits on BR(t = bH*) on the 2.3 — 4.9 fb™! data sample
* 95% CL limits on tan 8 on the 2.3 fb' data sample.

Vs=7TeV :ex, et t+ets 2.2 «t 4.9 fb fs=7TeV L=23fb"' CMS
IIIIIIIIIIllllllllIIIIIIIIIIIIIIIIIIIll &60IIlllllll]lllllllllllllllllll Ig
[ Mt - ] - t>H'b, H'>1v f
0.14-t - H'b, H' > 1 . CMS Preliminary— % A AieKs  Jik Jande al siates ;
. 1,+jets, er,, T , and ex final states -— B max N ;
h 50 MSSM m,

_ BH - w)=1 —— Observed L B(H'—>wv) =1

fe)
+
L i
To12 . 3
E : {85555 Expected median + 1o i | 1=200 GeV 7/
é 0.1 :_ ------- Expected median + 26 —: 40 ;— —:
é 0.08 :_ _: 30 :_ —:
| L _ L _
O 0.06~ ~ 2 ]
X T ] 20r B
8 0.04 ~ ~ —8- Observed i
_ 10 e Observed +1¢ (th.) -
7 Excluded ]
0.02 N rennn Ex:ect:d median+1c
- . Expected mediant2 ¢ 7|
| I 1111 I 111 I | | I 111 | 1111 I L 111 I 1111 | I | I | I I .| I I .| I I I | I 11 1 1 I L1 11
0O 90 100 110 120 130 140 150 160 0 100 110 120 130 140 150 160
m_. (GeV) m_. (GeV)
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CMS Preliminary, Vs = 7+8 TeV, L = 17 fb"

L I A | T %
95% CL Excluded Regions
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Expected
+10 expected
+20 expected
I Lep
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tan 3

Sum

CMS 2011, L=2.7-4.8 fb", Vs = 7 TeV
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mary

e Direct searches of MSSM Higgs in
4 major production/decay modes:

e ¢ — TT: most stringent
exclusion limits

e ¢ — bb: novel at the LHC, do
not confirm Tevatron excess

e ¢ — pu: best mass resolution;
high sensitivity even with low BR

e t = H*: very stringent limits on
branching fraction.

NO excess observed in MSSM
Higgs searches.

-urther improvements in the
analyses are possible.
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How CMS detects particles

Légende: Muon
Electron
Hadron chargé (ex. Pion)
— — — — Hadron neutre (ex. Neutron)
""" Photon
Trajectographe '
au silicium
Calorimétre
0 )B) électromagnetique
Calorimetre Solénoide
Y hadroniqua superconducteur Culasse de retour de I'aimant
avec des chambres a muons
Oom m 2m 3m 4m 5m 6m
| | | ] | | |
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H—1T : Embedding

e /=TT is the main irreducible background.
e Estimated from embedded sample: p in Z—pu events replaced by simulated T.
e Normalised from Z—pp events.

Measured Simulated /1:::.' m 2500 _II [ L L L i
Z = pp event /\Z Z - TTevent /-'-'-/ ’ E — Z—-1t embedded
\ 7 ;
w —— Z-ttregular MC
remove the muons detector simulation an 2000 | —
from the event event reconstruction |
;)IiaSured ¢ \/ Reconstructed 7 1 500 __
. Hp even Z = TTevent /—-/ ]
without muons \ _7 |
1000 —
pile-up and underlying event merge tracks and particle flow 500 ]
remain in the event candidates into original event 7]
/ 0
Z- Tt 7 10 20 30 40 50 60 70 80 90 100
hybrid event yd mis
= \ ET [GeV
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MSSM C

D — bb

Event selection All-hadronic

Semi-leptonic

> 2 or 3 Jets

Triggers > 2 b-tagged Jets

= 3 Jets
pr'st > 46 (60) GeV
Jets pt2"d > 38 (53) GeV
pred > 20 GeV
3 leading Jets b-tagged

Muon -

> 1 Muon
>1 or 2 Jets
> 1 or 2 b-tagged Jets

> 3 Jets

prist2nd 5 30 GeV

pted > 20 GeV

3 leading Jets b-tagged

=1 Muon, pr > 15 GeV
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MSSM @ — bb (semileptonic)

e Background estimation — semi-leptonic

CMS Preliminary 2011, L=4.8fb", Vs =7 TeV

[ BTagMa‘tHX NQ AR RN RER AN RN RN AR RRE RN DR RN RRRRNRRREE
> 1600— Semi-leptonic analysis _
e B-tag probability matrices (bbj sample). o [ Low-Mass Scenario
e _ i
e B-tag eff from MC, flavour fractions from ~ $ 1800 . Data
data N —— Background
_ 3rd o 1200~ B-tag Matrix
* F(x;bbb) = F(x; bbj) ® Pb_J (...) i —— Background
tag 1000

_ Hyperball
e Hyperball (hearest neighbour) : .
} . 800~ ~
e Sample bjj (excl bbj sample) i .
e Compute the fraction 7 of similar events 600:_ E
passing full selection. 400 h
* F(x; bbb) = F(x; bjj) ® f i :
200 —
* The two methods are combined L

00 50 100 150 200 250 300 350 400 450 500

e Use bin-per-bin weighted average
of B-tag Matrix and Hyperball prediction
to get background shape.

M., [GeV/c’]
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MSSM ¢ — bb Systematics

e Systematic uncertainties on the signal yield

Source All-hadronic  Semileptonic Type
Trigger efficiency 10% 3—5% rate
Online b-tagging efficiency 32% — rate
Offline b-tagging efficiency 10-13%" 12% shape/rate
b-tagging efficiency dependence on topology 6% — rate
Jet energy scale 1.4-6.8% 3.1% shape/rate
Jet energy resolution 0.6-1.3% 1.9% shape/rate
Muon momentum scale and resolution — 1% rate
Signal Monte Carlo statistics 1.1-2.6% rate
Integrated luminosity 2.2% rate
PDF and & uncertainties 3—6%"* 2.7-4.7%" rate
Factorization and renormalization QCD scale 6—28%* rate
Underlying event and parton showering 4%* rate

Roberval Walsh (DESY)
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MSSM ¢ — bb Limits

Semileptonic
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All-hadronic
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¢ — bb Tevatron

m, max, 1=-200 GeV Tevatron 2.6-5.2 fb™
% 1 [ ] Tevatron exclusion
E 90 | LEP exclusion

-®
a?
-

400/ — — T
ok — Observed

- — Expected
200 . Exp.* 1 s.d.
105 Exp.+ 2 s.d.

T
100 150 200 25 300
M, [GeV]
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Light H+ search

Vs =7 TeV L=4.9 fb™ CMS Preliminary

— t— H'b, H" — ©v
B ut, final state
BH' — tw) =1

o
—
N

—ill— Observed
[ Expected median = 1o

------- Expected median = 2o
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Limits individual channels

\'s=7TeV L=23fb"' CMS
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BH'—tv) =1

—=— Observed
[ Expected median = 1o

------- Expected median + 2c

0O 90 100 110 120 130 140 150 160

m . (GeV)
Vs=7TeV L=20f"' CMS

IIII|IIII|IIII|IIII|IIII|IIII|IIII
t—Hb, H —=tv
et, final state
B(H —tv) =1

T 17T
—=— Observed

- Expected median = 1o

------- Expected median = 2c

O 90 100 110 120 130 140 150 160
m_. (GeV)

39



MSSM & the H(1206) state

e |s the observed H(126) state consistent with the MSSM?
e Exemplary study: P. Bechtle et al; Eur. Phys. J. C 73:2354 (2013)
¢ Phenomenological MSSM with seven free parameters (OMSSM-7).

e [t various rates of cross section times BR measured at LHC and Tevatron, as well as
low energy measurements under hypotheses: “light”, h = H(126); “heavy”, H = H(126)

60— 30—
50F o5
40f o0k it
g 30 g 1
20F 10F
10: . . . :-... 5- ,.,( .
200 400 600 800 1000 100 120 140 160 180 200
M, (GeV) M, (GeV)

e MSSM and SM fit well the data. MSSM “light” hypothesis fits better the data than the
“heavy” hypothesis.

e |mportant to search at large Higgs masses at large tan (3.
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http://arxiv.org/find/hep-ph/1/au:+Bechtle_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Bechtle_P/0/1/0/all/0/1

MSSM Benchmark Scenarios after the
Discovery of a Higgs-like Particle .

60

e M. Carena et al, arXiv:1302.7033

¢ mhmax scenario:

m max
h

50

o M =1255%3
o M =1255%2

e compatibility with the new H(126) ol . e h
observed state achieved only in a :
relatively small region of the FEY | HC exclusion .

parameter space.

20
H(126) = h

e nevertheless still useful ]
Mh =125.5 + 2 (3) GeV :

e conservative lower bounds for 10
tree level parameters of Higgs -
400 600 800 1000
sector . [Goy
e widely used in the past LEP exclusion
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http://arxiv.org/abs/1302.7033
http://arxiv.org/abs/1302.7033

MSSM Benchmark Scenarios after the

Discovery of a

e M. Carena et al, arXiv:1302.7033
e my™m°d scenarios:

e proposal follow my™* design:
maximise the lightest CP-even
Higgs mass at large values of Ma
for a given value of tan3

e reduce |Xy/Msusy| that gives rise to
the largest positive contribution to
Mn from the radiative corrections

¢ twoO scenarios possible: different
signs and values for X¢/Msusy

® (+) sign: better agreement with
(g-2) measurements

® (—) sign: better agreement with
BR(b — sy) measurements

Roberval Walsh (DESY)

Iggs-like Particle

mhm0d+

mod+
r.nh

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

. LHC excl.
L LEP excl.

LHC exclusion

H(126) = h
M = 125.5 = 2 (3) GeV
200 400 600 800 1000
f M, [GeV]

LEP exclusion
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http://arxiv.org/abs/1302.7033
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Z MSSM Benchmark Scenarios after the
= Discovery of a Higgs-like Particle
e M. Carena et al, arXiv:1302.7033
¢ light stop scenario
® gives sizeable contribution to the gg — h production rate
¢ light stau scenario
e can enhance the [ (h — yy) significantly at high tan 3
e T-phobic Higgs scenario
e produces sizeable variations of [ (h = bb)and Tl (h = tT) wrt SM values

e low-MHu scenario

e identifies the observed H(126) state with the heavy CP-even MSSM Higgs
boson with SM-like properties;

e |ow value of the mass of the CP-odd Higgs boson;
e mass of the light CP-even below LEP limits;
e useful benchmark for light charged Higgs bosons.
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