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Search for the Higgs boson decaying to tau pairs with CMS 2014-06-03

Infroduction

O Higgs boson - central manifestation of EWSB

O a Higgs boson discovered @ the LHC by ATLAS & CMS g%ﬁ: fgﬁ: g;;g gg;g 3]529

< Discovery driven by di-boson channels: Z2(), yy and WW()

% Current weak constraints on the Higgs properties - resonance compatible with
the minimal scalar sector of the SM

% What about couplings of new particle to leptons?
- Search for SM H->tr and probe the Yukawa coupling  arXiv:1401.5041 [hep-ex]
O SM: Higgs field’s self-coupling and boson’s mass put by hand in the theory
% Can we avoid the arbitrariness of the Higgs sector?
% MSSM - theory in which the Higgs sector is predicted
% Are there additional Higgs bosons? As predicted by MSSM?

- Search for MSSM h/H/A>tt CMS-PAS-HIG-13-021
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O 4 dominant Higgs production mechanisms (fractions at Vs = 8 TeV and m,, = 125 GeV):
Vector Boson Fusion (VBF)

g 877 q! w/z g t
(o)
1- q/ q/
-- H -- H
1.
8 q H g r /T0 == H
_ ; Associate production  Associate production
Gluon-gluon fusion w/ a W/Z vector boson with a top-quark pair q q
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H->tt In MSSM

O 3 nevutral Higgs bosons (h, H, A) & simultaneous search (i.e. fit of 3 components)
O Enhanced coupling to b-quark increases cross section wrt SM
O 2 dominant Higgs production mechanisms

Gluon gluon fusion Associated bb/# production
(quark/squarks loops)
9 TOOO0) g — /b
h/H/A
@ h/H]/ ¢----- h/H/A

9 TOBOO g — /b
gwj \I\\:tf\gg—>bb¢(tan[35 30 Em B R R A
=" s==== gg— ¢ (tan p=5...30) C ; . .
£ gg— H (SM) o « BR stable with Higgs mass
T ef qa~ gaH (SM) . mmensmangs0 | ¢ Slight dependence on tanp
X g ~ « BR~ 10"

m, and tang relevant
parameters in the search

BR(tt), Mo
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1 00 200 300 400 500 100 200 300 400 500
m,,, [GeV] m,,, [GeV] 4



Search for the Higgs boson decaying to tau pairs with CMS 2014-06-03

O The t-leptonis a complex object
O Decays rather quickly (ct=87 um) to leptons/hadrons + neutrino(s)

Decay channel BR (%))
V% T — D, 17.36
TJ ~35% TT = e Ul 17.85
‘ 7= —= h v, 11.6
T~ = h 1u, 26.0
~62% 4|l — — h~m7 %, 9.5
T~ = h " hTh v, 9.8
| 7~ = h hTh 7', 4.8
others 3.1

- Reconstruction based on
Particle Flow algorithm

Study of leptonic and hadronic H>tr decays
2 uu, eu, ee, ur,, et, and t,t,, channels
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O Decay mode reconstruction = Hadron Plus Strip (HPS) algorithm
O Study of the different topologies + infermediate resonances

[Tracker + ECAL + HCAL] integrated

th-induced jef Single Hadron Hadron + Strip  Three Hadrons
« l-prong @
« T-prong + 7°(>vy) ,;
« 3-prong .
16 p* > m* n° a, 2wt
CMS Preliminary, 19.7 b at 8 TeV a; 2 = m° n° a, »> ntwnt
216000
[
214000
w

12000 ‘ 1 0O Control of jet->r, fake rate through cut-based isolation
10000k | %ﬁ Y > Fake rate is ~3% at ~70% signal efficiency
8000 — teilectroweak _

6000 [Jaco

O Control of u/e—>~, fake rates through MVA-based
discriminators

- u/e fake rate are at the per-mil (per-cent) level

4000

2000

%.0 0.20.4 0.6 08 1.0 1.2 1.41.6 1.8 2.0
m(r,) [GeV]
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O MET = crucial components of di-t mass reconstruction A :F
neutral
hadron &
MET \ pImis E D | s
Pr ,  Prlll jet subconstituent constribution .
P particles taken into account using PF N —
CMS Preliminary 2012 Z—up -
S 30
I 1 Build MVA MET to reduce degradation
§ % e | V' of resolution with pile-up oharged
% 20}0 Data Particle Flow MVA B R L] * ]
(2] - °
S 1 0O Di-t mass reconstruction
> b 4N < Maximum likelihood method
ettt : g % Tau kinematics x phase space constraints x MET resol.
57 E Improved separation with Z>tr background
O 15-20% resolution on M_,
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Vg
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H— Tt —e/u + 1, a

CMS, 19.7 fb' at 8 TeV
2.0 T T T T I T T T T I T T T T I T

------ SM H(125 GeV)—1r
—e— Observed
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Common to SM and MSSM searches

Object level
% Isolated PF [GSF e] or [u] = p; > 24(20) GeV
% Isolated PF hadronic t,, 2 p; > 30 GeV

Event level

% Di-object trigger

% Opposite sign lepton and T,

% Low m; to reject W+jets background

CMS Preliminary, 19.7 fb™ at 8 TeV
MR B B LA BLELELE BLELELES ELEL R BLRLELE B
: i —e— observed
18000 - UT . [ bkg. uncertainty
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Analysis strategy

O Search for peak(s) in the M_, distribution > 4.9fb-1@7TeV + 19.7 fb-' @ 8 TeV

O Test compatibility with a predicted Higgs boson: binned maximum likelihood fit
O Analysis combining exclusive event categories in order to increase sensitivity
- Sensitive to different production mode + S/B changes along categories

Study of leptonic and hadronic H>tt decays
-2 uu, eu, (ee), ut,, et, and t,t, channels

SM search (M_<350 GeV) MSSM search (M_<1TeV)
8 » »
, 1 1 g TOVOO) t/b
-—— I @¢----- h/H/A
' 9 T ——— /b
4 q q
« 0,1jet - 22 tagging jets No b-tagged jet 21 b-tagged jet
- Boosted Higgs? ° Boosted Higgs
% Categorization used depends on % Simple categorization for each
the decay channel channel

% Large number of categories
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I-1T I—ee/un
+ Shape = embedding technique « Shape & Norm. = MC
Data Z—uy, u replaced by MC t

CMS Preliminary, 19.7 fb" at 8 TeV

. . m T T T | DAL LN LB
 Normalization = MC 5 teooof- UT observed ity
@ g
16000 Baseline : I:l Z—upn

CMS Preliminary, 19.7 fb™ at 8 TeV

& Selection 2
= : [ electroweak
[

o NE 0 e SM H(125 GeV) Cla
(O] —&— observed
= Czore "
Rl D Z— ee COntrr:ITRegion

o ] WHjets
£ ==L
o Cac
- S N CPiaron o corics = oo = | i s S S
2z B bk@. uncertainty
©

et

= |
0 20 40 60 80 100 120 140 160

“jet low p_(7,) m; [GeV]

ElectroWeak (W+jets, di-boson, ...)
— * Shape = MC
« Normalization = data extrapolation
(from high m; sideband)

Hbar

QCD m.. [GeV] . Shape & Norm. = MC simulation

« Shape & Norm. = Data driven.

(from same sign anti-isolated events)
10
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-1t I—ee/un
« 1-ID and trigger efficiencies = 8-19% « Lepton to t fake rate = 20-75%
« t-energy scale = 3% (+shape) :
« Normalization = 3% Wtjets
« Migrations along categories = 2-14% * Normalizafion = 10-100%
— . ————————— Di-boson
T N « Normalization = 15-45%
g - Ltjets
— - « Jettor fake rate = 20-80%
g, 400 F B « Shape = bin-by-bin
% - :_ B Hbar
- * Normalization = 8-35%

QCD

m.. [GeV]

Normalization = 6-70%
Shape = bin-by-bin

Signals / common systematics

« e/u selection efficiency = 2-6%
jet energy scale & resol. = 0-20%
MET resolution = 1-12%

PDFs = 4-10%

« Scale variations = 3-41%

« Underlying event = 2-10%

11
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> | SMH> its (1/2)
CMS, 4.9 fb™" at 7 TeV, 19.7 fb" at 8 TeV ] CMS H—tr, 4.9 fb™ at 7 TeV, 19.7 fb™ at 8 TeV
— T T T T T T T T T T T T T T T T T
% C ! 40k SM H(125 GeV)—>tt | g E—\I ! I a
L ut , et,, T, T, eu — Data-backgtound E 1
g 2500 -_ h ok : Bkg. uncertainty 1 ? 10-1 E. \
- - Az o
E [ I~ oy '© 102 oo .
€ 2000} S Q
B [ T 'I' 13 107 =
% N \\~ \\'/./‘,/’
= -40 1 1 1 S "
1500 [~ 0 100 200 300 — F Tl
9 - m.Gevi{ 10%EF 00 e
O - 7 4
< I 7 SMH(125 GeV)>tt C
'g, 1000 o= obsarved b 10° —e— Observed p-value
) : CJzw ] ]
= - — tE;I . : 10 i R — Expected for SM H(m )
— [ Electrowea
m 500 7 acp . 50
+ B i 1 0-7
(7)) - .
v - -
~
N

0 100 200 300 100 120 140
m., [GeV] mH [GeV]
Excess is present

+ Located around 125 GeV with low
resolution

< Close to expectation Evidence for H=o>tt!

Excess quantified @ m, = 125 GeV
% Observed (expected) p, = 3.20 (3.70)

12
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20 CMS H—r, 4.9 fb" at 7 TeV, 19.7 fb™ at 8 TeV CMS (unpublished) H—tt, 4.9 fb™ at 7 TeV, 19.7 fb™' at 8 TeV CMS, 4.9 fb“ at7.TeV, 19.7 fb‘l1 at 8 TeV .
< [ m,=125 IGev | a5 CL. bﬁ expegfd — T
68% CL ) . "
[ o Best fit ]l e .o ————— -0.54:1.38
15} ¢ sm . S o e, e
! ] .E 10 :N - -.-t:‘;“"t‘t = 0.90+1.03
—_— -@®- H->tt+VH—>1t1 3 s 7T,
AT 18 e |
- P DY . % We-sg e - w e 0.31:0.55
o -9 % -0 L '.r:' . T
P * S ::‘_ 0 S M ) '_'_'_' 1.01:242
051" 7] IR e S S S H+LL' + I+Lv,
3 - 1 L L@ 2 ¢ -0.331.02
T T . it [ ateiios 4 5 :
s i e - : H—tt
T T . S T""'I""T""I : . =T . 0.78:0.27
8.0 0.5 1.0 15 2.0 700 120 140 0 2 2
Ky m,, [GeV] Best fit for o/og,,
Coupling modifier for fermions ut, channel provides Excess is consistent along
K; is consistent with expectation most sensitivity decay channels studied
from the minimal SM scalar W (= Ngps/Ngpy) =0.78 £ 0.27
sector < Compatibile with SM

% H->pu not observed
- Higgs boson coupling to fermions is not universal
- The scalar sector may be related to the generation of fermion families

13
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7N\
CIMS

B | MSSM H->Tt results

CMS Preliminary, H—tt, 4.9 fb"at 7 TeV, 19.7 fb™ at 8 TeV

@ I T T T T T T T
- max = — M
S [ MSSMm™ scenario Mgysy =1 TeV No MSSM signal observed
)
- % Sensitivity to production modes
1 0 CMS, H—tr, 19.7 fb' at 8 TeV CMS, H—tr, 19.7 fb" at 8 TeV
:—_ — 3 ' ' —.—I selrve ' ' m 3 ' ' —.—I selrve '
- 95% CL Excluded: |- 10 gll;l H(12;‘ GeV) injected 10 glsl H(12: GeV) injected
e ——— Expected xpecte
observed n 102 [ f ixpect:: 102 == 51'; E)'(picted
— SMH injected =] l:l;bo x:.(:cld [ + 20 Expected
|—> rofile —s i
\/ — expected ¥ 99=¢bb P 10 gg—0 profiled
+ 10 expected |H

+ 20 expected

[ LEP

95% CL limit on o(gg—¢)xBR [pb]

100 200 300 400 1000 . o
m, [GeV] 100 200 300 400 1000

m, [GeV]

95% CL limit on 6(gg—¢bb)=xBR [pb]

1000
m, [GeV]
Large region of MSSM parameter space

excluded @ 95% C.L. . No sign of SUSY (just yet)
% Complementary to LEP limit

< Low mass / high tang almost ruled out
% Starting to explore low tanp regions!

100 200 300 400
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-2 SM-like CII‘ICI'YSIS subop’rlmal for MSSM https://twiki.cern.ch/twiki/pub/CMSPublic/
PhysicsResultsPFT/tau_dps.pdf

Improved search at high masses _ GMS Simulation 2012
210 ]
O Improved v, (decay mode) reconstruction g B :::2 gg g:::
Relaxed cuts f‘f e MVA excl. Lifetime
Better freatment of p;-dependence - —® MVAincl. Lifetime .

- Flatter t efficiency and energy scale w/ t p; -

- Efficiency increased at high t p;
O MVA 1, isolation

Exploits t lifetime information

Correlations between the isolation variables fully 102
exploited [ // P% > 20 GeV, fn | < 2.3
- reduced jet fake rate at high t p; T v tcencpziyoeme
Fake-rate: QCD multi-jet MC (15 < ST < 3000 GeV flat)
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
Improved search at low masses 0.4 0.45 0.5 0.55 0.6 0.65 o.gff_o.js 0.8
iciency
O Categorization using T, p; for MSSM H>tt A constant signal efficiency =

RY

* Higgs resonances > boosted 1(s)
% Build categories with different S/B

% I->7t background quickly falls with p;
- Increased sensitivity

fake rate is reduced by ~50%
using MVA isolation

15
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Conclusions

O Studies of H>tr are central in the understanding of the Higgs sector

- (Current) only handle to measure coupling between Higgs and leptons
- In SUSY: most sensitive channel for h/H/A searches

O Evidence for H(125 GeV)->tt: achieved!
- Rate compatible with minimal scalar sector of the SM
- Combination with H>bb - strong evidence (~40) for Higgs coupling to fermions
- >50 observation likely to be achieved in LHC Run i
- This H(125 GeV) boson imposes constraints on MSSM - decoupling limit?
O No sign yet for exira Higgs bosons (from MSSM'’s perspective)
- Larger regions of parameter space excluded

- Still some room for SUSY at always lower tanf3 and higher m, values
- Ways to improve the analysis & keys to handle harsh Run Il pile-up conditions

H->trt teaches us a lot
Please expect new results soon ©

16
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Backup material

2014-06-03
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Decay Mode Resonance | Mass Branching
(MeV/c*) | Ratio (%)

T~ = h v, T 139.6 11.6 %

T > h 1y, p 770 26.0 %

T~ = h 'y, a 1200 10.8 %

T = h hth v, ay 1200 9.8 %

T~ = h hTh 1%, 4.8 %

2014-06-03
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15000

10000

5000

CMS Preliminary, \s = 8 TeV, L = 19.4 fb™

—e— observed
CJZ-w

Bl clectroweak
0
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5
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2014-06-03
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ut, event display: VBF candidate

CMS Experiment at the LHC, CERN

Data recorded: 2012-Jun-05 09:58:43.400262 GMT(11:58:43 CEST)
Run / Event: 195552 /61758463

R

(&) CERN. Al rights reserv ed.
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Categories In SM 8 TeV

i O-jet | 1-jet | 2-jet
: ' P > 100 GeV
5 : Py > m; > 500 GeV | m; > 700 GeV
; 100 GeV |An > 3.5 |An| > 4.0
iqh-p.th igh-p.th high'pTTh
p > 45 GeV high-py high-pr boosted loose
VBF ta
HTh baseline low-pr™ low=pr™ °
_______________________________________ e e i o Th high-p;™
pr™ > 45 GeV g gh-Pr boosted loose
VBF tag
€Th baseline low-py™ low-py™
B0 > 30 GeV
) high-py high-py
p > 35 GeV loose
e VBF tag
2 baseline low-pr* low-pr*
high-p-! high-p+!
| 0
p > 35 GeV 2'Jet
ee, ju basaling low-py! low-p;!
ThTh hlghly
EToV ) boosted | |/ Sciaq VBF tag
baseline
P > P > pr™ > 100 GeV
100GeV | 170GeV | m;> 500 GeV
|An > 3.5
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SM: expected Iimit

-y
N

-y
o

95% CL limit on ()'/O'SM

CMS (unpublished) H—tt, 4.9 fb™' at 7 TeV, 19.7 fb™ at 8 TeV
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4.0 CMS H—tr, 4.9 fb™ at 7 TeV, 19.7 fb' at 8 TeV
. T | T T T | T T T |

—e— Observed
35F — Expected

[ = 1o Expected
[ ] +20 Expected
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CMS H—tr, 4.9 fb'at 7 TeV, 19.7 fb' at 8 TeV

4.0 T | ' ' | ' ' '
—e— Observed
3. 5 —— Expected for SM H(125 GeV)

[ = 1o Expected
[ ]+ 20 Expected

2014-06-03
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SM: breakdown per category

CMS, 4.9 fb' at 7 TeV, 19.7 fb" at 8 TeV

1
m,, = 125 GeV 0-jet
0.34+1.09

1-jet
1.07:0.46

2-jet (VBF tag)
0.94+0.41

lI+LL' + I+L1:h
-0.33+1.02

H—1t
0.78+0.27

2 4

Best fit for cloSM 5
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SM: different view of the excess

o¢ CMS, 4.9 fb' at 7 TeV, 19.7 fb" at 8 TeV

@ ' ! o
el [ 7~ SM H(125 GeV)—>1tt |
c 2 SM H(125 GeV)—rtt - —— Data - background
d>, 1 O —e- Observed 20F Bkg. uncertainty 7
W oF moet Wb,
10 _ 10
1-jet . ll+LL'
1 05 B VBF tag
10*
10°
10?
10
1
10

-3 -2 -1 0
log(S/(S+B))
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SM: detailled selection

Channel HLT requirement Lepton selection
U 1(12-18) & 1, (10-20) p%h> 17-20 };71;\|< 2.1 RTV <0.1
p > 30 Nt <24 I™"<15
et e(15-22) & 1, (15-20) pS >20-24 [p°[<21 R°<O0.1
pg > 30 Ip™| <24 % <15
ThTh Th(35) &Th(35) p%h > 45 ‘;77}1| <21 I*»<1
(2012 only) | 7,(30) & T;,(30) &jet(30)
ey e(17) & 11(8) pl>20  |y*| <21 R{<0.1-015
e(8) & u(17) p2>10  |y°] <23
uu 1(17) & 1 (8) prt > 20 In"| <21 RF<O0.1
p > 10 nt2| < 2.4
ee e(17) &e(8) T > 20 78] <23 R°®<0.1-0.15
p7 > 10
u+ U 1(17) & 1 (8) prt > 20 "] <24 RF<0.1-02
p? > 10
pg > 20 Ip™ <23 ™ <2
e+uth/ | e(17) & u(8) pi > 20 7¢| <25 R!<0.1-02
-+ et e(8) & u(17) p2>10 |yt <24
p > 20 Ip™| <23 [%<?2
U+ ThTh 1(24) py > 24 "] <21 RF<O0.1
ppt >25  |y™| <23 ™ <2-3
py? > 20
e+ Thh e(20) & 7, (20) py > 24 7¥] <21 R®<0.1-0.15
e(22) & 1;,(20) prt >25 |p™| <23 Ih<2
p? > 20

2014-06-03
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SM: systematic uncertainties

Search for the Higgs boson decaying to tau pairs with CMS

Uncertainty Affected processes Change in acceptance
Tau energy scale signal & sim. backgrounds 1-29%
Tau ID (& trigger) signal & sim. backgrounds 6-19%

e misidentified as T, Z — ee 20-74%
y misidentified as 7, Z — uu 30%

Jet misidentified as T, Z +jets 20-80%
Electron ID & trigger signal & sim. backgrounds 2-6%
Muon ID & trigger signal & sim. backgrounds 2—4%
Electron energy scale signal & sim. backgrounds up to 13%
Jet energy scale signal & sim. backgrounds up to 20%
Emiss gcale signal & sim. backgrounds 1-12%
Eb-tag b jets signal & sim. backgrounds up to 8%
Eb-tag light-flavoured jets signal & sim. backgrounds 1-3%
Norm. Z production zZ 3%

Z — 1T category Z— 1T 2-14%
Norm. W + jets W +jets 10-100%
Norm. tt tt 8-35%
Norm. diboson diboson 6—45%
Norm. QCD multijet QCD multijet 6-70%
Shape QCD multijet QCD multijet shape only
Norm. reducible background Reducible bkg. 15-30%
Shape reducible background Reducible bkg. shape only
Luminosity 7 TeV (8 TeV) signal & sim. backgrounds 2.2% (2.6%)
PDF (qq) signal & sim. backgrounds 4-5%
PDF (gg) signal & sim. backgrounds 10%
Norm. ZZ/WZ 2Z/WZ 4-8%
Norm. tt + Z tt+2Z 50%
Scale variation signal 3—41%
Underlying event & parton shower signal 2-10%
Limited number of events all shape only

2014-06-03
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SM: expected Iimit
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95% CL limit on ()'/O'SM

CMS (unpublished) H—tt, 4.9 fb™' at 7 TeV, 19.7 fb™ at 8 TeV
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500IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

ma _
m, scen., tanf = 5

FeynHiggs2.2

50 100 150 200 250 300 350 400 450 500
M, [GeV]
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* Determine invariant mass of di-t system with maximum likelihood
method.

a.u,

0.16
0.14[

0.12[

0.08}-
0.08}-
0.0af

0.02

o1

Phasespace Expected E’T
of t-decays Resolution

Separation of 7wt & Hotr 1,

_H—rtt(m":1ZSGeV)

m.. [GeV]

» Estimate for di-t system, to be real
for given value of m_.

* Inputs: four-vector information of
visible leptons, x- and y- component
of E'T on event by event basis.

- Free parameters: @, 0, (mw) per T-
lepton (4-6 parameters).

* Full integration of kernel. Scan of
m_from m_up to 2TeV.

* 15-20% resolution of the
reconstructed m_mass.
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MSSM: M__ In ut, channel

CMS Preliminary, H—tt, 4.9 fb'at 7 TeV, 19.7 fb™ at 8 TeV CMS Preliminary, H—tt, 4.9 fb'at 7 TeV, 19.7 fb"' at 8 TeV

; 1 05 T T T T | T T T T | T T T T ; 1 03 Mzc T T T | T I----I-- T | T T T T
Q —&— observed ) h —&— observed
S Czow O Oz
A — A —
I_:, B clectroweak IT: B clectroweak
[C—]aQacb L iL [ acb
g ] bkg. uncertainty E 10 . ] bkg. uncertainty
E mb.. (m =160 GeV, tanp=8) g mb.x (m =160 GeV, tanp=8)
< * 18 .
© o) ;
10" 7
10_2 i AAAAAA
10° |
10 M =
0 500 1000 1500
m_ [GeV]

34



Search for the Higgs boson decaying to tau pairs with CMS 2014-06-03

MSSM: M__ In et,, channel
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Search for the Higgs boson decaying to tau pairs with CMS

CMS Preliminary, H—t, 18.3 fb' at 8 TeV
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MSSM: m, tanf limit

CMS Preliminary, H—tt, 4.9fb'at7 TeV, 19.7 fb" at 8 TeV CMS Preliminary, H—tt, 4.9 fb'at7 TeV, 19.7 fb™ at 8 TeV
@ 60 -I T I T T T I T T T I T T T I T T T i @ 60 -I T I T T T I T T T I T T T "l T ' 1
: [ ] : [ H : B H
S [ |959% cL Excluded: ] s .
50 -
L CcMS ]
40 E . LEP _
30F . .
B i expected i
20 E d b Y -® B-Tag i
E i -e-No B-Tag |
101 MSSM m™ scenario _: "¢ I-:l_y“ _
h M usy = 1 TeV ] : : : : ]
0 | 1 L L ﬁ 1 1 1 ; 1 1 1 0 ] ] ] I ] ] ] I 1 1 1 I 1 1 1
200 40 600 800 1000 200 400 600 800 1000
m, [GeV] m, [GeV]

40



