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Introduction

July 2012: observation of a new boson with mass around 125 GeV
consistent with the Standard Model scalar boson by CMS, ATLAS

Driven by the bosonic decay channels: H2ZZ->4l, H->yy,
supported by H>WW=>lviv

But does it decay to fermions?

Results shown at ICHEP 2012: " Sensitivity was not yet
H >t VH-bb at the level of the SM

% 5.0 EMS Preliminary\Ns=7-8TeV,H > tr,L=10fb" 6O7g

s 3" Results were

T
F —+— observed

45F __ cypected 3 " Vs=7+8TeV,L=50+ 51" ] . . .

° sof B woveres 5P VHwh) combines : consistent with either
E * 20 expecte E - <= CL_EX .

g > af ol Erpectis 1o the presence or

CLgExpected+ 2o

absence of a signal

— o 1®  Analyses have since
(O I - . .

X 1 been updated with
LN 0.5_ 3 - ] .

) = v T R o T R O VR more data, improved

m, [GeV] Higgs boson mass [GeV] tECh n|q ues
Valentina Dutta, MIT Moriond EW, March 2013 2



Charged
hadron

HCAL
deposit

ECAL
deposit

List of
reconstructed
particles: can be
used like a list of
stable particles
from a generator

Neutral
hadron
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Jets and E;miss

Also use these
particles to
reconstruct tau
decays, lepton and
photon isolation

particles
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t, identification

Identification:
hadron+stri 3 hadrons
= Reconstructed based on decay modes: charged hadron b
hadrons + ECAL deposits Z, 4
Isolation: New in 2012 i
= Multivariate isolation using relative Zp- of particle- nt pIMn® g, Smtnt
flow candidates in concentric rings around T a,~>ren'n’
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More about jets

Pileup-jet discrimination:
New in 2012

=  Multivariate anti-pileup
discriminant exploits shape
and tracking variables

B-tagging:
= Lifetime-based, use
information about track

impact parameters, secondary
vertices
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Multivariate E{™'ss regression

CMS Preliminary 2012 Z-up
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= Significant improvement in resolution and dependence on pileup

= Crucial for H=>tr analysis: m_.reconstruction, separation of signal from

W+jets background using m;
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CMS-PAS-HIG-12-044 | VHévbb

VVH analysis overview

H—>bb has largest BR at low mass but very high background

Search for associated production with W or Z (W= Iv, Z-1l, Z->vv)
= final states with leptons, E;™s and b-jets

Main backgrounds: W/Z + jets, top

= normalized from control regions in data

Strategy:

= Require boosted V and H, 2 b-tagged jets

" b-jet energy regression to improve resolution no update since HCP 2012

= Discriminate signal from background using 7TeV (2011) 8TeV (2012)
Boosted Decision Tree (BDT) 5 fb-1 12 fb-1
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= Tighter selection than used in BDT analysis (for cut-and-count)
= Consistent with diboson expectation+ small excess in signal region
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Signal extraction

= Fit to BDT shape gives 20% improvement over cut-

L L
CMS Preliminary

- e
g 107 -VHa
= |s= 8TeV,L=12.11fb' C—Z+bb
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Results

{s=7+8TeV,L=5+121b"
VH(bb), combined
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CERN-PH-EP-2013-027 ttHéttbb

ttH analysis and results

Strategy

. . 1-2 leptons + = 2 jets + 2 2 b-tagged jets
Dominant background: tt+jets . Categorize based on number of jets and

Search done for lepton+jets number of b-tags

and dilepton final states = Fit to output of neural network (ANN),
inputs are b-tag information,

kinematics and angular correlations

Directly probe ttH vertex
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CMS-PAS-HIG-13-004 CMS-PAS-HIG-12-053

Last public result

Result shown at HCP 2012:

CMS, Preliminary, H > t1, L= 17 fb"
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c gof Ml +Toepected
— [ ]+ 20 expected :
E 3.5 ............................................. ............................................ .................
= = Results for all H->tt channels
3 combined (ut,, et,, ey, Ui,
o .
0 T, ), + WH/ZH-> Tt analysis

= Best-fit 1 of 0.7£0.5
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m__estimation

= Maximum likelihood method used

=  Estimated on event-by-event basis using four-momenta of visible decay
products, E,™s, Eymiss, expected E;™S resolution

=  Nuisance parameters integrated out

= 15-20% resolution on reconstructed m_, Ph E d 'ET
asespace Xpecte

of t-decays :
CMS Simulation Vs = 8 TeV ut, CMS Simulation (s = 8 TeV ) Resolution
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Anatomy of the analysis

Z5TT

Embedding: Z- uu
data, replace u with
simulated t decay
Normalization from
Z—>uu data

Strategy:

CMS Preliminary, ys =8 TeV,L=19.4 fb 1
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Select isolated, well-identified leptons, t;,
Topological cuts (e.g. m;in It,, p;(H) in 7,7, ) to suppress backgrounds
Categorize events based on number of jets, t p;
Template fit to m_ shape

|
|

+jets

ape from simulation
ormalization from
ontrol region

QcCD
SS data, corrected for
SS/0S ratio
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Event categories

T Py

number of jets

et,, uT,, el, Ui

>

0-jet, low p;

= High background,
constrains nuisance
parameters

= No fit for signal

1-jet, low p;
= Enhancement from
jet requirement

0-jet, high p;

= High background,
constrains nuisance
parameters

= No fit for signal

1-jet, high p;
= Enhancement from

jetand p;

requirement

2-jet (VBF)
= >2jets, nojetin
rapidity gap
= m(jj) > 500 GeV,
|An(jj)| >3.5

Valentina Dutta, MIT

Wi 1-jet
1 jet, high p;(H)
requirement

T,%, 2-jet (VBF)
2 jets, high p(H)
requirement, m(jj) >

250 GeV, |An(jj)| > 2.5

Moriond EW, March 2013
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m__distributions

cms Prellmlnary, ys = 7-8 TeV,L = 243 b
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Combined 1-jet and VBF
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H->tt

Combined channels and
categories, each category in
each channel weighted by its
S/B
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Limits

CMS Preliminary, H— 11, L=24.3 b~ CMS Preliminary, H—> tt,L=24.3 fb!
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Results consistent with expectation for background + SM scalar at 125 GeV
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Signal strength

CMS Preliminary, H—1t, L=24.3 fb! m,, = 125 GeV CMS Preliminary, H—1t, L=24.3 fb! m,, = 125 GeV
L] L] : L] I L] L] L] L] L] : L] I L] L] L]

T T T : T
: — LKL
— 1-Jet :
» eLL
fi— 2-Jet (VBF) ; . T
» et
» VHo 11+l _._ e
_ — VHo>Tt+
—'*— Combined
: —IO— Combined
A I B R T A I DR T
0 2 4 0 2 4

by category best fit for 6/, by channel best fit for o/,

=  Consistent picture across channels and categories
= Combined best-fit i of 1.1+0.4
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Significance

CMS Pr

eliminary, H-t 1, L=24.3 fb"
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Broad excess observed over
range of m,,

Maximum local significance
of 2.93c¢ at 120 GeV,
compatible with presence
of 125 GeV SM scalar boson
Observed (expected)
significance of 2.850
(2.620) for m, = 125 GeV
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Conclusion
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Strong indication that the new particle couples directly to taus!
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CMS Experiment at LHC, CERN
Data recorded: Sun Nov 25 00:15:46 2012 CEST
Run/Event: 207898 / 97057018

VBF candidate event for
H->tr->ut,




CMS Experiment at LHC, CERN

Data recorded: Sun Nov 25 00:15:46 2012 CEST
Run/Event: 207898 / 97057018

VBF candidate event for
H->tt->ur,
l‘J* \\\\\\ . Muon: p; =31.9 GeV

Jet: p; = 80.5 GeV j f

[ = \'\
’\.w\oowTrmot' LS

Tau: p; = 44.0 GeV

i Jet: p; =36.3 GeV

M_. =120.3 GeV




Additional material



Recorded luminosity

CMS Integrated Luminosity, pp, 2011, Vs = 7 TeV

Data included from 2011-03-13 17:00 to 2011-10-30 16:09 UTC
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CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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After good runs selection

= 5fhlat7TeV
= 19.4fb!at 8TeV
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VH->Vbb

b-jet energy regression

q0.45_'"|"'|"'|"'|_'N'L|I"'
S . . 3 - CMS Simulation —_ R%?:ggsion .
= Multivariate regression trained on > 045 (s=8Tev,L=12.1fb" E
VH signal events using jet and soft @0_35; Z(IT)H(bb) E
TN :

lepton variables

= ~15% better mass resolution = 10-
20% improvement in sensitivity

03, -
0.25

" Extensive validation on data and -
simulation 0.15f

= p; balancing in Z(/l)+bb 0.1f

= reconstructed top mass 0_055

160 180
M- [GeV]

%_j_h_ T PP
(e S T
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b-jet regression validation

p; balancing in Z(//)+bb

VH->Vbb

reconstructed top mass

m ?00_—l- L) | LI I LI I L I | | LI | L | LB LI | LI —
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VH->Vbb

b-tagging efficiency

CMS Preliminary 2.18fb'at s =7 TeV
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BDT inputs

BDT input variables

Pr; transverse momentum of each Higgs daughter

m(jj) dijet invariant mass

p{ij) dijet transverse momentum

p(V) vector boson transverse momentum (or E;™'s)

CSV, ., b-tag disc. value for Higgs daughter with largest value

CSv b-tag disc. value for Higgs daughter with second largest value

Ad(V, H) azimuthal angle between V (or E;™*%) and dijet
| An(i) | difference in n between Higgs daughters
AR(jj) difference in n-¢ between Higgs daughters

N._. number of additional jets

aJ

Ad(E;™s, jet)  azimuthal angle between E;™ss and closest jet (only for Z(vv)H)

AB color pull angle

pull
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VH->Vbb

Systematic uncertainties

Source KRange
Luminosity 2.2-4.4%
Lepton efficiency and trigger (per lepton) 3%
Z(vv)H triggers 3%
Jet energy scale 2-3%
Jet energy resolution 3-6%
Missing transverse energy 3%
b-tagging 3-15%
Signal cross section (scale and PDF) 4%
Signal cross section (pr boost, EWK,/QCD) 5-10% / 10%
Signal Monte Carlo statistics 1-5%
Backgrounds (data estimate) = 10%
Single-top (simulation estimate) 15-30%
Dibosons (simulation estimate) 30%
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ttH->ttbb

Systematic uncertainties

Source Rate Uncertainty | Shape | Remarks

Luminosity 7 TeV) 2.2% Mo All signal and backgrounds
Luminosity (8 TeV) 4.4% Mo All signal and backgrounds

Lepton ID/ Tri 4% Mo All signal and backgrounds

Pi.[E{uP " 1% No | All sﬁl mdbackgrmmds
Additional Pileup Corr, - Yes | Allsignal and backgrounds

Jet Energy Resolution 1.5% Mo All signal and backgrounds

Jet Energy Scale 0-60% Yes | Allsignal and backgrounds

b-Tag SF (b/c) 0-33.6% Yes | Allsignal and backgrounds

b-Tag SF (mistag) 0-23.5% Yes | Allsignal and backgrounds

MC Statistics - Yes | All backgrounds

PDF (gg) 9% Mo For gg initiated processes (i, tZ, ttH)
PDF (qq) 4.2-T% Mo For 47 initiated processes (ttW, W, Z).
PDF (qg) 4.6% No | For qg initated processes (single top)
QCD Scale (ttH) 15% Mo For NLO HH prediction

QCD Scale (tT) 2-12% Mo For NLO #f and single top predictions
QCD Scale (V) 1.2-1.3% Mo For MNLO W and Z Predi::ﬂm

QCD Scale (WV) 3.5% Mo For NLO diboson prediction
Madgraph Scale (if) 0-20% Yes | tijets/bb /T uncorrelated. Varies by jet bin.
Madgraph Scale (V) 20-607% No | Varies by jet bin

T +bb 50% No | Only ti+ bb.
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Last public result (HCP)

CMS, Preliminary, H— 11, L= 17 fb™
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Il L

-2 o 2 4
signal strength

= Expected limit of 1.0 x SM at 125
GeV

= QObserved (expected) significance of
1.50 (2.450) for m,, = 125 GeV

= Combined best-fit (i of 0.7+0.5
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m__ distributions

CMS Prellmlnary, r 7-8 TeV L=243 fb1 CMs Prellmlnary, r 7-8TeV, L = 23.6 fb1
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m__distributions

1-jet, low p;
Enhancement for gluon
fusion signal

Valentina Dutta, MIT
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m__distributions

cms Prellmlnary, ys = 7-8TeV, L =24.3 fb! CMS Preliminary, ys = 8 TeV, L = 19.4 fb"!
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H->tt

Sensitivity break-down

expected limit by channel expected limit by category
10 CMS Prellmlnary Ho1r, L-23 4 fb1 5.0 CMS Prellmlnary Ho1r, L-23 4 fb1
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= Results updated with full 2011+2012

dataset
= Sensitivity of 0.77 x SM at 125 GeV 5 fb-1 19 fb1

7TeV (2011) 8TeV (2012)
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Combined 1-jet

CMS Preliminary, ys=7-8TeV, L=24.31fb"
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Combined VBF

CMS Preliminary, ys=7-8TeV, L=24.31fb"
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Consistency with signal

CMS Preliminary, H—> 11, L=24.3 fb'
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VVH results

CMS Preliminary 7+8 TeV L = 24fb’
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H->tt

Systematic uncertainties

Table 2: Main systematic uncertainties entering the analysis. The F symbol indicates that the
uncertainty is anti-correlated with mespect to other categories. The (*) symbol indicates corre-
lation between separate chanmels. The (1) symbol indicates correlation between separate cat-
egories. In the instance whem “ex. vbf” is indicated, an additional uncormelated nuisance is
added to account for statistical uncertainties.

Valentina Dutta, MIT

Experimental Uncertainties Propagation into Event Categories
Uncertainty Uncert. (-Jet 1-Jet VEBF
Electron ID & Trigger (1%) +2% +2% +2% +2%
Muon ID & Trigger (%) +2% +2% +2% +2%
Tau IDy & Trigger (1) +8% +8% +8% 8%
Tau Energy Scale (1) +3% +3% +3% +3%
Electron Energy Scale (1) +1% +1% +1% +1%
JES (Morm.) (%) +25 5% | F3I-15% | £1-6% +5 — 207%
MET (MNorm.) (1%) +5% +5— 7% +2 7% +5— 8%
b-Tag Efficiency (+%) +10% F2% F2-3% Fi%
Mis-Tagging (1¥) +30% F2% Fi% F2 - 3%
Norm. £ production (%) +3% +3% +3% +3%
£ — 1T Category 3% £0— 5% +3 -5% +10— 13%
Norm. # (1* exvbf) +10% +10% +10% +12 — 33%
Norm. Diboson (1 ex. vbf) +15 — 30% | £15—30% | £15-30% | £15-100%
Norm. QCD Multijet +6 —32% [ £6-—32% | £9-30% +19 — 35%
Lumi 7 TeV (8 TeV) +2.2(42)% [ £22({42)% | £2.2(42)% [ £22{42)%
Norm. W +jets +£10 — 30% | £20—27% | £10 —33% [ £12.4% — 30%
Norm. Z — £F e fakes 7, (1) +20% +20% +36% +22%
Norm. £ — £f: pfakes 1, (1) +30% +30% +30% +30%
Norm. £ — £F jet fakes T, +20% +20% +20% +40%
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Event yields

Process A Eh 0Jet “Tjethighpr | VBE Process . CH T 0Ja TJet high pr | VBE
Z— 1t 84833 £ 1927 | 4686 £232 | 19 £ 11 |[Z— 1t 48882 + 1282 | 1830 + 105 | 61 £6
QCD 18313 £478 | 481 +38 | 48+7 || QCD 4374 £249 | 395+36 | 19+2
EWK 8841 £ 653 | 1585+ 153 | 63 £90 |[EWK 1185 + 80 461 + 44 7 £1
tt 1+1 155 £ 11 511 tt 74 +5 1100 £ 66 | 19+2
Total Background | 111998 & 2090 | 6908 £ 281 [ 225 £ 16 | [ Total Background | 54514 + 1309 | 3785 & 137 | 105 + 7
H— 17 e 73£13 | 11+£2 |[Ho 1t - k- 23+4 5+ 06
Observed 112279 7011 240 Observed 54694 3774 118
Signal Eff. Signal Eff.

gg— H ; 1.99.107 [851-10° |[gg— H - 6.04-107% [327 10—
qq— H - 409107 [ 346107 || gqq—» H - 1.37 .10~ | 1.80.1073
qq— Httor VH - 3.00-10~% | 1.60-107° | | gq— Htf or VH - 1.38.10~% | 1.32.107°
Process E'l'h ] 0-Jet i—fet high wpr VBE Process lhlh I—Ie_t VBE

Z Tt 25161 £708 | 792 +62 | 47 +£6 Z— 1T 428 £ 90 | 47 + 28

QCD 7706 + 307 3+03 | 7+4 QCD 210 +31 | 61+ 10

EWK 0571 £ 510 | 365 +£53 | 44+6 EWK 4149 4+1

tt 4+05 | 47 +4 4+1 ft 20+6 2+2

Total Background | 42443 4+ 924 | 1207 =82 | 113 £ 9 Total Background | 709 £+ 95 | 114 + 30

H— 1t -+ - 15+3 541 H— 17 944 442

Observed 42481 1217 117 Observed 718 120

Signal Eff. Signal Eff.

gg— H - 3.94-107F [333.107° | [gg— H 252-10% [ 4.99 .10°°

qq— H - 1.10-1073 | 1.78-107% | | qq— H 5.93-107* | 1.20-1073

qq— Hit or VH - 8.30-10~* [146-107° | | qq— HttorVH | 9.13.107% | 3.59.10~°

Valentina Dutta, MIT
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CMS-PAS-HIG-12-050

MSSM search overview

Higgs sector: 2 Higgs doublets, 5 observable Higgs bosons
= 3 neutral: H, h (CP-even); A (CP-odd)
= 2 charged: H*
Coupling to down-type fermions enhanced for large tanf
= current best sensitivity from @->trt
Production mechanisms: gluon fusion, associated production with b-
qguarks

Strategy:
= Same object and topological selection
as for SM search

7TeV (2011) 8TeV (2012)
5 fb-t 12 fbt
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Results
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CMS-PAS-HIG-12-026 CMS-PAS-HIG-12-027

CMS Preliminary 2011, L= 4.8fb", ys=7TeV
LA L AU UL AL, LR

L2 Semi-leptonic analysis .. . . .
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Sa000 ackground 3 which may include a non-isolated muon)
- [ m,=120 GeV/c?] . . .
s D?;;:;fg;e‘"c: = Fit mass of 2 leading b-jets
1000?— —
T1 o 7o SHSpreliminay 2T ABRT SITIY
C ] c B obs .
i N 8 [ | === exp (68%) ]
100 - 60— exp (95%) N
0 IR PP exp (semi-leptonic) ]
""" 50f === exp (all-hadronic) .
-100 = Data dckg ound C ]
0 50 100 150 200 250 300 350 40(1)2 459({,1“3]00 40— =
= I ‘II‘I‘I‘I‘CMSPrelimlnaryi"oﬁlL‘ntuf‘tv \J'EII'fTeV E o
12000 ; I::::m-lﬂa;:f .:.IlIoHadronicé 3 0 I B R
10000 - i ::':;:b - 20 3-5 fb1
8000 [ I (coio = ]
- I @op ] C MSSM m_-max
6000 |- [ b - 10 h _
- I b ] - u=-200GeV 1
4000 [~ Il m.=200 Gev - : -
: C | 11 | | | 11 11 1 | 11 | | | | 11 |
0o OT00 150 200 250 300 350
oliviel

m, [GeV/c?]

0 50 100 150 200 250 300 350 400 450 500
M,, [GeV/c?]

Valentina Dutta, MIT Moriond EW, March 2013 49


http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460104?ln=en
http://cds.cern.ch/record/1460105?ln=en
http://cds.cern.ch/record/1460105?ln=en
http://cds.cern.ch/record/1460105?ln=en
http://cds.cern.ch/record/1460105?ln=en
http://cds.cern.ch/record/1460105?ln=en
http://cds.cern.ch/record/1460105?ln=en
http://cds.cern.ch/record/1460105?ln=en
http://cds.cern.ch/record/1460105?ln=en
http://cds.cern.ch/record/1460105?ln=en

CMS-PAS-HIG-12-011

MSSM O—uu

= Sensitive to gluon-fusion, associated production with b-quarks
= Fitm,, in 3 categories: with a b-tagged jet, no b-tag but with additional
muon from b decay, everything else

CMS Preliminary 2011 [eel 100_\ LA N B S B B B T LI ]
N ' \E=TTeV s C R
“0 Rx‘z-n20=.1 Ih 4.96fb7 o I | CMS Preliminary 2011 .
~ I A%/E0 /R0 e £ 90 Combined Cat.1/2/3 ]
5 : - o :
10 m,:=150GeV/c’ tanp=30 - Ns=7TeV _ .
8 0 v#/2°51'1 (e, 1, O 80 “ﬁ‘:fr';ﬁivﬁ P e
— B T s : ]
4 B o I | —*— observed limit 1
o 10 EEEA t: t-channel TO | e expected limit
S - [ t: s-channel C | 300000 expected limit = lo
3 60— 7777 expected limit x 20
+ C
g 50
g 40
o -
30—
20
10
PRI BTN SR N I R !

o

150 200 250 300
2
m,, [GeV/c"]

Valentina Dutta, MIT Moriond EW, March 2013 50


http://cds.cern.ch/record/1453716?ln=en
http://cds.cern.ch/record/1453716?ln=en
http://cds.cern.ch/record/1453716?ln=en
http://cds.cern.ch/record/1453716?ln=en
http://cds.cern.ch/record/1453716?ln=en
http://cds.cern.ch/record/1453716?ln=en
http://cds.cern.ch/record/1453716?ln=en
http://cds.cern.ch/record/1453716?ln=en
http://cds.cern.ch/record/1453716?ln=en

