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% Outline I

» Higgs search overview

» The Higgs to BB modes:

» VH
» VBF
» ttH

» The Higgs to 1 pairs
» MSSM and fermionic modes

» Some ideas for next runs
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The CMS experiment

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Owverall diameter : 15.0m Pixel ( 100x150 pm) ~16m* ~66M channels
Overall length t 28,7 m Microstrips (80x180 pm) ~200m* ~9.6M chanmnels
Magnetic field 38T

SUPERCONDUCTING SOLENOID
Miobium titanium coil carrying ~ 18,0004

MUON CHAMBERS

PRESHOWER

CERYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~ 76,000 scintillating PHWO, erystals

/

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillater ~7,000 channels

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Sillcon strips ~ 16m* ~ 137,000 channels

FORWARD CALOBRIMETER
Steel + Quartz fibres 2,000 Channels



LHC 2011 & 2012

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

P <pileup> of 21 events
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Data included from 2012-04-04 22:38 to 2012-12-16 20:50 UTC
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» ~84% prompt reconstruction
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Higgs overview

CMS Preliminary
1

P Higgs signal well visible
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» Mass:

125.7+ 0.3(stat)+ 0.3(syst)

» How about fermions?

S/(S+B) Weighted Events / 1.5 GeV
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The cross sectionsiiilEE
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P At ~125 GeV almost all modes have a
sizable BR, giving us a chance to make

d measurement

P Despite the large BR, H - bb is studied
only in associate productions that

significantly reduce the o x

BR




> Summary of SM measurem
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P Backgrounds production cross sections are about 3-4 orders of
magnitude above signal (before any analysis cuts)

P Resonance peak in bb and 1t is not “narrow” (as for photon and 7))
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% VH - Il,Iv,vv + b6
Y |

b ASSOCiatEd prOdUCtiOn Of m& :; .:::; |Combined Secondary Vertex Tagger : 0.919|
Higgs to a vector boson =
b Several mOdes COHSidEFEd: gﬁ:ﬁéigﬁ?ﬁ’g%%";:"fﬂ“jﬁé?723:.29:42 2011 CE

Lumi section: 134
Orbit/Crossing: 35103256 / 2259

» W->1v (e, g, 1)

b Z - > v V |Combined Secondary Vertex Tagger : 0.996

Muon 0

» Z->11 (electrons or muons) 72 o170 Govi

P Decay of the Higgs boson in bb

Muon 1
pT = 27.25 GeV/c

»
b

P Use b-tagging to identify the jets .
coming from the Higgs decay o | S

» Main backgrounds =
» V+(b)jets, ttbar, single top, WW/WZ/ZZ =

P Trigger with the lepton(s) from the W/Z
and/or MET+jets
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Reducible backgrounds

QCD, V+udscg (“light” jets)

ttbar and single top

=>reduced with b-tag, jet counting,
additional leptons, lepton isolation

02/03/14

Backgrounds N

Less reducible backgrounds
V+bb

ZZ(bb), W(Iv)z(bb)

=> bb mass is the only handle
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The main handles g
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P Other important observables used in the analysis

» MET, MET significance, MinDeltaPhi (Jet, MET)
» DeltaPhi(W/Z,H)
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% Jet energy regression

» The dijet mass is the most
discriminating variable
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L C
» They can be “Tagged” with 0.3p E
lifetime and secondary vertices 0.25- E
. , 0.2F -
» Use a BDT regression in orderto ¢ E
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2 Jet energy regression N

» The regression technique has been validated on data
» pT balance in a Z+2b jets sample (Z->11)
» Top mass in a top enriched region

» In both cases the observed improvements matches the MC

EXPECtathHS
oo _||| [Tt |||||-||-|| LI L N I B B |-|||| T T €016_ L -| I_ LI L L Y I B
?51000— CMS Preliminary — gie%ion & ©-'°[ CMS Preliminary [Jo= E
~ - Vs=8TeV,L=19.0fb" g C Us=8TeV,L=12.1fb" ’
£ Dataz(I)+bb S 0141 w(uv)H(bb) [Jostcorms
@ I S o ]
> 800 I > 012+ _
w o N Before Correction: ]
i | LDD 0.1 r Mean =170.0 £ 2.3 B
6500 7 E - E Sigma =21.4 £ 3.2 E
y = \ EJ‘ 0.081 After Correction: ]
L 1N - w B Mean =174.2+ 1.4 _
400 B N : B 0.06~ Sigma = 18.2+ 2.0 —
- I : 0.04F -
200 - | s - ]
I | 0.02]- —
0 i ool oo b e o baaabaag Ll . r Lol | Ll | L1 | Lol | Ll
0 02040608 1 12141618 2 100 150 200 250 300 350

p, balance M, (CSV-ordered Jets) [GeV] 5
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» Multivariate analysis

P 2/3 categories per channels based on pT
7/W

P Loose preselection on b-tag and
kinematics

P Intermediate BDT to better discriminate
between different backgrounds

» Final BDT for shape fitting

P Shape uncertainties as templates from
input systematic uncertainties

ttbar vs H - W/Z vs H VV vs H
BDT - BDT

Y Analysis strategy

» Cross check analysis

P 2/3 categories per channels based on
pT Z/W

P Tighter selection on b-tag
P Invariant mass shape fit

P Shape uncertainties as templates from
input systematic uncertainties

P Combined mass plot with S/B
category weighting
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Control Regions - Background Normaliza:

A small subset of checked variables

P For each channel several

0 F T E T T T T = 180 T =
< [ CMS Prelimi ® Daa 4 E_CMS Preliminary 3 CMS Preliminary B
- hd @ [ 2(v H(oB) =1 1 4000 = WikvIH(bE) E Wiy )H(bB) ]
control regions derine 8 Sifn a0 - E
S = single top J 3500 — ]
[ R uncert (siat) — E 3 =
1 3000E- = E
Znnl l 152500 = —
» Sh f all variabl d ™ E Wh;
dapes OI a ariables teste £ 1sool- E E
1000 — Tz 1000 =
L 4z E =
data vs MC
i E 4 | I =
§
Q 15
=
< 1B
0 50 100 150 200 250 300 350 400 450 500

120 140

P Scale Factors for yields o

pfMET [GeV]

o . CSV max M (W) [GeV]
@ = T T T T g 3500 T T E T T T T
norma lza lon § | CMSPreliminary o osa = CMS Preliminary 700~ CMS Preliminary R
S 300[VS=8TeV, L =121 ' w A= YE=8TeV,L=1211b" F ys=8TeV,L=1211b" Wb
w E Z('")H(bB) . £ 3000 wiyuv)hio) 600 Wi)H(bB) 5%‘
g O : B
1 2500 = =
500 B3 neon sty
2000 E

P Used as starting value (with
uncertainty) for nuisance
parameters in the final fit

400

3001

=} o
=} =}
S S

200

100}

Data/MC
Data/MC

2E7
Baneteters, > " 158
. 1E
» Only V+1b seem to be really AN T SN S
. . - - P (ij) [GeV]
mis-predicted by the MC Process Wi Zion Ziw
Low pr(V)
W + udscg 1.03 = 0.01 + 0.05 - 0.83 £0.02 +0.04
W+b 2.22 +0.254 0.20 - 230 +0.21+0.11
W +bb 1.58 +0.26 + 0.24 - 0.85+0.24 4+ 0.14
Scale Factors Z + udscg - 1.11+£0.04 £0.06 1.24 4+0.03 4 0.09
_ Z+b - 1.59 +0.07 +0.08 2.06 4 0.06 4 0.09
Process W(av)H Z(£e)H Z(vv)H Z +bb - 0.98 +£0.10£0.08 1.25+0.05+0.11
High pr(V) tt 1.03+0.014+0.04 1.10+0.05+0.06 1.01+0.02+0.04
W + udscg 1.04 +£0.01 + 0.07 - 0.93 +£0.02+£0.03 Intermediate pr(V

W+b 2.46 £0.33 +0.22 - 212 £0.22 £ 0.10 W + udscg 1.02 +0.01 + 0.07 - 0.93 +0.02+0.04
W +bb 0.77 +0.25 4+ 0.08 - 0.71 +0.25+0.15 W+b 2.90 +0.26 4 0.20 - 2.08 +0.204+0.12
Z + udscg - 1.11+0.04 +0.06 1.17 +0.02+ 0.08 W +bb 1.30 +0.23 + 0.14 - 0.75+0.26 +0.11
Z+b - 1.59 +0.07 +£0.08 2.13 4+0.05+ 0.07 Z + udscg - - 1.19 + 0.03 + 0.07
Z +bb - 0.98+0.10+0.08 112 +0.04+0.10 Z+b - - 2.30 £ 0.07 4 0.08
tt 1.00+0.01+0.11 1.10+0.05+0.06 0.99+0.02+0.03 Z +bb - — 111 +£0.06 £0.12
tt 1.02+0.01+0.15 - 0.99 £ 0.02 & 0.03




(M5

Entries / 0.13

i

S

Control Regions

» Reliability of BDT from control regions

» Correlations of input variables

» Correlation of BDT output with input
variables (e.g. mass vs BDT)

» Output distribution of the BDT
» All data vs MC checks show excellent

agreement
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CMS Preliminary
Is= 7TeV,L=5.0fb"

Is= 8TeV,L=19.0 fb"

» Each decay mode has an independently
trained BDT
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——— MC uncert. (stat.)

P To increase the sensitivity the analysis is
divided into two pT bins and a low b-tag
category is added

P The final result is obtained from a global fit
with correlated nuisances
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» Broad excess compatible with

VH MVA Results

the 125 GeV boson
» 2.1sigma obs, 2.1sigma exp
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Mjj Analysis

While the main analysis is based on a BDT, a ;
Cross-check analysis is implemented as a shape &
analysis on the dijet invariant mass selecting high %
S/B with:
— Exploit the boost (pt binning)
— Double asymmetric b-tagging
— Topology: b2Db, jet veto
— QCD rejection
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15F
U S pam - ]
ost T
0 50 100 150 200 250
Mg (GeV]
i T T T T | T I. T 'I [ T T T T ] T T T T ]
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20 =
0 - I
| | | []

7200 250
M, [GeV]
19

1 1 1 | 1 L1 1 1 1
100 150



02/03/14

VBF, H->bb

20



% VBF Hbb

» The well known VBF signature consists in an additional pair
of forward-backward jets

» In the case of VBE,H->bb the final state is fully hadronic
» Very large QCD background

» The discrimination is based on b-tag, rapidity gap and
invariant mass of the light jets

o CUSPlmoy fomdtV | > L — < oMSPimnay st
! Presel. & Trigger 0 Presel. & Trigger o 1 o° Presel. & Trigger
o o Data (18.0 ) O 1 05 * Data (19.0 o) S 5 o Data (19.0 )
; [JQcD (x 1.31) 8 o 10 [QcD (x 1.31)
€ gz_*j‘*‘s N 5
i
S
|.l>J Elsingletop 42 1 03 L 3
A IW+iets 0 10 3
J—vBFH(iZ)-t5 > — VBF H(125)- bb 3 —VBF H(125)> tb
T GFH{125)~ b W 10°E —GF H(125)— bb 10? S —GFH(125) t6
10k 10
12 E =l 1) 12 2
g wsl ARRRRARRANIA 2 15 by
g E .1 PP N o IS H+_T__+_ It ; 1 _._—0-_’_-._+ + + H‘+'+-.—._+ -
P § osE M AR A 8 o S S S SRR
I 8 Y AN AN BV EVUAITEL A AP SIS B 0 0.2 0.4 06 08 1
e 500 1000 1500 2000 2500 3000 Mssggiey))oo 1st jet (btag ordering) btag discriminant
qq
02/03/14 21



(M5
Z

Analysis strategy

P Combine all discriminating variables into an
MVA output

I Do not use variables that correlates with
Mbb

P Categorize events based on the MVA output

P The MVA also separates gg->H from VBF H

P Fit a peaking signal on a smooth background

0.06

0.05

0.04

Probability Density

0.03

0.02

0.01
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[ I L I T :

L : CMS Simulation
- [Jaco

:_ Signal

C I3

2 0 02 04 06 08 1 1.2

ANN Output

Inputs to the MVA:

ANN Category

eta separation between the btag sorted qq jets.
eta separation difference between the b-tag and
eta sorted qq jets.

invariant mass of the b-tag sorted qq jet pair
average eta of the b-tag sorted qq jet pair system.
CSV b-tagging output for the most b-tagged jet.
SV b-tagging output for the second most b-tagged
jet.

quark/gluon discriminator for the third b-tagged
jet.

quark/gluon discriminator for the least b-tagged
jet.

eta of the third b-tagged jet.

scalar pt sum of the additional “soft” Track-Jets with
pT > 1 GeV.

angular variables

GF/VBF Fraction CMS Simulation Vs =8 TeV

0.43 0.39
|
115 120 125 130 135
Higgs Mass (GeV)
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% Fit in the bb invariant massiiil

P The mass fit is performed using generic

CMS Preliminary (s=8TeV L=190f"
templates (Bernstein polynomials) for E - e
e Data I
the background 0 i — Bacgrounconly Fi
. . E 400 %I g:tgi;jazs GeV)x 10
P The signal template shape is tuned on £ -
the MC (xtalball plus Bernstein) [ 200f
P Reliability of the fit (bias, linearity)
tested using different models and
different signal injections P T T T
80 100 120 140 160 180 200 220 240
M,, (GeV)
P Non QCD backgrounds templates taken
CMS Preliminary {5=8TeV L=190f" S
from MC > [ — :
G 200 e Data -
> ™ LU R B B | T} F —— Background-only Fit
8 3 L CMS Simulation | aV 150F B Fit= 10 E
- ~ r CJFitz20 ]
o) - M, =125 GeV - 2] C [ Signal (125 GeV) x 10 ]
2 I L =19.0 fb" ] g 100F .
[72] L _
:ﬁj 21 ] ’
- Signal ~
1 shape o
[ ] =R
B ] T80 100 120 140 160 180 200 220 40
Y T T T R A ARARARY Mbb(GeV)
80 100 120 140 160 |\1/|80 (Ge\2/())o
02/03/14 "
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s Z+jets cross check

T

P A cross check of the fitting machinery has been done without the
MVA, targeting the Z+jets

P Excess due to Z correctly fitted on top of the very large

background
> 7
o - CMS Preliminary =
(0515000 — \s=8TeV ]
. — - -1 —
< = L=19.0fb 3
~~10000 — —
7)) — ® Data -
c [ Background + Z Fit _
g 5000 } ----- Bgckground Fit _:
| — — Fitted Z 7
600 [
u‘_ 400 —
2 F .
0 20— % ]
g 1 H{e ﬂ {'fiH_ﬂ.(.M_{' .
®e

a nt } f
Q00— 4 o0y —

| -
80 100 120 140 160 180 200 220 240
Mgy (GeV)
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VBF preliminary results

1 14— e

P The first measurement at LHC Of $ f CMSPreliminary s CL, Ooserec E

the VBF, H->bb is compatible with 3 % (Lisemt CL H12s Injected :

expectations S op  VERHSRE ez g

- 8F =

. . O - _

P Limits between 2 and 3 x SM were g ef =

expected _a E

< - ]

. . X 2 -

b The Observed Value 1S Compatlble R 0:.“; ...... o ...... o ...... o ...... o ...... e -

with the expectations for the 125 e T I s Mass (GaV)
GeV Higgs boson

@125 GeV

Sig = 0.5 std. dev. (0.7 exp)
Mu=07+14-14

Local p-value

- /s=7TeV, L =5.0 fb" ]
104 E s=8TeV,L=19.0fb"  _
g VH(bb) + VBFH(bb) combined 3

P A combination with VH result is :
also performed 10°F o e -

===+ Expected from SM Higgs (VH Only)

10_6 ] Il Il Il Il | | 1 Il 1 | Il ] ] ] | L 1 1 1 | 1 1 1 Il |
110 115 120 125 130 135
m,, [GeV]
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ttH (H->bb) N
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p | ttH, H to bb NN

» Two modes studied: semi-leptonic and dileptonic

» Signal to background ratio rapidly increasing with
» Total number of jets (expect 6 or 4 jets in final state)

» Number of b-tagged jets (4 b in final state)
B e B i e

» Analysis categorized per Njets,Ntags B o o e
7/} Bkg. Unc.  —|— Data fH(125) x 30

» Low Njets,Ntags useful
for backgrounds
normalization

» High Njets,Ntags are
the signal region

» tt+bb background is
basically irreducible

. _ _ -1
CMS Preliminary Vs=8TeV,L=19.51 CMS Preliminary Ys=8TeV,L=195fb

Lepton + 24 jets + >2 b-tags Lepton + >4 jets + >2 b-tags

Events
Events

Data/MC
Data/MC

8 9 10 4 5
Number of jets Number of b-tags
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P Use BDT to combine

P An “Higgs mass” only defined in many jets/tags cat.

CMS Preliminary ys=8TeV,L=195 "'

Lepton + =6 jets + =4 b-tags

70

Events

50

40

30

20

10

DataiMC

0.85 09 095 1
average CSV output (b-tags)

2 b )ets, 3 tags

8.75 0.8

ttH, H tolam

P Several mildly discriminating variables

CMS Preliminary ys=8TeV,L=1951b -

Lepton + =6 jets + >4 b-tags

Events
-
(=]
Q
T | T T

80

60

40

20

Data/MC

3 a 5 6
abs(An{leptonic top, bb))
> 6 jets, > 4 tags

0 1 2

Hy
sphericity
(X jet pr)/(X jet E)
max An (jet, ave jet 1)
> pr(jets,lepton, MET)
ave CSV (tags)
second-highest CSV (tags)
third-highest CSV (tags)
fourth-highest CSV (jets)
ttbb/ttH BDT

02/03/14

(2 jet pr) /(% jet E)
ave AR(tag,tag)

product(An(leptonic top, bb), An(hadronic top, bb))

closest tag mass
max An (tag, ave tag n)
ave CSV (tags)
third-highest CSV (tags)
fourth-highest CSV (tags)
best Higgs boson mass
ttbb/ttH BDT

Events

Data/MC

Events

Data/MC

80

60

40

20

Vs=8TeV,L=195f "

CMS Preliminary

Lepton + =6 jets + =4 b-tags

ttH(125) x 30

It 0f

N it + cc

I tt+ b

I it + bb

s Single t
tt+w,z

EE EWK

~~~ Bkg. Unc.

—<+— Data
ﬁ

7

% 50 100 150 200 250 300 350 400 450 500

45

best Higgs mass
Post-Fit (S+B)
ys=8TeV,L=19.5f "

Lepton + =6 jets + =4 b-tags

CMS Preliminary

o

“\III‘IIH‘I\I\l\\l\l\ll\‘\IHlI\

e e e P e e

04 02 0 02 04 06
BEDT output
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» Updated result with full 2012

luminosity presented in combination

with ttH — 1t
P Sensitivity to 3-8 times the SM

P Slight excess observed, compatible

with SM Higgs at 125GeV

(s=8TeV,L=19.51"
5 Expected = 10
Combination — ¢+ |- Expected+2 o
— Observed

CMS Preliminary

Lepton + Jets |—

Dilepton — .

Tau —

10 15 2I5 30 315
95% CL limit on o/og), at m, = 125 GeV

0 5

(JLI VJI/ LT

Combination

Lepton + Jets

Dilepton

Tau

SM

95% CL limit ono/c

CMS preliminary

ttH (Hbb and HTT)'

Lepton+Jets, Dilepton, Tau \s=8TeV,L=19.51"

R Observed
fd S ttH(125) injected T
12 :_ ..... - Expec‘ed + 10 b
b Expected + 20
10— . :
8 .....................................................................................
6 ............................................................
4 ...............................
2 O T P PP P
P10 15 120 125 130 135 140
m,, (GeV)

CMS Preliminary

Vs=8TeV,L=19.5fo"

— i
— i
— &
L P B P P TR BRI M
6 -4 2 0 2 4 6
Best fit o/0g), at m, = 125 GeV 29




H—- TT

CMS Experiment at LHC, CERN
Data recorded: Sun Mov 25 00:15:46 2012 CEST
Run/Event: 207898 / 97057018
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» All t decay modes covered

» had+had 42%

» e/mu+had ~23%
» e+mu 6%

» ee/mumu 3%

» Production mechanism
separated with

» 0/1/2 jets and VBF cuts

» WH / ZH final state with
2/()3&/11(4:;lditional e/mu

» Hadronic Tt reconstructed with

Particle Flow algorithms
» 1 prong
» 1 pront + pi0
» 3 prongs

hadron hadron+strlp ~ 3 hadrons
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» Several regions defined
in order to

» Control backgrounds

» Increase sensitivity

» Distinguish different
production mechanism

» E.g. EWK background
controlled requiring large

ml

02/03/14

CMS, 19.7 fb' at 8 TeV

i —e— Observed

1 [=7] Bkg. uncertainty
HE I A=Y
FR —

o
1
; +.3

. — -
60 80 100 120 140 160

0 20

m; [GeV]

H—- TT

0-jet 1et 2-jet
p™ > 100 GeV
P~ > m; > 500 GeV | m; > 700 GeV
100 GeV | [Any>3.5 |Any| > 4.0
; ; high-p;™
pr® > 45 GeV high-pr™  Nigh-pr™ | poosten loose
VBF
HTh baseling low-p;™ low-p;™ =
"""""""""""""""""""" - . n | high-ph
p™ > 45 GeV. nigh-pr™ | -RIgh-pr™ | poosted loosa
VBF ta
T baseline low-py™ low-p;™ °
Emiss> 30 GeV
pd' > 35 GeV e e loose
e VBF tag
H baseline low-p* low-pr*
high-p,! high-p{
I
p{ > 35 GeV 2jet
68, W4 baseline low-py' low-py
ThT, highly
@ Ta(l/ gnly) boosted boosted VBF tag
baseline
P> P o> P > 100 GeV
100 GeV 170 GeV m; > 500 GeV
|Ary| > 3.6
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B Hadronic T reconstruction il

» 1 reconstruction in CMS is based on Particle Flow

techniques
» Exploit combined information of tracker, calorimeters, muon
det.
» Typical performance for hadronic T:
» 60% efficiency CMS, 19.7 fb™ at 8 TeV
816000
» 1% fake rate (Jets) S —e— Observed
LI>.I 14000 Bkg. uncertainty
1S] Zstt 3nt
b Vls}ble T mass used to 12000 2w 07 e
validate MC energy scale 10000 Sz 1 noprocn
—pp
» Testing on Z — tt sample 000 — P

6000 [ ]acp

» Agreement to 3% level

4000

2000

02/03/14 m:_ [GeV]



P Better separation of Higgs from Z

CMS Simulation Vs = 8 TeV 14

Di-t mass reconstruction "l

P Dedicated algorithm used to reconstruct the invariant mass

» Presence of neutrinos spoils the resolution of the “visible mass”

» Use MET and 1 decay products kinematic variables in a dedicated
(SVFIT) algorithm

P better response and resolution

CMS Simulation Vs = 8 TeV ut

1/dm,,_ [1/GeV]

— H-o7ttm,=125GeV

L —TT

S

1/dm,, [1/GeV]

— Hottm,=125GeV

LT

2

[ B
150

m,,, [GeV]

1 1 1 1 I
200 250
m;, [GeV]
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H il |1

CMS 49fb atTTeV 197fb at8TeV

» Compatible with 125GeV Higgs
boson

&)
o
o

oII L] LI DL L

. . . ;' aok -smmusee\n—m _
» Results in dilepton final state 8 soof. Mo
» Fit di-t mass in all modes but in a1 ]
ee and mumu (BDT instead) s _f b
» Excess of events near 120 GeV §1°°° et
o
)
»

o

100 200 300

» More than 3 sigma expected and
Observed 1 CMS Hor 4.9 fb! at 7 Tev, 197 ﬂl:r‘ at § Tev

THNII |
a3
Events

oc

N
@ 1 2 5 G eV —| 1073 . = < 3c
)
3.60exp v .
1072 —s— Observed p-value 107 ——
3 L] 4 o. O b S 1045 —--—— Expected for SM H[mH) *-!-

10

101% ey, et , Ut ,T,T,, Uy, ee
1 h’ I'l’ h“h y
] | 1 | 1 1 1 |
100 120 140 1[]' 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
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» Combining all H - tt channels

@125GeV
3.70 exp
3.20 obs

Local p-value
—
=]
'I11'I'IT

——

—e— Observed p-value

—---- Expected for SM H{mH]

povned sdveed soned bl el

4dc

a
=

Events

TT - combination Horoppnﬂle!l.

s CMS, 4.9 fb'at 7 TeV, 19.7 fb" at 8 Tev P RES s
10 L] L] L] L] l L] L] ]

E= sm 125 Gevisrr
mm Data - bachkground

107
106
10°
10
103
10
10
1

101

SM H(125 GeV)>te

-8—- Observed
0jet i, 10
1jet Nell-
[ vBF tag
R 0
-.-l—.—n_._
——
o
'] '] 'l 1 I
-3 -2
log(S/(S+B))
CMS, 497 at 7 TeV, 19.7 v at 8 TeV
. my, =125 Gelf 0-jet
0.34+1.09
1 jet
S 1.071.46
2_jet (VBF tag)
= D.84+0.41
. "+ .I+L1:"
0334102
H—=tt
—T 0.780.27
0 4

Best fit for olog,, 36




Combining T and B Hor orr il

» A combination of the most Significance (o)

sensitive Hbb and Hrr [ O

channels has been prepared VH 5 bb 21 1.0+05
. . H— 71 3.7 3.2 0.78 = 0.27
» Measured fermion coupling  combined 44 3.8  0.83+024
20 CMS {s=7TeV,L=51b"; ys=8TeV,L =19-20 fb” CMS fs=7TeV,L=5f" ys=8 TeV, L = 19-20 fb
- () F
c F 2107 VH — bb -= (exp.) —=-(obs.)
< 18 m, = 125 GeV g F VH - 1t - EGXP-; —~—(obs.)
N o Q 10 H — tt (hon-VH) -»- (exp.) - (obs.)
bg- VH—bb /[ to IS 10? Combined -o- (exp.) -~ (obs.)
. 3.80 — H—= 11 5 L
14 — Combined
= 10 1o
10% 5
777777777777777777777777777777777777777777777777777777777777777777777777 o 103 - O
10 =
””””””””””””” sandard /7 10°E |
model -
NN S 16 10°
C ! R T I E|I|||||||||||||||||||I|||||||
0 02 04 06 08 1 1.2 14 16 1.8 110 115 120 125 130 135
u my (GeV)
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» The decay to 1 and b is favoured

» Dedicated H — bb search with pure
QCD background

MSSM (Hbb)
» In MSSM at high tan(f3)

» The associated b-production is
enanched

CMS 2011, L=4.8fb",\s =7 TeV

L TR i [ | R i [l (R it etin! [Nkl |
Semileptonic Analysis _
Low-Mass Scenario ]

Events / 10 GeV

= Data
222 Background
[ M,=120 GeV
7] M,=180 GeV
(tan [=30)

95% CL Exclusion Regions | ]

| l Observed

------ Median expected

==2== 10 expected range

IIIII'III|I'I]I|IlI'IIIIII]II_

20 expected range

===22| Tevatron

Data - Background

R I I I I | S —

MSSM mp * scenario E
u= -200 GeV_

02/03/14
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! TR
250 300 350

M, [GeV]




p MSSM (HtT)

» Same searchfor H — 11

» Including 2011 and 2012 data
» Use additional jet with b-tag category to increase S/B

» Large MSSM phase space excluded

, CMS Preliminary, H-tr, 49 fb" at 7 TeV, 19.7 fb ' at 8 TeV
; 0 ™ T T 7T T T T T 1 CMS Preliminary, H—>ﬂ 4.9 fb at7 TeV 19 7 fb at 3 TaV
o

o = MSSM m;* scenario I".f‘lsugIr =1TeV

Q s

~—

= B clcctroweak

1 CJaco

_g E=2%4 bkg. uncertainty

E M3 {m_ =160 GeV, tan(i=§) 10 — -

- - 95% CL Excluded: |-
— pbserved ]
—— SM H injected
— pxpected
| | +1c expected H

+ 2 expected
I LEP I
1
0 200 1000 1500 100 200 300 400 1000
m., [GeV] m, [GeV]
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» Ideas and challenges for next runsSil

» What's next? Is the game over? (of course not!)

» Now that we know that this new particle exists and we know that it
mostly decays to fermions we can use it as a probe for new physics
(this is doable, and being done, with runl data)

» Search the H—- bb or H->1t resonance in SUSY final state
» Search resonances of X->HH (w/ final state 4b, ttbb, yybb...)
» Search for H— bb in high pt jets (boosted search, subjets techniques)

P Precision measurement of SM Higgs and measurement of self
coupling with larger datasets CMS Projection

Expec‘:ted ur‘lce;tairlnie‘s or‘l - |—| ‘sooolm" f;t @|:14‘Tev‘5(,e,,‘a,io‘1
» Preparation for next run (300/fb,14TeV) | "=&=eere s
x, F—+—
P Boosted scenarios T e
¥y f—t—
P Larger PU K |t
. ngher energles b : =j|» Fermionic couplings
» Longer term (3000/fb) S AR PR N

02/03/14 expected uncertainty



% Conclusions R

» The Higgs to b-quarks decay is being studied in at least
three different channels

» Best sensitivity in VH ~ 20
» CMS recently added VBF to the family of Hbb studies

» Higgs to T pairs studied in all production modes

» Combined result well above 30 sensitivity

» Combined fermion search is well compatible with Standard
Model Higgs-to-fermions coupling (0.83+-0.24)

P A lot of road ahead to achieve precision measurements and
using the freshly discovered particle as a “tool” to search for
new physics
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% Are we ready for the 100/fb and aboVe? il

P What we may need from theorists:

P Background uncertainties are probably more relevant than those on the signal
P _but a precise understanding of the pt spectrum for VH is needed

P tt+jj and tt+bb backgrounds are important for ttH

P In particular the “tt+1b” (gluon splitting with 1 soft or collinear b) has large
uncertainties

P We would benefit from more studies of NLO generators and gluon splitting
tuning in generators (in general, not just in tt+b)

» The 1b and/or small angle regions showed disagreement in recent measurement

S n : ‘ ‘ s e - : 5 o 1 _
© ATLAS ‘- Data ({5=7 TeV o 4% Data ({s=7 TeV) _035CMS preliminary, 515/ © . Ns=7Tev
o)
2 F _[ Ldt=46f0" = MCFM 3 9 X = MCFM ] a ® da ]
‘é E —=— ALPGEN 3 "é r —=— ALPGEN = o0al MG 5F CTEQ6LT
- = - - " C>' ------ MG 4F MSTW2068
% — h ﬁ' - 0'g ‘g 0.25 E wme ALPGEN 4F CTEQSm |
S o E 250 =
!:- 107 _— = !:' E , ] C aMC@NLO MSTW2008 ]
S = 3 - # 4 F E
e+, Ndet=1 ] F e+, Nlet=2 - 0'2: | ]
10_2 7 ) 10'2 = ’ / 0.15 ; ™Y ; b i L {
3 F [ [ R S S et B
E /zz - T — 0.1 } ; N F.'.:.'.:.{!.'.'.:.'..-..'.E —:
r —V— r y N ittt | 3
u . S | L ‘ . . 7 r o -
Q 4f%4~ Data/MCFM 7 Q 4747 Data/ MCFM = 5— LT .
5 2~ theor. uncertainties ~ Z ) S ,F— theor. uncertainties . = L | | | | | e
g o i g 2 Ineor uncefia it N I N S N T N
a 1 - — ——— a 1 - © / : S
= - ‘< a = C 1 —~ B mrms pemast ) b g
§ 2, - . - % g 21 E . _ . » & g \QS : - / é
25-30 30-40 40-60 60-140 25-30 30-40 40-60 60-140 0 0.5 1 1.5 2 25 3 35 4

b-jet p_[GeV] b-jet p, [GeV] ARgg




Are we ready for the 100/fb and aboVEzil

» Luminosity scaling
» In VH, S/B is at most ~ 1/6

» MC predictions becoming systematically limited?
P More stat in the sidebands

P Less extrapolations

P Use generic templats (smooth shapes) instead of MC shapes

» 450M MC events used for 20/fb, we cannot produce a factor
of 10 more....



27 Scaling with sqgrt(s) and PU

» ttbar xsec grows faster than VH xsec!

» Already seen in 7->8 TeV

» Z->nunu & W->In have large ttbar background

» “additional jets” used to cut ttbar are affected by PU
» Z->11 on the other hand stays clean

» ttH xsec grows faster than ttbar

» ttH should increase the sensitivity
» VBE, H->bb

» More rapidity gap for the tag jets

» ...but also more QCD
» Trigger becoming really a challenge?



by, Substructures N

» And how about substructures?

» Jet merging really happens only for pT > 400 GeV

» No benefit from substructure in current regime (jets are
always well separated)

» The few GeV resolution seen at 200 GeV in theory papers is
not there in full simulation studies

» On the other hand, at 13 TeV

» Larger number of high boost events

(] (7]
o o
Tprrrrproeets

» The fraction of merged jets could be
significant

NN
(=

Events / 8GeV / 30fb™
o

» Substructure are likely need in the
high boost regime

-
=

Mass (GeV)



by, Triggers VHbb N

P Triggers are mostly based on the W/Z
» i.e. leptons and MET

» Higgs decay product (di-jets or even btag) are only
exploited for the medium-low pT region of ZH->nunubb

P All efficiencies are data driven (turn-on curves from
prescaled triggers)

Mode L1 Seed \ HLT Tﬁgge\r
Wi(pv)H SingleMulé (er) IsoMuld{ etalpl)
SingleMulé (er) Mudl (=talpl)
SingleMulé (exr) IsoMul(( eta2ll) WCandPt &0
Z(pu)H SingleMulé (er) IscMuld (etalZpl)
SingleMulé (er) Mudl (=talpl)
W(ev)H 8ingleEG20 OR 22 Ele27 WPR(
Z(ee)H DoubleEG137 Elel7\CaloIdT Calol=zoVL TrkIdVL TrkIzoVL
Ele8¥aleoIldlT CalelsceVL TrkIdVL TrkIscVL
Z{veH L1_ETM36 OR L1_ETMA40 __ HLT PFMET15%
L1_ETM36 OR L1_ETM40 HLI@EIELIPF@F T80 For 2012A
L1_ETM36 OR L1_ETM40  HLTDiCentralJetSump§g00_dPhil5_
<iﬁI@£55}PFJ&tEU®m oiseCleaned For 2012B-C-D
L1_ETM36 OR L1.ETMA0 < DiCentralJet20.CaloMET&5BTagCSV07_PFMHTS0 For 2012A
< DiCentralPFJet30_PFMET80_BTagcsv07 For 2012B-C-D

W(tvH L1_ETHM36 OR L1_ETMA40 LooselsoPFTaul3b_Trk20 _Prongl MET70
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Analysis strategyillE

» Each mode (1l,Inu,nunu) has a dedicated analysis optimization,
but the overall schema is common

» Categorize the analysis in pT bins (3 bins with boundaries
optimized in each analysis, typically around 100~200 GeV)

» Use a jet energy regression to improve the signal shape
» Estimate the backgrounds in control regions

» Train an MVA with all discriminating variables (including the
mass)

» Shape fit on the MVA output
P As cross check also a non MVA analysis has been performed

» Keep pT categories
» Cut based selection on b-tag and few other variables

» Use di-jet mass for the shape fit
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Multi BDT

» Use 3 dedicated BDT to categorize the events

P Glue together the “overall BDT” for the 4 resulting categories

Eptries / 0.04

-1 -08 -06,-04 -02 r 02 04 06 08 1

I I BDT output
02/03/14
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P For each channel several

Control Regions - Scale Factor

A small subset of checked

variables

T T
CMS Preliminary

. . S’W_ 40002—%:%:%2?":%_1 ' éiﬁzs oo —; :Zzgg:fvv%g 'I?}:::TET; %%"‘: E VVE(;B);:E-)L=12-W‘ ?;!::
control regions defined = e 5 -
. : ZnnH L WH
® Shapes of all variables tested ™ |« z+lightl e W-ight |
data vs MC ; s s
P Scale Factors for ylelds S o s 3
CSV max pMET [GeV] M (W) [GeV]
normalization £ e ty | J2 T e Tl o ey o
w ZTH(EE) = 1 3000 = w(uv)H(b) T oo) WumbD Erws
P Used as starting value (with ] ] -
uncertainty) for nuisance {t-control| . i
parameters in the final fit o8 )
Qo.é - 50 100 150 : 200 25 ) 7 15 54 :’z* E
Scale Facto rs Missing transverse energy pIMET significance 50 100 150 200 250 300 350p G?)O;)Ge\;iliﬁ
Process W (& H W(fv)H Z(¢0H Z[t6)H Z(w)H Z{vv)H
Tow pr 7TeV BTeV 7TV BTeV TRV BTeV
W +udscg 088001003 L00=0.02 %001 - - 0.89 £ 0.01 £0.03 0.96 < 0.06 £ 0.03
Wbb  1.91+0.14+031 2.00+0.15=0.10 - - 136+010+015 1.30+0.17 +0.10
Z + udscg - - 1114003+ 011 1.06+003+007 087 +0.01+0.08 1.15+ 0.07 %+ 0.03
Zbb - - 098 £005+012 1.04+005+0.08 0.96+002+003 1.12+010+0.04
T 0.93+£0.02+005 1.07+001+001 103+004+011 095+004£010 097 +002+0.04 1.05=+0.07 % 0.03
High py 7TeV BTeV 7TV BTeV 7TV B TeV
W+ udscg 079 £0.01 £0.02 0.04 £ 0.02 £ 0.01 = = 078 £0.02 £0.03 095 L0.05£0.02
Wbb  149+014+019 1724016008 - - 14840154020 127 +0.18+0.10
Z + udscg - - 111+£003+011 1.06+003+007 097 £0.02+004 1.04+007+0.02
Zbb - - 098 £005+012 1.04+006+0.08 108+009+006 1.15+01040.04
i 0.84 £0.02+003 098+0.01+001 103+£004+011 095+004£010 097 £002+0.04 1.03+ 007+ 0.03 50




% Systematic uncertainties VHBENN

®» The limit & significance are extracted with a shape analysis
P Systematic uncertainties are handled as nuisance parameters

» Where applicable a shape uncertainty is taken
» B-tagging (doing discriminator re-shaping)
» JEC/JER (variation within quoted uncertainties)
» Background models (different generators)
P Signal pt-spectrum (NNLO QCD and NLO EWK)
» Trigger (measured turn-on uncertainties)
» MC normalization (control region SF uncertainties)

» Diboson and single top yields (xsec uncertainty)

» Different choices of nuisance parameterization tested to verify
robustness of the shape analysis

®» No particular concerns from post-fit nuisance pulls
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M5

T

02/03/14

Systematics ttH

» Dominant systematics:

» tt+bb normalization

» B-tag shape uncertainties

» Jet Energy Scale

Uncertainties of the sum of tt+1f, tt+b, tt + bb, and tt + c€ events with > 6 jets and > 4 b-tags

Source Rate Shape?
QCD Scale (all tt+hf) 35% No
QCD Scale (tt + bb) 17% No
b-Tag bottom-flavor contamination 17% Yes
QCD Scale (tt + c€) 11% No
Jet Energy Scale 11% Yes
b-Tag light-flavor contamination 9.6% Yes
b-Tag bottom-flavor statistics (linear) 9.1% Yes
QCD Scale (tt+b) 7.1% No
Madgraph @Q? Scale (tt + bb) 6.8% Yes
b-Tag Charm uncertainty (quadratic) 6.7% Yes
Top pr Correction 6.7% Yes
b-Tag bottom-flavor statistics (quadratic) 6.4% Yes
b-Tag light-flavor statistics (linear) 6.4% Yes
Madgraph @Q? Scale (tt + 2 partons) 4.8% Yes
b-Tag light-flavor statistics (quadratic) 4.8% Yes
Luminosity 4.4% No
Madgraph Q? Scale (tt + ct) 4.3% Yes
Madgraph Q? Scale (tt+b) 2.6% Yes
QCD Scale (tt) 3% No
pdf (gg) 2.6% No
Jet Energy Resolution 1.5% No
Lepton ID/Trigger efficiency 1.4% No
Pileup 1% No
b-Tag Charm uncertainty (linear) 0.6% Yes
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VH, H to bb

b Associated production of nggs
to a vector boson

bJet1 p — ¢ view bb:

m 104.78
P+ 225.93 p — Zview
e \ Acp (bb,MET) 3.06

» Several modes considered: 1
» W->Inu (electron or muon) Ak - /&-‘3?5
» Z-> nunu

» Z->11 (electrons or muons)

» Decay of the Higgs boson in bb

» Use b-tagging to identify the jets
coming from the Higgs decay

» Backgrounds:
» V+b-jets, ttbar, single top, VV

P Trigger with the lepton(s) from the
V and/or MET
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ms | [First B Jet Candidate, pt: 153.15 GeV/| f

\ |Combined Secondary Vertex Tagger : 0.919)| N

Tompact Mucn Solancid

Second B Jet Candidate, pt: 48.44 GeV

CMS Experiment at LHC, CERN |
Data recorded: Mon Jun 27 02:59:42 2011 CEST \
Run/Event: 167807 / 149404739

Lumi section: 134

Orbit/Crossing: 35103256 / 2259

Muon 0, pt: 161.8 GeV Combined Secondary Vertex Tagger : 0.996

Muon 1, pt: 27.3 GeV
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o Multi-Variate Analysis

» Apply loose preselection cuts and let BOOSTED DECISION TREES

. Root’
and MVA increase the S/B w
. . . /F(’xl =l i = cl
» Use a dozen input variables to train a -
1 1 ] é/‘j'ccz xj:a-:;\:i-:cs
Bosted Decision Tree a8 528 hixg
giBi)) s s
» Optionally train different BDTs for b . . A
different backgrounds and split the a
final BDT in different regions
Preselection cuts BDT Input variables
Variable W(fv)H Z({hH Z(w)H Variable
PT{E ) :}_30 [75;2]005] >_6D prj: transverse momentum of each Higgs daughter
p1(ja) 30 > 20 > 30 m(jj): dijet invariant mass
pr(jj) > 120 — > 130 pr(jj): dijet transverse momentum
mj)) <|230 [80 —150] (< 250) < 250 pr(V): vector boson transverse momentum (or EX'*)
CPST‘.(FV) [120 - 173]4? 170)  [50 0—%0?] (52133) T CSV et value of CSV for the Higgs daughter with largest CSV value
max = U > Uol (U, = U . . .
sy 3 040 - 0244 0244 C5Vmin: value of CSV for the Higgs daughter with second largest CSV value

Ag(V, H): azimuthal angle between V (or E™*%) and dijet

CsVloose ~ (< 0.40) - — (< 0.244) Y, ) : ,
N, —0 _ -0 A (jj)|: difference in 5y between Higgs daughters
Episs > 45 (elec) - 130 — 170] (> 170)  AR(jj): distance in 7j-¢ between Higgs daughters
Ap(ET™, jet) - - > 05 N;j: number of additional jets
Ap(ERS, EFQS[M‘S}} _ _ <05 &(p(E%‘iSS, jet): azimuthal angle between E%‘i*“ and the closest jet (only for Z(vv)H)
Ap(V, H) ~ — > 2.0 AB: color pull angle [35]
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Control regions

P Cotrol regions are defined with several purpose:

» Adjust MC prediction of main backgrounds (V+light,V+b,ttbar)

» Verify BDT input variables distributions

» Verify BDT input variable correlations

» Verify BDT output distribution in signal free/depleted phase

space

P Typical Control Region definition: -

P Same preselection as for signal
P Invert some cuts

» and/or apply mass window veto

P Perform a simultaneous fit of
highly discriminating variables
(e.g. btag) to extract data/MC scale
factors

A

Invert b-tag

~

\,

)
Invert boost

Invert mass
_

<
<

/

[ Z bb (13%) ]

)éﬂ.r

!"

N

- Use variation of cuts to determine

Pr'eselection )i uncertainty of SFs

e

..)

Z wmdow

2btag

VHDPhi

v

Mass wmdow

}
)
Boost )
J
J
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Total uncertainty
+1conp

(M5
-
!
ATLAS Prelim.
my, =125.5 GeV
H- vy
+0.33
U= 1.5570_28
H— ZZ* — 4l

= 1 -43+0.40

-0.35

Phys. Lett. B 726 (2013) 88
2 :

H— WW* = Iviv
“ _ 0-99+0.31

-0.28

Phys.Lelt.B726(2013)88 , _

—

|_

Combined
H—yy, ZZ2*, WW*

W= 1 -33+0.21

-0.18

Phys. Lett: B 726 (2013) 88 |

W,Z H— bb
w= 0.2+0.7

-0.6

, ATLAS-CONF-2013-079

H— 1t (8TeV: 20.3 fb™)
u _ 1 .4+O.5

-0.4

ATLAS-CONF-2013-108

\s =7 TeV |Ldt = 4.6-4.8 fb" -0.5

Vs =8 TeV |Ldt = 20.7/20.3 fb’!

N IR L T
O 05 1 15 2
Signal strength ()

Comparison with atlas™ i

— o(statistical)
— o(syst.incl.theo.)

co(theory)
Phys. Lett. B 726 (2013) 88

» Tau Tau

» Atlas 4.1 obs, 3.2 exp

» CMS(all) 3.2 obs, 3.7 exp

» CMS(noVH) 3.40bs, 3.6exp
» VH, BB

» Atlas mu=0.2+0.7-0.6

» CMS mu=1.0+-0.5
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by, The Higgs Mechanism

P The Standard Model is a gauge theory with massless
fermions

P Mass term cannot be simply “added” to the Lagrangian
(not symmetric under the gauge groups)

P The Higgs mechanism allows to naturally break the
electroweak symmetry

P Introduce a complex doublet and a potential with minimum
at non-zero value

P Introduce Yukawa couplings of the new field to the
fermions

B This additional “Symmetry Breaking Sector” produces:

P> Masses for fermions and gauge bosons

P Anew particle, the Higgs boson, coupled to fermions

and gauge bosons with strength proportional to their
mass

P The Higgs boson mass is not predicted

P But constraints comes from precision measurements
of SM processes being the only free parameter

02/03/14

6 —
| 3 5“1{?;::1 = ': :
5 %ii—o.o02rs0-000033 ff i
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