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Production channels

v To cope with the QCD background it is useful to
exploit the signal topology of:

the associated production of the Higgs boson with
W/Z boson (VH);

o{pp — H+X) [pb]

the Vector Boson Fusion production (VBF).

v The VH channel, when the W/Z boson decays
leptonically, is characterized by:

the presence of two, one or zero isolated
energetic charged leptons from the W/Z decay;

high missing transverse energy (MET) when the
W/Z decay to neutrino(s).

v The VBF channel is marked by:

two energetic quark-jets with high mass and n
separation;

low hadronic activity between them, except for the
two jets from Higgs decay.

v In addition, both channel have the two b-jets
from the Higgs decay.
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Trigger
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v For the VH channel the triggers are or +_;_ ]
based on the presence of the - TS —
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v The main backgrounds of the VH analysis are W/Z + jets and tt b

productions. @
v Their shapes are taken from simulation whereas their

normalizations are data-driven. C D ¢ b

v The analysis is performed in six channels according to the vector
boson decay modes: W — ev, uv, T(1-prong)v; Z — ee, P and wv. 100 GeV<MET<130 GeV

v Each channel is binned in two or three bins depending on the /

Control reqgions:
vector boson p;. Z+heavy jets,

Signal region

Scale factors

MC and data check

"""""""""""""""" ]
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v In each bin a signal region is defined using cuts on: the jet Wiheavy jets,
kinematic variables and b-tag discriminants, the lepton momenta, it
the MET and the number of additional leptons and jets.

v Up to five control regions (tt, W/Z + heavy/light jets) are defined
in each bin inverting some cuts:
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- a fit on the main background normalizations is used to find up
to seven scale factors (W + 0/1/2 b-jets; Z + 0/1/2 b-jets; tt) to
apply to the simulations.

Data/MC
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The main background of the VBF analysis is the multi-jet
QCD production. Minor backgrounds are: Z/W+jets,tt and
single top.

0.06 E CMS Simulation

0.05F

0.04F

Probability Density

In this channel the QCD background is directly estimated
from data.
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An Artificial Neural Network (ANN) is trained to separate S e
the signal from backgrounds. With the exception of the B0 s o ae "ANN Output”
b-jets kinematics it exploits the most discriminant f *
variables: An between the most forward/backward jets,

b-tagging discriminants and additional hadronic activity in
the event.

M
The ANN discriminator is used to define five categories of 3 s 2l 42>
events with different signal/background ratio. :

Events /2
'S
o
o
o

In each category the Higgs candidate mass distribution
will be fitted using a fifth degree Bernstein polynomial as
QCD template, and Z/W and top template from simulation.
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Regression

v Both analysis use a jet energy regression in order
to improve the Higgs candidate mass resolution.

v The regression attempts to recalibrate the jet p; to
the true p; of the particle jet.

v The regression exploit variables like:

- b-tagging discriminants and secondary vertex
informations;

- jet-energy fractions between charged/neutral
hadron and photons, muons and electrons;

- jet kinematic variables (p;, n);

- missing transverse energy (only for ZH — llbb and
VBF)

v The result of the regression is an improvement on
the Higgs mass resolution of about 10 — 20%.
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In the VH channel to reduce the
background in the signal region three

v

specialized BDT are trained to reject the

tt, V+jets and VV backgrounds.
Each BDT is trained with:

- Higgs candidate mass and p-;

- b-tagging discriminants;

- lepton momentum and MET

- number of adjunctive leptons and jets
- other kinematic variables.

The three BDT are used to obtain a
signal region with an higher
signal/background ratio.

v Afinal BDT is trained against all
backgrounds in order to do the final fit.

25th February 2013
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Systematics

H

Event yield uncertainty

Individual contribution

Effect of removal

Source Type range (%) to w uncertainty (%) on w uncertainty (%)
Luminosity norm. 22-26 <2 <0.1
Lepton efficiency and trigger (per lepton) norm. 3 <2 <0.1
Z(vv)H triggers shape 3 <2 <0.1
Jet energy scale shape 2-3 5.0 0.5
Jet energy resolution shape 3-6 5.9 0.7
Missing transverse energy shape 3 32 0.2
b tagging shape 3-15 10.2 2.1
Signal cross section (scale and PDF) norm. 4 3.9 03
Signal cross section (pr boost, EW/QCD)  norm. 2/5 39 03
Monte Carlo statistics shape 1-5 13.3 3.6
Backgrounds (data estimate) norm. 10 15.9 52
Single-top quark (simulation estimate) norm. 15 5.0 0.5
Dibosons (simulation estimate) norm. 15 5.0 0.5
MC modeling (V + jets and tf) shape 10 74 1.1
VBF ) Source | Uncertainty |
— Background fit depending on the statistics of each category
Z+ets cross section +20%
top cross section +20%
Signal and Z peak position (JES) +1.5%
Signal and Z resolution +10%
Luminosity +4.4%
Trigger efficiency +5 — 8%
Signal acceptance due to JES +10%
Signal acceptance due to JER £2%
VBF cross section +3%
VBE Monte Carlo acceptance +£10%
PDF +5%
VBF ANN shape due to b-tag £2%
VBF ANN shape due to quark-gluon discriminator +2%
VBF ANN shape due to UE modeling -8 — +2%
GF cross section +15%
GF Monte Carlo acceptance +50%
GF ANN shape +50%
25th February 2013 Search for H—bb at CMS
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A cross check: the Z peak

v The final fit will be:

- For VH: afit, for each bin, of the multi-BDT output using the shapes from simulation and data-driven
scale factors;

- For VBF: a fit, for each category, of the bb dijet mass distribution taking the signal shape from

simulation, the QCD shape from the fit of a fifth degree Bernstein polynomial and the Z/W and top
shapes from simulation.

v A natural cross check of the analysis is to measure the well known SM process VBF Z(bb) and
W/Z Z(bb), supposing a standard model Higgs boson.
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An upper limit of 1.89
[0.95] times the SM
Higgs boson cross
section at 125 GeV with
95% C.L. has been
observed [expected] in
the VH channel.

There, an excess of
events of 2.1 standard
deviations has been
reported.

It corresponds to a
signal strength of:

M=0,./0sy=102%0.5.
Compatible results have
been obtained in all
sub-channels
(Z(vv)H(bb), Z(Iv)H(bb)
and W(Iv)H(bb)).
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v An upper limit of 3.6 [3.0]
times the SM Higgs boson
cross section at 125 GeV
with 95% C.L. has been
observed [expected] in the
VBF channel.

v It corresponds to a signal
strength of:

M=0,.J/0sy=0.7%14,

meas
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Conclusions

v Asearch for the standard model Higgs boson decaying to bottom quarks has
been presented.

v Two production channels have been studied: the associated production with
vector boson decaying to lepton (VH) and the Vector Boson Fusion (VBF).

v The two different analysis strategies have been presented and their background
estimation have been described.

v An excess of events of 2.1 standard deviations
has been reported in the VH channel. It
corresponds to a signal strength of 1.0 £ 0.5.
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v In VBF, an upper limit of 3.6 [3.0] times the SM T

Higgs boson cross section at 125 GeV with 95% ¢3¢ —3
C.L. has been observed [expected]. This excess - s=7TeV, L=501b" ]
corresponds to a signal strength of 0.7 + 1.4. 10 fe=8ToV,L =190

VH(bb) + VBFH(bb) combined §

—@— Observed

v Combining the VH and VBF channels an 10°F E
excess of 2.2 standard deviations is ; g
reported. It corresponds to a signal strength 10110 715 120 125 130 _ 135
of y=0.97 + 0.48. my, [GeV]
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VH: signal regions
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Variable W(lv)H W(rv)H Z(€OH Z(vv)H
pr(V) [100-130] [130-180] [>180] [>120] [50-100] [>100] [100-130] [130-170] [>170]
Mg - - [75-105] e
pr(1) >30 >30 >20 >60)
pr(a) >30) >30) >20 >30)
prj) >100 >120 R [ >100] [ > 130] [ > 130]
m(jj) <250 <250 [40-250] [<250] <250
Efiss >45 >80 o [100-130] [130-170] [>170]
pr(7) fe =40 L
pr (track) e =20 e -
CSV, .« =>0.40 >0.40 [>0.50] [>0.244] >0.679
CSV.,uin >0.40 >0.40 >0.244 >(0.244
N, =() =0 =(
Ad(V, H) RE e >2.0
A (EFSS, jet) [>0.7] [>0.7] [>0.5]
A G(ERIss, ERss(tracks)) <0.5
Efr“i“ significance " . [=3][---1[---]
&(’.b(Ezrniss} g) <ﬂ.//2 ‘e
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Variable

pti1), pr(j»): transverse momentum of each Higgs boson daughter

m(jj): dijet invariant mass

pr()): dijet transverse momentum

pr(V): vector boson transverse momentum (or El}“iss)

N,;: number of additional jets (see caption)

CSV,,.x : value of CSV for the Higgs boson daughter with largest CSV value

CSV,,,: value of CSV for the Higgs boson daughter with second largest CSV value

A¢(V, H): azimuthal angle between V (or EF**) and dijet

|An(jj)|: difference in 1 between Higgs boson daughters

AR(jj): distance in  — ¢ between Higgs boson daughters

AB,y: color pull angle [43]

A G(EF™, jet): azimuthal angle between ET'*° and the closest jet [only for Z(vv)H]

max CSV,: maximum CSV of the additional jets in an event [only for Z(vv)H and W({v)H]

min CSV;: minimum distance between an additional jet and the Higgs boson candidate [only for Z(vv)H and W({v)H]

Invariant mass of the VH system [only for Z({{)H]

Cosine of the angle between the direction of the V boson in the rest frame of the VH system and the direction of the VH system in the
laboratory frame [only for Z(€€)H |

Cosine of the angle between the direction of one of the leptons in the rest frame of the Z boson and the direction of the Z boson in the
laboratory frame [only for Z({€)H |

Cosine of the angle between the direction of one of the jets in the rest frame of the reconstructed Higgs boson and the direction of the
reconstructed Higgs boson in the laboratory frame [only for Z(£€)H]

25th February 2013 Search for H—bb at CMS 18



VH: control regions INFN
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Z(vv)H(bb)
Variable Z+LF Z + HF 1 W +LF W + HF
[100-130] [130-170]  [100-130] [130-170]  [100-130] [130-170]  [100-130] [130-170]  [100-130] [130-170]
Emiss [>170] [>170] [>170] [>170] [>170]
pr(in) > 60 >60 =60 =60 >60
pr(j2) =>30 =30 =30 =>30 =30
p1(j) [>100] [>130] [>130] [>100] [>130] [>130] [>100] [>130] [>130] [>100] [>130] [>130] [>100] [>130] [>130]
m(jj) <250 <250, & [100-140] <250, ¢ [100-140] <250 <250, & [100-140]
CSV,,0 [0.244-0.898] >0.679 >(.898 [0.244-0.898] >0.679
CSV,... .- >(.244 .- e >0.244
N, [<2] [--+1[ "] [<2] [~--1[ "] =1 =0 =)
A¢(V, H) o >2.0 e _ >2.0
A G(ETS jet) [>0.7] [>0.7] [>0.5] [>0.7] [>0.7] [>0.5] [>0.7] [>0.7] [>0.5] [>0.7] [>0.7] [>0.5] [>0.7] [>0.7] [>0.5]
A G(Emiss, Emiss (tracks)) <05 <0.5 e e o
E]}:Jisssigniﬁcance [:,3][...][...] [:,.3][...][...] [:,.3][...][...] [:).3][...][...] [:,3][...][...]
Z(ll)H(bb) W(lv)H(bb)
Varizble Z + jets - Variable W + LF (7 W + HF
. T2

pr(i1) =20 =20 pr(ii) >100 >100 >100

pr(i2) =20 >20 m(jj) <250 <250 <250, & [90-150]

pr(V) >50 [50-100] CSV € [0.244-0.898] >0.898 >0.898

m(jj) <250, & [80-150] <250, ¢& [80-150] Ny < -1 —0

CSV jax >0.244 >0.244 Ny =0 =0 =0

CSVin >(.244 >(.244 Emiss >45 >45 >45

E™ss significance >2.0(u), >3.0(e)

25th February 2013 Search for H—bb at CMS 19



VH: scale factors INFN
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25th February 2013

Process W(€v)H Z(COH Z(vv)H

Low pr(V)

W + udscg 1.03 £ 0.01 £ 0.05 0.83 = 0.02 = 0.04
W+ b 2.22 =0.25 = 0.20 2.30 = 0.21 = 0.11
W + bb 1.58 = 0.26 = 0.24 e 0.85 = 0.24 = 0.14
Z + udscg ‘4w 1.11 = 0.04 = 0.06 1.24 = 0.03 = 0.09
Z+b 1.59 = 0.07 = 0.08 2.06 = 0.06 = 0.09
Z + bb 0.98 = 0.10 = 0.08 1.25 = 0.05 = 0.11

tt

1.03 £0.01 £0.04

1.10 £ 0.05 £ 0.06

1.01 £0.02 £0.04

Intermediate p(V)

W + udscg 1.02 = 0.01 + 0.07 0.93 + 0.02 + 0.04
W+b 2.90 = 0.26 + 0.20 2.08 = 0.20 = 0.12
W + bb 1.30 = 0.23 = 0.14 0.75 + 0.26 = 0.11
Z + udscg e 1.19 = 0.03 = 0.07
Z+b 2.30 + 0.07 = 0.08
Z + bb 1.11 £0.06 = 0.12
17 1.02 = 0.01 = 0.15 0.99 + 0.02 + 0.03
High p1(V)

W + udscg 1.04 = 0.01 = 0.07 0.93 + 0.02 + 0.03
W+b 2.46 +0.33 + (.22 2.12+0.22 +0.10
W + bb 0.77 + 0.25 = 0.08 S 0.71 + 0.25 + 0.15
Z + udscg e 1.11 = 0.04 + 0.06 1.17 = 0.02 = 0.08
Z+b 1.59 = 0.07 = 0.08 2.13 £ 0.05 = 0.07
Z + bb 0.98 = 0.10 = 0.08 1.12 +0.04 = 0.10

tt

1.00 = 0.01 £0.11

1.10 = 0.05 £ 0.06

0.99 = 0.02 £ 0.03

Search for H—bb at CMS
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VH: p-values
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E -------- Expected from SM Higgs boson §
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Z(vw)H(bb): candidate event
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VBF: background distributions

CMS Preliminary (s =8 TeV CMS Preliminary ,E.=.8.Te|v. — T
%) 105 e - | I_gpresel.&Trigger g: | EPreseI.&Trigger
O] 3 o Data (19.0 b o 10° S @ Data (19.0 )
i) 10 [EQcD (x 1.31) '"“‘J J@QcD (x 1.31)
§2) "g 10* —ggz_ﬂ'ets
g 1 03 > 3 ] -tstingle top
Ll>J 102 — VBF H(125)-> bb H 10 E‘rfv;e::u 25)—> bb
§—Gr 25~ b 10% — GF H(125)— b
10
3 10
1
% L] S o 12
s g ORI SIS AT A5 2 1"? Y D I & D
2 S £ osb o L . |§
My, (GeV) ° 04 02 0 02 04 06 08 1 12
ANN Output
Sample/ANN range | < 0.52 | 0.52—-0.76 | 0.76 —0.90 | 0.90 — 0.96 | > 0.96
QCD 1.9e+6 3.2e+5 1.1e+5 2.7e+4 8.7e+3
Z + jets 5531 1222 531 124 54
tt 12730 1032 190 33 15
t 1839 383 128 25 10
t 895 226 73 15 7
W + jets 2033 226 50 4 <1
VBF Mj;(125) 66 79 84 49 33
GF My (125) 94 37 18 6 2
25th February 2013 Search for H—bb at CMS
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VBF: a candidate event i

CMS Experiment at LHC, CERN
Data recorded: Sat Aug 4 21:17:51 2012 CEST

Run/Event: 200245 / 198478589
Lumi section: 175 qq jets pseudorapidity opening: 5.17

Compact Muon Solenaid

bb dijet invariant mass: 114 GeV
- A qq dijet invariant mass: 1.3 TeV
T additional soft HT: 1 GeV

b-tag discriminator: 0.999
secondary vertex mass: 1.8 GeV

gluon likelihood: 0.002

b-tag discriminator: 0.925
secondary vertex mass: 2.1 GeV
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VBF: used variables

1. Anqq the pseudorapidity separation between the b-tag sorted qq jets.

2. 6Anqq the pseudorapidity separation difference between the b-tag sorted and the 5
sorted qq jets. This difference is expected to be mostly zero for preselected signal events
where the non-b-tagged (VBF) jet pair is often the most forward-backward.

mgq the invariant mass of the b-tag sorted qq jet pair.

boost

Nqq = the average pseudorapidity of the b-tag sorted qq jet pair system.

CSV, the CSV b-tagging output for the most b-tagged jet.

CSV; the CSV b-tagging output for the second most b-tagged jet.

QGL, the quark/gluon likelihood discriminator output for the third b-tagged jet.
QGL; the quark/gluon likelihood discriminator output for the least b-tagged jet.

o ® N & O kW

112 the pseudorapidity of the third b-tagged jet.
10. H$*® the scalar p sum of the additional “soft” Track-Jets with pt > 1 GeV.

11. cos 0 the cosine of the polar angle of the vector p,, X p,, in the Higgs boson rest frame
(the frame where the momenta of the two most b-tagged jets are back-to-back), where g4
and g, are the least b-tagged jet pair. The angle 6 is essentially the angle between the qq
and bb planes.

12. cos & the polar angle of the vector p;, + p;, in the Higgs boson rest frame.
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