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Outline

Outline of the talk
ATLAS & CMS in July 2012 observed a very SM-like Higgs boson
What next?

Warped Extra Dimensions (WED): radion (spin-0) and graviton (spin-2)
(Next to) Minimal Super Symmetric Models ((N)MSSM): additional
CP-even scalar Higgses
Beyond Standard Model (BSM): 4th generation vector-like quark, b

0

H !!! b�b benchmark decay
State of the art of SM VH! b�b (HIG-13-012 )

Resonant double Higgses production:
Results presented for analyses with decays in two separate jets
HH !!! b�b





 (HIG-13-032 )
HH !!! b�bb�b (HIG-14-013 )

Boosted Higgs analysis:
Pair-produced vector-like quarks b

0

decaying to bH using boosted
Higgs jet-tagging (B2G-14-001 )
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H!bb Signature

H!bb Signature
Very high BR = 57.7% for Higgs boson mass of 125 GeV

Study the Higgs boson coupling to fermions
The resulting irreducible background from QCD production of b quarks is
overwhelming

In the context of the SM: VH!!!bb (HIG-13-012)
VH: H-production with pT > 200 GeV in association with a W or Z

Suppresses the QCD, Z/W+jets and the top-quark production
backgrounds
Efficient trigger when the W or Z decay to charged leptons
Many decay channels: W(l�)H, Z(ll)H and Z(��)H

In the context of WED, (N)MSSM and BSM models:

Double Higgs production: second Higgs tagging (e.g.: b�b or 

)

High b-tagging efficiency and low background

Production of b000 !!! bH (BR = 100%), boosted Higgs tagging H ! bb (BR =
100%)
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SM VH!bb Results (HIG-13-012)

SM VH! b�b: Results

W�=Z�

q

�q

W=Z

h

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
nt

rie
s 

/ 0
.0

5

-110

1

10

210

310

410

510

610 Data
VH

bW + b
W + b
W+udscg

bZ + b
Z + b
Z+udscg
ttSingle top

QCD
VV(udscg)
VZ(bb)
VH(bb) 125
MC uncert. (stat.)

CMS Preliminary
-1 =  8TeV, L = 19.0 fbs

)b)H(bννZ(

BDT output
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

D
at

a/
M

C
0.5

1
1.5

2 MC uncert. (stat. + syst.) MC uncert. (stat.)
 = 0.456s = 0.741 K2

ν
χ

Strategy
Event classification:
several enhanced
BDT discriminants
to discern signal from
backgrounds, 4
subsets: t�t, V+jets,
diboson, VH
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At mH = 125 GeV:
The observed limit is 1.89 �=�SB and the
expected limit is 0.95 �=�SB

An excess of events is observed with a
local significance of 2.1 �

The signal strength is 1.0�0.5 �
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Resonant double Higgses searches Topologies

Resonant double Higgses searches: Topologies
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Gluon-fusion production of a
massive object X decaying to a pair
of H(((125)))
HH !!! b�bb�b: very high BR = 33%,
very low background and high b-tag
efficiency (� 60% per jet)

HH !!! b�b





: low BR = 0.26%,
very low background, high b-tag
efficiency (� 60% per jet), very high
photon-ID efficiency and excellent


 resolution

Boosted topologies for mX & 1 TeV (jet merging, sub-jets, CA8 jets)

Boosted analyses are coming, results presented for analyses with decays in
two separate jets (anti-kT , R = 0.5) and 260 GeV < mX < 1100 GeV

B. Marzocchi (INFN&Milano-Bicocca) Boosted Higgs bosons in physics analyses BOOST2014 - August 20th 5 / 19



Resonant double Higgses searches Two photons and two bottom quarks (HIG-13-032)

HH ! b�b

: Objects Selection

Photons
L = 19:7 fb�1,

p
s = 8 TeV

Inspired from legacy
H !!! 





 analysis :

Diphoton trigger, cut based
photon ID, ...

Vertex with max(
P

p2
T )

Jets
Loose jet ID, PU rejection

At least one b-tagged jet
(CSV Medium WP, 60-70%
efficiency per jet)

Hbb candidate : prefer
b-tagged jets, max(pjj

T ) pair

Photons Jets Events classification
tight photon identification loose jet identification

pT
1=M

 > 1=3 pileup rejection �2 b–tagged jets (high purity)
pT
2=M

 > 1=4 pTj > 25 GeV exactly 1 b–tagged jet (medium purity)
j�
 j < 2:5 j�jj < 2:5

100 < M

 < 180 GeV at least 1 b–tagged jet

Dominant background : QCD production of 

jj

Kinematic fit: constraint mjj to mH = 125 GeV, taking into account jets
resolution
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Resonant double Higgses searches Two photons and two bottom quarks (HIG-13-032)

HH ! b�b

: Analysis Strategy
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Data 

Fit

 σ 2 ±Fit 

σ 1 ±Fit 

Medium purity

bbγγ → HH →X 

Split in two regimes for signal extraction (kin. peak for m

jj � 300 GeV):
Low mass (mX < 400 GeV): cut m

jj and mjj, fit m



High mass (mX � 400 GeV): cut m

 and mjj, fit mkin:


jj (after kin. fit)

Function choice for background estimation: power law for each category
(negligible bias on signal strength)
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Resonant double Higgses searches Two photons and two bottom quarks (HIG-13-032)

HH ! b�b

: Results
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Bulk KK-graviton 

Observed 95% upper limit

Expected 95% upper limit

σ 1 ±Expected limit 

σ 2 ±Expected limit 

 = 8 TeVs          -1CMS Preliminary                                    L = 19.7 fb

No significant deviation from expectations

Statistical limited analysis

The systematic uncertainties worsen exp. limits by 1.7% at most
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Resonant double Higgses searches Four bottom quarks (HIG-14-013)

HH ! b�bb�b: Objects Selection

Events
L = 17:93 fb�1,

p
s = 8 TeV

HLT: multi-jet and b-tagging
requirements (CSV)

At least 4 jets:
j�j < 2:5
pT > 40 GeV
CMVA > 0.71

Combined Multivariate b-tagger
(CMVA):

CMVA combines features from
different b-taggers (soft lepton
taggers, Inclusive Vertex
Finder,...)

Few percent better performance
wrt CSV and factor 2 of better
rejection at 70% efficiency

Low Mass Regime (LMR) Medium Mass Regime (MMR) High Mass Regime (HMR)

270 GeV < mX < 550 GeV 550 GeV < mX < 730 GeV mX > 730 GeV

CMVA-leading jet + other-jet mass within mH � 35 GeV jet-pairs with minimum jmH1 � mH2 j jet-pairs with minimum jmH1 � mH2 j

Same criterion with other 2 CMVA-subleading jets �Rjj < 1:5 �Rjj < 1:5

At least 2 jets with pT > 90 GeV Higgs-pT > 300 GeV
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Resonant double Higgses searches Four bottom quarks (HIG-14-013)

HH ! b�bb�b: Analysis Strategy
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CMS
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QCD multi-jet main
background

Main background modeled in
data SR, studying parametric
fits in SB
VR and VB (around Z-peak):
sanity check of fitting SR with
functions extracted from SB

Additional Control Region
(invert one jet b-tag requirement)

Apply a kinematic-fit to dijet masses, targeting mH in SR and SB
regions and mZ in VR and VB regions

t�t-production � 25% of SR background, treated as a separate component
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Resonant double Higgses searches Four bottom quarks (HIG-14-013)

HH ! b�bb�b: background & signal modeling (I)
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Resonant double Higgses searches Four bottom quarks (HIG-14-013)

HH ! b�bb�b: background & signal modeling (II)

Signal
LMR: sum of 2 Gaussians

MMR & HMR: Exp-Gauss-Exp
(Gaussian core differentiably
continued on both sides to
exponential tails)

Background
QCD multi-jet: Gauss-Exp

t�t: Gauss-Exp

Bias studies: bias added as a
systematic uncertainty to the
background model
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Resonant double Higgses searches Four bottom quarks (HIG-14-013)

HH ! b�bb�b: Results
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No significant deviation from expectations
spin-0 and spin-2 signals have different efficiencies

Improve sensitivity for mX & 800 GeV with boosted analysis
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Resonant double Higgses searches Boosted regime

Jet Merging
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Signal efficiency decreases for mX & 800 GeV due to jet merging
Boosted Resonant HH ! b�bb�b analysis is coming...
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Boosted Higgs jet-tagging Pair production of b
0

! bH (B2G-14-001)

Pair production of b
0

! bH: Objects Selection
Events

L = 19:7 fb�1,
p

s = 8 TeV
(trigger: HLT_HT_750)

At least one b-jet and at least
one Higgs jet

HT �
P j~pT (AK5 jets)j > 950

GeV

b-tagger: CSV medium WP

Objects tagging
Boosted Higgs tagging:
Cambridge-Aachen jets with
R = 0:8 (CA8)

b-jet tagging: anti-kT jets with
R = 0:5 (AK5)

�R(b jet, Higgs-tagged jet)> 1.2

Boosted Higgs tagging b-jet tagging Event classification
pT > 300 GeV
j�j < 2:4

loose jet ID pT > 80 GeV �2 b-tagged jets
Pruning applied j�j < 2:4 1 b-tagged jet

N-subjetness �2=�1 < 0:5 tight jet ID
�R(subjets)> 0:3

90 GeV < Mpruned < 140 GeV
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Boosted Higgs jet-tagging Pair production of b
0

! bH (B2G-14-001)

Pair production of b
0

! bH: Analysis Strategy (I)
Limit extracted from HT distributions

Main backgrounds:
QCD-multijet production (estimated from the data using "ABCD"
method)
t�t+jets production (minor background, estimated from MC)

"ABCD" method:
anti-Higgs tagging: CA8 jets requiring pruned subjets with
0:244 < CSV < 0:679

NB === NA · ND
NC

Validation with data control samples consisting of events with exactly 0
b jets (1 AK5 jet with pT > 80 GeV and �2 AK5 jet with pT > 80 GeV)

anti-Higgs tagged Higgs tagged
90 GeV <<< Mpruned <<< 140 GeV A B

Mpruned <<< 80 GeV C D
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Boosted Higgs jet-tagging Pair production of b
0

! bH (B2G-14-001)

Pair production of b
0

! bH: Analysis Strategy (II)
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Boosted Higgs jet-tagging Pair production of b
0

! bH (B2G-14-001)

Pair production of b
0

! bH: Results
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Observed upper limit of 846 GeV, consistent with the expected limit of
811 GeV
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Conclusion

Conclusion
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Searches for boosted Higgs bosons are approaching
Resonant searches constraining WED, (N)MSSM,...
Boosted Resonant HH !!! b�bb�b analysis is coming
Constraint on b

0

mass
Looking forward LHC Run II data taking
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BACKUP

BACKUP
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BACKUP Higgs Boson

A Higgs boson was found

Observed by ATLAS & CMS in July 2012, very SM-like:
Mass as expected by constrains of previous measurements
Couplings match SM predictions, spin-parity favours 0+

It is a Higgs boson, SM looks complete, so what now?
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 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

Moving forward: Higgses in the
final state

WED models
(N)MSSM models
Handle on HHH, WWHH
couplings
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BACKUP Theoretical Models

Theoretical Models: WED & (N)MSSM

WED models
Radion (spin-0) and
(kk)graviton (spin-2)
�’s depend on a scale �R

Radion mass depends on extra
dimension stabilization
mechanism (= model)

Graviton mass depends on the
geometry of the extra dimension

Coupling to Higgs boson

(N)MSSM
Simplest extension compatible with
gauge invariance of the minimal
Higgs sector

2 neutral CP-even scalars h and H

one neutral CP-odd pseudo-scalar
A

2 charged scalars H�

NMSSM: additional neutral
CP-even scalar H2 and neutral
CP-odd pseudo-scalar A2

(N)MSSM models interesting for mass ranges from 250 GeV up to 500 GeV
WED models interesting for mass ranges from 500 GeV up to 1 TeV
Radion, graviton and neutral CP-even scalars couple to SM Higgs
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Comments on other channels
channel frequency(%)

h(b�b; c�c; gg)h(b�b; c�c; gg) 47.86
h(b�b)h(b�b) 33.30

h(b�b; c�c; gg)h(VV�) 33.40
h(b�b)h(�+��) 7.29
h(VV�)h(VV�) 5.83
h(l+l�)h(VV�) 3.06
h(l+l�)h(l+l�) 0.40

h(b�b; c�c; gg)h(

) 0.32
h(b�b)h(

) 0.26

h(b�b; c�c; gg)h(�+��) 0.03
h(l+l�)h(

) 0.03

For HL-LHC (
p

s = 14 TeV,
´

L = 3000 fb�1)

�(pp ! HH) = 33:86 fb:
� 100 k events produced

channel Nevents
b�bb�b � 34 000
jjVV � 34 000
b�b�� � 7 400
b�b

 � 260
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SM VH! b�b: Analysis Strategy

Event Reconstruction
L = 5:0 fb�1 at

p
s = 7 TeV and

L = 19:0 fb�1 at
p

s = 8 TeV

Usual CMS reconstruction and
identification of leptons, jets,
b-jets (CSV algorithm), W and Z
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E
nt
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/ 0
.0
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-110

1
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510

610 Data
VH

bW + b
W + b
W+udscg

bZ + b
Z + b
Z+udscg
ttSingle top

QCD
VV(udscg)
VZ(bb)
VH(bb) 125
MC uncert. (stat.)

CMS Preliminary
-1 =  8TeV, L = 19.0 fbs

)b)H(bννZ(

BDT output
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

D
at

a/
M

C

0.5
1

1.5
2 MC uncert. (stat. + syst.) MC uncert. (stat.)

 = 0.456s = 0.741 K2
ν

χ

Event Selection
Resolution on the Mbb is
improved using regresssion
techniques

Event classification based on
several enhanced BDT
discriminants, trained to
discern from specific
backgrounds

Appropriate control regions in
data to correct the Monte Carlo
yield estimates

Limit Extraction
Fit the output distributions of the
BDT discriminants

B. Marzocchi (INFN&Milano-Bicocca) Boosted Higgs bosons in physics analyses BOOST2014 - August 20th 24 / 19



BACKUP HH ! b�b



Signal shapes
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Kinematic fit
Constraint mjj compatible with mH = 125 GeV

Takes into account the experimental jet resolutions

Improves notably the 4-body mass spectrum resolution for signal

Shuffles events around for background
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HH ! b�b

: background & signal modeling
Bias studies

Function choice for background estimation :
Negligible bias on signal strength for many background functional
shapes
Pow1 for low mass regime and 1=(x2 + b)a or 1=x2a for medium (high)
purity category in high mass regime
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Signal and background fits (I)
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Signal and background fits (II)
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Signal and background fits (III)
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Signal and background fits (IV)
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Selection cuts, efficiency and yields

mX M

jj selection
260 [225; 280]
270 [225; 295]
300 [255; 330]
350 [310; 395]
400 [370; 440]

Mjj selection
all masses [85; 155]
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CMS Preliminary Simulation  = 8 TeVs
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Warped Extra Dimensions: systematic uncertainties

Common normalization uncertainties
Luminosity 2.6%

Diphoton trigger acceptance 1.0%

Low mass analysis: fit to M



Normalization uncertainties
Photons selection acceptance 1.0%

"b-tag" eff. uncertainty 2 btag cat 4.6%
"b-tag" eff. uncertainty 1 btag cat -1.2%

mjj and pT;j cut acceptance ( JES & JER) 1.5%
m

jj cut acceptance (PES � JES & PER � JER) 2%

Shape uncertainties
Parametric scale shift (PES�M(H) uncertainty) �m



m


= 0:45� 0:35%

Parametric resolution shift (RES) ��

m


= 0:25%

��

�


= 22%

High mass analysis: fit to M

jj;kin

Normalization uncertainties
Photons selection acceptance 1.0%

"b-tag" eff. uncertainty 2 btag cat 5.3%
"b-tag" eff. uncertainty 1 btag cat -1.8%

mjj and pT;j cut acceptance ( JES & JER) 1.5%
m

 cut acceptance (PES & PER ) 0.5%
Extra High pt norm. uncertainty 5.0%

Shape uncertainties
Parametric abs. shift (PES � JES ) �m

jj

m

jj
= 0:45� (0:8� 1:0) = 1:4%

Parametric shift (PER � JER ) ��

�

jj
= 10%
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Low mass limits
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Signal shapes
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Signal Fit
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t�t-component
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Control Regions
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Validation Regions
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Sideband Regions
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Background Fit

 (GeV) Xm
300 350 400 450 500 550 600 650

E
ve

nt
s 

/ 3
 G

eV
 

0

2

4

6

8

10

12

14

16

18

20

22

/ndof = 1.092χ
p-value = 0.23

Data in SR

Background

Multi-jet

 (8 TeV)-117.93 fbCMS Preliminary

LMR

 (GeV) X m
400 500 600 700 800 900

 E
ve

nt
s 

/ 1
0 

G
eV

0

5

10

15

20

25

/ndof = 0.962χ
p-value = 0.56

Data in SR

Background

Multi-jet

 (8 TeV)-117.93 fbCMS Preliminary

MMR & HMR

B. Marzocchi (INFN&Milano-Bicocca) Boosted Higgs bosons in physics analyses BOOST2014 - August 20th 40 / 19



BACKUP HH ! b�bb�b

Systematic uncertainties

t�t cross-section: 15%

Bias LMR: 2% - 26%

Bias HMR: 15% - 32%
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Resonant double Higgs production combined limit (spin-2)
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=.2plM X, kL=35, k/→WED: gg

 HH)=.25, no r/H mixing→BR(X

elementary top
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Systematics uncertainties

M(b’)=500 GeV
% JEC b-tagging SF CA8 SF PU
+1� +3:35 +6:54 +2:56 �0:18
�1� �3:68 �6:08 �2:56 +0:06

M(b’)=600 GeV
% JEC b-tagging SF CA8 SF PU
+1� +2:33 +6:54 +2:56 �0:58
�1� �1:75 �6:47 �2:56 +0:57

M(b’)=700 GeV
% JEC b-tagging SF CA8 SF PU
+1� +1:02 +7:39 +2:56 �0:88
�1� �1:40 �6:61 �2:55 +0:98

M(b’)=800 GeV
% JEC b-tagging SF CA8 SF PU
+1� +0:92 +7:89 +2:56 �1:01
�1� �0:93 �7:39 �2:56 +1:00

M(b’)=900 GeV
% JEC b-tagging SF CA8 SF PU
+1� +0:56 +8:96 +2:58 �0:46
�1� �0:66 �8:00 �2:58 +0:41

M(b’)=1000 GeV
% JEC b-tagging SF CA8 SF PU
+1� +0:39 +9:88 +2:58 �0:86
�1� �0:43 �8:53 �2:57 +0:88

M(b’)=1200 GeV
% JEC b-tagging SF CA8 SF PU
+1� +0:51 +12:16 +2:58 �0:57
�1� �0:24 �10:09 �2:58 +0:60
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