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Strategy of Higgs analysis

Unique resonance?

Spin/CP?

Lagrangian?

Coupling strength?

Twin peaks?

Dorival Gonçalves GDR Terascale - Montpellier, 14 May 2013

How do we know that it is really the SM Higgs boson?



Strategy of Higgs analysis

Unique resonance?

Spin/CP?

Lagrangian?

Coupling strength?

H > ZZ

ATLAS quotes: spin-2 excluded at 80% CL
(particular spin-2 benchmark model)
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How do we know that it is really the SM Higgs boson?



Strategy of Higgs analysis

Unique resonance?

Spin/CP?

Lagrangian?

Coupling strength?

All couplings in agreement with the SM 
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How do we know that it is really the SM Higgs boson?



Unique resonance?

Spin/CP?

Lagrangian?

Coupling strength?

Strategy of Higgs analysis

Current experimental analysis H>ZZ, γγ, WW

We propose the inclusion of WBF and ZH

A
B
C
...

Models Kinematic distributions 
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How do we know that it is really the SM Higgs boson?



Models
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X ! ZZ ! 4l

Nelson angles (standard approach):

Nelson angles

Gao, Gritsan, Guo, Melnikov, Schulze, Tran (2010)
Rujula, Lykken, Pierini, Rogan, Spiropulu (2010)

Cabibbo and Maksymowicz (1965)
Dell’Aquila and Nelson (1986)
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Flipped Nelson angles (Breit-frame):
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V BF : q1q2 ! j1j2 (X ! dd̄)

Flipped Nelson

Hagiwara, Li, Mawatari (2009)

Zeppenfeld et al.
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Flipped Nelson
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⇤ = (p̂V1 . p̂d)|X
Gottfried, Jackson (1964)  
Frank, Rauch and Zeppenfeld (2012)

spin-0 and spin-1 present a flat profile

These 2 angles are essentially equivalent

key observable in the spin/CP analysis

V BF : q1q2 ! j1j2 (X ! dd̄)
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Flipped Nelson
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X ! ZZ ! 4l WBF WBF

Nelson angle Flipped Nelson angle
(evaluated at X frame)

Azimuthal angle
Plehn, Rainwater, Zeppenfeld (2001)

       and          equivalent 
(Modest transverse boost from X to lab frame on the large longitudinal parton momenta)
�� ��jj
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Flipped Nelson
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X ! ZZ ! 4l WBF WBF

Nelson angle Flipped Nelson angle
(evaluated at X frame)

Azimuthal angle
Plehn, Rainwater, Zeppenfeld (2001)

       and          equivalent 
(Modest transverse boost from X to lab frame on the large longitudinal parton momenta)
�� ��jj

0 2 4 6
0

0.2

0.4

0.6

Γ dΔφ
1  dΓ

0-
D5

0+
D5

0+
SM

2+

0 2 4 6
0

0.2

0.4

0.6

σ dΔφ
1  dσ

0-
D5

0+
D5

0+
SM

2+

Flipped Nelson assumes the complete reconstruction of the hard process
Not well suited for dealing with QCD effects at a Hadron Collider
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Tagging jet kinematics
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Central X production

Spin-0 forward tagging jets

Spin-2 central tagging jets

Spin-2 pTj1 go beyond the TeV scale.
Consistent models include a form factor to cut this tail

V BF : q1q2 ! j1j2 (X ! dd̄)

{�⌘mn,��mn} for m,n = j1,2, X, d, ¯d
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Tagging jet kinematics

spin-0 spin-1 spin-2
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ηΔ

-10 -5 0 5 100

0.1

0.2

0.3

jj
ηΔ

-10 -5 0 5 100

0.1

0.2

0.3

jj
ηΔ

-10 -5 0 5 100

0.1

0.2

0.3

In our analysis we avoid the standard WBF cut �⌘jj > 4.2

This makes our set of observables more powerful to distinguish the hypothesis

Spin-2, in contrary to the spin-0, does not present a large rapidity gap

jj
ηΔ
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The cut PTj1 < 100 GeV selects the spin-2 helicity two, which behaves similarly as the spin-0

spin-2 pTj1 <100GeV
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Englert, DG, Mawatari, Plehn (2012)
See also Djouadi, Godbole, Mellado, Mohan (2013)

https://inspirehep.net/author/Djouadi%2C%20A.?recid=1215324&ln=en
https://inspirehep.net/author/Djouadi%2C%20A.?recid=1215324&ln=en
https://inspirehep.net/author/Godbole%2C%20R.M.?recid=1215324&ln=en
https://inspirehep.net/author/Godbole%2C%20R.M.?recid=1215324&ln=en
https://inspirehep.net/author/Mellado%2C%20B.?recid=1215324&ln=en
https://inspirehep.net/author/Mellado%2C%20B.?recid=1215324&ln=en
https://inspirehep.net/author/Mohan%2C%20K.?recid=1215324&ln=en
https://inspirehep.net/author/Mohan%2C%20K.?recid=1215324&ln=en


Tagging jet kinematics
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φΔ
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Background suppression 



Background suppression 

Dorival Gonçalves GDR Terascale - Montpellier, 14 May 2013

To gain discriminative power for spin/CP analysis avoid rapidity gap cut



Comparison of observables
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Confidence level for distinction from the SM hypothesis

Most powerful observables: �⌘jj and ��jj

Makes the analysis competitive with the standard X ! ZZ
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Event shapes
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Englert, Takeuchi, Spannowsky, (2012)
Englert, DG, Spannowsky, Nail (2013)

Correlated with ��jj
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Captures �⌘jj info

In an inclusive selection, the entire energy-momentum flow distribution provides a superior 
discriminant compared to ∆Φjj.



Correlated with ��jj

Event shapes

Dorival Gonçalves GDR Terascale - Montpellier, 14 May 2013

Englert, Takeuchi, Spannowsky, (2012)
Englert, DG, Spannowsky, Nail (2013)

10.90.80.70.60.5

1

0.75

0.5

0.25

0

tt̄+jets
Zjj

2+
ew+q

directly global thrust T⊥,g

dσ
/d

T
⊥

,g
[fb

/0
.0

2]

10.90.80.70.60.5

1

0.75

0.5

0.25

0

tt̄+jets
Zjj

SM H

directly global thrust T⊥,g

dσ
/d

T
⊥

,g
[fb

/0
.0

2]

10.80.60.40.20

1.2

1

0.8

0.6

0.4

0.2

0

tt̄+jets
Zjj

2+
ew+q

central total broadening BT

dσ
/d

B
T

[fb
/0

.0
4]

10.80.60.40.20

1.2

1

0.8

0.6

0.4

0.2

0

tt̄+jets
Zjj

SM H

central total broadening BT

dσ
/d

B
T

[fb
/0

.0
4]

Captures �⌘jj info

504540353025201510

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

central wide broadening
total central broadening

thrust
thrust minor

∆Φjj

5σ limit

SM H vs 2+
ew+q

luminosity L / rec. efficiencies [1/fb]

co
nfi

de
nc

e
le

ve
l

In an inclusive selection, the entire energy-momentum flow distribution provides a superior 
discriminant compared to ∆Φjj.



After the ‘Higgs’ discovery the main challenge is to confirm its Lagrangian

Summary

We present a comprehensive study of the determination of it in WBF

Most powerful observables: �⌘jj and ��jjMost powerful observables:

The analysis is competitive with the standard X ! ZZ

Dorival Gonçalves GDR Terascale - Montpellier, 14 May 2013

For an inclusive analysis, Event Shapes can capture similar information



Lagrangian

Spin zero:

CP even and odd scalars X = H,A; V = W,Z and G = gluon

L0 = g
(0)
1 HVµV

µ � g
(0)
2

4
H Vµ⌫V

µ⌫ � g
(0)
3

4
AVµ⌫

eV µ⌫ � g
(0)
4

4
H Gµ⌫G

µ⌫ � g
(0)
5

4
AGµ⌫

eGµ⌫
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Lagrangian

Spin one:

L1 = ig(1)1 (W+
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Landau-Yang Theorem:
Massive vector cannot decay to two massless identical vectors
due to angular momentum conservation and Bose symmetry

Hagiwara, Peccei, Zeppenfeld (1987)

Using     one can explicitly check that X > VV vanishes for on-shell X

Non-zero off-shell contributions 
Interference with backgrounds might lead to an enhanced peak-dip profile
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Lagrangian

Spin two:

L2 = �g(2)1 Gµ⌫T
µ⌫
V � g(2)2 Gµ⌫T

µ⌫
G � g(2)3 Gµ⌫T

µ⌫
f

see for example: Ellis, Sanz,You,  arxiv:1211.3068,1210.5229,1208.6002
                         Frank, Rauch and Zeppenfeld, arXiv:1211.3658
                          A. Alves, arXiv:1209.1037

Graviton-like particle does not completely unitarize WW-scattering

Check unitary violation from amplitudes with high-Qˆ2
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Basic strategy

Dorival Gonçalves GDR Terascale - Montpellier, 14 May 2013



Where we define

Flipped Nelson

The Breit-frame observables

spin-2 pTj1 <100GeV

Dorival Gonçalves GDR Terascale - Montpellier, 14 May 2013



Associated production

Z⇤ ! ZX ! l+l�bb̄ :
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Higgs-jet correlations
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Requires reconstruction of the heavy resonance:

X ! �� most promising channel

X ! ⌧⌧ approximate reconstruction

spin-2 pTj1 <100GeV
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Background suppression 

Basic kinematic cuts:
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