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VH(bb) and Some LPC History
• Associated production (VH) with H→bb 

- H→bb 
• Largest branching fraction
• Important for establishing Hff coupling

- V→leptons for triggering

• The LPC has been a big player in the 
CMS search for standard model 
VH(bb) since the beginning 
- Reached 2σ in Run 1 (arXiv:1310.3687) 

• Three FNAL postdocs who worked on 
H→VV did Snowmass studies showing 
VH(bb) could be powerful probe of the 
HVV coupling  
- Y. Gao, N. Tran, A. Whitbeck et al. (arXiv:1309.4819)
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The LPC Team
New team that drew on LPC experience in 

1.  The search for standard model VH(bb) 
2.  HVV coupling studies in H→VV
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1 Introduction

The observation of a new boson [1–3] with a mass around 125 GeV and properties consistent
with those of the standard model (SM) Higgs boson [4–10] has ushered in a new era of precision
Higgs physics. As such, the CMS and ATLAS collaborations at the LHC have begun a compre-
hensive study of the boson properties [11–27]. The spin-parity nature of the Higgs-like boson
was examined in gluon fusion production with H!WW, ZZ, Zg, and gg [11, 12, 14, 15, 21, 22].
The CDF and D0 collaborations at the Tevatron performed similar studies in associated produc-
tion with a W or Z boson and decay to bb [28–30]. In all cases, the spin-parity JCP of the boson
was found to be consistent with 0+. In Ref. [12], the hypothesis of a pure pseudoscalar spin-0
boson is excluded at the 99% confidence level. The tensor structure of the couplings to gauge
bosons has also been studied, leading to constraints on anomalous contributions to the interac-
tions. We present here the first search for anomalous couplings at the LHC in the topology of
associated production with the Higgs decaying to b quarks, qq̄ ! V⇤ ! VH(!bb).

In the following, we consider only the interactions with a W or Z boson, commonly denoted
“V”. The scattering amplitude of a spin-zero H and two massive spin-one gauge bosons VV is
given by
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where the aVV
i are arbitrary complex coupling parameters which can depend on the V1 and V2

squared four-momenta, q2
V1 and q2

V2, f (i)µn is the field strength tensor of a gauge boson with
momentum qVi and polarization vector eVi, given by e
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Vi � en
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µ
Vi, f̃ (i)µn is the dual field strength

tensor, given by 1
2 eµnrs f (i),rs, mV1 is the pole mass of the vector boson, and L1 is the scale

of new physics, a free parameter of the model [31]. The aVV
1 , kVV

i , and aVV
2 terms represent

parity-conserving interactions of a scalar, while the aVV
3 term represents a parity-conserving

interaction of a pseudoscalar. In the SM, only the aVV
1 term is non-zero at tree level. Other terms

are generated in loop-induced processes at levels beyond current experimental sensitivity.

We search for an anomalous a3 term of the HVV interaction, assuming the kVV
i and aVV

2 terms
are negligible. The effective fractional pseudoscalar cross section is defined as follows

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
, (2)

where si is the cross-section with ai = 1 and all other couplings equal to zero. The purely scalar
(pseudoscalar) case corresponds to fa3 = 0 ( fa3 = 1). The phase between the complex a1 and a3
couplings is given by fa3 = arg (a3/a1).

Associated Higgs production provides an excellent opportunity to probe the structure of the
HVV interaction. Due to the highly off-shell nature of the intermediate vector boson, small
values of anomalous couplings can lead to experimentally-accessible deviations in physical
observables. In this case, the mass of the VH system, m(Vh), is a powerful variable in deter-
mining anomalous Higgs couplings. The ultimate LHC sensitivity to a pseudoscalar interaction
in associated production is therefore expected to greatly exceed that of gg ! H !VV [31].

2 Analysis Strategy

The strategy of the analysis begins with the selection of events consistent with the topology of
Higgs production in association with a leptonically decaying electroweak vector boson, where

where σi is the cross section for ai=1 and aj≠i=0
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The invariant masses of the two-fermion final states, the six angles defined above, and four-momentum of the initial
partonic state exhaust the twelve degrees of freedom available to the four particles in the final state3. The initial state
four-momentum defines the X invariant mass mV1V2

and the motion of the X system in the longitudinal (rapidity
Y ) and transverse (pT ) directions. Both Y and pT distributions depend on the production mechanism and therefore
could help to further differentiate production models either for signal or background. However, these observables
have little discrimination power between different signal hypotheses once production and decay channels are fixed
and they introduce additional systematic uncertainties due to QCD effects. It is important to point out that the
transverse momentum of the X particle introduces smearing in the determination of the production angles θ∗ and
Ψ. The Collins-Soper frame [31] is designed to minimize the impact of the X transverse momentum on the angular
measurements. However, the effect is expected to be small compared to statistical uncertainties for the luminosity
expected in the 8 TeV run of the LHC and, for this reason, we do not study it in this paper.
The full differential mass and angular distribution can be expressed using Eq. (A1), where we can factorize the

phase-space and propagator terms

dΓJ(m1,m2, cos θ∗,Ψ, cos θ1, cos θ2,Φ)

dm1dm2d cos θ∗dΨd cos θ1d cos θ2dΦ
∝ dΓJ(m1,m2, cos θ∗,Ψ, cos θ1, cos θ2,Φ)

d cos θ∗dΨd cos θ1d cos θ2dΦ
× P (m1,m2), (5)

which are defined in Ref. [13] as
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[
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V
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After integration over the five angles, the differential mass distribution takes the form

dΓJ

dm1dm2
∝

∑

α,β=−,0,+

|Aαβ(m1,m2)|2 × P (m1,m2). (7)

Below we discuss how to calculate Aαβ(m1,m2) for each spin and coupling hypothesis after a brief comment on
the notation that we use throughout the paper. The polarization vectors of spin-one bosons are denoted by ϵi; we
assume them to be transverse, qiϵi = 0. Fermion wave functions are conventional Dirac spinors. The spin-two X wave
function is given by a symmetric traceless tensor tµν , transverse to its momentum tµνqν = 0; its explicit form can be
found in Ref. [19]. We will often use the notation f (i),µν = ϵµi q

ν
i − ϵνi q

µ
i to denote the field strength tensor of a gauge

boson with momentum qi and polarization vector ϵi. Assuming that momenta of the two bosons, V1,2, are along the
z-axis q1,2 = (E1,2, 0, 0,±|q|), the polarization vectors read

eµ1,2(0) =
1

m1,2
(±|q|, 0, 0, E1,2) , eµ1 (±) = eµ2 (∓) =

1√
2
(0,∓1,−i, 0). (8)

The conjugate field strength tensor is defined as f̃ (i)
µν = 1/2 ϵµναβf (i),αβ = ϵµναβϵαi q

β
i . We use q̃ = q1 − q2 to denote

difference of momenta of the two gauge bosons.

A. Spin zero

Suppose that the new boson is a spin-zero particle. The general scattering amplitude that describes the interaction
of this boson with gauge bosons reads

A(X → V1V2) = v−1

(

g(0)
1

m2
V
ϵ∗1ϵ

∗
2 + g(0)

2
f∗(1)
µν f∗(2),µν + g(0)

3
f∗(1),µνf∗(2)

µα
qνqα

Λ2
+ g(0)

4
f∗(1)
µν f̃∗(2),µν

)

, (9)

where Λ denotes the scale where new physics could appear. We insert an explicit factor m2
V
in the amplitude to allow

for a smooth massless limit consistent with generic requirements of gauge invariance which is relevant in case V = γ
or g.
It is instructive to discuss the connection between the amplitude in Eq.(9) and the concept of the effective Lagrangian

which is often used to discuss properties of the new boson. While the two approaches are related, the amplitude

3 Throughout the paper, we take fermions in the final state to be massless.
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A(X → V1V2) provides a more general description of the properties of the new boson than any effective Lagrangian

because the couplings g(0)i are momentum-dependent form-factors that, for example, can have both real and imaginary
parts. We do not expect this issue to be important for the new boson with a mass of 125 GeV, discovered at the LHC,
but it may be essential for heavier resonances that may be discovered later, so we prefer to stick to this description.
On the other hand, it is also true that effective Lagrangians lead to streamlined prediction for scattering amplitudes,
since they provide an opportunity to order contributions of operators of different mass dimensions by their relevance,
thereby reducing the number of terms that contribute to scattering amplitudes. Of course, given the scattering
amplitude and assuming that form-factors are momentum-independent constants, the corresponding Lagrangian can
always be constructed. For example, in case of Eq.(9), the following correspondence is valid

g(0)1 m2
V

v
ϵ∗1ϵ

∗
2 ⇔ L ∼ g(0)

1
XZµZ

µ,
g(0)2

v
f∗(1)
µν f∗(2),µν ⇔ L ∼ g(0)2

v
XZµνZ

µν ,

g(0)
3

f∗(1),µνf∗(2)
µα

qνqα

Λ2
⇔ L ∼ g(0)

3
ZµαZ

νβ [∂β∂αX ] , g(0)
4

f∗(1)
µν f̃∗(2),µν ⇔ L ∼ g(0)

4
XZµνZ̃µν , (10)

where v is the vacuum expectation value of the X field. Therefore, terms with g(0)1 in A(X → V1V2) are associated

with dimension-three operators in the Lagrangian, terms with g(0)2 and g(0)4 with dimension-five, and terms with g(0)3
with dimension seven. As mentioned above, power-counting arguments suggest that lower-dimensional operators give
larger contributions to the amplitude.
We can re-write Eq. (9) as

A(X → V1V2) = v−1ϵ∗µ1 ϵ∗ν2

(

a1gµνm
2
H
+ a2 qµqν + a3ϵµναβ q

α
1 q

β
2

)

. (11)

The coefficients a1,2,3 are related to g(0)1,2,3,4 by

a1 = g(0)
1
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V
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X
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s

m2
X
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+ g(0)
3

s
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, a2 = −
(

2g(0)
2

+ g(0)
3

s

Λ2

)

, a3 = −2g(0)
4

, (12)

where s is defined as

s = q1q2 =
m2

X
−m2

1 −m2
2

2
. (13)

For a spin-zero resonance with couplings shown in Eq. (11), the three contributing helicity amplitudes are

A00 = −m2
X

v

(

a1
√
1 + x+ a2

m1m2

m2
X

x

)

,

A++ =
m2

X

v

[
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√
x

]

,

A−− =
m2

X

v

[
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X

√
x

]

, (14)

where x is defined as

x =

(

m2
X
−m2

1 −m2
2

2m1m2

)2

− 1. (15)

For a SM Higgs boson decaying to two massive vector bosons, ZZ or WW , the values of the couplings are g(0)1 = 1,

and g(0)2 = g(0)3 = g(0)4 = 0. A small value of g(0)2 ∼ O(αEW) ∼ 10−2 is generated in the SM by electroweak radiative

corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 ̸= 0 while the other g(0)i = 0. It is also interesting

to consider the model g(0)2 ̸= 0 as an alternative to the SM scalar hypothesis, or a mixture of any of the above
contributions.

•Generic spin-0 HVV amplitude:
�
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corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 ̸= 0 while the other g(0)i = 0. It is also interesting
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Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings
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FIG. 1: Illustrations of H particle production and decay in pp or e+e− collision gg/qq̄ → H → ZZ → 4ℓ± (left), e+e−(qq̄) →
Z∗ → ZH → ℓ+ℓ−bb̄ (middle), or e+e−(qq′) → e+e−(qq′)H → e+e−(qq′)bb̄ (right). The H → bb̄ decay and HZZ coupling are
shown as examples, so that Z can be substituted by other vector bosons. Five angles fully characterize the orientation of the
production and decay chain and are defined in the suitable rest frames.

H V

V

V H

V

V

V

H

FIG. 2: Illustration of an effective HV V coupling, where V = Z,W,γ, g with H decay to two vector bosons (left), associated
H production with a vector boson (middle), and vector boson fusion (right).

We build upon our previous analysis of this problem described in Refs. [7, 8]. Techniques developed there are
well-suited for measuring HV V anomalous couplings since these couplings affect angular and mass distributions and
can be constrained by fitting observed distributions to theory predictions. However, such multi-parameter fits require
large samples of signal events that are currently not available. Nevertheless, it is interesting to study the ultimate
precision on anomalous couplings that can be achieved at the LHC and a future lepton collider since the expected
number of events can be easily estimated.
We organize the rest of the paper as follows. In Section II we briefly review parameterization of the HV V vertex.

In Section III we discuss Monte Carlo and likelihood techniques, since they provide the necessary tools for the experi-
mental studies. In Section IV we explore various approaches to anomalous couplings measurements and summarize the
precision that is achievable at different facilities. We conclude in Section V. Additional details, including discussion
of the matrix element method and methodology of the analysis, can be found in Appendices.

II. PARAMETRIZATION OF THE SCATTERING AMPLITUDES

Studies of spin, parity, and couplings of a Higgs boson employ generic parameterizations of scattering amplitudes.
Such parameterizations contain all possible tensor structures consistent with assumed symmetries and Lorentz invari-
ance. We follow the notation of Refs. [7, 8] and write the general scattering amplitude that describes interactions of
a spin-zero boson with the gauge bosons, such as ZZ, WW , Zγ, γγ, or gg

A(XJ=0 → V V ) = v−1

(

g1m
2
V
ϵ∗1ϵ

∗
2 + g2f

∗(1)
µν f∗(2),µν + g3f

∗(1),µνf∗(2)
µα

qνqα

Λ2
+ g4f

∗(1)
µν f̃∗(2),µν

)

. (1)

In Eq. (1), f (i),µν = ϵµi q
ν
i −ϵνi q

µ
i is the field strength tensor of a gauge boson with momentum qi and polarization vector

ϵi; f̃ (i),µν = 1/2ϵµναβfαβ is the conjugate field strength tensor. Parity-conserving interactions of a scalar (pseudo-
scalar) are parameterized by the couplings g1,2,3(g4), respectively. In the Standard Model (SM), the only non-vanishing
coupling of the Higgs to ZZ or WW bosons at tree-level is g1 = 2i, while g2 is generated through radiative corrections.
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number of events can be easily estimated.
We organize the rest of the paper as follows. In Section II we briefly review parameterization of the HV V vertex.

In Section III we discuss Monte Carlo and likelihood techniques, since they provide the necessary tools for the experi-
mental studies. In Section IV we explore various approaches to anomalous couplings measurements and summarize the
precision that is achievable at different facilities. We conclude in Section V. Additional details, including discussion
of the matrix element method and methodology of the analysis, can be found in Appendices.

II. PARAMETRIZATION OF THE SCATTERING AMPLITUDES

Studies of spin, parity, and couplings of a Higgs boson employ generic parameterizations of scattering amplitudes.
Such parameterizations contain all possible tensor structures consistent with assumed symmetries and Lorentz invari-
ance. We follow the notation of Refs. [7, 8] and write the general scattering amplitude that describes interactions of
a spin-zero boson with the gauge bosons, such as ZZ, WW , Zγ, γγ, or gg

A(XJ=0 → V V ) = v−1

(

g1m
2
V
ϵ∗1ϵ

∗
2 + g2f

∗(1)
µν f∗(2),µν + g3f

∗(1),µνf∗(2)
µα

qνqα

Λ2
+ g4f

∗(1)
µν f̃∗(2),µν

)

. (1)

In Eq. (1), f (i),µν = ϵµi q
ν
i −ϵνi q

µ
i is the field strength tensor of a gauge boson with momentum qi and polarization vector

ϵi; f̃ (i),µν = 1/2ϵµναβfαβ is the conjugate field strength tensor. Parity-conserving interactions of a scalar (pseudo-
scalar) are parameterized by the couplings g1,2,3(g4), respectively. In the Standard Model (SM), the only non-vanishing
coupling of the Higgs to ZZ or WW bosons at tree-level is g1 = 2i, while g2 is generated through radiative corrections.

mX

m1

m2

m2 = mVH

m1

mX

The larger the off-shell Z mass(es), the 
larger the anomalous amplitudes terms

H→VV                 VH        

considerations for VH(→bb) in Run II, Nhan Tran and Andrew Whitbeck

sensitivity

25

15

due to cross-section effects. Prospects for measuring anomalous couplings in the VBF process Z∗Z∗ → H at an e+e−

collider are similar to what we discussed at the LHC. The number of events in this mode is in fact much larger than
in the Z∗ → ZH production mode with Z → ℓℓ at higher energies [12], as shown in Table I. We leave further studies
in this mode to future work, while the tools will be very similar to those already employed in LHC studies shown
here.

-1
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FIG. 12: Summary of precision in fCP for HV V couplings (V = Z,W ) at the moment of 3σ measurement. Points indicate
central values and error bars indicate 1σ deviations in the generated experiments modeling different luminosity scenarios at
proton (solid red) or e+e− (open blue) colliders. Measurements in three topologies V H (triangles), WBF (squares), and decay
H → V V (circles) are shown. Different energy and luminosity scenarios are indicated on the x-axis.
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gg�H�ZZ�4l

VBF H

VH

Take away messages:

VH and VBF can do as well at 
HVV anomalous couplings as 
ILC @ 250 and 350 GeV

VH has potential to be 2 orders 
of magnitude better than the 
measurement in HZZ4L mode

VH can make a good 
coupling measurement if/
when discovery is made in 
the VHbb channel
Spin-parity measurements were made 
at the time of the Higgs discovery in 
HZZ4L channel

fCP = relative fraction of CP violating term

1309.4819

• Generic HVV scattering amplitudes for spin 0 H: 

• VH sensitivity from order of magnitude larger 
m1m2/mX

2 

• Effective fractional cross section to parameterize 
presence of anomalous pseudoscalar component

5

amplitude A(X → V1V2) provides a more general description of the properties of the new boson than any effective

Lagrangian because the couplings g(0)i are momentum-dependent form-factors that, for example, can have both real
and imaginary parts. We do not expect this issue to be important for the new boson with a mass of 125 GeV,
discovered at the LHC, but it may be essential for heavier resonances that may be discovered later, so we prefer to
stick to this description. On the other hand, it is also true that effective Lagrangians lead to streamlined prediction
for scattering amplitudes, since they provide an opportunity to order contributions of operators of different mass
dimensions by their relevance, thereby reducing the number of terms that contribute to scattering amplitudes. Of
course, given the scattering amplitude and assuming that form-factors are momentum-independent constants, the
corresponding Lagrangian can always be constructed. For example, in case of Eq. (9), the following correspondence
is valid

g(0)1 m2
V

v
ϵ∗1ϵ

∗
2 ⇔ L ∼ g(0)

1
XZµZ

µ,
g(0)2

v
f∗(1)
µν f∗(2),µν ⇔ L ∼ g(0)2

v
XZµνZ

µν ,

g(0)
3

f∗(1),µνf∗(2)
µα

qνqα

Λ2
⇔ L ∼ g(0)

3
ZµαZ

νβ [∂β∂αX ] , g(0)
4

f∗(1)
µν f̃∗(2),µν ⇔ L ∼ g(0)

4
XZµνZ̃µν , (10)

where v is the vacuum expectation value of the X field. Therefore, terms with g(0)1 in A(X → V1V2) are associated

with dimension-three operators in the Lagrangian, terms with g(0)2 and g(0)4 with dimension-five, and terms with g(0)3
with dimension seven. As mentioned above, power-counting arguments suggest that lower-dimensional operators give
larger contributions to the amplitude.
We can re-write Eq. (9) as

A(X → V1V2) = v−1ϵ∗µ1 ϵ∗ν2

(

a1gµνm
2
X
+ a2 qµqν + a3ϵµναβ q

α
1 q

β
2

)

. (11)

The coefficients a1,2,3 are related to g(0)1,2,3,4 by

a1 = g(0)
1

m2
V

m2
X

+
s

m2
X

(

2g(0)
2

+ g(0)
3

s

Λ2

)

, a2 = −
(

2g(0)
2

+ g(0)
3

s

Λ2

)

, a3 = −2g(0)
4

, (12)

where s is defined as

s = q1q2 =
m2

X
−m2

1 −m2
2

2
. (13)

For a spin-zero resonance with couplings shown in Eq. (11), the three contributing helicity amplitudes are

A00 = −m2
X

v

(

a1
√
1 + x+ a2

m1m2

m2
X

x

)

,

A++ =
m2

X

v

(

a1+ia3
m1m2

m2
X

√
x

)

,

A−− =
m2

X

v

(

a1−ia3
m1m2

m2
X

√
x

)

, (14)

where x is defined as

x =

(

m2
X
−m2

1 −m2
2

2m1m2

)2

− 1. (15)

For a SM Higgs boson decaying to two massive vector bosons, ZZ or WW , the values of the couplings are g(0)1 = 1,

and g(0)2 = g(0)3 = g(0)4 = 0. A small value of g(0)2 ∼ O(αEW) ∼ 10−2 is generated in the SM by electroweak radiative

corrections. The CP -violating constant g(0)4 is tiny in the SM since it appears only at the three-loop level. For the SM

Higgs boson decays γγ, Zγ, or gg, only loop-induced couplings are possible so that g(0)2 ̸= 0 while the other couplings

are zero. However, allowing for beyond the SM scenarios, values of the g(0)i need to be determined experimentally.

For example, for a pseudoscalar Higgs boson one would expect g(0)4 ̸= 0 while the other g(0)i = 0. It is also interesting

to consider the model g(0)2 ̸= 0 as an alternative to the SM scalar hypothesis, or a mixture of any of the above
contributions.

fa3

fa3 = 0 for pure a1 (SM scalar)
fa3 = 1 for pure a3 (pseudoscalar)
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Figure 6: Results of profile likelihood scans for the VH and VV channels, as well as their com-
bination. The dotted (solid) lines show the expected (observed) -2DlnL value as a function of
fa3 . The full range of fa3 is shown on the left, with the low fa3 region highlighted on the right.
The bottom plots contain the results of correlated-µ scans. Horizontal dashed lines represent
the 68%, 95%, and 99% CL. In the legend, VH refers to the combination of the WH and ZH
channels, and VV refers to the combination of the H ! WW and H ! ZZ channels.

scalar pseudo
scalar

Run 1 Results

5

Excluded at 95% CL

Submitted to PLB in Feb.

• Individual and combined 
• Combine with H→VV 

- Strongest assumption:  
aiHZZ=aiHWW and no 
additional anomalous 
couplings, fa3ZZ > 0.0034 
excluded at 95% CL 

- Big improvement on fa3ZZ > 
0.28 exclusion from H→VV 
alone!



Plans for Run 2
• Expand interpretation 

- Construct variables 
sensitive to interference 
between scalar and 
pseudo scalar (CP 
violation in Higgs sector!) 

- Higher order scalar 
couplings 

• Use case for jet 
substructure in VH?
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Scalar 
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Higgs pT [GeV]
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1 Introduction

The observation of a new boson [1–3] with a mass around 125 GeV and properties consistent
with those of the standard model (SM) Higgs boson [4–10] has ushered in a new era of precision
Higgs physics. As such, the CMS and ATLAS collaborations at the LHC have begun a compre-
hensive study of the boson properties [11–27]. The spin-parity nature of the Higgs-like boson
was examined in gluon fusion production with H!WW, ZZ, Zg, and gg [11, 12, 14, 15, 21, 22].
The CDF and D0 collaborations at the Tevatron performed similar studies in associated produc-
tion with a W or Z boson and decay to bb [28–30]. In all cases, the spin-parity JCP of the boson
was found to be consistent with 0+. In Ref. [12], the hypothesis of a pure pseudoscalar spin-0
boson is excluded at the 99% confidence level. The tensor structure of the couplings to gauge
bosons has also been studied, leading to constraints on anomalous contributions to the interac-
tions. We present here the first search for anomalous couplings at the LHC in the topology of
associated production with the Higgs decaying to b quarks, qq̄ ! V⇤ ! VH(!bb).

In the following, we consider only the interactions with a W or Z boson, commonly denoted
“V”. The scattering amplitude of a spin-zero H and two massive spin-one gauge bosons VV is
given by

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

V1 + kVV
2 q2

V2�
LVV

1
�2

#
m2

V1e
⇤
V1e

⇤
V2 + aVV

2 f ⇤(1)µn f ⇤(2),µn + aVV
3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where the aVV
i are arbitrary complex coupling parameters which can depend on the V1 and V2

squared four-momenta, q2
V1 and q2

V2, f (i)µn is the field strength tensor of a gauge boson with
momentum qVi and polarization vector eVi, given by e

µ
Viq

n
Vi � en

Viq
µ
Vi, f̃ (i)µn is the dual field strength

tensor, given by 1
2 eµnrs f (i),rs, mV1 is the pole mass of the vector boson, and L1 is the scale

of new physics, a free parameter of the model [31]. The aVV
1 , kVV

i , and aVV
2 terms represent

parity-conserving interactions of a scalar, while the aVV
3 term represents a parity-conserving

interaction of a pseudoscalar. In the SM, only the aVV
1 term is non-zero at tree level. Other terms

are generated in loop-induced processes at levels beyond current experimental sensitivity.

We search for an anomalous a3 term of the HVV interaction, assuming the kVV
i and aVV

2 terms
are negligible. The effective fractional pseudoscalar cross section is defined as follows

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
, (2)

where si is the cross-section with ai = 1 and all other couplings equal to zero. The purely scalar
(pseudoscalar) case corresponds to fa3 = 0 ( fa3 = 1). The phase between the complex a1 and a3
couplings is given by fa3 = arg (a3/a1).

Associated Higgs production provides an excellent opportunity to probe the structure of the
HVV interaction. Due to the highly off-shell nature of the intermediate vector boson, small
values of anomalous couplings can lead to experimentally-accessible deviations in physical
observables. In this case, the mass of the VH system, m(Vh), is a powerful variable in deter-
mining anomalous Higgs couplings. The ultimate LHC sensitivity to a pseudoscalar interaction
in associated production is therefore expected to greatly exceed that of gg ! H !VV [31].

2 Analysis Strategy

The strategy of the analysis begins with the selection of events consistent with the topology of
Higgs production in association with a leptonically decaying electroweak vector boson, where

tree level 
scalar higher order scalar pseudo-

scalar



Higgs→Long Lived Particles

• Can we use associated 
VH production to access 
exotic Higgs decays? 

• Theorists have suggested 
this for the search for 
decays to long lived 
particles.

7
Matt Strassler @ LPC

Current Neutral LLP Searches

not yet more like

Current searches according to D. Curtin:

https://indico.cern.ch/event/517268/contributions/2041302/attachments/1272538/1886385/
davidcurtin_displaced_decays_neutral_naturalness_wishlist_CERN_LLP_remove_11may2016_15m_v1.key.pdf

Photo by J. Orduna

https://indico.cern.ch/event/517268/contributions/2041302/attachments/1272538/1886385/davidcurtin_displaced_decays_neutral_naturalness_wishlist_CERN_LLP_remove_11may2016_15m_v1.key.pdf


• Twin Higgs model provides a 
solution to the hierarchy 
problem 
- Original: arXiv:0506256 (2005) 
- Recent interest: arXiv:1501.05310, arXiv:

1506.06141, arXiv:1508.01522 (2015) 

• Signature is VH with 
H→displaced b jets
- After trigger, factor of ~10 more events 

than from gluon fusion 

• A perfect opportunity for 
collaboration  
- LPC DRs 

- Long lived: J. Antonelli, M. Walker 
- VH, b jets: J. Stupak III, BK 

- J. Hardenbrook (Princeton)
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Higgs→Long Lived Particles
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Displaced Vertices 
from exotic Higgs 

decays are a 
powerful probe of 

Naturalness!

Long-lived

Production rate and lifetime 
related to naturalness of theory

1. Higgs portal to mirror QCD
2. Long lived mirror glueballs
3. Decay back to to standard 

model via Higgs mixing

VH(bb) long 
lived

VH to 
long 
lived

Image from D. Curtin,  
https://indico.cern.ch/event/517268/contributions/
2041302/attachments/1272538/1886385/
davidcurtin_displaced_decays_neutral_naturalness_wish
list_CERN_LLP_remove_11may2016_15m_v1.key.pdf

http://www.apple.com
https://arxiv.org/abs/1501.05310
http://arxiv.org/abs/1506.06141
http://arxiv.org/abs/1508.01522
https://indico.cern.ch/event/517268/contributions/2041302/attachments/1272538/1886385/davidcurtin_displaced_decays_neutral_naturalness_wishlist_CERN_LLP_remove_11may2016_15m_v1.key.pdf


Higgs→Long Lived Particles

• Currently focused on 
displaced jet tagging 
- Starting with J. 

Hardenbrook’s inclusive 
search 

- Also vertex-based 
variables 

• E.g. fraction of track pT 
in jet not assigned to a 
primary vertex
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L1 Trigger Upgrades
• 2015 upgrade to Global 

Calorimeter Trigger  
- “Stage 1” Calorimeter Trigger 
- FNAL, MIT, Rice, Wisconsin, UIC + 

Europe 

• FNAL/UIC responsible for pp 
algorithm firmware 
- Event-by-event pileup subtraction 
- New and improved tau algorithms 
- New heavy ion algorithms 

• Triggered CMS for most of 2015 
data taking 

• Gained experience with triggers 
and FPGA firmware
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Figure 1: (a) Correlation between the number of regions with non-zero transverse energy (ET) and
the number of reconstructed primary vertices in Run 2 data. (b) Isolated and relaxed (no isolation
requirement) tau trigger efficiency as a function of offline transverse momentum (pT) for an online
requirement of pT > 28 GeV. The Run 1, or legacy, efficiency for taus is shown for comparison
[10]. Note that in Run 1, the di-tau High Level Trigger was seeded with the logical OR of a L1
di-tau requirement and L1 di-jet requirement to improve efficiency. Events are required to contain
a loosely selected offline tau.

2.3.2 Tau Algorithms

The Stage 1 upgrade brings two improvements to tau triggers. The first is that the feature size
of tau candidates was reduced from a 3⇥ 3 square of regions to 2⇥ 1. As is shown in figure 1b,
changing to this more appropriate size improves the efficiency by approximately forty percent.
The second improvement is that the Stage 1 trigger provides isolated tau candidates to the GT for
the first time. The isolation requirement leads to a large drop in rate with only a small reduction
in efficiency (shown in figure 1b). The isolation decision is based on the the relative isolation,
(ET3⇥3 �ETtau)/ETtau, where ETtau is the transverse energy of the tau candidate and ET3⇥3 is the
transverse energy of the 3⇥ 3 square of regions surrounding the highest energy region of the tau
candidate. LUTs addressed with the two transverse energies are used to compute the relative isola-
tion decision. The four highest transverse energies of the isolated tau candidates are sent to the GT
with a coarse resolution using bits originally reserved for sums of transverse energy in the HF. All
tau candidates can have an h-dependent transverse energy correction applied via a LUT.

2.3.3 Heavy Ion Algorithms

A suite of algorithms has been developed to cope with the increased instantaneous luminosity ex-
pected in heavy ion collision running. Similar to the pile-up subtraction described in section 2.3.1,
background is subtracted from the regions before computing all outputs (except the global energy
sums in this case). The background subtracted from each h slice is the mean transverse energy of
the h slice.

Several other changes with respect to the proton-proton algorithms are made for heavy ion

– 4 –

JINST 11 C01051 (2016)

MP7

http://iopscience.iop.org/article/10.1088/1748-0221/11/01/C01051/pdf


Future L1 Trigger Projects
• I really enjoyed working on the 

Stage 1 upgrade 

• Looking forward to 
contributing to future L1 
trigger upgrade projects 

• Associative memory Phase II 
track trigger 
- Florida, Northwestern, São 

Paolo, Texas A&M, …  
- Pullsar IIb has the same FPGA as 

Stage 1 upgrade 

• Particle flow at L1?
11

Pulsar IIb



Summary

• LPC team benefited from experience with VH(bb) and HVV 
couplings studies and set new constraints on anomalous HVV 
couplings using VH(bb) channel in Run 1 
- Will continue the search in Run 2 with expanded interpretation 

• New team of Distinguished Researches sharing experience to 
look for Higgs decays to displaced b jets 

• Opportunity to get involved at the very beginning of Phase II L1 
trigger upgrades
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Being a Distinguished Researcher has connected me with a 
huge resource of experience and new collaborators, leading 

to new, interesting Higgs and trigger projects!



Backup
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Run 1 Analysis Strategy
• Boosted Decision Tree 

discriminator (BDT) 
- Separates VH(bb) signal from 

backgrounds 
- Re-used from standard model 

search 

• m(VH) 
- Sensitive to HVV coupling (i.e. fa3) 

• Signal template  
- Constructed for arbitrary fa3 from 

fa3=0 and fa3=1 simulation 
- Based on H→VV approach
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