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Probing the Dark Sector through 

Mono-Z Boson Leptonic Decays
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Measuring angular coefficients of high pT Z boson leptonic decays

Z boson pT balanced by jets Z boson pT balanced by missing energy

Motivation



Angular coefficients of Z boson leptonic decays 

CMS:   Phys. Lett. B 750 (2015) 154

ATLAS: JHEP08(2016)159

Order in QCD

0th A4 only, from qqbar->Z

1st A0-A4, 

Lam–Tung relation: A0=A2 

2nd A0-A7, all appear

Angular coefficients in 

the Collins-Soper frame

 The Z boson e/mu decays 

have very clean signatures

 QCD corrections to angular 

coefficients are very small
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 Z + dark matter
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Measuring angular coefficients of high pT Z boson leptonic decays

Z boson pT balanced by jets Z boson pT balanced by missing energy

Parametrization of the 
lepton angular distribution 



• The z-axis is defined as the bisector of the angle θ12
between 𝐩𝟏 and –𝐩𝟐.

• tan
θ12

2
=

qT

sZ
, qT ≡ |𝐪𝐓|:

• θ12 independent of longitudinal boost

• Minimize the impact of incoming quark 

transverse momentum

• Rotate around the x-axis by π for events with yZ < 0:

• Avoid possible dilutions by the initial state 

swapped processes

• Angular coefficients have symmetric yZ
distributions

Parametrization of the lepton angular distribution 

𝑥1, 𝑥2 fixed through delta 

functions
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We parametrize the phase 

space as visible part                                        

and invisible part



Parametrization of the lepton angular distribution 

Parameter Value

sin2𝜃𝑊 0.23129

1/𝛼 127.95

mZ 91.1876 GeV

ΓZ 2.4952 GeV 

mW mZ cos𝜃𝑊

Br(Z→ll), l=e,𝜇 6.73%

𝜇𝐹
𝐸𝑇 = 𝑠𝑍 + 𝑞𝑇
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 Analytic implementation (ALOHA 

generated HELAS subroutines): 

allows application of matrix 

element method (MEM). 

 All evaluated angular coefficients 

checked with toy measurements 

based on MadGraph5 generated 

events.

Angular 

coefficients
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We consider the Z boson decay as a probe of the underlying 

production structure with a narrow width approximation. 



 SM ZZ→2l 2v background

 Spin-0 mediator

 Spin-1 mediator

 Spin-2 mediator

Angular coefficients in 
simplified models

We will show 𝑦𝑍 − 𝑞𝑇 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛𝑠 𝑜𝑓 𝐴0−4 in different scenarios



Angular coefficients in simplified models

Spin-1 mediatorSpin-0 mediator

Spin-2 mediator

• JHEP 02 (2016) 082

• Report of the ATLAS/CMS Dark Matter Forum, 1507.00966

• Eur. Phys. J. C77 (2017) 326
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Angular coefficients in simplified models

𝒚𝒁 − 𝒒𝑻

SM ZZ→2l2ν 

Spin-2 mediator Spin-1 mediator (a-c)

Spin-0 mediator (a-c)
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Angular coefficients in simplified models

A0 in the 𝒚𝒁 − 𝒒𝑻 plane

SM ZZ→2l2ν 

Spin-2 mediator Spin-1 mediator (a-c)

Spin-0 mediator (a-c)

The A0 distribution can distinguish spins of 

the mediators 
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Angular coefficients in simplified models

SM ZZ→2l2ν 

Spin-2 mediator Spin-1 mediator (a-c)

Spin-0 mediator (a-c)

A1 in the 𝒚𝒁 − 𝒒𝑻 plane

Distributions look similar

Exception: A1 in S0c = 0 
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Angular coefficients in simplified models

SM ZZ→2l2ν 

Spin-2 mediator Spin-1 mediator (a-c)

Spin-0 mediator (a-c)

A2 in the 𝒚𝒁 − 𝒒𝑻 plane

Sensitive to spin-0 models

Spin-2 signature similar but different from the one of the spin-1 model
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Angular coefficients in simplified models

SM ZZ→2l2ν 

Spin-2 mediator Spin-1 mediator (a-c)

Spin-0 mediator (a-c)

A3 in the 𝒚𝒁 − 𝒒𝑻 plane

A3, A4: Sensitive to the left- and right- handed couplings
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Angular coefficients in simplified models

SM ZZ→2l2ν 

Spin-2 mediator

Spin-0 mediator (a-c)

A4 in the 𝒚𝒁 − 𝒒𝑻 plane
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Spin-1 mediator (a-c)

A3, A4: Sensitive to the left- and right- handed couplings



 Benchmark scenarios S0a, S0b, S0c

 Benchmark scenarios S1a, S1b, S1c

Limits on the coupling 
strength parameters and 
multivariate discriminator

Visible part:

Invisible part (integrated):



Setting limits on the coupling strength parameters

We exploit a dynamically constructed matrix element based 

likelihood function to set limits on the coupling strength parameters:

Visible part:

Invisible part (integrated):

An unbinned likelihood fit is performed to extract limit

Evaluate test statistics in the large sample limit
Dual integration, 4-dim for each step

(700x6 CPU hours, 2.4 GHz)

• Integrate over the invisible part

• Evaluate the KL divergence term

𝜆 scales couplings of the 

dark mediator to the dark 

matter and the SM particles 

at the same time
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Setting limits on the coupling strength parameters

Background modeling and 

event selections

Consider the same selections as in the 13 

TeV CMS measurement: 

JHEP 03 (2017) 061

Selections implemented in numerical 

integration (BL-selections):

Other selection effects are included through an ancillary 𝐴 ∙ 𝜖 factor.

Event rate corresponds to 13 TeV LHC with 150 𝑓𝑏−1 data. 

Matrix Element

Phase space

Matrix Element

Matrix Element 18

Distributions distorted by 

selections. Shown for 

background only hypothesis



Setting limits on the coupling strength parameters

Upper limits on the coupling strength parameters of the S0 benchmark scenarios.

Upper limits on the coupling strength parameters of the S1 benchmark scenarios.

Close

Quantify the shape improvements
19



20

Matrix Element Kinematic Discriminator (MEKD) 

We have constructed an example MEKD

• A kind of multivariate analysis motivated 

by theory 

• Applicable regardless of the source of data

Thanks for your attention!

MG5 LO samples NLO samples for major 

backgrounds

Example application using MadGraph generated events
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We study the production density matrix in 

the parton-parton center of mass frame

• Helicity amplitudes calculated

• Analytic expression for production 

density matrix as a function of Ƹ𝑠 and 

cos𝜃

• P= σ𝑘𝑃𝑘
2 invariant in qt - (yz-yj) plane

P= tr(𝝆𝟐)= σ𝑘𝑃𝑘
2=1 for pure 

state;

<1 for mixed state

+            - 0

+
   -

0

P8 = 
1

2
-
3

4
A0

Unpolarized vs. Total rate

where 𝜆𝑘s are Gell-Mann matrices 

Angular distribution and the production density matrix
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a,b,c are parton-parton center of mass frame scaling variables

Collins-Soper frame has advantage also for high pT Z boson study 

k2

There are two ways to go to the Z 

boson rest frame

But, parton-parton c.m. frame can 

not be obtained in experiment  

Kinematics


