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Motivation ¢ .

Measuring angular coefficients of high pT Z boson leptonic decays

Z boson pT balanced by jets - Z boson pT balanced by missing energy
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Comparison of the measured
angular coefficients and the parton

level predictions (L.O.)

Angular coefficients in
the Collins-Soper frame
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» The Z boson e/mu decays
have very clean signatures
» QCD corrections to angular

coefficients are very small

do 3
— ( [ dcoséd
( f o qﬁd(,;TdystZdcos.edqb) 167

{(1 + cos? ) + %Ao(l — 3cos? #) 4+ Aj sin 26 cos ¢

1
+§A2 sin’ 0 cos 2¢ + Az sin 6 cos ¢ + Ag cos 6 }



Parametrization of the
lepton angular distribution

Measuring angular coefficients of high pT Z boson leptonic decays

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



Collins-Soper frame
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We parametrize the phase
space as visible part

x = (yz,qT,cosfcs, pcs)
and invisible part

(yY? Sy, COs 9)(3 ¢X)

X1, X fixed through delta
functions

» The z-axis is defined as the bisector of the angle 0,
between p, and —p,.

912 _ ar — :
*otan= =22 ,dr = qrf:

* 0,, independent of longitudinal boost

* Minimize the impact of incoming quark
transverse momentum

* Rotate around the x-axis by 1T for events with y; < 0:

* Avoid possible dilutions by the initial state
swapped processes

« Angular coefficients have symmetric y;
distributions
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We consider the Z boson decay as a probe of the underlying
production structure with a narrow width approximation.
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We will show y, — qr distributions of Ay_,4 in different scenarios

do ; do 3
_— dcos0do “ _
dgrdyzdszd cos d¢ dgpdyzdszd cos0de¢ | 167

, 1 ;
{(l + cos28) + n;)on(l — 3cos? 8) + Aj sin 26 cos ¢

1 . ‘
+ §A2 sin? # cos 2¢ + Ag sin @ cos ¢ + Ay cos 6 }

Angular coefficients In
simplified models

O SM 2Z— 21 2v background
O Spin-0 mediator
O Spin-1 mediator

O Spin-2 mediator



Spin-0 mediator Spin-1 mediator
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yz — qr differential cross section
Clear differences among models, but only 2-dimension

It’s worth looking into the angular distribution and look for further information.

SM ZZ—212v Spin-0 mediator (a-c)

[ Dilferential cross section [b] \[ Dilerential cross section [fb] ) Dilterenial cross section [ib] . Dilferential cross sechion (Tb] m
L. . . .

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



AQ in the y; — qr plane

SM ZZ—212v

Spin-0 mediator (a-c)

A, in the Collins-Soper frame
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Spin-2 mediator

Spin-1 mediator (a-c)

the mediators

The AO distribution can distinguish spins of
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Angular coefficients in simplified models

Al in the y; — qr plane

SM ZZ—212v

Spin-0 mediator (a-c)

( A, in the Gollins-Soper frame
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A, in the Collins-Soper frame
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A, in the Collins-Soper frame A, in the Collins-Soper frame
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Spin-2 mediator

Spin-1 mediator (a-c)

Distributions look similar
Exception: Al in SOc =0




Angular coefficients in simplified models”™ ™ ~

A2 in the y; — qr plane

SM ZZ—212v Spin-0 mediator (a-c)

E] 3 -
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1 4
YZ
A, in the Collins-Soper frame A, in the Collins-Soper frame <
15

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

Sensitive to spin-0 models
Spin-2 signature similar but different from the one of the spin-1 model
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A3 in the y; — q7 plane

SM ZZ—212v Spin-0 mediator (a-c)

( A, in the Collins-Soper frame \ [ A, in the Collins-Soper frame A, in the Coliins-Soper frame
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Spin-2 mediator Spin-1 mediator (a-c)

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




A4 in the y; — q7 plane

SM ZZ—212v Spin-0 mediator (a-c)
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Spin-2 mediator Spin-1 mediator (a-c)

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




Visible part: X = (yz,qr;cosbcs, dcs)

Invisible part (integrated):  (yy, sy, cos by, ¢y)

~ Limits on the coupling
= strength parameters and
multivariate discriminator

O Benchmark scenarios S0a, SOb, SOc

O Benchmark scenarios Sla, Slb, Slc



‘Setting 1imifs ofi the coupling Strength parametérs =~

We exploit a dynamically constructed matrix element based
likelihood function to set limits on the coupling strength parameters:

p(p*N) = Z/dfﬂldwfa (@1, 7)o ﬂfzaMF)fd‘I’— 11 é(pi — pi™)

1Evis

Visible part: X = (yz,qr,cosfos, dcs)

Invisible part (integrated): sy, cos 6
s part (integr ) v, sy, X’Qﬁx) A scales couplings of the

dark mediator to the dark
An unbinned likelihood fit is performed to extract limit matter and the SM particles

at the same time

L(datal\, @) = Poisson(N|S(\,8) + B(8))p Hp (x'|\, 6),

S(\,8)ps(x', \) + B(8)py(x)
S(A,0)+ B(0) ’
Evaluate test statistics in the large sample limit
L(datal|)\, 8y)
L(datal), 6)

p(x|A,0) =

Dual integration, 4-dim for each step
* (700x6 CPU hours, 2.4 GHz)
* Integrate over the invisible part
* Evaluate the KL divergence term

ty = —

([, )
N—so0 Poisson(N|S()) + B) / (X‘)\ _0)
tx —— —2In Poisson(N|B) + 2N| [ dxp(x|A =0)1 o)
B Poisson(N|S(X) + B)
a 21 Poisson(N|B) + 2Nk (p(x|A = 0)[|p(x[A)).

J



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):

Variable | Requirements
P > 20 GeV
87, NWA

Emiss > 80 GeV
| <24

ARy > 0.4
lyz| <25

Distributions distorted by

selections. Shown for

background only hypothesis

A, in the Collins-Soper frame

as0]
00|
350}
300}
250}
200}
150}
100}
25

Other selection effects are included through an ancillary A - € factor.
Event rate corresponds to 13 TeV LHC with 150 fb~! data.

Matrix Element
Phase space

Matrix Element
Matrix Element

A, in the Collins-Soper frame

50|
a00)
350)
300)
250)
200)
150
100)
25

ﬁ§§§§§‘§§§

A, in the Collins-Soper frame

Differential cross section [fb]

Process Cross section with BL-selections (fb) | Ancillary A - € | Events
Ll— 212v 27.7 0.488 2028
Non-resonant-ll 1.57x10° 580x10~* | 1370
W2(— ev2) 17.05 0.296 757
Lv* — 1M 3.61x 10 1.23x10~4 665
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Limit from the normalization term (Aq)

4.4

4.6

103

1.1

1.7

0.97

Signal cross section at A; (fb)

1.86

1.87

1.86

1.87

1.87

1.87

<=|' Close

Limit from the KL-divergence term (\9)

3.0

3.6

81

1.1

1.7

0.99

Signal cross section at Ay (fb)

0.75

0.70

0.72

1.9

2.0

2.0

Combined limit (Ag)

3.5

3.5

79

1.0

1.5

0.89

| Quantify the shape imp

rovements |
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We have constructed an example MEKD
* A kind of multivariate analysis motivated X, A
y MEKD — In 256N

by theory op(X)
» Applicable regardless of the source of data

Example application using MadGraph generated events

£ = £
-3 - [ LO ZY(— 212y) x5 f I LO ZY(~ 212x) x5
» i [ Lo ZZ(~ 2i2v) 0 [ NLO ZZ(~ 2I2v)
% 107 [ Non-resonant-ll % 10 [ Non-resonant-Il
> E [ Lo WZ(~ ev 2)) > [ NLO WZ(~ ev 2I)
w C [ NLO Z(— IT)+jet w [ N°LO Z(— [T)+jet
10° = 10°E
10 10
2 3
MEKD MEKD
MGS5 LO samples NLO samples for major

backgrounds

Thanks for your attention!
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where A; s are Gell-Mann matrices

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 V3§ and
cosf

P= | X P¢ invariant in gt - (yz-yj) plane Unpolarized vs. Total rate
Artr (ppmdpgemy 411'2,019,,04 (cosf, 3 pDLmy(ﬁ &) “5(1—3cos?0) +
AN
V3 V3 1 3
(Py — Fg)sin2f cos ¢ + —— P sin 20 cos? = - _--
PRy o+ P ’ Pg=>-2A0
€l —CF 3¢, -
V3t Blp cose — \/7“—{1’4 + ) sinfl cos ¢
¢+ Chy 2¢p,+ ¢k
3¢ — L%c I V3 V3
—\ | =———(FP; — P;)sinfsing + ——(FPs + P )sin20sin ¢ + —P sin” f sin 2¢.
\/;ci,i"'{%,l{ 7) ¢ 2\&( 7) @ > @




There are two ways to go to the Z

boson rest frame
But, parton-parton c.m. frame can

not be obtained in experiment

(1 +cos(§) +(1- cmé)v"-

Helicity frame P
e ., 3 . Te
T3 cos @ AT NG 3 .
7 \ﬁ 1 T 7_ 0
27 ——— ~
2 [ 0 AT
Z7 cosk 4T E%‘EEyz +w%.—4'r F3 -
e (14 cosf) + (1 — cos@)T
Beam-direction 41\/_
.
frame 28 % 5 . . N
—_ L . A I'l1
4—mz:c @ , yr ((1 4+ cos@) + (1 — cos6)7) 0
A —dar T4 —4r
Collins-Soper
frame TS - 7,
Ty (1, —V1 —¢,0, —/¢) (1, =v1 —¢,0,/¢)

a,b,c are parton-parton center of mass frame scaling variables
Collins-Soper frame has advantage also for high pT Z boson study



