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Motivation

@ Polarised processes allow for deep insights into spontaneous
symmetry breaking

@ Polarised cross-sections are very sensitive to beyond-Standard
Model effects

@ Polarisation is well suited for tests of the Standard Model

@ Polarised WZ production processes are a subject of ongoing
research
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Existing Work on polarised ZW production

Focus is on purely leptonic decay modes

(]

Narrow-width approximation

» MadGraph5 aMCGONLO LO-study, Buarque Franzosi et al.
2020, arXiv:1912.01725 [1]
Double-pole approximation
» NLO QCD, Denner and Pelliccioli 2021, arXiv:2010.07149 [2]
» NLO QCD und NLO EW, Le and Baglio 2022, arXiv:2203.01470
[3], Le et al. 2022, arXiv:2208.09232 [4], Le et al. 2022,
arXiv:2302.03324 [5]

Experimental studies
» ATLAS 2019, arXiv:1902.05759 [6]
» CMS 2022, arXiv:2110.11231 [7]
» ATLAS 2022, arXiv:2211.09435 [8] (next talk)
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Definition of polarised cross-sections

@ Diagrams with and without the wanted (s-channel) resonance
contribute to a given process

et et et et

z

e e e e
@ Remove non-resonant diagrams in a gauge-independent way

» This can be achieved by using a pole approximation

* Set resonant particles on-shell {p;} = {5}

* Conserve some off-shell effects by using the off-shell
denominators of the propagators and applying the phase-space
cuts to the off-shell momenta

N ({B})

p?es —m? — iml

M ({,5}, pses) = M,u,production ({ﬁ})

M, gecay ({P})
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Definition of polarised cross-sections

@ Numerator of the resonant propagator contains a sum over all
polarisation states

Z €€, = —&u (Feynman-"t Hooft gauge)

polarisations

{P} pres Z w,production { })
M ({p}. p%) :ZMA ({B}. PZs)

o (PH(p),,

m?2
pres — iml

M decay (15})
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Definition of polarised cross-sections

@ Take the square of the matrix element to calculate the
cross-section

m ({P} pres Z ‘M)\ {p} pres)l

unpolarlsed polansatlon A

+ 37 M3 (18}, po) My ({5} Pc)

AEN
N

\|

7

vV
interferences
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Setup

pp— Z(— e et) WH(— jets)

@ Z boson decays leptonically into an electron-positron pair
e W™ boson decays hadronically (jet system)
@ Polarisation is defined in the center-of-mass frame of the two
bosons
@ Resolved setup
» Two light jets (AK4)
» Jet system = the two jets with an invariant mass closest to the
W-mass
@ Unresolved setup

» One massive fat jet (AK8)
» Jet system = fat jet with the largest transverse momentum
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Phase-space cuts

® 6 6 o o

Anti-kT jet algorithm
» Resolved: Ry = 0.4
» Unresolved: Ry = 0.8

Suppress non-resonant background
Z and W are very boosted

resolved unresolved
Jet selection min pr 30 GeV 200 GeV
max |y| 2.4 2.4
min AR+ 0.4 0.8
min M - 65 GeV
max M - 105 GeV
Cuts on the jet system min pr 200 GeV -
(W+-Boson) min M 65 GeV -
max M 105 GeV -
Cuts on single leptons min pr 40 GeV 40 GeV
max |y| 2.4 2.4
Cuts on the lepton pair min pr 200 GeV 200 GeV
(Z-Boson) min M 76 GeV 76 GeV
max M 106 GeV 106 GeV
ZWT production 08.03.2023

Christoph Haitz (Univ. of Wiirzburg)

Phase-space cuts mimic the CMS analysis arXiv:2111.13669 [9]
Different phase-space cuts are applied in the two setups
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Integrated results

state ovLo [fb] fLol%] onLo [fb] fnLol%l  Knpo  KGRS

resolved, Z(eTe ™ )W (jj)

unpol. 1.8567(2) 7127 100 3.036(2) 7% %% 100 1.635 1.033

z, Wi 0.64603(5)t%‘2;€2 34.8 0.6127(4)";%‘;’@0 20.2 0.948 1.031
+ +0.2% +8.6%

Z Wi 0.08687(1)_0_6;;0 4.7 0.17012(6)_6_8.,% 5.6 1.958 0.967

zZpw{  0.08710(1) "%V 4.7 0.24307(7)110.2% 8.0 2.791 1.017
+ +2.0% +8.9%

ZpWh  0.97678(7) 15 %% 52.6 2.0008(7)"%,9% 65.8 2.048 1.059

interf. 0.0595(1) 3.2 0.009(2) 0.4 — —

unresolved, Z(ete™ )W (J)

unpol. 1.6879(2)TL %% 100 3.112(2)7 5% 100 1.843 1.193
+ +1.0% +0.9%

z, Wi 0.61653(5)_1‘%;2 36.5 0.6799(5)_0‘70}%/ 21.9 1.103 1.170
+ +0.7' +10.8

Z Wi 0.06444(1)71%5/0 3.8 0.17584(6)73.6.,/%" 5.7 2.729 1.158
+ +0.6 +11.0

Z Wi vo7437(1)_°_%;;0 4.4 0.24742(8)_8_90/%° 8.0 3.327 1.193
+ +2.9 +9.6'

ZpWh  0.88233(9)72 %% 52.3 2.0041(8)"% %% 64.3 2.271 1.227

interf. 0.0503(3) 3.0 0.004(2) 0.1

Christoph Haitz (Univ. of Wiirzburg) ZWT production 08.03.2023
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Integrated results

state oo [fb] fLo[%] onLo [fb] fnLol%]  Knpo Kl(qnf(%)

resolved, Z(eTe ™ )W (jj)

unpol. 1.8567(2) 7127 100 3.036(2) 7% %% 100 1.635 1.033

z, Wi 0.64603(5)t%‘2;€2 34.8 0.6127(4)t%‘;’§’/0 20.2 0.948 1.031
+ +0.2% +8.6%

z, Wi 008687(1)_0_6;;0 47 0.17012(6)_6_8.,2, 5.6 1.958 0.967

zZpw{  0.08710(1) "%V 4.7 0.24307(7)110.2% 8.0 2.791 1.017
+ +2.0% +8.9%

ZpW5  0.97678(7)73 %% 52.6 2.0008(7) 759 65.8 2.048 1.059

interf. 0.0595(1) 3.2 0.009(2) 0.4 — —

unresolved, Z(ete™ )W (J)

unpol. 1.6879(2)TL %% 100 3.112(2)7 5% 100 1.843 1.193
+ +1.0% +0.9%

z, Wi 0.61653(5)_1‘%;2 36.5 0.6799(5)_0‘70}%/ 21.9 1.103 1.170
+ +0.7' +10.8

zZ, Wi 0.06444(1)71.%;"/0 3.8 0.17584(6)73.6.,/%" 5.7 2.729 1.158
+ +0.6 +11.0

Zo Wi vo7437(1)_0_9;;u 4.4 0.24742(8)_8_9“/%o 8.0 3.327 1.103
+ +2.9 +9.6

ZpWh  0.88233(9)1% %% 52.3 2.0041(8) "% %% 64.3 2.271 1.227

interf. 0.0503(3) 3.0 0.004(2) 0.1 —

o Large NLO corrections mostly from gluon initiated real emission
processes

Christoph Haitz (Univ. of Wiirzburg) ZWT production 08.03.2023 9/20



Integrated results

state oo [fb] fLol%] onLo [fb] fxLol%]  KnLo Kl(\lnfé)
resolved, Z(eTe ™ )W (jj)

unpol. 1.8567(2)" 3‘"% 100 3.036(2 )*"’533".,/ 100 1.635 1.033
z Wi 0.64603(5)*% 2% 34.8 0.6127(4)*% %% 20.2 0.948 1.031
z Wi  0.08687(1)"% 25// 4.7 0.17012(6) % 1{2 5.6 1.958 0.967
zZpw{  0.08710(1) "%V a7 0.24307(7)110.2% 8.0 2.791 1.017
zZ Wk 0.97678(7)"3 "2// 52.6 2.0008(7) % 91// 65.8 2.048 1.059
interf. 0.0595(1) 3.2 0.009(2) 0.4 — —
unresolved, Z(ete™ )W (J)

unpol. 1.6879(2) " L% 100 3.112(2)77%% 100 1.843 1.103
z W  0.61653(5)" L %% 36.5 0.6799(5)*% %% 21.9 1.103 1.170
Z Wi 0.06444(1)"% '{)"/A 3.8 0. 17584(6)+1°:% 5.7 2.729 1.158
Zpwf  0.07437(1)7% 9% 4.4 0.24742(8) "1 9% 8.0 3.327 1.103
ZpWh  0.88233(9)1% %% 52.3 2. 0041(8)+9_, ‘;ﬁ/ 64.3 2.271 1.227
interf. 0.0503(3) 3.0 0.004(2) 0.1 — —

@ Large contribution of the purely longitudinal polarisation state
compared to more inclusive set-ups (no strong pr cut) [2]

@ Goldstone boson contributions are unsuppressed because
diagrams with three gauge-boson vertices contribute at LO
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Integrated results

state oo [fb] fLo[%] onLo [fb] fnLol%]  Knpo Kl(qnf(%)

resolved, Z(eTe ™ )W (jj)

unpol. 1.8567(2) 7127 100 3.036(2) 7% %% 100 1.635 1.033

z Wi 0.64603(5)T% 26"{/0 34.8 0.6127(4)*% ‘;"C/e 20.2 0.948 1.031

Z Wi 0.08687(1)7% 2% 47 0.17012(6) 5.7 5.6 1.958 0.967

zZpwf  0.08710(1) %0 4.7 0.24307(7) 102 8.0 2.791 1.017

ZpWh o 0.97678(7) % "2// 52.6 2.0008(7) "% ‘-’1// 65.8 2.048 1.059

interf. 0.0595(1) 3.2 0.009(2) 0.4 — —

unresolved, Z(ete™ )W (J)

unpol. 1.6879(2)TL %% 100 3.112(2)7 5% 100 1.843 1.193
+ +1.0% +0.9%

Z W  0.61653(5)"% 30;; 36.5 0.6799(5)_0‘7%/ 21.9 1.103 1.170
+ +0.7' +10.8

Z Wi 0.06444(1) "% 7% 3.8 0.17584(6) 10 5 5.7 2.729 1.158

zZpWi  0.07437(1)7Y 59// 4.4 0.24742(8) 31, °/° 8.0 3.327 1.193

ZpWh o 0.88233(9) "% %% 52.3 2.0041(8)* 97‘:// 64.3 2.271 1.227

interf. 0.0503(3) 3.0 0.004(2) 0.1

@ Significant differences between the resolved and unresolved setup

at LO caused by the recombination of the jets

@ Differences become smaller at NLO

Christoph Haitz (Univ. of Wiirzburg) ZWT production

08.03.2023
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Integrated results

state oo [fb] fLo[%] onLo [fb] fnLol%]  Knpo Kl(qnf(%)
resolved, Z(eTe ™ )W (jj)
unpol. 1.8567(2) 7127 100 3.036(2) 7% %% 100 1.635 1.033
z, Wi 0.64603(5)t%‘2;€2 34.8 0.6127(4)t%‘;’§’/0 20.2 0.948 1.031
Z Wi 0.08687(1)7%2% 47 0.17012(6)*5,5% 5.6 1.958 0.967
zZpw{  0.08710(1) "%V 4.7 0.24307(7)110.2% 8.0 2.791 1.017
+ +2.0% +8.9%
ZpW5  0.97678(7)73 %% 52.6 2.0008(7) "5 %% 65.8 2.048 1.059
interf. 0.0595(1) 3.2 0.009(2) 0.4 — —
unresolved, Z(ete™ )W (J)
unpol. 1.6879(2)TL %% 100 3.112(2)7 5% 100 1.843 1.193
+ +1.0% +0.9%
z, Wi 0.61653(5)_1‘%;2 36.5 0.6799(5)_0‘70}%/ 21.9 1.103 1.170
i 40.7% +10.8%
zZ, Wi 0.06444(1)71.00% 3.8 0.17584(6)73.6.,/3 5.7 2.729 1.158
Z Wi vo7437(1)t%'_2{?/ﬂ 4.4 0.24742(8)?81_;?,2’ 8.0 3.327 1.193
+ +2.9% +9.6%
ZpWh  0.88233(9)1% 9% 52.3 2.0041(8) "% %% 64.3 2.271 1.227
interf. 0.0503(3) 3.0 0.004(2) 0.1 — —
@ The interference contribution is small
@ Interference becomes smaller at NLO
Christoph Haitz (Univ. of Wiirzburg) ZWT production 08.03.2023
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Comparison background

resolved unresolved
ratio over ratio over
process oro [fb] full O(a?) oo [fb] full O(a?)
DPA ZW+ 1.8567(2) 7127 0.353 1.6879(2) 5% 0.425
DPA ZW— 1.0527(1)*13% 0.200 0.9003(1)729% 0.227
DPA 7Z 2.1430(3) 1 %% 0.408 1.2804(2) 7297 0.323
DPA ZV 5.0523(4) 11 3% 0.961 3.8685(3)72 2% 0.975
full O(a*) 5.253(1) "1 2% 1.000 3.967(2)"2 %% 1.000
full O(a;a‘;‘) 70,3124(63;35;4’% —0.059 70.2145(635137;/{’% —0.054
full O(a20?) | 97.91(7)*243% 18.638 62.55(7)"25.9% 15.768
@ Non-resonant background
@ Resonant ZZ and ZW~ pair production background
» Have to be treated as additional contributions
Christoph Haitz (Univ. of Wiirzburg) ZWT production 08.03.2023 10 /20




Comparison background

resolved unresolved
process oro [fb] fTITI%?Z;r) oo [fb] ;jlfloo?;ir)

DPA ZW+ 1.8567(2) 7127 0.353 1.6879(2) 5% 0.425
DPA ZW— 1.0527(1)*13% 0.200 0.9003(1)729% 0.227

DPA 7Z 2.1430(3) 1 %% 0.408 1.2804(2) 7297 0.323

DPA ZV 5.0523(4)713% 0.961 3.8685(3)72 2% 0.975
full O(a*) 5.253(1) "1 2% 1.000 3.967(2)"2 %% 1.000
full O(asa®) | —0.3124(6)"92%, ~ —0.059 | —0.2145(6)"9%, ~ —0.054
full O(a20?) | 97.91(7)*243% 18.638 62.55(7)"25.9% 15.768

@ DPA approximates the full electroweak process well (2% — 4%)

Christoph Haitz (Univ. of Wiirzburg)

ZWT production
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Comparison background

resolved unresolved
process oro [fb] fTITI%?Z;r) oo [fb] ;jlfloo?;ir)

DPA ZW+ 1.8567(2) 7127 0.353 1.6879(2) 5% 0.425
DPA ZW— 1.0527(1)*13% 0.200 0.9003(1)729% 0.227

DPA 7Z 2.1430(3) 1 %% 0.408 1.2804(2) 7297 0.323

DPA ZV 5.0523(4)713% 0.961 3.8685(3)72 2% 0.975
full O(a*) 5.253(1) "1 2% 1.000 3.967(2)"2 %% 1.000
full O(asa®) | —0.3124(6)"92%, ~ —0.059 | —0.2145(6)"9%, ~ —0.054
full O(02a?) | 97.91(7)"243% 18.638 62.55(7)725%% 15.768

@ Very large QCD background that needs to be subtracted before
carrying out a polarisation analysis

Christoph Haitz (Univ. of Wiirzburg)

ZWT production

08.03.2023
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Differential results

@ Differential cross-sections show the dependence on physical
observables

o Differences of the two setups and the polarisation states

@ Polarisation dependent variables are of particular interest

@ Shapes of the distributions are needed for the measurement of
polarisation fractions

Christoph Haitz (Univ. of Wiirzburg) ZWT production 08.03.2023 11 /20



= 5CM

*, p67 : pe*e*
Electron decay angle cos (w2 ) = B Pee

¢ 1P|l
P 1P

pp-ete jj+X @NLOQCD, Vs =13.6TeV: ZW* pp~e*te’)+X@NLOQCD, Vs =13.6TeV: ZW*

— ZyW§

do/d cos,-™ [fb] NLO QCD
do/d cos,-™ [fb] NLO QCD

g 400 g 40

3 3

5300 S 30

<3 <2 —

g 200 . g 200 =

=z = o
1.00 1.00

normalized
normalized

3 3

2 g

g - - g

5 —_— — . 5 -

5, —— NLOQCD ] 5,

E == 0 =

- -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 o -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
coso M coso M
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= ~CM

Flectron decay angle w(1:) - S5

pp-ete jj+X @NLOQCD, Vs =13.6TeV: ZW* pp~e*te’)+X@NLOQCD, Vs =13.6TeV: ZW*

— ZyW§
— W

do/d cos,-™ [fb] NLO QCD
do/d cos,-™ [fb] NLO QCD

0.0
g a0 g0
83“0 830
8 - M 8
e —_—
gz S —— g2o
e E
1.00 1.00

normalized

normalized

—— NLO QCD
- L0

interf. / unpol.

075 oso 035 o0 035
-.cn
cost;

DA
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= ~CM

Flectron decay angle w(1:) - S5

pp-ete jj+X @NLOQCD, Vs =13.6TeV: ZW* pp~e*te’)+X@NLOQCD, Vs =13.6TeV: ZW*

— ZyW§
— W

5

[fb] NLO QCD

. cM
5

Q,
do/d cos,-™ [fb] NLO QCD

doyd cos,
&

NLO QCD/LO
NLO QCD/LO

normalized

88 8

5

terf. / unpol.

—— NLO QCD o
- L0

5
—Ll_‘ %
2
£

—— NLO QCD
- L0

int

e -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
cosg M cosg M

[m] = =

DA
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Positron transverse momentum pr.. =

2 2
pl,e* + P278+

pp-ete jj+X @NLOQCD, Vs =13.6TeV: ZW* pp-e*te J+X@NLOQCD, Vs =13.6TeV: ZW*
102 W 102
— zwr

g g
9 10 o ERU
z Zywy z
= =
3 3
< g
2 £ 10+
K s Z,Wg
& s Zw
2 T
s S zZwi
2 2

= =
2 g
E E
& 0.002 s

0000

s
= ~—— NLO QCD = ~— NLO QCD
2 010 Q 2 010 Q
g B T g PR o --= LO
= 0.00f e S M A = 0.00f R g R
t t
S om0 £ 010
= =

.a “

100 30 0 £ it 30 0 ED

300 500
pre+ [GeV] pre- [GeV]
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Positron transverse momentum pr.. =

pp-ete jj+X @NLOQCD, Vs =13.6TeV: ZW* pp-e*te J+X@NLOQCD, Vs =13.6TeV: ZW*
— ZyW§
— zwr
PAVES
— W
Zwi

do/dpr,e+ [fb/GeV] NLO QCD
do/dpr.e+ [fb/GeV] NLO QCD

NLO QCD/LO
NLO QCD/LO

normalized
normalized

interf. / unpol.

100 200 300 400
Ppr.e+ [GeV]

A
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Positron transverse momentum pr.. =

pp-ete jj+X @NLOQCD, Vs =13.6TeV: ZW*

— ZyW§
— zwr
Wy
— W
Zwi

10~

do/dpr,e+ [fb/GeV] NLO QCD
do/dpr.e+ [fb/GeV] NLO QCD

NLO QCD/LO

normalized

interf. / unpol.

100 200 300 400 500 b 100 200 300 400 500

Ppr.e+ [GeV] pr.,e+ [GeV]

[m] = =
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Scattering angle cos(9se) = ‘pi*gM

Pete-
pp-ete jj+X @ NLOQCD, Vs =13.6TeV: ZW* pp-e*te J+X@NLOQCD, Vs =13.6TeV: ZW*
35 35 W
_"—,‘_’wﬁ* Zwy
30 30 zZwi
pATS
28 ZWi

do/d cosBscate [fb] NLO QCD
s S

do/d cosBscar [fb] NLO QCD

°

NLO QCD / LO
NLO QCD / LO
I

normalized
normalized

interf. / unpol.

s

interf. / unpol.
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CM |

Scattering angle cos(iu) = Peeel
scatt) — | > CM
ete~
pp-efe jj+X@NLOQCD, V5 =13.6TeV: ZW* pp-e*e )+ X @NLO QCD, V5 =13.6TeV: ZW*
35 — ZyW§ 35 — ZyW§
— Zw — W
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5
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CM |

Scattering angle cos(y.,)— Peezl
scatt) — | > CM
ete—
pp-ete jj+X @NLOQCD, Vs =13.6TeV: ZW* pp-e*te )]+ X @NLOQCD, Vs =13.6TeV: ZW*
35 — ZyW§ 35 — ZyW§
— ZWr — ZWr
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Invariant mass jet-system wm, =/

do/dM; [fb/GeV] NLO QCD

normalized

interf. / unpol.

pp-e*te jj+X @NLOQCD, Vs =13.6TeV: ZW*
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Invariant mass jet-system wm, =/

pp-e*tejj+X @NLOQCD, Vs =13.6TeV: ZW* pp-e*te J+X@NLOQCD, Vs =13.6TeV: ZW*
100 — zwWg 100 — zwW
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Zwi ZWit

do/d M, [fb/GeV] NLO QCD
do/d M, [fb/GeV] NLO QCD
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_ AR
AN

Decay angle hardest decay-jet cos(s;) =

pp-ete”jj+X @NLOQCD, Vs =13.6TeV: ZW*

do/d cos8]; " [fb] NLO QCD

normalized

interf. / unpol.

u]
b}
i
ul
ht

Christoph Haitz (Univ. of Wiirzburg) ZWT production

N



. | 2CM
Decay angle hardest decay-jet cos(9;") = %
Le)

pp-ete”jj+X @NLOQCD, Vs =13.6TeV: ZW*

do/d cos8]; " [fb] NLO QCD
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| h | CM P A
— *, _ J
Decay angle hardest decay-jet cos(v;®) = 2B
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pp-ete jj+X @NLOQCD, Vs =13.6TeV: ZW+
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Summary

@ Calculated the polarised cross-sections for ZW™ production with
semileptonic decay
» Used the double-pole approximation to define polarised ZW™

production
» Used methods can be directly extended to the calculation of the
NLO QCD corrections to semileptonic decays of other processes

* Resonant background ZZ and ZW~ production
* Vector-boson pair production processes
* Vector-boson scattering processes

@ Hadronic decays are different from purely leptonic decays

» Higher event rate
» Very large QCD background and resonant ZZ, ZW~ background

@ Many observables are well suited to distinguish the polarisation
states

» This sensitivity remains even when the jets are recombined to
one jet and become indistinguishable (unresolved setup)
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Dominant Diagrams LT TL
QI/l - I - N (.Illl
Qo [+ ¢ @
Zr, Wi

g a g dd

@ For these diagrams the longitudinally polarised boson and the
additional quark are predominantly emitted in a similar spatial
direction

@ This allows for a lower transverse momentum of the
longitudinally polarised boson

@ The lower transverse momentum leads to less unitarity
cancellations
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Results without pt cut on the jet system

state oo [fb] fLol%] onLo [fb] fnLol%]  Knpo Kf\;nng
resolved (no minimum ptjj cut), Z(eTe ™ )W (jj)
unpol. 1.8564(1 )+11-24°0; 100 5. 5388(8)“8"5'?,° 100 2.984 1.371
+ +0.2% +1.5%
Z W]  0.64605(3) X 34.8 0.7525(4) v 13.6 1.165 1.194
Z, W4 0.08687(1)"% 00;; 4.7 0.3057(1) % °/° 5.5 3.519 1.462
+ +0.1% 1%
ZpW{  0.08710(1) x 47 1.0486(1) ey 18.9 12.04 2.408
ZrWihE o 0.97677(71) 3% 52.6 3.5506(9) Tt 64.1 3.635 1.424
interf. 0.0595(1) 3.2 —0.119(2) —2.1 — —
@ LO results are unchanged
@ NLO corrections become larger in particular for TL
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Results without p7 cut on the jet system

pp-e*ejj+X@NLOQCD, V5 =13.6TeV: ZW*
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Results without p7 cut on the jet system

pp-e*e jj+X@NLOQCD, V5 =13.6TeV: ZW*
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