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Why polarization? ’

e longitudinal polarization: consequence of non-vanishing boson
mass generated by electroweak symmetry breaking (EWSB)
mechanism

PHANTOM: a Monte Carlo event generator for si:
parton final states at high energy colliders.
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PHANTOM s a tree level Monte Carlo for six parton final state:
proton-antiproton and electron-positron collider at O(a%,) anc
ing possible interferences between the two sets of diagrams. TI
purcly clectroweak contributions as well as all contributions wit
external gluons. It can generate unweighted events for any set o
interfaced to parton shower and hadronization packages via the
Accord protocol. It can be used to analyze the physics of bosc
Higgs boson production in boson boson fusion, ff and three bos
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ABSTRACT: We discuss the theoretical bases that underpin the automation of the compu-
tations of tree-level and next-to-leading order cross sections, of their matching to parton
shower simulations, and of the merging of matched samples that differ by light-parton mul-
tiplicities. We present a computer program, MAbGRAPH5 AMCBNLO, capable of handling
all these computations — parton-level fixed order, shower-matched, merged — in a wnified
framework whose defining features are flexibility, high level of parallelisation, and human
intervention limited to input physics quantitics, We demonstrate the potential of the pro-
gram by presenting sclected phenomenological applications relevant to the LHC and to a
1TV e*e~ collider. While next-to-leading order results are restricted to QCD corrections

 we. the changes

«arXiv:1405.0301v2 [hep-ph] 21 Jul 2014

d in the case of corrections due to any given renormalisable Lagrangian,
and that the implementation of these are well under way.




Definition of polarization for vector bosons

TECHNISCHE in Sherpa 7 INSTITUTE OF DRESDEN "

UNIVERSITAT itute of N ar and Particle ph ] r op Folie 3 = NUCLEAR AND concept v

DRESDEN MCnet Meeting Gr mb PARTICLE PHYSICS




Definition of vector boson polarization

e free vector-boson field described by Proca equation: OV(z) + m3V*(z) =0

Z £(q, Mg, Ne ' + (g, N)b' (g, \)e

e solution: |y _ /

)? 2(10
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Polarization of intermediate particles

e Problem: short living vector bosons not directly measurable i(—g n quqy>
e Propagator terms: no dependence on polarization vectors my

qz—m%,-l—zTVmV

v completeness relation: (_gﬂy X %) _ Zizl (g, e (g, A)
e

But: unphysical fourth polarization === vanishes for on shell particles

e definition of polarization only possible, if matrix element factorizes in production & decay

Example: Single W+j production and decay

w+t Vg

v ) q(q) wt ve q(a)

] w

z(—g’“’ + - ) .
ecay A

: M,

€+

M = M
K 2 T
myy + L wmy

q
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Polarization of intermediate particles - difficulties

Non-resonant contributions

e no factorization possible
® necessary for gauge invariance

v/ suitable approximations:

- double-pole approximation (DPA)
- Sherpa: narrow-width approximation (NWA)

2 _ .2
1 e —m})
I‘VmV

(¢2 —m3)* + TEm?

l

nterference between different polarizations

AN

off diagonal terms in matrix element
tensor: matrix element & its complex
conjugate have different helicities
reason: helicity sum in matrix element

zero for absence of lepton cuts
analysis should be designed such that
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Extracting polarized cross sections from
Sherpa
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i1 qf1

Status quo

e focus on hard interaction hard
. . . . . . process
e extended narrow-width approximation preserving spin correlations

[ MR S MaMEAMAME N |
Nitooodpg Mpooe

Hard process Hard decays
e vector boson production e vector boson decays SR

e result: matrix element tensor e spin corrglation algorithm
| MPKI MP  MP from P. Richardson. JHEP 0111

W R R e B (2001) 029

hard decay

h/0110108v1 8 Oct 2001
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Calculation of polarized cross sections

e “Never change a running system” . leave algorithm above unchanged

2
AgeeAn; Ny AL

Steps for separating polarizations Ml

P *P D *D
X M/\Z...)\HMXI...)\;LMAI...)\”MA’I...)\;L

=> polarized cross sections of all helicity combinations + interferences between them easily accessible in a
single simulation run

=> interferences between different polarizations are calculated directly

TECHNISCHE Implementation of polarized cross sections for vector bosons in Sherpa
UNIVERSITAT Institute of Nuclear and Particle physics / / Mareen Hoppe Folie 9
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Change of polarization definition
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Polarization definition

General: Spin basis

For helicity basis: Reference system

e massive VB characterized by momentum, integer
spin value, spin projection onto an arbitrary axis

e common choice: axis // VB momentum k"

(=helicity basis)

- common representation of polarization

e helicity not lorentz covariant

A" ev (k) # et (Ak)

.y eFié o _ . . Calculate & f e Calculate & from k* in
ek) = —2(0, — cosfcos ¢ £ isin @, — cosfsin ¢ Ficos ¢, sinb), inaLcauba eerirom different frame +
transformation to Lab

gilk) =8 = k—O<M cos ¢sin B, sin ¢ sin cos@)
k m k07 ) ) )

k¥ = aa* + b

% INSTITUTE OF
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Change of polarization definition

e Two ways to change polarization definition in matrix elements:

o a priori: change polarization definition directly in matrix element generator

o a posteriori: transformation of calculated production tensor, decay matrices
e change of basis = basis transformation of polarization vectors

0 0 20 0 0 0
o O ) €L €L &
=1 =1 1 1 1 1 at++ A4 Qo+
MRS I R a a a_ |e— transformation
<2 22 =2 2 2 2 +- -—  %0- T .
gL &7 & T R o coefficients
atp a0 Qoo
_ 3 3 3 3 g3 g3
matrix of new €L E_ & S
polarization vectors /

matrix of default polarization vectors
e Transformation of matrix elements

2 . partl partlx partn partn* 2
|M‘/\1/\’1...AnA;L = ang...;@n;@; Driky Pk ANkin N ! ‘M|nm;...mnnfn

Alnl n n
A A w
matrix element in new basis linear combination coefficients matrix element in default basis

=> Calculation of polarized cross sections for VB in different reference frames possible
currently laboratory frame, VB center of mass frame, parton-parton-frame, special user-defined
frames




Validation
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Polarization fractions

ssWW - COM

ssWW - Lab

58.66%

57.79%

54.32%

53.44%

40

9.74%

10.11%

60
Polarization fraction

31.61%

32.10%

38.28%

38.78%

pure transversal

pure longitudinal
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light colors: literature
dark colors: Sherpa
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Differential cross sections :
Same sigh WW process
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From paper
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From my own implementation in Sherpa
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Ao(ll)

From paper From my own implementation in Sherpa
Azimuthal angle difference between the two leading leptons
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Differential cross sections:
Single W process
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A¢l, jet

From paper From my implementation
Fiducial setup for pp — Wj — £} @ 13 TeV Azimuthal angle difference of lepton and jet
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cos 6,

From paper

Fiducial setup for pp — Wj — fvj @ 13 TeV
NNLO W pol.sum.
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Summary and Outlook

What's already done ...

v  firstimplementation of polarized cross sections in Sherpa
working
v Main features:

o all polarized cross sections in one simulation run
o direct calculation of interference between different polarizations

o provide several reference frames: laboratory frame,
center-of-mass system of the VB, parton-parton frame, frames
defined from custom combinations of hard process particles

What comes next ...

3 Validation with further vector boson production processes: WZ(jj),
WAHW-(j), ZZ(j)
[ Validation with samples from Madgraph
d  first applications in phenomenological studies e.g. off shell effects or
NLO-QCD calculation
[ Preparation for Release
Y
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Backup
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Calculation of polarized cross sections

AR hard process hard decay
*s spin correlation algorithm generates
A —EEE E)éjép;;;&;?f matrix element generator % decay chain
" T P2 P P % decay matrix for each particle
N ‘M |A1...)\n;,\’1...)\;l :MAI---/\HM/\Q--% 1 - D
-l *
_  structure: tree D)\AAi4 = TM)‘AM)‘Z“
- EE | 1o . . D
2 o e branch = one helicity combination : : .
mé o e level = one particle connection with whole decay matrix element:
= e number of starting branches / level > > n
N = = (helicity degrees of freedom)? M/\I...AnMi'I...Xn x H Dy,
0.0 e endofbranch: IM[{, , A=1
ANG | 2B
Calculation of full onshell matrix el P e ‘out of |M?|” =ML A MY W& Dy, = RV Vi
alculation of full onshell matrix element ‘M/\Im/\n;)\,lml\,"| ‘M/\I...An;/\’l.../\; outo AN X, = ML & PN, = Nop WAL
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Output of polarized cross sections

e polarized cross sections of all helicity B
Comblnatlons + Interferences ’Calcula!ion of unpolarized result (sum of all amplitude tensor entries) for normalization ‘
between them easily available at !
same time

= only one simulation run necessary
- different to e.g. Madgraph

Extraction, Normalization and Labeling of polarized matrix elements
and interferences + adding to weights map &

Transversal weights

Call Transversal cross section method, takes level variable

yes

massive VB includedj) o

Generation of list of all names in weights map - VB at level? no
Writing PolWeightmap into overall weights map, handle output in event

es
\ 4 record & multiply all weights with unpolarized result (and BR)

‘ level particle in first weights name in list: +- or - -helicity

yesj k delete weight name /updated

Extraction & Labeling of polarized cross sections

h t' . - 7 names list
u u a s m I ss I ng ° Generation of expected partner label & searching in
weights name list

updated
founded not founded \ no / names list

- add two weights name list empty?
- add result to weights map \ yes

- erase both weight names .
l last particle?

1. separation between polarized cross |
sections & interferences between
different polarizations

labeling of polarized matrix elements

for massive VBs: add + and -

contribution to transversal weight

in list

yes

level+1 e

S

Output

e polarized cross section (& interference) handled & printed out as additional weights
e weightnames: particle1.helicity1_particle2.helicity2... (e.g. W+.+_W+.-)

TECHNISCHE Implementation of polarized cross sections for vector bosons in Sherpa sewe® INSTITUTE OF y
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Spin-Correlation Algorithm
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Spin-Correlation Algorithm

originally invented (and implemented?) for
unstable strong interacting particles
production and decay should be splitted to
simulate QCD radiation before decay
generate right kinematics

but can also be used to access polarization

arXivhep-ph/0110108v1 8 Oct 2001

Preprint typeset in JHEP style. - HYPER VERSION Cavendish HEP-2001-13
DAMTP-2001-83

Spin Correlations in Monte Carlo Simulations

Peter Richardson
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge,
CB3 OHE, UK, and
DAMTP, University of Cambridge, Centre for Mathematical Sciences,
Wilberforce Road, Cambridge, CB3 0WA, UK.

ABSTRACT: We show that the algorithm originally proposed by Collins and Knowles
for spin correlations in the QCD parton shower can be used in order to include spin
correlations between the production and decay of heavy particles in Monte Carlo
event generators. This allows correlations to be included while maintaining the
step-by-step approach of the Monte Carlo event generation process. We present ex-
amples of this approach for both the Standard and Minimal Supersymmetric Stan-
dard Models. A merger of this algorithm and that used in the parton shower is
discussed in order to include all correlations in the perturbative phase of event gen-
eration. Finally we present all the results needed to implement this algorithm for
the Standard and Minimal Supersymmetric Standard Models.

INSTITUTE OF
= NUCLEAR AND
H *  PARTICLE PHYSICS




Spin-Correlation Algorithm

here only for VB decaying into stable leptons

[ ]
hard process final state particles & production (2—n) matrix element tensor |M | At AN N

choose one outgoing particle A
randomly *

i
PYY ILi 2 Dix

*
Y
KK Ny

_ 1
- TpM’PHIRQ;AI...)\j...)\nM

Spin density matrix py,x,(4)
1

with D, = % if particle not chosen yet

Generate momenta of A's decay products according to Px.x, MAA s A MAA, A A

. D=
M)\A Al )\nM)\;‘ g

Calculate A's decay matrix Dy, = N
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PolWeightMap - Extraction of polarized cross
sections out of Amplitude tensor
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Generation of PolWeightMap

Calculation of unpolarized result (sum of all amplitude tensor entries) for
normalization

. Extraction, Normalization and Labeling of polarized matrix
Transversal weights elements and interferences + adding to weights map
Call Transversal cross section method, takes level variable massive VB .
yes included? )10
| Generation of list of all names in weights map - VB at level? no <+ 1
* yes Writing PolWeightmap into overall weights map, handle output in .
event record & multiply all weights with unpolarized result (and BR)
level particle in first weights name in list: +- or - -helicity

AL U L I
Extraction & Labeling of polarized cross sections ... ¢, .. 0

new mode,

yes b‘ delete weight name /updated

names list

if mode=pol:
new spin label

Call Constructor-Init-function: needs Amplitude tensor \M\im A mode, optional spin label;
Start values: calculated Amplitude tensor, mode = start, spin_label ="

Generation of expected partner label & searching in

loop over A, and X, l
weights name list

‘ End of Branch, i.e A = last particle? ‘

yes / no

/
no yes
_Key =int already in map? 2
o new map entry: ‘ mode !=int ? ‘ l set mode = int
) oo key = spin label | yes
normalize matrix value = no
element with new map entry: || polarization set mode = pol
unpol result & key = int fraction "
add them to valug = go to next particle
corresponding polarization - A+1->A ... N-1->N
valiie fraction add spin label of A to

spin label
TECHNISCHE
UNIVERSITAT Folie 22
DRESDEN

L
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Extraction & Labeling of polarized cross sections ... g, ..,

N

new mode,
) if mode=pol:
Call Constructor-Init-function: needs Amplitude tensor |M|AAA;...ANA&, mode, optional spin label; new spin label
Start values: calculated Amplitude tensor, mode = start, spin_label =“"
— loopoverA,and A, *
End of Branch, i.e A = last particle?
yes / \ no
\ o /
J..- mode == int ? A = Ap? o3
10 \ o S
Key = int already in map? _
mode !=int ? ‘ set mode = int

new map entry:
yes / \nO key — Spin yes /

normalize matrix label no
element with new map entry: ||\ 5j e = set mode = pol

unpol result & key = int polarization ,

add them to value = fraction ‘ go to next particle
corresponding polarization 2dd spin label of A Pt 2 A N> T
value fraction to spir? label

DRESDEN MCnet Meeting Graz // September 23, 2022 {,?.:\.?- PARTICLE PHYSICS concep y




o,

-
i
i
i
B
i
i
i
i
i
i
i
i
i
i
i
i
i
i

Lol
E
T
I —

loop over all
combinations with VB1

—C

A S | | | e
e B2

| 1

v
0

1

OC

e
m
H

key-value-pair: T
key: VB1.+_VB2.+

. 2
value: IM|Z

M|

1001

1

interference
contribution

unpol

interference
contribution
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Weyl-van-der-Waerden formalism
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How Sherpa calculates polarization vectors -
Weyl-van-der Waerden formalism

Weyl-van-der-Waerden formalism

e matrix elements contain different mathematical
objects: spinors, lorentz vectors ...

for helicity amplitudes of massive particles

- difficult to calculate especially for many final i i
Sstate pa rticles CH-1211 Geneva 29, Switzerland

= group theory: all matrix element objects can be

described by same mathematical object:

Weyl-van-der-Waerden-Spinors

(2D fundamental irreduzible representations of ——

Lorentz group D(%,0) & (O, %) e S
¢ covariant: ¥4 = i e o i etk
€ contravariant: ,4

simplifies calculati(;/)n

discrete symmetries: number of independent

matrix elements decreases

helicity amplitudes of the processes vy — ff. ff — vyv. p put = ffr

>
N

TECHNISCHE Implementation of polarized cross sections for vector bosons in Sherpa sewe® INSTITUTE OF y
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How Sherpa calculates polarization vectors -
Weyl-van-der Waerden formalism

e four vectors: belong to spinor representation D(%;,%) = D(2,0) ® D(0,%):

u K+ k' +ik? arbitrary choice,
Kip= Ko, ip = . reference vector
Ky k; —-Zk2 ko-—-k3
— not a spinor decomposition yet /

k2

2a -k

e factorize (not light-like) four vector k* into two light-like four vectors: | = aa” + b with o =

KBAGB k2

and = ———————
/ . K. aCal
KC’DG’CG’D CDa a

KAB = aaAaB—FbAbB with bA =

% INSTITUTE OF
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Implementation of Basis-Transformation
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Implementation of Basis-Transformation

e Two ways to get Amplitude tensor with polarization vectors defined in new basis:
o a priori: change polarization definition directly in matrix element generator COMIX
o a posteriori: transformation of calculated Amplitude tensor during decay generation
e change of basis = basis transformation of polarization vectors
- polarization vectors with new reference vector = linear combination of default polarization vectors
e Transformation of Amplitude tensor

° 2 o partl partlx partn partn*
|M\A1>«1...>\n,\; = mel Kok a,\ml @y it a,\ Ko |M|

K1K] . Kn K

9
&
9
9

[ = o |
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Implementation of Basis-Transformation

e zeroth component not independent due to p‘e, =0
=> need to consider only spatial components
e solving equation by inverting matrix of default polarization vectors: using explicit

formula for 3x3 invertible matrices a b ¢\’ ei—fh ch—bi bf—ce
d e f = et A fg—di ai—cg cd—af
g h 1 dh —eg bg—ah ae—bd

e determination of transformation coefficients must be done for each particle in Amplitude

tensor
o result: partl partl partl
/ Qi+ Ay Gy \
i e coefficients only calculated for incoming
ag):grtl aIia(;tl a’g(z)xrtl pa rti C | ?S . ‘
port2 _par2 _part? - coefficients for outgoing particles &
t -t 0+ antiparticles: complex conjugate
part2 part2 part2
ay _ a_ _ Gy
part2 part2 part2
@ 3o Ao )
TECHNISCHE K . sons in Sherpa i ‘..\s?-’..: INSTITUTE OF DRESDEN ﬁ\
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partl partl partl
Gepr A S g N0

Implementation of Spinbasis-Transformation ||« g

partl partl partl
Wi T |“Zoff %

Il. Transformation of Amplitude tensor

part2 part2 part2
Gy a4 Gy

2 _ partl partlx partn partn* gPat?  gpart2  part2
|M‘)\1All>\n>\ln D Zﬁ'l’fl RpK a’)\lf‘él a’)\lllill R a)\nl“l'/n ‘M|’{"‘1’€1 K"n«K’;L a:art? apart2 ag;rﬂ

level +1; — transformation method is recursive to handle arbitrary number of propagators Vvl i
modifie
d coeff
matrix

level = # . ﬁ L level > # ¢ level = 2 #
level < # particles particles particles +1

Call transformation method, actions steered by level variable

particles

loop over all branches starting | | end of branch: calculate loop over all branches B of.brarlwghlof (ﬁld

at level level of tensor & for new matrix element for starting at level - PSR

each branch delete all helicity combination of this particles -1 of old tensor remaining coefficients to

coefficients of current particle | | branch and for each branch current matrix element
delete all coefficients of

which does not match helicity h N

A ) current particles does
comblrtmaglon ah55|gned o sum up all components of not match helicity
curren ranc 3 2 ! .
resulting tensor to get new combination assigned to
- matrix element current branch
a a a
/\1+ )\1_ )\10 a)\ )\I
) , . level +1; L4t
(el @ a%7) current £
coeff matrix 1 modified coeff
matrix
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o
O o 1
[ [ et s T TR TI T[]

T ) e 0

R UVUAUVUU 1UUU L

artl partls part2 art2*
L Zmn’lnzn’z ay a’l))\’ 1 ay P |M|

/\11’\',1 /\2.‘62 nlnlngnz

~ end of branch,
calculating new
matrix element by

calling v sum over all

transformatiof) ~ entries of
ALV Ao,
method at |M|2

AN AN,

B
~
o
]
!

I N — [ = 7 [ [ ]

end of branch,
multiply

2
|M|+ =X,

by remainin
coefﬁuentsf

(apartl
(a‘ﬁ”))
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From spinbasis trafo to reference system trafo

e |terate through Amplitude2_Tensor and for each particle (layer in tensor) do:
. Determination of desired and current polarization vectors

polarization vectors
defined in default

Particle’s momentum in laboratory frame

polarization vectors
defined in new frame

frame

1. Lorentz transformation of momentum in
new frame

vector

if spin basis = helicity basis: calculation of reference

/new polarization short: N

—

1
Ié‘lzab = A‘ “y5:ef(ApPab)|

/]
L\ 3, 2. 1,.j

Calculation of polarization vectors with momentum in

Lab

2. Calculation of new polarization vectors with momentum in new

frame

L

3. Lorentz transformation of' polarization vectors back to
Lab

v

Il. Determination of transformation coefficients equivalent to transformation of spin basis

e Transformation of Amplitude tensor equivalent to transformation-of spin-basis

TECHNISCHE Implementation of polarized cross sections for vector bosons in Sherpa
UNIVERSITAT Institute of Nuclear and Particle physics / / Mareen Hoppe
DRESDEN MCnet Meeting Graz // September 23, 2022
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Steps towards basis transformation

I. For each particle in Amplitude tensor:
1. Determination of desired and current polarization vectors

- changing spin basis: calculation of polarization vector with default & new reference vector

- changing reference system:

polarization vectors

Particle’s momentum in laboratory frame

polarization vectors

defined in default
frame

_\defined in new frame

1.

Lorentz transformation of momentum in new frame |

if spin basis = helicity basis: calculation of reference new polarization short:
vector

Calculation of polarization vectors with momentum in
Lab

2
M,

artl partls artn _partn 2
= an’l...finn; a’p aP A aP a’p |M|

-1
Elll';ab = A HVE:ef(ApLab)

2. Calculation of new polarization vectors with momentum in new
frame

3. Lorentz transformation of polarization vectors back to Lab

! v
Ak TN K] Ankn ALKL
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Simulation details
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Current status: Validation

e First implementation finished
e Currently testing / validation with different processes / generators
e first comparison with

A. Ballestrero et al. : Different polarization definitions in same-sign WW scattering at the LHC. Physics Letters B,
Volume 811, 135856 (2020). DOI: 10.1016/j.physletb.2020.135856, arXiv: 2007.07133v2 [hep-ph]

Different polarization definitions in same-sign WWW scattering at the LHC.

Phantom Monte Carlo Event generator at LO

On-Shell projection technique

parton level

fiducial phase space

only WW* — e*v.p*v, decays

Laboratory- & VB-COM frame for polarization definition

oo dodd

M. Pellen et al.: polarized W+j production at the LHC: a study at NNLO QCD accuracy. Journal of High Energy
Physics (2022), 160. DOI: 10.1007/JHEP02(2022)160, arXiv: 2109.14336 [hep-ph]

Polarised W-j production at the LHC: a study at
NNLO QCD accuracy

[ STRIPPER framework, matrix element generation with
AvH library, OPENLOOPS 2, own work at NNLO QCD

d  narrow-width approximation

3 inclusive and fiducial phase space

O  W-decays to e, p; all results for one decay channel

Q only laboratory frame for polarization definition
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BEAMS: 2212
BEAM_ENERGIES: 6500

Simulation Setup BERE. b fu

FRAGMENTATION: None

Simulation: parton level, LO, narrow-width approximation e
Hard process: _7] N W+W+jj BEAM_REMNANTS: false
Harddecay: W W' = etveutv, W W* = etvetn, :::;::2?:::;;*;3"?ij§R‘;iw
ALPHAS: {USE PDF: 1
W+W+ — l.l/+VuIJ;+V# EW_scheme: Gnu

GF: 0.0000116637
GMU_CMS_AQED_CONVENTION: 4

PDF-Set: NNPDF30_lo_as_0130 TS . Bk
EW-parameter: G -scheme: m,,= 80.358; m SCALES: VAR (PPer7 (pL4])-PPerp n[51)) oder MW

PARTICLE_DATA:

Width: ©

Mass: 80.358
23:
Mass: 91.153

YFS:
MODE: HNone

HARD_DECAYS:
Enabled: true
Mass_Smearing: 1
Channels:
24,12,-11: {Status: 2}
24,14,-13: {Status: 2}
QED_Corrections: 0

POL_CROSS_SECTION:
Enabled: true
Spinbasis: Helicity

Referencesystem: Lab

PROCESSES :
- 93 93 -> 24 24 93 93:
order: {QcD: 0, EW: 4}

SELECTORS :

- FastjetSelector:
Expression: Mass(p[4]+p[5])>500
Expression: abs(Eta(p[4])-Eta(p[5]))>2.5
Algorithm: antikt

EtaMax: 5.0

LYSIS: Rivet
RIVET:
--analyses:
- MC_polssWW _Analysis
- MC_polsswW _Analysis:PHASESPACE=FIDUCIAL
--ignore-beams: 1




BEAMS: 2212

Simulation Setup it e

MI_HANDLER: None # Amisic
SHOWER_GENERATOR: None

Simulation: parton level, LO RPN e s
. . . . o HE_GEI!ERATORS q
Approximation: narrow-width without mass smearing 2 TR
.. . YFS:
Hard process: jj — W™j HODE: 111c

PDF_LIBRARY: LHAPDFSherpa
PDF_SET: NNPDF31 lo_as 0118

Hard decay: average of wt = e+Ve wt = IJ'+VH SCALES: VAR{0.257 (sqrt(PPerp2(p[2])+Abs2(p[2]))+PPerp(p[3]))*(sart (PPerp2(p[2])+Abs2(p[2]))+PPerp(p[3]))}
PDF-Set: NNPDF31_lo_as_0118, n.= 5 Gt o.ceo01 6638

GMU_CMS_AQED_CONVENTION:
EW-parameter: G -scheme: m,,= 80.3520; m,= 91.1535;

PARTICLE_DATA:

Mass: 80.3520
Width: ©

23:
Mass: 91.1535

HARD_DECAYS:
Enabled: true
Mass_Smearing: 1
Channels:
24,12,-11: {Status: 2}
24,14,-13: {Status: 2}
QED_Corrections: 0
POL_CROSS_SECTION:
Enabled: true
Spinbasis: Helicity

PROCESSES :
- 93 93 -> 24 93:
Order: {QCD: 1, EW: 1}

SELECTORS :
- FastjetFinder:

Algorithm: antikt

ANALYSIS: Rivet
RIVET:
--analyses:
- MC_singleW Analysis
- MC_singleW Analysis:PHASESPACE=FIDUCIAL
--ignore-beams: 1
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ssWW - total cross sections
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Total cross section - inclusive phase space
Gpaper - 2 [fb] * Ratio [%] *

O Sherpa [f b]

Ratio [%] *

full 6.370 + 0.006 6.3697 + 0.0024

unpol 6.334 + 0.004 6.2225 + 0.0024

Lab

polsum 6.3262 + 0.0032 100 6.231 +0.015 100

int -0.008 £ 0.015

0-0 0.5146 + 0.0006 8.134 £ 0.010 0.5132 + 0.0026 8.24 £ 0.05
O0-T+T-0 2.4796 + 0.0024 39.20 £ 0.04 2.450 £+ 0.005 39.32+0.12
T-T 3.332 £ 0.002 52.67 £ 0.04 3.268 + 0.005 52.45+0.15
WW-CoM

polsum 6.3274 + 0.0029 100 6.370 + 0.005 100

int 0.001 + 0.005

0-0 0.6550 + 0.0008 10.352 £ 0.014 0.6625 + 0.0009 10.40 £ 0.016
O-T+T-0 2.0324 + 0.0020 32.121 £ 0.035 2.0606 + 0.0021 32.35+0.04
T-T 3.640 £+ 0.002 57.53 £ 0.04 3.6469 £ 0.0032 57.25 + 0.07

Comparing my obtained cross
section with the values on the
paper (multiplied by a factor 2)
we obtain an agreement of
better than
Lab: < 2% (cross section)

< 1.5% (ratio)
CoM: £ 1.5% (cross section)

< 1% (ratio)

interference contribution
compatible with zero

*errors calculated according to gaussian error
propagation; polsum calculated
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Total cross section - inclusive phase space

O paper * 2 [fb} Ratio [%] *

O Sherpa [f b]

Ratio [%] *

full 6.370 = 0.006 6.3697 + 0.0024

unpol 6.334 £ 0.004 6.2225 £ 0.0024

Lab

polsum 6.3262 + 0.0032 100 6.231+0.015 100

int -0.008 £ 0.015

0-0 0.5146 + 0.0006 8.134 £ 0.010 0.5132 + 0.0026 8.24 £ 0.05
O0-T+T-0 2.4796 + 0.0024 39.20 £ 0.04 2.450 + 0.005 39.32+0.12
T-T 3.332 £ 0.002 52.67 £ 0.04 3.268 + 0.005 5245+ 0.15
WW-CoM

polsum 6.3274 + 0.0029 100 6.370 + 0.005 100

int 0.001 + 0.005

0-0 0.6550 + 0.0008 10.352 £ 0.014 0.6625 + 0.0009 10.40 + 0.016
0-T+T-0 2.0324 £ 0.0020 32.121 £ 0.035 2.0606 + 0.0021 32.35+£0.04
T-T 3.640 + 0.002 57.53 £ 0.04 3.6469 + 0.0032 57.25 + 0.07

Comparing my obtained cross
section with the values on the
paper (multiplied by a factor 2)
we obtain an agreement of
better than
Lab: < 2% (cross section)

< 1.5% (ratio)
CoM: £ 1.5% (cross section)

< 1% (ratio)

interference contribution
compatible with zero

*errors calculated according to gaussian error
propagation; polsum calculated
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Total cross section - fiducial phase space
O paper * 2 [fb] * Ratio [0/0] 3

O Sherpa [f b]

Ratio [%] *

full 3.186 + 0.004 3.1826 + 0.0012

unpol 3.144 + 0.004 3.0718 £ 0.0016

Lab

polsum 3.1998 + 0.0022 100 3.0239 + 0.0030 100

0-0 0.2370 £ 0.0002 7.407 £ 0.010 0.2349 + 0.0004 7.768 £ 0.015
0-T +T-0 1.2248 £ 0.0012 38.28 + 0.06 1.1728 £ 0.0012 38.78 £ 0.06
T-T 1.7380 + 0.0018 54.32 £ 0.09 1.6160 + 0.0018 53.44 £ 0.08
WW-CoM

polsum 3.1880 £ 0.0022 100 3.0268 £ 0.0031 100

0-0 0.3104 £ 0.0004 9.737 £0.016 0.3059 £ 0.0005 10.106 + 0.019
O-T +T-0 1.0076 + 0.0012 31.61 £0.05 0.9717 £ 0.0010 32.10 £ 0.05
T-T 1.8700 + 0.0018 58.66 £ 0.08 1.7493 £+ 0.0021 57.79 £ 0.09

*errors calculated according to gaussian error propagation; polsum calculated

TECHNISCHE
UNIVERSITAT
DRESDEN

Comparing my obtained
cross section with the values
on the paper (multiplied by a
factor 2) we obtain an
agreement of better than
Lab: < 5.5% (cross section)

< 5% (ratio)
CoM: <6.5% (cross section)

< 4% (ratio)

Literature:

A. Ballestrero et al. : Different
polarization definitions in
same-sign WW scattering at the
LHC. arXiv: 2007.07133v2

[hep-ph]

O Phantom Monte Carlo Event
generator at LO

0 double-pole approximation

0 Laboratory- & VB-COM
frame for polarization
definition
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*errors calculated according to gaussian error

Total cross section - one lepton decay channel Pl ekl ol

Lab O paper [pb] ] Ratio [%] " O Sherpa [Pb] s Ratio [%] 3

full 408.69 + 0.03 431.40 £ 0.09

unpol 413.83 £ 0.03 100.150 + 0.010 420.30 + 0.09 96.872 + 0.030

polsum 413.21 £ 0.03 100 433.87 £ 0.10 100

L 93.898 + 0.005 22.7240 + 0.0020 94.711 £ 0.032 21.829 £ 0.009

T 319.31 £ 0.03 77.275 £ 0.009 339.16 £ 0.08 78.171 £ 0.026
Comparing my obtained cross section with the values on the paper Literature:
(multiplied by a factor 2) we obtain an agreement of better than M. Pellen et al.: polarized W+j production at the
cross section: <6.5 % LHC: a study at NNLO QCD accuracy, arXiv:
ratio: <4% 2109.14336 [hep-ph]

 STRIPPER framework, matrix element

Open questions generation with AvH library, OPENLOOPS 2,
- why full calculation does not fit? own work at NNLO QCD

O narrow-width approximation

- why is the interference so big? .
. . . . QO only laboratory frame for polarization
- why are there differences in polarized cross sections? definition
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Total cross section - one lepton decay channel

*errors calculated according to gaussian error

propagation; polsum calculated

** calculated from simulation electrons + muons

Lab e pb] - Ratio [%] * e [pb] ™ Ratio [%] *

full 408.69 + 0.03 431.40 + 0.09

unpol 413.83 + 0.03 100.150 + 0.010 420.30 + 0.09 96.872 + 0.030

polsum 413.21 +0.03 100 433.87 +0.10 100

L 93.898 + 0.005 22.7240 + 0.0020 94.711 + 0.032 21.829 + 0.009

T 319.31 £ 0.03 77.275 + 0.009 339.16 + 0.08 78.171 £ 0.026
Literature:

Comparing my obtained cross section with the values on the paper
(multiplied by a factor 2) we obtain an agreement of better than
cross section: <6.5 %

ratio: <4%

M. Pellen et al.: polarized W+j production at the
LHC: a study at NNLO QCD accuracy, arXiv:
2109.14336 [hep-ph]

 STRIPPER framework, matrix element
generation with AvH library, OPENLOOPS 2,
own work at NNLO QCD

O narrow-width approximation

Open questions
- why full calculation does not fit?

- why is the interference so big? .
. . . . QO only laboratory frame for polarization
- why are there differences in polarized cross sections? definition
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Single W
inclusive phase space
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cos 6]

Lepton decay angle

T T T T ‘ T T T T T T T | T T T T

Inclusive setup for pp = Wj — fvj @ 13 TeV

1400 —— NNLO W* pol.sum.
—— NNLO Wi

1200 L—‘:i —— NNLOW}
1000 ]

800

+

700

600

do/dcos(6}) [pb]

500

IIII|IIII|IIII|I

400

300

200
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IIII|||Il|I|II|IIII|III||III||IIII|II

IIIIIIIII|IIII|IIII
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A¢1, jet

Inclusive setup for pp = Wj = fvj @ 13 TeV
NNLO W* pol.sum.
30001 — NNLO Wx
—— NNLO W;

Azimuthal angle difference of lepton and jet

2000

2500

Bl

do/dAdjet [pbl

1500

do/dAg [fh)

—+— polsum

1000

i

\

I|I|II|IIII|IIII|I||

|IlII|IIII|IIII|I(

500

|

de(P)/d Ty o)
QOO0 00 00 O

IIII|I|II|II|I|IIII|IIII|IIII|IIII|II|I|IIII|IIII
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D1, jet

Inclusive setup for pp — Wj — (vj @ 13 TeV Jet transverse momentum

- —— NNLO W* pol.sum. = 3L L I B B L L B B
—— NNLO Wi Q ]

=\=1 NNLO Wf i 1 —— polsum
Z wlh : i —— w3
3 = —— W -
) ko ]
£ 4 1 —
£ = 3
= = ]
< 5 3

1 IIIIII.L|

| IIIIIL|.|

W

(p) (p)

do'P)/d Y0
©0 0000 00 O

O R NWRUIONI®O\O
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P11

Inclusive setup for pp = Wj — fvj @ 13 TeV

102 — T T T T T T T T T T T T T T T
~—— NNLO W* pol.sum. B - | | Bi
9]
—— NNLO Wi Y - —— polsum
:| a— +
= I=,=‘ o B 10t : W:F —]
g w = = —— WG
£, ’_r—‘— =] - ]
[5:. so] B 7
s l_\_\_‘ ™ L 4
= 0 o}
10 LLL‘— i
101
__ 09
U
= 08
b& 0.7
L] 0.6
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< 04
= 03
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T oa1
o
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cos (A0 et

Inclusive setup for pp = Wj = (vj @ 13 TeV Angle between lepton and jet
NNLO W* pol.sum. o 1400 [—T T T 1 | 1 T 1 | T 1 T 1 T ]
) - ]
20001 — NnLo wi = ©  —— polsum ]
= NNLO WE 8 1200 __ —'— W,_I,'— __
g 1500 % . WI-_',— a
< =L r
3 g 1000 |— N
£ 1000 z - ]
<O | - -
32 S 800 — ]
(8} 10} - -]
= = - -
] s C ]
T 600 [— -
400 = '_,_’: -
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200 = -
c ——TT 7T+ 7 1 | | ]
o 1 LI S — L S — 1
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Ll 0.6
5 05
~ 04
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L 0.2
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Single W
fiducial phase space -
further observables
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D1, jet

Jet transverse momentum
. Fiducial setup for pp — Wj — fvj @ 13 TeV

—— NNLO W* polsum.

1

—— NNLO Wi —1— polsum
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Yj

—

Fiducial setup for pp — Wj — fvj @ 13 TeV Jet rapidity
- — EEEO a: pol.sum. %: 120 — L B i
O Wy = C —— polsum i
150 — NNLOW{ £ 100 — + ]
- " o :
Z125 - P B —— Wi ]
> ;l O, 80 — |
=100 B :
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5 60 __ 1

do(P)/d 2y o(p)
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do /dpr [fb/GeV]

D11

Fiducial setup for pp — Wj — fvj @ 13 TeV

— |
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Yl

Fiducial setup for pp — Wj — fvj @ 13 TeV Lepton rapidity y
160 —— NNLO W pol.sum. | T T 1 | T T 1 T T 1 T T 1 T 1
ol — NNLO W} |5 e .
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cos (A0 et

Angle between lepton and jet
T T T | T T T T | T T T T I
~—— polsum
——"We
—t—N
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