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The SHERPA event Wm New major release SHERPA 3.0.0 since July!

higher-order QED effects

QED radiation
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https://arxiv.org/abs/1905.09127

SHERPA's polanization
jframewonk

Design principles & features
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- completeness relation - helicity basis

S,=-1 =0
Zinonos: Tests of the Standard Model of Particls.
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- lead to interferences between different
polarisations ’ - frame dependent!

8 !0 E g » I.
- amplitude needs to factorize: production ® propagator ® decay

- problem: non-resonant diagrams
- no polarisation definition, but necessary for gauge invariance

- seluticn: appropriate approximations - gauge invariant options:

| e~ m})

Pole Approximation ((D)PA)
Narrow-Width Approximation (NWA) (¢ —m¥)* + Tom3

T'ymy
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hard
process

hard decay
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https://arxiv.org/abs/hep-ph/0110108

[S. Hoche et al. 2014]

On-shell Aipproximation in SHERPA

e extended narrow-width approximation:
O spin correlations preserved
o off-shell effects via mass smearing of on-shell vector boson states
|MP’2 _

Simulation of unpolarized production process

01

Recalculation of the production amplitude

tensor

Spin correlation algorithm generates decay chain, 1 D 44D
. D)\AX = _M/\AMX*

LO decay matrices 4 Np A

BW ~

Mass Smearing of the intermediate vector bosons
according to Breit-Wigner distribution

Reweighting of production cross section with
decay branching ratio

qi1 qf1

hard

process hard decay

qi2 qf2

P *P
Z M)‘l ~~-/\71,MA] . An

P2 _ P *P
M ‘Al...An;)\’]...)\;l = My M

E, |p| adjusted while
preserving direction

(p2 — M?2)2 +T2M? offlightin FS COM to
account for new
virtuality

|MNWA|2 — |M'P|2 % BR,
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https://arxiv.org/abs/1412.6478
https://arxiv.org/abs/hep-ph/0110108

[ 4 [ 4 [ 4
Calculation of polamzed cross sections [MH, M. Schénherr, F. Siegert 2023]

e algorithm for polarized cross sections:

o simulation essentially unpolarized

o polarization fractions calculated on top

o starting point: production amplitude tensor & decay matrices from spin
correlation algorithm

5.
Multiplication
with event XS

& output as
event weights

1. Separated 2. Trans- 3. 4. Calculation
amplitudes from formation Multiplication of polarization

unpolarized to desired of production fractions &
simulation spin basis & decay labeling

2
Mp M*p |M|>\1“)\,,:/\’,...,\;, - )
! ! pol e —
Kioobin? VPR KL Z et partls ‘M A Ny, Fracy,. a,n.op = =5
D D k1 (RS P P . D Mol iy
y A KiK. KK, * * MP|S EVIRY WL
MM et \ My Mo M M, / ‘*""’\"';\t;'*” e
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VoK oK e
T W+,
T W+,
St W
T W+,
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https://arxiv.org/abs/2310.14803

e’
el
2
et

2 . partl partls partn _partn* 2
|M|,\1x1...,\n,\;, = Zmn'l...nnn; N ) WS V) |M|mnfl...nnn;

Mareen Hoppe (TU Dresden) COMETA Polarisation Wo op 2024 - Toulouse - September 24, 2024 Slide 9



[ 4 [ 4 [ 4
Calculation of polamzed cross sections [MH, M. Schénherr, F. Siegert 2023]

e algorithm for polarized cross sections:

o simulation essentially unpolarized

o polarization fractions calculated on top

o starting point: production amplitude tensor & decay matrices from spin
correlation algorithm

5.
Multiplication
with event XS

& output as
event weights

1. Separated 2. Trans- 3. 4. Calculation
amplitudes from formation Multiplication of polarization

unpolarized to desired of production fractions &
simulation spin basis & decay labeling

2
Mp M*p |M|>\1“)\,,:/\’,...,\;, - )
! ! pol e —
Kioobin? VPR KL Z et partls ‘M A Ny, Fracy,. a,n.op = =5
D D k1 (RS P P . D Mol iy
y A KiK. KK, * * MP|S EVIRY WL
MM et \ My Mo M M, / ‘*""’\"';\t;'*” e
n .. gPATtn gpartnx| A% Doy, [MP S i
Ankn ALK PR L0 W+,
VoK oK e
T W+,
T W+,
St W
T W+,

Mareen Hoppe (TU Dresden) COMETA Polarisation Workshop 2024 - Toulouse - September 24, 2024 Slide 10


https://arxiv.org/abs/2310.14803

M| > IMS + > MIMET, — —
X AN pp — e Ve T 1jj @LO, /5 = 13 TeV (Lab, COM polarisation)
S~ N——
coherent sum polarised contributions, incoherent sum interference Q —t— ful
—+— W} Wi (lab)
—t— W{'Wj (lab)
—t— W{W{ + W] W5 (lab)
—+— W{ W5 (com)
E[::l Z —+— W{ Wi (com)
—— WfW{ + W W5 (com)
—+— int(lab)
~—+— int(com)

DS NN

Ratio over full

—+— polsum(lab) —— polsum (com)

pLww [GeV]

Mareen Hoppe (TU Dresden) COMETA Polarisation Workshop 2024 - Toulouse - September 24, 2024

Slide 11



pp — i vuete jj @LO, y/s=13 TeV (Lab polarisation) pp — ete utuTjj @LO, /5 =13 TeV (Lab polarisation)
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—+— polsum
—+— int

+ ;
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| —— W
—t— full —+— polsum
—+— unpol v —— int
— Wi

do/dry+ [fb]
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> interference not always negligible
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SHERPA's polanization
jframewonk

Higher order effects & BSM
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Polanized cnoss sections matched to P8 - ME@NLO

[S. Hoche et al. 2012]

OMGANLO = /d‘l’ B )[AA to) /d<1>1 (ii’ )) A(t):ld_'_/d(i)nﬁ-le(&)rH»li

=03 =i0H

Resolued S-events of the
temonmdependzncyoﬁwaw

universal-soft-collinear radiation H-euvents
pattern in PS approximation above
PS IR cutoff - hard, well-separated emissions

Unnesclued S-events beyond PS sta.lr.ting scalg
censthuction pmm comp,eete - process-specific corrections to

e universal soft-collinear emission
neal emissien amplitude - emissions below PS IR Sefiie
cutoff

- virtual corrections

virtual, ultra-soft & - constuction frnom complete
ultra-collinear neal emissicn amplitiude
emission effects
neglected for
polarization fractions
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https://arxiv.org/pdf/1111.1220v2.pdf

U=

nLO+P8 vs. full fixed NELC -
W2-Diboson production

Comparison with NLO QCD fixed order calculation [A. Denner & G. Pelliccioli 2021]

I+

Y

7(q) A

63.51% 14.72% 15.46%
COM
5.68% 14.95% 15.66%

Il pure transverse
B pure longitudinal
I TL
. LT
E TL+LT
[ light colors: literature
[ dark colors: Sherpa

54.76% 6% 21.39% 17.64%

- agreement of

54.44% 21.47% Lab: < 1%

COM: = 1.5%

0 20 40 60 80 100
Polarisation fraction
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https://arxiv.org/abs/2010.07149

W2 Diboson production - Rapidity of the W-Clepton
NI;O Q(/:D calculation fixed order Sherpa nLO+PS
[ ]

pp-e*veutu~ +X @ NLO QCD, Vs = 13 TeV: fiducial region pp — e"vepp” +X @LO+PS, /s =13 TeV (Lab pol)

— full
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Reproduces even non-trivial NLO effects!
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https://arxiv.org/abs/2010.07149

nLO+P8 (Shenpa) vs. fult NLO+P8 (POWHEGPYTHIR)

Literature: [G. Pelliccioli, G. Zanderighi 2023]

WZ production [G. Pelliccioli, G. Zanderighi 2023]: similar agreement compared to NLO QCD+PS

2Z-Production

LT + TL
T

ut

ONLO+PS [fb]

14.02(1)

0.819(1)

3.565(3)
9.47(1)

0.171

Fraction [%] Tar.04+ps [fb] Fraction [%]
100 14.017(17) 100
5.84 0.8404(12) 5.996(11)

25.43 3.6177(39) 25.81(4)
67.52 9.370(14) 66.85(13)

1.28 0.1886(24) 1.345(17)
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https://arxiv.org/abs/2311.05220
https://arxiv.org/abs/2311.05220

pp — e veut ™ + X @LO+1j,nLO+PS, /s =13 TeV (Lab pol)
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polsum (20)
polsum (40)
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U8B polanization Geyond the Standand Model

COMETA Polarisation Wo

VBS phase space
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[M. Buhring]
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https://arxiv.org/pdf/1412.6478

Polanzation frhamewonk in
neal Ufe
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VH production
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[ ] [ ]
Pc&uwzed. w;p pmdudmn [R. Seip CERN-THESIS-2024-086]

An(7y, n) with Mr > 150GeV-cut
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https://cds.cern.ch/record/2902918?ln=de

Finst highen onder QCD predictions
for V88 W'W'y matched to PS |

LO+PS8

unpol [fb]

2.459

[E. Bachmann, MH, M. Stange]

P} comparison for W*W *jj + 0, 1j t-ch. and W *W *jj full

— WEWEjjfull LLWW-CM
— WEWZjj+0,1jt-ch, LT+TI

—_— WEW=jjfull TT WW-CM

[M. Stange]

W=W=jj+0,1jt-ch. LLWW-CM

L Ww-CM

— WEW=jjfull LT+TL WW-CM
W=W=jj+0,1j t-ch. TT WW-CM

LL [fb]

Fraction [%]

0.237

9.63

LT+TL [fb]

Fraction [%]

0.765

31.12

0.716

Events

31.10

TT [fb]

Fraction [%]

1.497

60.88
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o
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le-5 mi*MET comparison for W*W *jj + 0, 1j t-ch. and W *W *jj full

WEW=jj+0,1jt-ch. LLWW-CM

— WEW=jjfull LLWW-CM

— WEW=jj+0,1jt-ch. LT+TL WW-CM

— WEWEjjfull LT+TL WW-CM
WEW=jj+0,1jt-ch. TT WW-CM

— WEW=jjfull TT WW-CM

[M. Stange]

Recently:

NLO EW fixed
order results

KS test: 0.007

1,300

available

KS test: 0.004

60.77 .

e s A. Denner, C.

Haitz, G. Pelli

First NLO QCD +

ccioli

t 1.00 + 4
& e e S i e e G

2024
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https://arxiv.org/pdf/2409.03620
https://arxiv.org/pdf/2409.03620
https://arxiv.org/pdf/2409.03620

Cunnent pnojects
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Ongoing: Extension to complete NLO QCD / NLC EW

Co
QP & g

e first step: Extension of SHERPA’s Recola

&

interface to get polarized loop-amplitudes

o transformation to SHERPA’s spin basis to use it

together with COMIX decay amplitudes

o implemented spin trafo used
e currently testing first implementation /
o first application: loop-induced processes

SHERPA
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Ongoing: Usage as polanization taggen

Receiver Operating Characteristic (LL vs. Rest)

2
o

LL

o
IS

o
-1
©
o«
o
>
=
@
<]
<
o
=
=

—— Regression (AUC = 0.8429
~—— Classification (AUC = 0.8369

Receiver Operating Characteristic (LT+TL vs. Rest)

—— Regression (AUC = 0.7102
~—— Classification (AUC = 0.6563

True Positive Rate

o
o

0.4 0.6 0.8
False Positive Rate
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True Positive Rate
o
-9

TL+LT

0.4 0.6
False Positive Rate
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Receiver Operating Characteristic (TT vs. Rest)

2
o

S
FS

—— Regression (AUC = 0.7821
~—— Classification (AUC = 0.7751

1T

0.4 0.6
False Positive Rate
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https://cds.cern.ch/record/2890330?ln=de

Ongoing: Usage as polanization taggen

Polarization fractions in Z+jets @ 13.6 TeV: MC truth and NN pred,

160000 -

140000 A

100000 -
80000 -

doydr; [arb. units]

60000 -

L (truth)
T (truth)

~— coint (truth)
120000 A B Stat. Unc.
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Mareen Hoppe (TU Dresden)

Polarization fractions in Z+jets @ 13.6 TeV: MC truth and NN pred.

L (truth) —— L (predictions)
T (truth) —— T (predictions)
m Stat. Unc.

do/dr; [arb. units]

Pred. / Truth Pred. / Truth
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[E. Bachmann, MH]

Polarization fractions in Z+jets @ 13.6 TeV: MC truth and NN pred.

140000 A L (truth) —— L (predictions)

T (truth) —— T (predictions)
120000 A ~— coint (truth) —— coint (predictions)
B Stat. Unc.

100000 A

80000 A

doydr; [arb. units]

60000

40000 -

20000 A

Pred. / Truth Pred./ Truth Pred./ Truth
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https://arxiv.org/abs/2306.07726

. ’ ’ Next 2
Ongoing: Usage as polanization taggen Trying o erent network

architecture (GNNs) in order to
include all jets as training inputs

Polarization fractions in Z+jets @ 13.6 TeV: MC truth and NN pred.. Polarization fractions in Z+jets @ 13.6 TeV: MC truth and NN pred.  Polarization fractions in Z+jets @ 13.6 TeV: MC truth and NN pred.
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Pred. / Truth Pred. / Truth
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https://arxiv.org/abs/2306.07726

Summany and OCutlook

V  Overview over SHERPA'’s polarization framework

\ : o  publicly available since SHERPA 3.0.0beta
/ Vv  Key features:
o all polarized cross sections in one simulation run
direct calculation of interference between different polarizations

S H E RP B provide several reference frames

accuracy up to nLO+PS, multi-leg merging

no process limitation ( for intermediate VBs ) beside loop-induced
processes

o usable for SM and BSM physics

O O O O

v

https://www.zeppelinschule-speyer.de/ausblick-auf-di
e-zeit-nach-pfingsten/

Extension to loop-induced processes

Extension to NLO QCD and approximate NLO EW

Application for polarization tagging

Applications in phenomenological studies: NLO effects to VBS processes,
BSM studies, hadronic decays

.\-\ijg\ What comes next ...

oo
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Summany and OCutlook

V  Overview over SHERPA'’s polarization framework

\ : o  publicly available since SHERPA 3.0.0beta
/ Vv  Key features:
o all polarized cross sections in one simulation run
direct calculation of interference between different polarizations

S H E RP B provide several reference frames

accuracy up to nLO+PS, multi-leg merging

no process limitation ( for intermediate VBs ) beside loop-induced
processes

o usable for SM and BSM physics

- o8,
/\F\ijg\ What comes next ... 1\«0“*& fﬂw

O O O O

Extension to loop-induced processes \ygﬂ”'
Extension to NLO QCD and approximate NLO EW

Application for polarization tagging

NLO effects to VBS processes, BSM studies, hadronic decays

oo

https://www.zeppelinschule-speyer.de/ausblick-auf-di
e-zeit-nach-pfingsten/
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0 [ [
Spin-Connelation Algomthm richaricon 2001

2
hard process final state particles & production (2—n) matrix element tensor |MP| At AN, X

. . . 1 P P )
Spin density matrix pyx (4) = T,,M ,.;,HQ;AI,,,,\J.,,,,\”MKM;/\,1“_/\9m% L 4 Dix

1
with D, = % if particle not chosen yet

Generate momenta of A's decay products according to PANME s M)\ Y

Calculate A's decay matrix D,\A,\;l = N M)\A,)\I M)\A,)\I An
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https://arxiv.org/abs/hep-ph/0110108

Mass Smeaning lgonithm

e spin correlation algorithm runs on on-shell momenta

e mass smearing performed afterwards

1. Generate off-shell masses for VBs
a. determine max. available mass = invariant mass of total mom of VB production FS
b. starting with VB with smallest decay width

C. dice mass according to Breit-Wigner distribution from [0, totmass]
Boost final state momenta of production process accordingly

3. Boost final state momenta of decay particles accordingly
Guiding principles for 2.+3.

- redistribute E, |p| of the particles while preserving direction of flight in CMS of the FS particles
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BEAMS: 2212

BEAM_ENERGIES: 6500 HARD_DECAYS :
= Enabled: true

Channels:
WIDTH_SCHEME: Fixed 23,11,-11: {Status: 2}
23,13,-13: {Status: 2}
COMIX DEFAULT GAUGE: © Pol_Cross_Section:
s e Enabled: true

PARTICLE_DATA: ‘ Reference_System: COM

24 {Width:: 6} # production process: (jj -> ZZ
23: {width: 0} AL (13 )
- 93 93 -> 23 23:
Order: {QCD: O, EwW: 2}
NLO_Mode: MCENLO
NLO_Order: {QCD: 1, Ew: 0}
ME_Generator: Amegic
RS_ME_Generator: Comix
Loop_Generator: OpenlLoops

ANALYSIS: Rivet
RIVET:
--analyses:
- COMETA ZZ production analysis|

# production process: (jj -> ZZ)
PROCESSES:
- 93 93 -> 23 23 93{1}:
Order: {QCD: O, EW: 2}
CKKW: 20
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Polarization fractions in Z+jets @ 13.6 TeV: MC truth and NN pred.

rized Ip_decayangle_LabFr for Z+j @ 13.6 TeV: MC truth and NN p Polarized y_j1 for Z+j @ 13.6 TeV: MC truth and NN pred.
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