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G Inivewsivir Good things come to those who wait
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July 2024 :

The Sherpa collaboration
proudly presents
Condensing the work of the last >5 years

» new physics features

» more intuitive user interface

» more efficient CPU footprint

» modern build system

» comprehensive validation suite

SHERPA 3.0.0")
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The Need For QED

Now

Factor 2-100 improvement in the
measurement of EWPOs

0.1% errors which could be ignored at LEP
will dominate at future e*e” machines

On the theoretical side this translates into a
much more sophisticated modelling

»  Theoretical uncertainties need to be
comparable (or lower!) than the experimental

Fixed Order improvements

Resummation techniques for both

QCD/QED

Observable Where from Current (LEP) FCC (stat.) | FCC (syst.) | pée
My MeV] | Z linesh. [32] | 91187.5 + 2.1{0.3} 0.005 0.1 3
Iz [MeV] | Z linesh. [32] | 2495.2+2.1{0.2} 0.008 0.1 2
RZ =T,/T; | o(Mg) [33] |20.767£0.025{0.012} | 6-107° 1-1073 12

0P panb] 00 [32] 41.541 4+ 0.037{0.025} | 0.1-107° 4-1073 6
N, a(Myz) [32] | 2.984 +0.008{0.006} 5-10°6 1-1073 6
N, Zv [34] 2.69 £ 0.15{0.06} 0.8-107% <107? 60

sin? 05 x 105 | Al [33) 23099 + 53{28} 0.3 0.5 55

sin2 05 x 105 | (P,),AP%7[32] 23159 + 41{12} 0.6 <06 20
My [MeV] ADLO [35] 80376 + 33{6} 0.5 0.3 12
Apgasso T2 [32] +0.020{0.001} 1.0-107° | 0.3-107° | 100

[Jadach.Skrzypek, Eur. Phys. J. C79(2019)]
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https://arxiv.org/abs/1903.09895

G Inivewsivir QED in the initial state

DRESDEN

New in Sherpa 3.0: Real photon emissions in the initial state!  [Krauss. Schénherr. Price 20221

efe_ — HX

»  Extension of Sherpa YFS module for soft photon =
resummation in final state [Krauss. Schénherr 2008] °

102 |

> Supplemented with collinear logs up to O(a’L?)

»  Complete treatment of muti-photon kinematics:
Explicit photons, no simplified electron PDF 0l

{10!
»  Matching to full NLO EW underway [Price]
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https://arxiv.org/abs/2203.10948
https://arxiv.org/abs/0810.5071

(L) oniversivar YFS Validation
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KKMC: LEP Era YFS MC for e+e- -> fifbar

Comput.Phys.Commun. 130 (2000) 260-325
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YFSWW : LEP Era YFS MC for e+e- -> WW

Comput.Phys.Commun. 140 (2001) 475-512
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G Shiversinis The need for (resummed) QCD
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> Don’t know how to solve QCD analytically

»  Only perturbation series in a for hard scattering

|
R T

B
~ 1 ~Y 055 ~J ag
(IILOII) (IINLO’I) (IINNLOII)
»  For predictions at fully-realistic particle level (low energies, hadrons, ...): series
diverges !
»  Resummation necessary, but only feasible in approximation: oD

e  Parton Showers (PS) resum the large contributions that repeat universally at each order! 10


https://en.wikipedia.org/wiki/Millennium_Prize_Problems#Yang%E2%80%93Mills_existence_and_mass_gap
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G Inivewsivir QCD parton showers around for a long time!
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Parton shower concepts:
»  First Markov chains

»  Colour coherence

»  Angular ordering
Early

hadronisation
models

» Initial state evolution

1990 1995

Pythia10  Herwig 2.2

QCD confinement

L

11
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QCD parton shower corrections

NLO +
parton shower
matching NNLO +
parton shower
Multi-jet Multi-jet matching
merging merging at
2005 2025
>
2000 2010 2020

Sherpa 1.0.1 NNLOPS, MiNNLOPS
UN2LOPS, Geneva

Precision eral
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QCD parton shower corrections
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parton shower
matching NNLO +
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merging merging at
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Recent state-of-the-art QCD predictions

At pp colliders ...

PP — e ve utvujj
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Recent state-of-the-art QCD predictions

At pp colliders ...
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... and at e"e” colliders for hadronic final states:

e'e” — jets
<+ 103 Difflel:e?ﬁai:;-jetxrafe Tlvxlt}hwll)wrrharf‘ alngc{’rTﬂlnwn;lv?LZ |Ge\x])! TTT By Tlhﬁsf fEIC;AFIf ?7% IGIeY)N TT T T[T T 17T l TT T T T T T T[T T 71719 We Can Combine
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ONVERSITAT More QCD at Lepton Colliders: Photoproduction
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Photon radiation from electron beams (e.g. via EPA)

— photon induced scattering processes

4

Photoproduction dominant channel
for ee — jets at LEP (inclusive)!
Photons can be direct or resolved

First MC@NLO calculation of
photoproduction in Sherpa,

incl. multiple interactions, hadronisation, etc.

Very good agreement with data
from LEP and HERA

Allows for study of hadronic
structure of the photon

BSM searches via photon fusion?
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https://arxiv.org/abs/2310.18674
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QED FSR: Photons splitting into fermions

Yennie-Frautschi-Suura soft-photon resumma-
tion does not include v — fTf~ corrections

which enter at O(a?)

Yennie, Frautschi, Suura '61; Krauss, Schonherr '08

Collinear QED evolution:

® reconstruct starting scale of every
photon

® evolve in parton shower picture until

every photon virtuality drops below 4m§

= effect only corrections beyond YFS
resummation

Dressing algorithm:

® |epton dressing ambiguous beyond
photon FSR

— include secondary flavours?
if yes, some, or all?

® depending on dressing algorithm, more
or less energy may be recombined into
dressed lepton

1/T dI'/d logmy,

no v — ff
=11}

faress

dr/dr

v ff
fares={712€
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o
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o
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[Flower, Schonherr 2023]
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Connection with
QED ISR
underway!
[Flower, Price]
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IS polarisation

»  Available in one of Sherpa’s ME generators (AMEGIC)

* Recently resurrected for Sherpa 3

»  Reweight the ME with pol factor (1+P),(1-P)
»  Validated against Madgraph/Whizard

»  Automatically included in YFS: Soft photons blind to spin!

PP+ % | MadGraph Sherpa
00 2100.0(0.72) 2099.5(0.09)
0 60 1825.0(0.63) 1824.1(0.08)
0 80 1733.0(0.66) 1732.3(0.08)
0-60 | 2375.0(0.67) 2375.0(0.11)
0 -80 2466.0(0.72) 2466.9(0.11)
600 2375.0(0.67) 2375.0(0.11)
60 60 1344.0(0.46) 1343.7(0.06)
60 80 1000.0(0.35)  1000.0(0.04)
60 -60 | 3406.0(0.97) 3406.4(0.15)
60 -80 | 3749.0(1.11) 3750.1(0.17)
80 0 2466.0(0.72) 2466.9(0.11)
8060 | 1184.0(0.36) 1183.6(0.05)
80 80 756.0(0.26)  755.8(0.03)
80 -60 3749.0(1.11) 3750.1(0.17)
80 -80 4177.0(1.24) 4177.9(0.18)

Table 1: Polarized cross-section for ete™ — utu~ at 91.2 GeV. The results

are quoted in fb.

Table 1: Polarized cross-section for ete™ — HZ at 250 GeV. The results

are quoted in fb.

BEAMS:
= 1
il 1

POLARIZATIONS:
BEAM_1: 0.3
BEAM_2: -0.8

P_P.% | MadGraph Sherpa
00 0.2402 0.2402
060 0.2086 0.2086
080 0.1981 0.1981
0 -60 0.2718 0.2718
0 -80 0.2823 0.2823
60 0 0.2086 0.2086
60 60 0.1537 0.1537
60 80 0.1144 0.1144
60 -60 0.3899 0.3898
60 -80 0.4292 0.4292
800 0.1981 0.1981
80 60 0.1354 0.1354
80 80 0.08647 0.0865
80 -60 0.4292 0.4292
80 -80 0.4782 0.4781
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G Inivewsivir Polarised intermediate particles
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»  Not only beams can be polarised!

Iongitudmal e —
. .. il \ transverse )
* Is LC physics sensitive to the glaerse
polarisation of intermediate vector bosons? +> —0—) —O—*
»  Idea: §;=-1 §,=0 §,=+1

Use polarised MC predictions as templates for analyses based on realistic final states
da da 7 do R doy doint.
— =11+ TR+ o2 ( f—t)

— Exploit longitudinal polarisation for EWSB studies
— Exploit SM-suppressed polarisation configurations for BSM studies

»  Lessons from LHC:

* Analytical projections not applicable in the presence of lepton cuts
*  Exclusive predictions in MC event generators possible, ideally with higher order corrections

22
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Polarised intermediate particles

»  Caveats for polarised predictions:

Polarization for intermediate particles

- completeness relation
(<9 +2£) = Th (g Nela, Y

- leads to interferences between different
polarizations

Polarization basis e |

- helicity basis

eFi¢

el (q) = % (0, —cosfcos¢ + ising, — cosfsing F icose, sin )

0 -
eh(q) = % (‘;—0‘, cos ¢ sin 6, sin ¢ sin 0, cos 0>

- frame dependent! 7

Polarization only defined in production ® propagator ® decay

factorizable amplitudes

- problem: non-resonant diagrams

- Pole Approximation ((D)PA)
- Narrow-Width Approximation (NWA)

— no polarisation definition, but necessary for gauge invariance

- solution: appropriate approximations - gauge invariant options:

23
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G bhiversiis Sherpa’s new polarisation framework beyond LO
EN
Methodology: [Hoppe. Schénherr, FS, 20231
»  Unpolarised simulation run, polarised XS as event weights g T
»  All polarisation combinations, interferences, g S T T
) ] ] = 7 i_ = —— :_‘i —i
reference frames in one simulation run 5 b e ‘=ﬁjg
. 1 e mE
»  Accuracy options: i " 5 5
4E E
* nLO QCD+PS matching 3E e
. . = M
Born pOIarlsatlon <O>(NLOMC> - Z/dq)B({ﬁ})]_3(A)({(-i}) [ A(A)(t();{a}) O({ﬁ}) (1) gdl_-’_'\—l_\_'\—]—\ T T T ?
(ultra-collinear/-soft nresaived o SET T AR
virtual corrections + > / d®FE O(H(®@F5) — to) O(rg ;({7}) 3 =B E
unpolarised) = o B % 1: 5 E
S-event 1 Sty (ri{f}) Digi "H(F"I’%ié:{‘i})) AW | 1S LE E
XS {f} {ﬁ}) & (f.{ }) E] EL |-2| T 1-11 L |0| L1 lll L llx =
/ resolved, singular Ye
Polarisziltion of real - Z/d‘DR({F}) {R({K})—ZD&{ {A})] o)) .
correction H-event ¢ ijk

resolved, non-singular
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https://arxiv.org/pdf/2310.14803.pdf

G Inivewsivir Sherpa’s new polarisation framework beyond LO
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Methodology: [Hoppe, Schénherr, FS, 20231
»  Unpolarised simulation run, polarised XS as event weights

pp —+ et veput u~ + X @nLO+PS, /s =13 TeV (Lab pol)

»  All polarisation combinations, interferences,

do/dy,: [fb]

reference frames in one simulation run

T[T ToTo T

8
7 = =
6 :
o L L f
»  Accuracy options: .E ;
« nLO QCD+PS matching b ; .
Born polarisation (O)(NLOMC) Z / deg({p}) BY({a}) [ AN (to; {a}) O({p}) ' ﬁ I =
; S - o
(ultra-collinear/-soft ressived o SE | | { [
virtual corrections + > / d®FE O(H(®@F5) — to) O(rg ;({7}) Bl E
unpolarised) Lo e ) = 2 1; 3 E
S-event o L Strag(ra 7)) DinCoalr B a)) 1, o | |S T E E
Sz'j S({f}) ({ll} /’ = B > [N L - T N o L1 " L1 L e
/ resolved, singular Yer
Polarisation of real - Z/‘M’R ) [R({K})—Zfok an ] @l e . o
correction H-event ! ik ; o
resolved, non-singular i e s e ;T[

e Multi-jet merging, e.g. W(ev)Z(mm)+jets



https://arxiv.org/pdf/2310.14803.pdf
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Electroweak corrections in Sudakov approximation

NLO EW corrections more & more important to

reach precision targets for Vs > 1 TeV 3
Complete NLO EW calculation possible, s
but not always feasible .
Possible approximation: EW Sudakov logarithms
[A. Denner & S. Pozzorini 2000, 2001] &
* NLO EW logarithmically enhanced for energies above EW scale 3
* Large contributions in tails of kinematic distributions E
« Can be universally applied to any Sherpa calculation
(in particular, in matched multi-jet matrix element calculations) 5
Automated in SHERPA [Bothmann, Napoletano 2020, Bothmann et al. 2021] :
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http://arxiv.org/abs/hep-ph/0010201
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http://arxiv.org/abs/2006.14635
https://arxiv.org/abs/2111.13453

Eﬁ?v“E"R'éﬁ“AE BSM models: UFO interface
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»  Dream of phenomenologists or experimentalists:
From a model’s Lagrangian L. — simulated event samples
» Important ingredient: UFO standard to automatically transfer Feynman rules (from

FeynRules, SARAH, ...) into event generators

) ) ) Squark pair production in MSSM
»  Sherpa interface available for a while

'; 10_2 :_\ L | T 1T ‘ E R | 1T 177 | L I L - U
[Hoéche, Kuttimalai, Schumann, FS 20141 @ = —— Full ME EE
= Correlated decays 18
. . E B T 000 ameEns Uncorrelated decays | £
* New in Sherpa 3.0.0: UFO 2.0 interface T 107 e
< 3
with more flexibility, e.g. with form factors s :

* Automatic decay tables/chains

2l llllIIlI

*  Spin correlations

e Effective field theories (SMEFT, HEFT) o 3 | 1 | | | E
via UFO model 2—|‘|||4
ff’h ;?I—LHIJ-L rJ_| I ﬂ-.|-LJ_11|_L|J—]n .-Ln—é

EE q%tl”“ J_‘LL|7|_|U|_[J CHYLTH] ] _l-ILLl_l LE

OE‘ - ]100‘ - IZ(‘)OI - KB(l)OI - ‘400J - I5(|)01 - I650()

m(u*,e") [GeV] 27
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Significant CPU performance improvements

Motivation: Poor event generation performance can limit

experimental success of HL-LHC and future colliders

[HSF Physics Event Generator WG] arXiv:2004.13687, arXiv:2109.14938
E.g. pilot run: Only run full simulation for unweighted events

EW,iq +scales+152 PDFs

T T T T i

:

1 |
10° 10* 102
run time [CPU h]

L
103

1 L 1
02 04 06 08 10
proportion of total run time

Case study: ATLAS
production setups for
Z+jets and tt+jets

pp — e"e”+0,1,2j@NLO+3,4,5j@LO

phase space

16 %
1% rest+overhead
PDF

loop ME

clustering

tree-level ME

CPU consumption overall improved by factors of X 39 and x43 for

V +jets and tt+jets [Bothmann et al.] arXiv:2209.00843
After optimisation, more than two thirds of CPU time spent in
phase space sampling and (tree-level) matrix elements

+— FCC-eel ILC250¢

28
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Portable GPU-accelerated event generation

Motivation: Strong Al-driven HPC trend towards heterogeneous
computing resources (i.e. CPU+GPU)

Novel portable tree-level parton-level event generator PEPPER
[Bothmann et al.] arXiv:2311.06198

Use SHERPA's & PYTHIA's existing LHEH5 interfaces to add
particle-level simulation steps [Bothmann et al.] arXiv:2309.13154

Ideal provider of on-device jet training data for ML applications
Strongly improved numerical stability for (N)NLO applications
[Bothmann, Campbell, Hoche, Knobbe| arXiv:2406.07671

pp—) e e’ + n jets at \/_— 13 TeV pp = tt+n Jcts at /s = 13 TeV
10°E T 12 10" TR
,1_»,>zn(\ In;l <5, AR >04 32 L >20(\ |,\< Aﬂygnq =
66GeV < m - < 116 Ge v = MR = pE = -
10° my 18 i
Wr = pp =my ) B
. o 5]
108 e =

10" F —-@— 2xSkylake8180
-9~ V100
10 F —9— A100
—&— H100
10" F —88— MI100
—k— MI250
107 F PVC
L L

Unweighted event rate [1/h]

I 1 1 L 1 I 1 L
0 1 2 3 4 5 0 1 2 3 4
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Hot off the press: Sherpa 3.0.0 released!

* Download and information on Sherpa homepage: e
https://sherpa-team.gitlab.io _ BEAM_ENERGIES: [125.0, 125.0]
¢ New user interface (YAML language) ALPHAS (MZ) : 0.1188
Give it a try] ORDER_ALPHAS: 1
ive it a
* Availability in Key4Hep software stack: S H E RPA PR
»  Both Sherpa2 and Sherpa3 will be available in the nightlies Massive: true

»  source [cvimfs/sw-nightlies.hsf.org/key4hep/setup.sh PDF_LIBRARY: None
NES:

»  Sherpa3-0-0 MyFavouriteProcess.yaml e S

[Key4Hep => Thomas Madlener’s talk] PROCESSES:
- 11 -11 -> 93 93 93{3}:
CKKW: pow(10,-2.25/2.00)*E CMS

Sherpa’s LHC expertise carries over to LC SRR R R
* Additionally dedicated developments for Linear Collider physics!

NEW: automated YFS for state-of-the-art QED corrections in the initial state ralan Price]

NEW: photon — lepton splittings in YFS [Lois Flower]

NEW: state-of-the-art photo-production of ee — jets [peter Meinziger]
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Backup
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The Need For QED

»  Factor 2-100 improvement in the
measurement of EWPOs

»  0.1% errors which could be ignored at LEP
will be dominant at future e+e- machines

» On the theoretical side this translates into a
much more sophisticated modelling

. Fixed Order Improvements

40

30

Gpoq (D]

10

Observable Where from Current (LEP) FCC (stat.) | FCC (syst.) [ fos
My MeV] | Z linesh. [32] | 91187.5 + 2.1{0.3} 0.005 0.1 3
Ty [MeV] | Z linesh. [32] | 24952 +2.1{0.2} 0.008 0.1 2
R7 =T,/Ty | o(Mg) [33] | 20.767 +0.025{0.012} | 6-10°° 1-1073 12
0P panb] 00 [32] 41.541 4+ 0.037{0.025} | 0.1-107° 4-1073 6
N, a(Myz) [32] | 2.984+0.008{0.006} | 5-107¢ 1-107° 6

N, Zv [34] 2.69 4 0.15{0.06} 0.8-1073 <1073 60

sin? 05 x 105 | Al [33) 23099 + 53{28} 0.3 0.5 55
sin2 05 x 105 | (P,),AP%7[32] 23159 + 41{12} 0.6 <06 20
My [MéV] ADLO [35] 80376 + 33{6} 0.5 0.3 12

Apgssey 4o [32] +0.020{0.001} 1.0-107° | 0.3-107° | 100

ALEPH
DELPHI
L3
OPAL

increased by factor 10)

@ measurements (error bars
[ —— o from fit

L. . L MZI 1
86 88 920 92 9%
E_, [GeV]

Jadach,Skrzypek, Eur. Phys. J. C79(2019

n i=0 j=0
2 Q2
L =log E_} L =log m_3
Soft Log Collinear Log
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