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SHERPA 3 — overview

Bothmann et.al. '24

» Two tree-level built-in matrix element generators:
COMIX, AMEGIC

» Higher order QCD effects: Matching via S-MC@NLO,
multi-jet merging via CKKW-L algorithm

o Approximate NLO EW effects: EWvirt & EW Sudakov

« Two parton showers: CSS, DIRE

o A cluster fragmentation model

o A hadron- and tau-decay module

o Multiple interaction simulation & la PYTHIA

. via YFS resummation

« Interfaces to

o OpenLoops o MCFM © RIVET3&4
o Recola o BlackHat o UFO
o GoSam o MadLoop © PYTHIA 8

slide by F. Siegert

Marek Schonherr Precision event generation with SHERPA 3 6/33




Introduction to SHERPA 3

00008000000

Physics improvements & new developments

Polarised cross sections Precision event gel
00000000 0000000000

Underlying
event / MPI
« Eikonal model
(Sjostrand/Zijl)
* Hadron profiles
* Minimum bias
* UE for y beams

Beam
remnants

Soft physics

Hadronisation

* Cluster model

* Colour
reconnections

« Parameter tune

Interface to
Lund model
« Pythia 8

Hadron decays

* 2500 channels

* neutral meson
‘mixing

* spin correlations
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SHERPA 3 — code & performance

® ~400k loc, mainly C++, Bothmann et.al. '22
H . pp — e*e”+0,1,2j@NLO+3,4,5;@LO
Python interfaces exist ‘

e fully open source,
repository on GitLab

® input cards in YAML format

® release format:
major — 3.x.0

minor — 3.x.y
(currently v.3.0.1 Nov '24) FE

T EWuetscales+ PDF1000 =
EW,i+scales-PDFI00 +

s EW,ichscales
[

1o variations

L
107 W00 02 04 06 05 10

Proportion of total runtime

8/33

Precision event generation with SHERPA 3

Marek Schénherr


https://gitlab.com/sherpa-team/sherpa
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SHERPA 3 — NLL accurate parton shower

‘Sterea MC

Herren, Hoche, Krauss, Reichelt, MS '22
Assi, Hoche 23
Hoche, Krauss, Reichelt '24

ALARIC — NLL accurate shower

® (CSSHOWER and DIRE not formally NLL
accurate

® new ALARIC development based on split
os soft and collinear dynamics

® extended to massive splittings and
hadron colliders

I
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SHERPA 3 — electroweak corrections

Kallweit et.al. '15; Bothmann, Napoletano '20; Bothmann et.al. '21

EW corrections at high energies

pp—ete ut T +iets, 5 =13TeV

1

® EW,;+ approximation uses IR
regulated exact virtual corrs

S a1
5] E MePs@NLo QCD +YFS 3§
g EE]
“t- XEW. EE
& T 3% e NLO EW automated
& sud 33 .
2 < XEWSS, EES Schénherr '17
T == 4 MzsPs@Loor® EH
5 =3
3 EES
17
47
33
2
=>

- expensive
use for low multiplicities

® EW,, 4 approximation uses
: EW Sudakov logarithms
Bl b b b b b 104

200 400 6oo  Soo 1000 1200 1400 - Cheap
Praey [Gev]

D

MePs@NLo

/o

use everywhere else
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Physics imp s & new d

SHERPA 3 — electroweak corrections

Kallweit et.al. '15; Bothmann, Napoletano '20; Bothmann et.al. '21

EW corrections at high energies

pp—ete ut T +iets, 5 =13TeV

® EW,;+ approximation uses IR

o e A N S R
5] E MePs@Nro QCD -+ YFS g
g z
E —+= XEW, H
S e H ® NLO EW automated
= sud ]
£ S X EWSR Z Schénherr '17
5 ==+ MePs@Loor® g
S
<
7
5
3
g
¢

e regulated exact virtual corrs
e - expensive

N e e e ML L B use for low multiplicities
B E ® EW,, 4 approximation uses
T osE ’ R EW Sudakov logarithms

o I R O (N Y U RO NN M=

To0 30 300 400 500 600 790 Boo 990 1000 - cheap
P, [GeV]

use everywhere else

Marek Schonherr Precision event generation with SHERPA 3 10/33




Introduction to SHERPA 3 Polarised cross sections Precision event generation Conclusions
00000000800 00000000 0000000000 000000

Physics imp s & new d

SHERPA 3 — VBF/VBS production

Buckley et.al. 21
Lindert, Pozzorini, MS '22
Denner, Pellen, MS, Schumann '24

PP = e et i

EW production
== L0

NLO QCD

- - - NLO QCD+EW

MC@ONLO for VBF/VBS and
seminleptonic di/tri-boson

do/dpr- [fb/GeV]

® process with multiple
disconnected colour singlets

® singlets evolve independently

0 I T T D D PR B i =

N ® neglect s/t (or t/u) channel
S interference such that QCD
z = correction has no QED
i E divergences

S PR PN R N N N RS
100 150 200 250 300 350 400
iy [GeVl

o
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SHERPA 3 — photon-induced processes

(Hoche,) Meinzinger, Krauss '23,'24

Cross seetion vs | cos@"| for x5, > 075

® photon sources through EPA,
off e, p, A
Resolve photon substructure
® photon PDF
Y=Y 499
® vector meson dominance
Y= pw, ¢ = qq

T oL T mmmcento - Photons as incident particles
£ —— = Double

e L

3

MC/Data
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SHERPA 3 — BSM processes

Hoche et.al. '14; Biekotter, Krauss, Parisi, MS '20, '21

Line =139 ifb Lint = 3000 ifb
050 T &‘i 0.10
L ozt e L o0
£ 0.00[_ Zi Ocombined | £ 0,00
S-o025f - $-005

S RN S
~0.50 -y -0.10
-1 0 i o1 00 01
Chisl\? [TeV=2] sl [TeV2]

® UFQ interface for BSM physics

® includes support for form factors, custom propators, spin
correlations, automatic decay tables, multijet merging

® SHERPA as signal and background generator
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Polarised cross sections
Hoppe, MS, Siegert '23
Physical polarisation states are only defined for on-shell particles,

and are frame dependent.
Both W/Z are short-lived and only occur as intermediate states,

we have to make approximations
® neglect all non-resonant contributions
® consider only on-shell boson (some off-shell effects can be recovered)
use either narrow width approximation (NWA) or pole approximation

Intrinsic accuracy: O(I/m)

I
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Polarised cross sections
Hoppe, MS, Siegert '23

Physical polarisation states are only defined for on-shell particles,
and are frame dependent.
Both W/Z are short-lived and only occur as intermediate states,
we have to make approximations
® neglect all non-resonant contributions
® consider only on-shell boson (some off-shell effects can be recovered)
use either narrow width approximation (NWA) or pole approximation

Intrinsic accuracy: O(I/m)

Narrow-width approximation
The intermediate particle is set directly on-shell

1 2 s 5 5
[p2—m2+imr] - W&(p—m)
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Spin density matrices and quantum entanglement
:

Spin and spin density
Intermediate vector bosons
Decompose production and decay (neglect all non-factorisable contribs)

. (T

i (_g,uu + PmP )

p2 — m?+iml

decay
v

M = Mzrod
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:

Spin and spin density

Intermediate vector bosons
Decompose production and decay (neglect all non-factorisable contribs)

i (—g"” + p";g”)

p? — m? + iml

decay
v

_ d
M = M
Again, using completeness relations,
p"p” .
(-e+ 25) =S et
A=1

The unphysical fourth polarisation vanishes for p> = m?. Define

ME* = M 4 (p) MY = <3 (p) M=

Marek Schonherr Precision event generation with SHERPA 3 16/33
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:

Spin and spin density

Intermediate vector bosons
Decompose production and decay (neglect all non-factorisable contribs)

I'(_g;uz + P:;PV)

p2 — m?2 + iml

decay
v

M = Mzrod

Intermediate pol. cannot be observed, can be different in M and M*
2 prod prod,* decay decay,*
M2 o ST [MEME e MG M|
AN

or, using spin density matrices,

M =37 pax DM

AN
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Properties of spin correlations

Intermediate spin/polarisation cannot be observed, can be different

in M and M*. )
IMP = ZPA)\' DM

AN

Production and decay spin densities, pxx’ and D" are matrix valued,
the intermediate particle does not have one specific spin state.

pLL  PLR  PLO
Pxx = | PRL PRR PRO
pPoL  POR P00

Modern designations:
pay Classical spin/polarisation correlations
Py quantum spin/polarisation correlations
interference of different intermediate spin/polarisation states

I
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Properties of spin correlations

There are interference contributions between different spin states in M
and M*. Their size depends on the process and the observable.
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: :

Properties of spin correlations

There are interference contributions between different spin states in M
and M*. Their size depends on the process and the observable.

Often, but not always, the diagonal elements (A = \’) are dominant.
IMPP =Y pa D = ML + Mgl + [ Mo
A
Useful approximation for LHC processes where intereferences, or
quantum correlations, are smaller than the intrinsin ['/m uncertainty.

In the spin-correlation algorithms used in SHERPA the interferences come
at no extra cost and are always included.

I I
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:

Polarised cross sections in VBS

PP - #vuetejj @LO, V3=13 TeV (Lab polarisation) pp — ete~utujj @LO, & =13 TeV (Lab polarisation)
g T T g T T T
~ 0.5 [~ W polarised = T 0.025 —+— full —— unpol —t— Zgg
= C 3] 2 F —— Ziept z B
£ f E E E
T ooy — full E g ooz = -
s [ —+ unpol 1 ‘t‘ E E
F ] o015 E
0.03 Wice = < 5: =
L | 001 —
002 - E E E
E ] 0.005 = E
o001 - - E 3
E °F Z -5 e*e- polarised 3
of R b o fon e g
Ems% E 3 12 E
5 PREEY = E
g ,jwﬂ W B E
£ oo £ 'E El
Ehed E S o9 E E
P I R O A I R P IS S I I S i e

-4 3 4 o 05 5 5
fhw+ Ao

® the complete unpolarised cross section (including interferences)
reproduces the full off-shell well, usually better than O(T'/m)

® but interference contributions can be important as the incoherent
pol. sum (excluding interferences) deviates more than O(T'/m)

Marek Schonherr Precision event generation with SHERPA 3 20/33




Introduction to SHERPA 3 Polarised cross sections Precision event generation Conclusions

00000000000 0000000 e 0000000000 000000

Spin density matrices and quantum entanglement

Polarised cross sections in W.Z beyond LO

do/deost, cony 0]

nLO+PS/LO+PS

PP — e v i~ + X @LO+PS, /5 =13 TeV (WZ-COM pol) PP — e Ve ™ + X @nLO+PS, /5 =13 TeV (WZ-COM pol)
T = tETT T
r ] R E
E 9 4 1
g ] € e 3
B = 5 El
L ] 5 E
r ] K 1
[ ] T —
0 5 F E
A 107 g E
sE 3 4 ]
[ 9 104 = —H WiZp E|
L ] E polsum =]
o s SR U S R U U SRR RN U
¢ EF g eI =
E———— 3 T onE E
*E 3 g e E
2 F = > 8 ==
E El A 6; |
15 —~ = B
o — S 4E
E S R R B s 2
1 o5 o o5 1 50 100 150 200 250 300
costl com oy [Gevl
°

nLO+PS: polarisation correlations in virtual corrections currently
approximated by Born polarisation correlations
works well for NLO QCD, corrections often driven by real emissions
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Precision event generation with SHERPA 3

© Precision event generation
QED and electroweak corrections
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: :

EW precision resummation

Yennie-Frautschi-Suura soft-photon resummation

Yennie, Frautschi, Suura '61

® method of choice for highest precision QED, e.g.
- KKMC (YFS+NNLO) for ete™ — utu~ Jadach et.al '00
® has been implemented for generic QED FSR in SHERPA with up to
YFS+NNLO QED+NLO EW for Z — ¢¢ MS, Krauss '08
Krauss, Lindert, Linten, MS '18
® extended to include collinear v — ff splittings
Flower, MS '22
® YFS QED ISR for ete™ colliders in SHERPA

Krauss, Price, MS '22

I I
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: :

EW precision resummation

Krauss, Lindert, Linten, MS '18
pp — Z — (1 at 13 TeV: my;

® soft photon resummation
matched to NNLO QED +
NLO EW

® double-hard-photon emission
[T NNLDQED O NLOEW corrections negligible

L

1/ 0w do/dmy [1/GeV]

|

N —— NLO QED 3 . .

8. 3 ® permille accuracy in the
: ; description of the Z — ¢/
o ] . .

Sooos = kinematics

Aol b b b Lo b

75 8o 85 90 95 100 105
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EW precision resummation

Krauss, Lindert, Linten, MS '18
pp — Z — (1 at 13 TeV: my;

® soft photon resummation
matched to NNLO QED +
NLO EW

® double-hard-photon emission
[T NNLDQED O NLOEW corrections negligible

L

1/ 0w do/dmy [1/GeV]

|

F —— NLO QED 3 . .
8. 3 ® permille accuracy in the
§ description of the Z — ¢4
oo 3 kinematics ?

Aol b b b Lo b

75 8o 85 90 95 100 105
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QED and electroweak corrections

: :

Resolving the photon cloud

Flower, MS 22
g T
S — etei
What happened t.o the photons af- : iiizi
ter they were radiated? 2 ] B
: -

How does this impact the physical
dressed lepton?

5
Ty

2l

|
o 1 2

w

Mpair

Photons split into other flavours (leptons, hadrons) and thereby remove
themselves from a naively defined dressed lepton.

This exposes the measurement to logarithms of the lightest splitting
product’s mass, m..
A more inclusive dressed lepton definition will result in a stabler result.

I I
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: :

Resolving the photon cloud

Flower, MS '22
On-shell Z — /¢ decays
107 TP ® hard wide-angle photons have

higher probability to split
® O(a?) effect, but impact
much large than NNLO
~-radiation corrections as
leading logarithms not

normalised frequency
5

—t= 10 7 = ff, faress = {7}
o M fress = {7}
= = £, faress = {10}
=y = faress = {76, K p, T}

o 4 already in resummation
T 101 E
st I
o E
3
= 099 -
1076 1075 1074 1073 10°? 10!
2O
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: :

Resolving the photon cloud

Flower, MS '22
On-shell Z — /¢ decays
10° ® hard wide-angle photons have
Bare leptons . . .
wh oo higher probability to split
g

® O(a?) effect, but impact
much large than NNLO
~-radiation corrections as
leading logarithms not
already in resummation

1/T dr/d logmy,

Ev v v v b b ey
f 12 14 16

1.8 2
log (g /GeV)
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: :

Resolving the photon cloud

Flower, MS '22
s P On-shell Z — ¢/ decays
Ed T Dressed Leptons B .
R ol E ® hard wide-angle photons have
Y St &t - higher probability to split
- o —— v =y = {menKp 1} E 9 .
g MO =000 E ® O(a?) effect, but impact
Wb 5 much large than NNLO
N e N R R & ~-radiation corrections as
10 Er Tttty . .
sTioE E leading logarithms not
v E already in resummation
vo'gsH:}:H}H:}H:}HE 'impactforsmalldressing
T 108 3
< o8 E cones moderate
%"gg‘””m”m”m”é
log (g /GeV)

Marek Schonherr Precision event generation with SHERPA 3 26/33




Introduction to SHERPA 3

Polarised cross sections

Precision event generation

Conclusions

00000000000 00000000 0000800000 000000
QED and electroweak corrections
Resolving the photon cloud

Flower, MS '22

3

S

1/T dr/dlogmy,

Dressed Leptons

—— no 7 = f, fgres = {7}

= 7 2 e = {71}

T M e = {7}
= £, furess = {70, K}
—— 7 = ], gy = {100 K 1, T}
AOgpeqs = 0.02

{

ar/arer
oz
So R
g

=t

fi
ry
fa

dr/d
°

©
%

i

1

12 14 14

1.
log (i, /GeV

=, L

On-shell Z — /¢ decays

® hard wide-angle photons have

higher probability to split
® O(a?) effect, but impact
much large than NNLO

~-radiation corrections as

leading logarithms not
already in resummation

® impact for small dressing
cones moderate
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QED and electroweak corrections

: :

Resolving the photon cloud

Flower, MS '22

e N AN E On-shell Z — ¢¢ decays

¥ £ Dressed Leptons B

T 10— noq o, e = - 1de-

R S T * hard wide-angle photons have

Y St &t - higher probability to split

h E —— 9= e = {rem K1) 3 s .
A0 =01 E ® O(a?) effect, but impact
b 5 much large than NNLO
s ~-radiation corrections as
10 E ‘ L — E| . .

sTioE E leading logarithms not

v E already in resummation

T E ® impact for small dressing

T 108 3

< o8 E cones moderate

< 93 . ® large dressing cones mandate

= E| . .

P o e v expanded dress. prescription
log (my,/GeV)
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QED and electroweak corrections

Resolving the photon cloud

3

s L e e e e e N R |
1 E E|
¥ £ Dressed Leptons 1
5 ' oy fe = (1) E
5 o2 ={1) 3
N L v e = {1e} ]
= E v M fges = {160 K} E
o ffaa={ren Kt} ]

107 AOgress =02 N
1077 E
P g =l N I AU R
== 1.08 - -
T 106 -
=7 102 -
2 10 B 3
5 og AT E
T 108 E|
=T 106 E
T £ 104 -
F 102 —=
T 1o BRRAUA E
S o008 3

12 14 14

1.
log (i, /GeV

=, L

Flower, MS '22
On-shell Z — /¢ decays

® hard wide-angle photons have
higher probability to split

® O(a?) effect, but impact
much large than NNLO
~-radiation corrections as
leading logarithms not
already in resummation

® impact for small dressing
cones moderate

® |arge dressing cones mandate
expanded dress. prescription
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QED and electroweak corrections
:

Resolving the photon cloud

T Off-shell pp — eTe~ decays
. B‘Mwn‘ T ® hard wide-angle photons have
S Rt E higher probability to split

i ] ® O(a?) effect, but impact

e E much large than NNLO
: ] ~-radiation corrections as
:;H}HH}HH}HH}HH}HH; leading logarithms not
1 E already in resummation
;Z E ® can be compensated by more
[ T N E P inclusive dressing procedure
Mere /GEV

(ideally: flavoured EW jet)

I
Marek Schonherr Precision event generation with SHERPA 3 27/33
00




Introduction to SHERPA 3 Polarised cross sections
00000000000 00000000

Precision event generation Conclusions
0000080000 000000

QED and electroweak corrections

Resolving the photon cloud

do/do]!

i
do/do] " (v}

pp—ete, 13TV

Dressed Leptons, ARggess = 0.1
E —t+— 1oy — ff, faress = {7}
= 7 = fress = {7}
= ], fress = {10}

A Sl
IEETE e ST T

b
50 60 70 8o 90
Mgre /GeV

Off-shell pp — e"e~ decays

® hard wide-angle photons have
higher probability to split

® O(a?) effect, but impact
much large than NNLO
~-radiation corrections as
leading logarithms not
already in resummation

® can be compensated by more
inclusive dressing procedure
(ideally: flavoured EW jet)
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QED and electroweak corrections

: :

Initial state radiation at lepton colliders

Precision measurements at all proposed future lepton colliders rely on
an accurate description of the partonic initial state.
There are (at least) three approaches to the problem:

® YFS soft-photon resummation
® structure functions
® PDFs

While soft-photon resummation is usually the method of choice for
process near threshold (eg. Z — ¢ @ 92 GeV), the collinear resummation
of structure functions and PDFs is more appropriate when there is a
hierarchy between partonic and beam CM energy (eg. Z — £¢ @ 500 GeV).
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Initial state soft-photon resummation

Soft-photon resummation:

® in the absence of QCD YFS
soft-photon resummation
efficiently resums QED ISR

® coherent ISR and FSR

® provides explicit photon
momenta

e LEP: KKMC, YFSWW,

YFSZZ, ...
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QED and electroweak corrections
:

Initial state soft-photon resummation

Soft-photon resummation:

® in the absence of QCD YFS
soft-photon resummation
efficiently resums QED ISR

® coherent ISR and FSR

® provides explicit photon
momenta

e LEP: KKMC, YFSWW,
YFSZZ, ...
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Initial state soft-photon resummation

Soft-photon resummation:
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QED and electroweak corrections
:

Collinear resummation of initial state radiation

Flower, MS to appear

Collinear resummation PR —
. . E 0 —+— MC@NLO
® structure functions integrate 3 —+ Mean0s
out photon radiation E —+ MCaNLOH
5

® exclusive photon kinematics
and transverse recoil can be
calculated using a QED
parton shower
(interesting challenges due to
functional form of electron
splitting function)

® can then be matched to NLO
EW calculation = MC@NLO

I
o

4
° &

Ratio to shower Ratio to MC@NLO

B b v b b e b ey 1y
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:

QED and electroweak corrections
:

Collinear resummation of initial state radiation

Flower, MS to appear

ete” — ZH 240 GeV
1

Collinear resummation

out photon radiation

MC@NLO -H

T 5 Dl T
® structure functions integrate Fr0E T Shower
T 02 & —+ MCeNLOS
3
3

® exclusive photon kinematics
and transverse recoil can be
calculated using a QED
parton shower
(interesting challenges due to
functional form of electron
splitting function)

® can then be matched to NLO
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s
E]

EW calculation = MC@NLO e
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QED and electroweak corrections

McONLO QCD+EW for hadron colliders

do/d(m/GeV) [pb]
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5

Dineutrino invariant mass [GeV]
L B B o e L e

o b b b b b e 100 0d
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m/GeV

Roper, MS work in progress

Mc@NLo QCD+EW

® direct feedback to LHC
precision physics

® interleaved MC@GNLO
QCD++EW for the LHC
proton PDFs much better
behave than electron
structure function
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: :
QED and electroweak corrections

: :

McONLO QCD+EW for hadron colliders

Roper, MS work in progress

Togyg(k . jet resolution 0 — 1[GeV])
L e B e e

Mc@NLo QCD+EW
® direct feedback to LHC
precision physics
® interleaved MC@GNLO
QCD++EW for the LHC
proton PDFs much better
behave than electron
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Conclusions

® SHERPA 3 contains a large number of physics improvements wrt.
SHERPA 2 series, in particular for precision calculations, eg.
- NLL shower ALARIC
- NLO EW automation
- improved approx. EW correction in event generation
- polarised cross sections
- improved hadronisation and underlying event models
- photon collision (incl. photon substructure)
- YFS initial state resummation

® well set-up for precision calculations for the LHC as well as all
proposed lepton colliders

https://sherpa-team.gitlab.io
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Thank you!
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Backup
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Spin and spin density

Fermions — Spin %

Separate production and decay (neglect all non-factorisable contribs)

’(F‘ + m)aﬂ Mdecay
p2 — m2 + iml

M = Mgrod

Narrow-width approximation as before deals with denominator.
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: :

Spin and spin density

Fermions — Spin %

Separate production and decay (neglect all non-factorisable contribs)

I(F‘ + m)aﬂ ) Mdﬁecay

p2 — m2 + iml

M = Mgrod (

Narrow-width approximation as before deals with denominator.
Completeness relation for numerator

(BEm)* =13 <1i ’:—;) ug(p)Z (p) + (1:F r:—;) vs"‘(p)Vf(p)]

thus with, for an on-shell fermion with p2 = m?,
Mo = M 0 (p) ME = 5 (p) M
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Spin and spin density

Fermions — Spin %
Separate production and decay (neglect all non-factorisable contribs)

I([é + m)aﬂ Mdecay

M = MBS .
« A\ p2—m?>+iml A
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Spin and spin density

Fermions — Spin %
Separate production and decay (neglect all non-factorisable contribs)

I([é + m)aﬂ Mdecay

M = MPred .
« A\ p2—m?>+iml A

Intermediate spin cannot be observed, can be different in M and M*

d d
M2 o S [ MECIMESS" e e e

s,s’
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Spin and spin density

Fermions — Spin %
Separate production and decay (neglect all non-factorisable contribs)

I([é + m)aﬁ Mdecay

M = MPee .
« A\ p2—m?>+iml A

Intermediate spin cannot be observed, can be different in M and M*

d d
M2 o S [ MECIMESS" e e e

s,s’

or, using spin density matrices,

M2 =" o D

s,s’
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Properties of spin/polarisation definition

Spin/polarisation is frame and basis dependent
® spin and polarisation are dependent on Lorentz frame

- need to specify frame
- need to specify polarisation basis and prefactor conventions
- need to specify Dirac matrix representation
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Properties of spin/polarisation definition

Spin/polarisation is frame and basis dependent
® spin and polarisation are dependent on Lorentz frame

- need to specify frame
- need to specify polarisation basis and prefactor conventions
- need to specify Dirac matrix representation

Spin/polarisation in event record

® event record operates on |M|? with
definitive intermediate propagating states
= no representation of quantum interference

® inclusion of off-diagonal elements a posteriori not trivial
as linked to quantum interference between different spin states
— need to communicate spin-density matrix in agreed-upon basis
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