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Sherpa coll., arXiv:1905.09127

The SHERPA event generator framework

® Two multi-purpose Matrix Element (ME) generators 3
AMEGIC, COMI 1.

Three Parton Shower (PS) generators etz 31
CSSHOWER, DIRE, ALARIC g% %, 3 S
A multiple interaction simulation
3 la PYTHIA AMISIC cee

A cluster fragmentation module Yo
AHADIC EPJC36(2004)381 R

A hadron and 7 decay package HADRONS

.....

A higher order QED generator using f U7 ’\4%::‘
YFS-resummation PHOTONS, PHOTONSPLITTER ‘ _/L

Sherpa’s traditional strength is the perturbative bart of the event
LO, NLO, NNLO, LoPs, NLOPs, NNLOPS, MEPS, MENLOPS, MEPS@NLO
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Acronyms and nomenclature
Fixed order calculations
® matrix elements only, implies fixed multiplicities
® no parton shower, no non-perturbative physics, no particle level
= LO, NLO, NNLO
Parton shower matched calculations
® combination of fixed order calculation and parton shower for one
multiplicity
® particle level predictions, no multijet observables
= LOPS, NLOPS, NNLOPS
Multijet merged calculations
® combination of parton shower matched calculations for increasing
final state multiplicities (mostly jets)
® particle level predictions, multijet observables
= MEPsS(@LO), MEPS@NLO (special case MENLOPS)
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SHERPA-2.2.15

® SHERPA-2.2.15 released Mar '23
® contains bugfixes for all known bugs of SHERPA-2.2.14

® on-the-fly scale and PDF variations for ME part in

- LO, NLO
- LoPs, NLOPs (S-Mc@NLO)
- MEePs, MENLOPS, MEPS@NLO

also for incorporation of assoc. approx. EW corrs. and sub-LO
— use named weights in HEPMC (av. since HEPMC-2.06)

® full scale & PDF variations including correlated with parton shower
® performance improvements using simplified pilot runs

® default PDF: NNPDF30_nnlo_as_0118

® UFO support for BSM physics
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SHERPA for pZ and p%

Fixed order:
® NNLO QCD and NLO EW for inclusive W and Z production
 NLO QCD and NLO EW for p¥//?

Matched to parton shower:
® NNLOPS for inclusive W and Z production
e NLOPS (S-Mc@NLo) for pi¥/?

Multijet merged:

® MEPS@NLO
— inclusive and for low pr(< Q) same as incl. NLOPS
— for high-prbenefit from NLO accuracy for multijet processes
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N P f W Z = T T T T T T T T T
$ 102F E=7Tev ) E
3 60 Gev<m,<120 GeV -
NLOPS for py’ and pt : = s
!: 10 E|
Hoche, Li, Prestel arXiv:1405.3607
15w my2<p <om,
. . B m,/2< 1 <2m,
® NNLOPS matching in SherparBlaciat
UN2LOPS scheme g g
z - =
z 1 S
® scheme constructed to Sosf o e
minimise uncontroled higher 01020 30 4050 60 70 0 99 o
order terms
7 10° g
® no reweighting, generated S W ol — EARES
directly Q0 e
o 10 4
® NLOPS accuracy as g 10 ]
w/z g ]
pT —0 10"
® QED corrections through W shepassackrat
YFS soft-photon res. g11‘.21‘”WWWWWW
2 0.91
£ 08
g o
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Large p¥ and p%

Lindert, Kallweit, Maierhéfer, Pozzorini, MS arXiv:1511.08692
MEPS@NLO QCD+Einrt PP (740,12 @13 TeV

® incorporate approximate NLO

EW corrections

~ EW Sudakov approx.

— but also includes many
non-logarithmic terms
that render the result
closer to NLO EW

— recover large EW corr.
at large pr

Quut = 20GeV

do/dpry [pb/GeV]

SHERPA+OPENLOOPS

MEPS@LO
&= MEPS@NLO QCD
=== MEPS@NLO QCD+EW,
—— MEPS@NLO QCD+EW,i weo. LO mix
| | T B |
t
[

1.
14
1.
1.

do/daden
-

e o o 9

® also include large subleading
orders

® QED FSR through YFS
soft-photon resummation

°
T

50 100 200 500 1000 2000
pry [GeV]
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NLO EW corrections

ATLAS arXiv:1609.0745

, . = 240p T T T T T T T 3
LH'15 arXiv:1605.04692 £ 220 5=8Tev. 20310 ATLAS PreliminaryJ
. . E Leading Jx 500 GeV 3
2/ ratio for events with 1, > 1 x 200f- ;EE‘:GENi'PVTHIAG Wijets Sene Ej
B e L IR R e g E PYTHIAB W) & [jswezk shower E|
S L ] k=] | =— i |
3 £ ,’_81 B 180; —— SHERPA+OpenLoops W+j & W+ij E|
_g o004 - - E © 160? W+ 21jet N‘em NNLO E
~ £ 19 140~ E
9 003 = 1205 -3
E 1% E E
T f 1& 1005 =
S E ] E E
B o0z [ —4— CMS data | 80 3
" JHEP10(2015)128 ] E E
—4— NLO QCD b 60 =
—+— NLO QCD+EW - 40F- =
] 20F- + =
R R R e R e AR EE REEeE E | =
E g E
k| a)
s 11 = S
£ E
e 1.0 E| g
g A 1] :
2 T
E E 8
- ]
] a)
Bl bennn b bvvne beven b 4 ;
10 20 30 400 500 600 gpo 8o °
pr 7 [GeV] o
important to describt Z/~ ratio 0 05 1 15 2 25 3 35 4

AR(Y, closest jet)
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Soft-photon resummation

Krauss, Lindert, Linten, MS arXiv:1809.10650, Flower, MS arXiv:2210.07007

s o A L
g L 4
— Z — (T at 13 TeV: m, & .| Dressedleptons, ARgress = 0.1 a
L 5 'E — noQED comections E
=z o T T T 3 ot YFS,noy = f, furess = {7} q
8 . = YBS+ 9 = faress = {1} q
=0t ] § 1L T YBS ey o f e = {1} .
s E g i
= F F ]
< o r ]
N A
=] 10!
;.9‘1()'2 el j
> =+- 1O 3
—+— Soft-collinear j‘
—+ NLO QED )
— NNLO QED & NLO EW g 23
S AN NN s i el AR 2
o F ‘ T NLOQED ‘ 3 15 3
005 —— NLOEW 5 E
3 NNLO QED & NLO EW,
Z 10 el < 3
J =3 E
50995 LI E
S g
PR N N TR IR RPN SR 2 og9 E
75 8 85 90 95 100 105 L T R TR R NN R

my [GeV]

1.4 15 16 17 1.8

log (1m14¢/GeV)

YFS formalism, matched to NNLO QED + NLO EW, including v — ff
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Top processes

© Precision in top processes
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tt + jets production

Héche, Krauss, Maierhéfer, Pozzorini, MS, Siegert arXiv:1401.7971

Total transverse energy

S-MC@NLO -+

do/dHY" [pb/GeV]

MEPS@NLO s===
1.65 X MEPS@LO =<

L0eSRERE, KRR
ZRRRXXAIXLRKILKKL

L
:
o

&
T

pvivivvvivie, o

Ratio to
MEPS@NLO
-

o
I

Q 08
22 o6 i
29 —-- fT et excl.
S 4 o +- t+2jets incl.
= 02 T e eman
R S N P
600 80 1000 1200
HIt [GeV]

e t+0,1,2/ONLO QCD

do/dpr [pb/GeV]
-
B

5

Ratio to
MEPS@NLO

Ratio to
MEPS@NLO

of top quark

F  SHErPA+OPENLOOPS

B, MEPS@NLO s

1.65 X MEPS@LO =<
S-MC@NLO --+---

o%e%
o%e% o260 %
R
B RIS

-+
— ti+ojets excl. -o-o- ti41jet excl.
B H+ 2 jets incl.

200 300 400 500 600
pr (top) [GeV]

® shapes very similar, normalisation and uncertainty improvements
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pp — tt + 3jets @ NLO QCD (no parton shower)

Héche, Maierhofer, Moretti, Pozzorini, Siegert arXiv:1607.06934

3
< MINLO S
2 MILO NN
§ NLO = _|
3 Lo ¥4
S S

A\

21 Nu22 Naz3

— NLO
< 1O

///m//////////////////;///////////////////////////////m I

16 MINLO
9 14 F e MILO

g

T o AT i S SHnniinniii

g 16

z

£

R

z o E = E
Z ogE | =N | = 1 =

P, [Gev] P [GeV] Pris [GeV]
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tt + jets production incl. approx. electroweak corrections
Giitschow, Lindert, MS arXiv:1803.00950

pp = t+0,1(,2,3,4) jets at 13 TeV pp = 1+0,1(,2,3,4) jets at 13 TeV
E E X

SHERPA+OPENLOOPS

do/dpr, [pb GeV ']
5
do/dmy; [pb GeV ']

SuErPA+OPENLOOPS

+0,1 (NLO QCD) + 2,3,4 (LO)
== +0,1 (NLO QCD+EW,;,)) + 2,3,4 (LO)
- 40,1 (NLO QCD+EW 5, +LOyp) + 2,3,4 (LO)

t+0,1 (NLO QCD) + 23,4 (LO)

== tf+0,1 (NLO QCD+EW,;y) + 2,34 (LO)

== t#+0,1 (NLO QCD+EW,,+LOyp) + 2,3,4 (LO)
|

. B B } ——
a - SRR =
g 1o = S 1of k|
9 | 2 = 4
Z E| Z = |
H 0.9 = =
% I % E 3]
= = o8 -
S ] S £ E|
o7 = o7 E
E i I R | E| E - I I

50 100 300 500 1000 500 1000 5000
prs [GeV] my [GeV]

tt +0,1jONLO QCD+EW,;: + 2,3,4j0LO
reproduces well the corrections seen at fixed-order
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tt + jets production incl. approx. electroweak corrections

Giitschow, Lindert, MS arXiv:1803.00950

i ® tt+0,1jONLO QCD+EW,ir
@ 3 —— ATLAS data §§ + 2’ 3, 4_]@'.0
) r PRD 93 (2016) 3, 032009 &
s L ++ir+ MEPS@NLO QCD o . .
-é‘- E —+— MEPS@NLO QCD+EW, ;¢ éé ° mclude approx. V|rtua|
P i corrections
e additional LO multiplicities
il 7 inherit electroweak
147““““7 corrections through
) m;‘ J'-L‘ Y 1 44444444444444444444444444444 3 MENLOPS differential
& ikl I . K-factor
g ECHTT ] ) .
08 [~ - Héche, Krauss, MS, Siegert
06 E arXiv:1009.1127
P bbb b b b
300

q00 300000, Tite topejet candidate pr 1G] ® improved description of data
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Single-top production

Bothmann, Krauss, MS arXiv:1711.02568

pp " tj /T @ 8TeV pp I tj /pp — tW @ 8TeV
2 (2}
ATLAS ATLAS 3 ATLAS g
o - o
. N, =4 = = =
= Ny=4 SHERPA{ 4 ‘5 + SHERPA ‘5
= 4 SHERPA = 5 = ] i
2 Ny=5 oMS & 4 ovs 2
S * S
ATLAS ATLAS 2 ATLAS |3
=
— N;=4
= Ny=4 4 }SHERPA I | Sumrea
= SHERPA Ny=5 i
g N;=5 OMS i CMS
=
M iyrpr E PDF I as M /tr,r MPDF Qs
4 6 8 10 12 30 40 50 60 0 10 20 30
T6a [PD] Tot [PD)] Tot [P

® S-MCONLO t- and s-channel production in Nf =4 and Nf =5
® S-MC@NLO tW-channel in N = 5 with DR to separate from tt
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Single-top production

Bothmann, Krauss, MS arXiv:1711.02568

pp " tj @ 8TeV pp Y tj @8 Tev
E4 E4
107" 4 — Ny=4 g — Ny=4 g
L — Ny=5 |3 o [ Ny=5 &l
3 + ATLAS [§ 2 + ATLAS 5
Q ., & = 31 3
21072 4 2 = Z
& = © Iy
= 3 < 21 5
~ ) ]
S . s - ¥
1077 4 14
2 1.2 2 1.2
Z z |
£ 10 == EEETE + |
: g +
2 0.8 £ 0.8
0 100 200 300 0 1 2 3 4

Pri [GQV] |yj\ I

® good description of incl. and fiducial xsec with Nf =4 and N¢f =5

® parton shower uncertainty studies will be possible in SHERPA-2.2.7
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Multibosons

@ Precision in multi-boson processes
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Diboson

Cascioli, Hoéche, Krauss, Maierhéfer, Pozzorini, Siegert arXiv:1309.0500

Transverse momentum of leading jet

Incorporate both NLO merging for }%;
qq channels and LO merging for 3
loop-induced gg channels

® MEPS@NLO

—— MEPS@NLO 4£ +0,1j
—— MEPS@LOOP? 4¢ + 0, 1j

40 + 0, ]J@NLO QCD ”;]]{;Iv:‘fmwm: ——
e MEPS@LOOP? %jjji: ]
40+ 0,1j0LO N
e T, ]

consistent incorporation of loop-induced processes
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Diphoton

ATLAS arXiv:2107.09330

= T T ) E T T
-1 4 E -1
c Vs=13TeV, 139 fb Data & 1ot L ATLAS  V5=13TeV, 1301 Data E
S DIPHOX — § 3 DIPHOX —— ]
2 2 10
2 101 NNLOJET —— | 5 NNLOJET ——
F SHERPA —— 102 SHERPA —— 3
2 10" E
g 102 i
1Em E
108 E ey E
102 o E
1074 4 109L* E
16 | i | | j 194 T R R
o 14 o 14
g4 g4
2 08 £ 08
2 06 2 06
= 04 = 04
0.2 0.2
0 I I I I I I 0 I I
20 50 100 200 500 1000 102 101 1 101
My, [GeV] L

~vv 4+ 0,1j6NLO QCD +2,3LO
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Diboson

Brauer et.al. arXiv:2005.12128, Bothmann et.al. arXiv:2111.13453

MEPS@NLO for VV and VVj
pp— 0,1jONLO + 2, 30LO

e NLO QCD and EW corrs.
EW.,i+ for S-events,
EW,,q for H- and LO events

e consistent YFS for QED FSR

et T p T dels, 5 = 13TV

L I B B B L B B
= MePs@NLo QCD + YFS

= -4 X EW,

WIO0AY / SICON A0 VREANG

vodbd o sl vod ol
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Diboson

Brauer et.al. arXiv:2005.12128, Bothmann et.al. arXiv:2111.13453

et T p T dels, 5 = 13TV

- A R L B A S IO R B -

% -k _+—_ R;‘.E::‘?:LDDCD{YE .;g
MEPS@NLO for VV and VVj . L £
pp— 0,1jONLO + 2,3j0LO Sk S et 4G
b {f

ENN

e NLO QCD and EW corrs. Ik ——l_L__.‘ E

EW.,i+ for S-events,
EW,,q for H- and LO events

e consistent YFS for QED FSR
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Higgs processes

@ Precision in Higgs processes
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Higgs production in gluon fusion

Buschmann,Goncalves,Kuttimalai,MS,Krauss,Plehn arXiv:1410.5806
Kuttimalai,Krauss,Maierhéfer, MS LH'15 arXiv:1605.04692

Kuttimalai,Krauss,Maierhéfer,MS for YR4

pp — H + jets production (ggF)

= 10°
P
® correction factor/weight 9 o CTme o eenr
= ——— 2jetSM - -~ 2jetHEFT
(n) |M(")(mt)|2 :_:g. 10-2 —_— - == 3jetHEFT
e = 3 ’
|IM)(my — 00)|? ® a0 ff
104
® loops from OPENLOOPS Sherpa+OpenLoops
0700, H X
e construct MEPS@NLO from Vel i3ty
. 10-° . .
reweighted S-MCONLO o PRl ]
e factorised approach for £
unknown top mass g0
dependence in V,,, otherwise : . . it ol
0 200 400 600 800 1000
exact NLO mass dependence Pl Gev]
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Higgs production in gluon fusion

Kuttimalai, Krauss, Maierhéfer, MS LH'15, LHC HXSWG YR4

pp — H + jets production (ggF)

® no reweighted MEPS@NLO for
mp-dep components as

B
V=V
BHEFT HEFT

not a good approximation

® |LOPS leeds to huge variation
when varying starting scale as
argued in the literature
Bagnaschi et.al. JHEP01(2016)090

SM, jibg = 31GeV

— 07

Z

S os - -~ HEFT

= — SMymy=0
& 05 — SM b =m,
=

N L SV = 9GeV
3

1}

°

Sherpa+OpenLoops
y?-contributions: MC@NLO
y1yy-contributions: LO+PS
pp— H+X

Vs =13TeV

P [GeV]
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Higgs production in gluon fusion

Kuttimalai, Krauss, Maierhéfer, MS LH'15, LHC HXSWG YR4
pp — H + jets production (ggF)
® no reweighted MEPS@NLO for

— 07
]
my-dep components as S s T Sumeo
B :L: 05 e SM, QU € [1/V2my, V)
V=g Vherr g .. Pcontrimeias e
HEFT s yyp-contributions: CKKW
H H p —+ H+X
not a good approximation 03 Ui Z 3o
L. 02
® |LOPS leeds to huge variation "
when varying starting scale as o
argued in the literature -
Bagnaschi et.al. JHEP01(2016)090 % 1.04
. < 096
® MEPS allows to leave starting £ oss

scale, resummation scale at 5
high value when setting the
Qcut ~ mp = small variation

P! [GeV)
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Higgs bosons in associated production
Goncalves,Krauss,Kuttimalai,Maierhéfer PRD92(2015)7,073006
pp — Z H + jets production

® MEPSONLO for qg
MEPS@LoOP? for gg o

=3 MEPS@NLO [scale variations]
® care for qg — ZHq: z 23 Wittt e oo
5{ & \ . Imzi:ztmp:&«hcmr‘vanuham]
9 TOVVO zZ = ////// ,,‘I \ oop? Ot excusive
N
R 727 "z"ﬂ///////// ////////
R D 3 I 7
3 e
=4 2
q e q E
— part of NLO ZHj g
— in loop-induced as gauge - 5o TS
inv. subset of NNLO ZHj
® |oops from OPENLOOPS pp — Z[—= U ]H[—inv] + jets
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BSM processes

@ Precision in BSM processes
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BSM physics
Héche,Kuttimalai,Schumann,Siegert EPJC75(2015)3,135

® full support for UFO model Degrande et.al. CPC183(2012)1201
UFO2 ongoing Darmé et.al. arXiv:2304.09883

® |orentz and colour structures automatically built for COMIX
® automatic inclusion in hard decay module
- identification of all 1—+2 and 1—3 decay channels of every unstable
particle in the model
— calculation of all decay widths (LO)
- by default all decay channel used
— inclusive production
— mechanism to select individual channels,
cross section optionally adjusted accordingly
- spin-correlated decay chains of arbitrary length
using spin density matrices Richardson JHEP11(2001)029,
Knowles CPC58(1990)271
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BSM limits using UFO

Biekotter, Gregg, Krauss, MS arXiv:2102.01115

0.50
0.25
0.00f
-0.25

® LO multileg with SMEFT,
model defined through UFO

® use public ATLAS and CMS
SM measurements to -0.50
constrain SMEFT parameters

/N2 [Tev2]

cws/N? [TeV—2]
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BSM limits using UFO

Biekotter, Gregg, Krauss, MS arXiv:2102.01115

Line = 3000 ifb

® LO multileg with SMEFT,

0,108 N
0.05¢ Zjj X—

model defined through UFO

CWlN? [Tev2]

0.00
® use public ATLAS and CMS Y ——
SM measurements to —o10l TS ]
constrain SMEFT parameters 1 o1

0.0
CrislN? [TeV—2]
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BSM limits using UFO

do/dSt [pb/GeV]
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SHERPA-2.2.15 / SHERPA-3.0.0

vastly extended support for UFO BSM format
multijet merging for loop induced processes further tested, use as:
- MEPS@LOOP?
- reweight MEPS@NLO Higgs production in HEFT with top

mass dependence (approximate in virtual corrections only)
on-the-fly variations of ug, pr, as and PDF for

- LO, NLO

- LoPs, NLOPS (S-Mc@NLo)

- MEePs, MENLOPs, MEPS@NLO

incorporation of approx. NLO EW corrs in existing NLO QCD
MEPS@NLO

default PDF: NNPDF30_nnlo_as 0118
including tune of non-perturbative parameters
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Thank you for your attention!
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V+photon
Siegert, Krause arXiv:1708.06283

e 7Zv+0,1jNLO QCD

® overlap of Z + jets + vFSR
and Zv + jets

® photons from decay of Z
better described with YFS
resummation matched to
higher order QED corrections
(FSR)

® else better described through
NLO QCD for Z~

® overlap removal at particle

E 1G] level
— custom cuts available

T
T
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: :

Approximate electroweak corrections for high pr physics
® incorporate approximate electroweak corrections in
SHERPA's NLO QCD multijet merging (MEPS@NLO)

¢ modify MC@NLO B-function to include NLO EW virtual corrections
and integrated approx. real corrections

Bn,QCD+EWvM(¢n) = Bn,QCD(d)n) + Vn,EW(q)n) + In,EW(CI)n) + Bn,mix((bn)
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: :

Approximate electroweak corrections for high pr physics
® incorporate approximate electroweak corrections in
SHERPA's NLO QCD multijet merging (MEPS@NLO)

¢ modify MC@NLO B-function to include NLO EW virtual corrections
and integrated approx. real corrections

Bn,QCD+EWvM(¢n) = Bn,QCD(d)n) + Vn,EW(ch) + In,EW(CI)n) + Bn,mix((bn)

/

exact virtual contribution
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: :

Approximate electroweak corrections for high pr physics

® incorporate approximate electroweak corrections in
SHERPA's NLO QCD multijet merging (MEPS@NLO)

¢ modify MC@NLO B-function to include NLO EW virtual corrections
and integrated approx. real corrections

Bh,qco+EW,: (Pn) = Bnaco(Pn) + Vi ew(Pn) + 1n ew(®r) + B mix(Pn)

exact virtual contribution \
approximate integrated real contribution
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: :

Approximate electroweak corrections for high pr physics

® incorporate approximate electroweak corrections in
SHERPA's NLO QCD multijet merging (MEPS@NLO)
¢ modify MC@NLO B-function to include NLO EW virtual corrections
and integrated approx. real corrections
optionally include subleading Born

— — '
B aco+EW, (Pn) = Bnaco(®n) + Vi ew(®n) + Lo ew(Pn) + B mix(Phr)

exact virtual contribution \
approximate integrated real contribution
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: :

Approximate electroweak corrections for high pr physics

® incorporate approximate electroweak corrections in
SHERPA's NLO QCD multijet merging (MEPS@NLO)

¢ modify MC@NLO B-function to include NLO EW virtual corrections
and integrated approx. real corrections
optionally include subleading Born

- - '
Bn,QCD+Eva(¢n) = Bn,QCD(d)n) + Vn,EW(cbn) + In,EW(q)n) + Bn,mix((bn)

exact virtual contribution \

approximate integrated real contribution

® real QED radiation can be recovered through standard tools
(parton shower, YFS resummation)
® simple stand-in for proper QCD+EW matching and merging
— validated at fixed order, found to be reliable,
diff. < 5% (on dgw) for observables not driven by real radiation
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