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Fixed order Parton shower Multijet merging Conclusions

Introduction

Sources of systematic uncertainties of theory calculations can generally
be grouped into the following categories

paramentric input parameters, e.g. αs(mZ ), masses, PDFs

perturbative fixed and logarithmic order, large-Nc approx., etc.

algorithmic choices in implementation, e.g. functional form of PS
algorithmic evolution kernels, recoil scheme, matching algorithm,
algorithmic merging method

non-perturbative multiple interaction, hadronisation, etc.

Extracting them through rerunning not feasible due to increasing running
time the more involved the calculation is and the shear number of input
quantities (O (few100) variations to be calculated).

I will focus on parametric (αs(mZ ), PDFs) and perturbative (µR , µF )
uncertainties. Algorithmic dependences will not be covered here. Also,
non-perturbative uncertainties are a whole different matter.
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Fixed order Parton shower Multijet merging Conclusions

Fixed-order variations
• LO trivial

• NLO work in CS subtraction, independent of loop generator

• book-keep 18 weight components (2 VI, 16 KP)
R and each DS transform same as B

〈O〉LO =

∫
dΦB B(ΦB) O(ΦB)
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• book-keep 18 weight components (2 VI, 16 KP)
R and each DS transform same as B

B(ΦB) = αn
s (µ2

R) fa(xa, µ
2
F ) fb(xb, µ

2
F ) B′(ΦB)

〈O〉NLO =

∫
dΦB

B(ΦB) + VI(ΦB) +

∫
dx ′a/b KP(ΦB , x

′
a/b)

 O(ΦB)

+

∫
dΦR

R(ΦR)O(ΦR)−
∑
j

DS,j(ΦB,j · Φj
1)O(ΦB,j)


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2
F ) B′(ΦB)

VI(ΦB) = αn+1
s (µ2

R) fa(xa, µ
2
F ) fb(xb, µ

2
F )

[
VI′(ΦB) + c

′ (0)
R lR + 1

2 c
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R l2R
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R/µ̃
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R l2R
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R/µ̃
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KP(ΦB , x
′
a/b)=αn+1

s (µ2
R)

[(
f qa c

′ (0)
F ,a + f qa (x ′a) c

′ (1)
F ,a + f ga c

′ (2)
F ,a + f ga (x ′a) c

′ (3)
F ,a

)
fb(xb, µ

2
F )

+fa(xa, µ
2
F )
(
f qb c

′ (0)
F ,b + f qb (x ′b) c

′ (1)
F ,b + f gb c

′ (2)
F ,b + f gb (x ′b) c

′ (3)
F ,b

)]
c
′ (i)
F ,a/b = c̃

(i)
F ,a/b + c̄

(i)
F ,a/b lF lF = log(µ2

F/µ̃
2
F ,ref)

same as used in SHERPA NTuples
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Closure tests: pp → W @ NLO
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Parton shower variations

〈O〉LOPS =

∫
dΦB B(ΦB) PS(O,ΦB ;µ2

Q)

• as discussed in Johannes’ talk, need to trace parameter dependence
through veto algorithm

Kn(t2, t1; kαs , kf ;αs, f ) =
∑
ij

∑
k

αs(kαst)K′ij,k(t, z)
fc′(

ηc
x , kf t)

fc(ηc , kf t)

• splitting kernels linear in αs and PDF ratio

• in the following consider variations of paramentric functions f and
αs, and scales kαs and kf

• no variation of starting scale µ2
Q or emission scales ti

• control number of reweighted emissions, nPS
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Parton shower variations

Kn(t2, t1; kαs , kf ;αs, f ) =
∑
ij

∑
k

αs(kαst)K′ij,k(t, z)
fc′(

ηc
x , kf t)

fc(ηc , kf t)

• variation αs → α̃s, f → f̃ , kαs → k̃αs and/or kf → k̃f gives
→ probability to accept Pacc = K

K̂
→ P̃acc = qaccPacc

qacc ≡
α̃s(k̃αst)

αs(kαst)

f̃c′(
ηc
x , k̃f t)

fc′(
ηc
x , kf t)

fc(ηc , kf t)

f̃c(ηc , k̃f t)

→ probability to reject Prej → P̃rej = qrejPrej = 1− P̃acc

qrej ≡
[

1 + (1− qacc)
Pacc

1− Pacc

]
→ numerical instability as Pacc → 1

Höche, Siegert, Schumann Phys.Rev.D81(2010)034026

Bellm et.al. arXiv:1605.08256

Mrenna, Skands arXiv:1605.08352
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Closure tests: e+e− → hadrons @ LOPS
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dependent
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Closure tests: e+e− → hadrons @ LOPS

dedicated
nPS = 0
nPS = 1
nPS = 2
nPS = 3
nPS = 4
nPS = 8
nPS = ∞

10−3

10−2

10−1

1

10 1

Thrust (ECMS = 91.2 GeV)

1/
σ

d
σ

/
d

T

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

0.6

0.8

1

1.2

1.4

T

R
at

io

dedicated
nPS = 0
nPS = 1
nPS = 2
nPS = 3
nPS = 4
nPS = 8
nPS = ∞10−6

10−5

10−4

10−3

10−2

10−1

1
Thrust minor (ECMS = 91.2 GeV)

1/
σ

d
σ

/
d

ln
(T

m
in

or
)

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5

0.6

0.8

1

1.2

1.4

ln(Tminor)

R
at

io

dedicated
nPS = 0
nPS = 1
nPS = 2
nPS = 3
nPS = 4
nPS = 8
nPS = ∞

10−3

10−2

10−1

1

10 1

Oblateness (ECMS = 91.2 GeV)

1/
σ

d
σ

/
dO

0 0.1 0.2 0.3 0.4 0.5

0.6

0.8

1

1.2

1.4

O

R
at

io

dedicated

nPS = 0
nPS = 1
nPS = 2
nPS = 3
nPS = 4
nPS = 8
nPS = ∞

10−4

10−3

10−2

10−1

1

10 1

Sphericity (ECMS = 91.2 GeV)

1/
σ

d
σ

/
d

S

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.6

0.8

1

1.2

1.4

S

R
at

io

closure test with
nPS = 0, 1, 2, 3, 4, 8,∞

• αs(mZ ) = 0.120
↓

α̃s(mZ ) = 0.128

• nPS needed obs.
dependent

Marek Schönherr Reweighting QCD matrix-element and parton-shower calculations 8/20



Fixed order Parton shower Multijet merging Conclusions

NLOPS

• match hardest parton shower emission, use subtraction (I, KP, DS)
and pseudo-subtraction with evolution kernels DA

〈O〉NLOPS =

∫
dΦB

[
B(ΦB) + VI(ΦB) +

∫
dx ′a/b KP(ΦB , x

′
a/b)

+
∑
j

∫
dΦj

1 (DA,j −DS,j) (ΦB · Φj
1)

]
PSNloPS(O,ΦB)

+

∫
dΦR

R(ΦR)−
∑
j

DA,j(ΦB,j · Φj
1)

 PS(O,ΦR)

• colour- and spin-correlated emission PSNloPS and standard PS differ
only through choice of splitting kernels, DA/B vs. K
→ reweighting properties identical
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Closure tests: pp → W @ NLOPS
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Closure tests: pp → W @ NLOPS

0.9

1.0

1.1

nNLOPS = 0, nPS = 0

αS uncertainty

nNLOPS = 1, nPS = 0 nNLOPS = 1, nPS = 1

100 101 102 103

0.9

1.0

1.1

ra
ti

o
to

C
V

CT14 uncertainty

101 102 103

pW
⊥ [GeV]

101 102 103

other maximum numbers of reweighted emissions nNLOPS, nPS

→ reweighting two emission sufficient for this observable
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Multijet merging
• basic idea: separate phase space into soft and hard region using

some measure Qn, use Φn+1-ME for Qn > Qcut

• restore resummation properties of parton shower in ME region
through

- identify would-be shower history through clustering using inversion of
parton shower evolution as jet algorithm
→ flavour and initial state aware, on-shell → on-shell, probabilistic

- {ai , bi , xa,i , xb,i , ti} ordered if tj < tj−1 < . . . < t1 < t0 = µ2
F ,core

- set scales as

αn+j
s (µ2

R) = αn+e
s (µ2

R,core)

j∏
i=1

α1−εi
s (kαsti )

- include PDF ratios for every ordered emission

j∏
i=1

fai (xa,i , kf ti )

fai−1(xa,i−1, kf ti )

j∏
i=1

fbi (xb,i , kf ti )

fbi−1(xb,i−1, kf ti )

- include QCD and EW splitting functions to account for
pp → Z + jets vs. pp → jets + Z
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Multijet merging @ LO
• in leading order merging

〈O〉MEPS =

jmax∑
j=0

∫
dΦj B

merge
j (Φj) PS

vt(O,Φj)

• standard PS replaced by vetoed truncated parton shower PSvt

→ start evolution at core process, truncated evolution between
→ reconstructed scales ti−1 and ti :

Q < Qcut keep emission, restores resummation in t
Q > Qcut veto event, implements Sudakov weight

• in case of fully ordered history

Bmerge
j (Φj) = αn+j

s (µ2
R)

j∏
i=1

fai (xa,i , kf ti )

fai−1(xa,i−1, kf ti )
fa0(xa,0, µ

2
F ,core)

×
j∏

i=1

fbi (xb,i , kf ti )

fbi−1(xb,i−1, kf ti )
fb0(xb,0, µ

2
F ,core) B

′
j(Φj)
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Closure tests: pp → W @ MEPS

10−6

10−3

100

103

106

dσ
/
dp

W ⊥
[p

b/
G

eV
]

W p⊥ uncertainty bands

SHERPA MEPS

pp →W[eν ],
√
s = 13 TeV

nPS = 3

µF,R
αS

CT14
dedicated

100 101 102 103

pW
⊥ [GeV]

0.8

1.0

1.2

ra
ti

o
to

C
V

100 101 102 103

0.8

1.0

1.2

scale uncertainty

100 101 102 103

0.9

1.0

1.1

ra
ti

o
to

C
V

αS uncertainty

100 101 102 103

pW
⊥ [GeV]

0.9

1.0

1.1

CT14 uncertainty

Marek Schönherr Reweighting QCD matrix-element and parton-shower calculations 13/20



Fixed order Parton shower Multijet merging Conclusions

Multijet merging @ NLO
• proceeds schematically as at leading order

〈O〉MEPS@NLO =

jmax∑
j=0

[∫
dΦj B

merge
j (Φj) PS

v
NloPS(O,Φj)

+

∫
dΦj+1 H

merge
A,j (Φj+1) PSvt(O,Φj+1)

]
• O (αs) expansion of Sudakov weight subtracted in PSvt through MC

methods Höche, Krauss, MS, Siegert JHEP04(2013)027

• subtract O (αs) expansion of PDF ratios

−
j∑

i=1

αs(µ
2
R)

2π
log

ti−1
ti

(∑
c=q,g

∫
dx ′a,i
x ′a,i

Pac(x ′a,i ) fc(
xa,i
x′a,i
, kf ti )

+
∑
d=q,g

∫
dx ′b,i
x ′b,i

Pbd(x ′b,i ) fd(
xb,i
x′b,i
, kf ti )

αn+j
s (µ2

R)B′j(Φj)
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Closure tests: pp → W @ MEPS@NLO
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Multijet merging @ NLO

• supplement MEPS@NLO with LO MEs of higher multiplicity

〈O〉MEPS@NLO+MENLOPS =

jnlomax∑
j=0

[∫
dΦj B

merge
j (Φj) PS

v
NloPS(O,Φj)

+

∫
dΦj+1 H

merge
A,j (Φj+1) PSvt(O,Φj+1)

]
+

jmax∑
j=jnlomax+1

∫
dΦj kjnlomax

(Φjnlomax+1(Φj)) Bmerge
j (Φj) PS

vt(O,Φj)

with

km(Φm+1) =
Bm(Φm)

Bm(Φm)

(
1− HA,m(Φm+1)

Rm(Φm+1)

)
+

HA,m(Φm+1)

Rm(Φm+1)

• differential K -factor moulds Bm+1 into NLOPS result of Φm,
reduces merging systematics
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Closure tests: pp → W @ MENLOPS
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Conclusions

• all types of event generation in SHERPA can be reweighted
→ LO, NLO, LOPS, NLOPS, MEPS, MEPS@NLO, MENLOPS

• includes uncertainties due to
scales

- µR , µF in matrix elements
- prefactors kαs , kf in parton shower

parametrisations
- αs through αs(mZ )
- PDFs through parametrisation (set, eigenvector/replica)

• does not yet include variation of
• merging parameter Qcut

• parton shower starting scale µQ

• evolution variable t
• functional form of resummation kernel K
• recoil scheme

• preliminary version (ME only) in SHERPA-2.2, full in SHERPA-2.3
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Timings in pp → `+`−+ ≤ 4jets (ME scale/PDF only)
weighted events

• low baseline per event
timing (25s/1k)

• constant offset per
computed variation

⇒ 217 vars. → factor 38

(partially) unweighted events

• high baseline per event
timing (730s/1k)

• constant offset per
computed variation

⇒ 217 vars. → factor 2.2

ld

ldld

ldld

bc

bc
bc

bc
bc

Sherpa MePs

ld unweighted events
bc weighted events
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Number of Variations

Ti
m

e
[s

]

µR|F → 7
PDF (NNPDF30) → 100
µR|F+PDF → 107
PDF4LHC (old) → 217

→ time to compute variations independent of event generation mode
⇒ huge gain for standard (partially) unweighted events
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Thank you for your attention!
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Backup
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Closure tests: pp → W @ MEPS
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Closure tests: pp → W @ MEPS@NLO
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Closure tests: pp → W @ MENLOPS
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