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Parton shower MEPsS@NLO

Conclusions

Resummation properties of parton showers
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e resummation in evolution variable ¢,
c1 correctly described, ¢o at most in N, — oo approximation

Marek Schonherr

Resummation properties of MEPS@NLO

2
Q

) O(®r)

= exp [clozsL2 + coars L+ .. ]

IPPP Durham
2



Parton shower MEePs@NLO Conclusions

Resummation properties of parton showers
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e splitting kernel (@) o< %= P(z), 1 = {t,2, ¢}
e Sudakov form factor

t/
A(’C)(t,t') = exp l—/ d®; K(P1)| = exp [clasLQ + coas L + .. ]
t

e parton shower starting scale ug plays role of resummation scale,
at LO commonly identified with pr to recover PDF evolution

e resummation in evolution variable ¢,
c1 correctly described, ¢o at most in N, — oo approximation

e a; — ag(ky) catches dominant terms of higher log. order
= crucial in defining “parton shower accuracy”
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Resummation properties of MEPS
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e LOPs for n-jet process restricted to region @ < Qcut
e LOPS for n + 1-jet process
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Resummation properties of MEPS
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e LOPs for n-jet process restricted to region @ < Qcut
e LOPS for n + 1-jet process with additional Sudakov wrt. n-jet process
— implements correct resummation behaviour wrt. incl. sample
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Resummation properties of MEPS

<O>MEPS

= /d‘bn Bn [A%K) (tm ,UQQ) On

1o
+ / APy K, AU (t41, 13)) ©(Qeut — Q) Onta
te

+ / 49,1 By AP (141, 12) O(Q — Q)

tnt1
X {Agi)l(tmtnﬂ) Ont1 +/ d®y Kpqr Agi)l(therthrl) On+2:|
t

c

e LOPs for n-jet process restricted to region @ < Qcut
e LOPS for n + 1-jet process with additional Sudakov wrt. n-jet process
— implements correct resummation behaviour wrt. incl. sample
e truncated showering to account for mismatch of ¢ and @ Nason JHEP11(2004)040
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Resummation properties of MEPS

Two instructive ways of rewriting (O)MEPs:
1) composite emission kernel for ME and PS region

<O>MEPS

b Bn+1
+ /to do, (Kn @(cht - Q) + Bin @(Q - cht))

X A%K:) (tn+17 M%) OnJrl

+ /d‘I)nH Br41O(tns1 — 11g)) Onta

® q; scales in B, - K, and B, ;1 must be the same to retain resummation
properties of the parton shower

® necessity to interprete B, 11 as PS splitting on top of B,
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Resummation properties of MEPS

Two instructive ways of rewriting (O)MEPs:
2) standard parton shower and correction terms

<O>MEPS

uy
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t
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te

+/d‘1’n+1 Brt1 O(tns1 — 11g)) Onta

® o, scales in B,, - K,, and B, ;1 must be the same for second line not to
spoil resummation properties of the parton shower (first line)

® necessity to interprete B, 11 as PS splitting on top of B
— need to use inverse parton shower
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Resummation properties of MEPS

Two instructive ways of rewriting (O)MEPs:
2) standard parton shower and correction terms

<O>MEPS

Scales:
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® o, scales in B, - ,, and B,, ;1 must be the same for second li
spoil resummation properties of the parton shower (first line)
® necessity to interprete B, 11 as PS splitting on top of B
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Resummation properties of MEPS

Two instructive ways of rewriting (O)MEPs:
2) standard parton shower and correction terms

mismatch of O(x-as L)
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® o, scales in B,, - K,, and B, ;1 must be the same for second line not to
spoil resummation properties of the parton shower (first line)

® necessity to interprete B, 11 as PS splitting on top of B
— need to use inverse parton shower
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Resummation properties of SHERPA’'s MC@NLO
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<O>MC@NLO — /d¢B B(A)(@B)
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[ am PR AR ) O

+/d<I>R [R(@R) - ZDY"(@R)] O(®p)

e SHerPA: DY = D) O(uy —t) (Ne = 3 CS kernels) as kernels
— incorporation of subleading colour dipoles, spin-dependence
e Sudakov form factor

t D®)
A(A)(t,t') = exp —/ d®; —— | = exp [clasL2 + coag L + .. ]
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<O>MC@NLO — /d¢B B(A)(@B)
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+/d<I>R [R(@R) - ZDY"(@R)] O(®p)

e SHerPA: DY = D) O(uy —t) (Ne = 3 CS kernels) as kernels
— incorporation of subleading colour dipoles, spin-dependence
e Sudakov form factor

t D®)
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e ¢ and ¢y correct in N, =3
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Resummation properties of SHERPA’'s MC@NLO

<O>MC@NLO — /d¢B B(A)<(PB)
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e SHerPA: DY = D) O(uy —t) (Ne = 3 CS kernels) as kernels
— incorporation of subleading colour dipoles, spin-dependence

e Sudakov form factor

t/ DA
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e ¢ and ¢y correct in N, =3

e a; — a4(ky) to catch dominant terms of higher log. order
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<O>MC@NLO — /d¢B B(A)(@B)

I D(A)(<I>B )
+ do, —— 2" AP 12) O(®
[ am PR AR ) O

+/d<I>R [R(@R) - ZDY"(@R)] O(®p)

e SHerPA: DY = D) O(uy —t) (Ne = 3 CS kernels) as kernels
— incorporation of subleading colour dipoles, spin-dependence
e Sudakov form factor

t D®)
A(A)(t,t') = exp —/ d®; —— | = exp [clasL2 + coag L + .. ]
t

B

e ¢ and ¢y correct in N, =3
e a; — a4(ky) to catch dominant terms of higher log. order

=- improves accuracy of resummation for first emission
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Results — pp — tt + jets

Transverse momentum of top-quark pair
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Results — pp — tt + jets

Transverse momentum dependent forward-backward asymmetry
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Hoche, Krauss, MS, Siegert JHEP04(2013)027
Consider a 2 — n process and an observable senstive to (at least) j = n + k jets
according to measure some jet measure Qnik+i = Q(Ppyrti)

(0); = Z<Oj+i> = Z<On+k+i> ,
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according to measure some jet measure Qnik+i = Q(Ppyrti)
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Hoche, Krauss, MS, Siegert JHEP04(2013)027
Consider a 2 — n process and an observable senstive to (at least) j = n + k jets
according to measure some jet measure Qnik+i = Q(Ppyrti)

(0); =Y (0j1s) = D> (Oniryi) s
i=0 i=0
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Resummation properties of MEPS@NLO

Hoche, Krauss, MS, Siegert JHEP04(2013)027
Consider a 2 — n process and an observable senstive to (at least) j = n + k jets
according to measure some jet measure Qnik+i = Q(Ppyrti)

o0 oo

(0); =Y (0j1s) = D> (Oniryi) s
1=0 =0
such that
<O>§XC1 = Z<Oj+i G(Qj - cht) @(cht - Qj+1)> 5
i=0
o)t = (o).
I=j

Aim: a) the (n + k + 1) jet state is NLO correct
b) log. structure of the parton shower wrt. 2 — n process is guaranteed

— include truncated showering to accommodate arbitrary ) and ¢
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Define

)55 = [ 4011 0@~ Quur) BLY,
_ thik D(A)
Afﬁ)k(tc,ué) Ontk + / d®, an:: Aﬁlﬁk( nJrkJrlaMZ))
t n

c

X

@(cht - QnJrkJrl) On+k+1

+ /dq)n+k+1 O(Qn+k — Qcut) ,ﬁzk A,H_k( n+k+17,u/Q7>cht)
X O(Qcut — Qnirt1) Ongrg1

= structurally similar to MC@NLO
emission terms restricted from above by Q. as in MEPS
twiddled quantities incorporate truncated emissions
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Resummation properties of MEPS@NLO

Truncated shower emission manifest in compound emission kernel

nt+k—1
DV (®1) = DY, O(tnsx —1) + Busx > KOt — 1) O(F — ti41)

= kernels for PS emissions in between reconstructed scales ¢; starting at core
process 2 »nupto2 —n+k
= hierarchy /ﬂQ =tn >tap1 > . tnsbo1 > tags implicit

= n+ k + 1-th emission by D) intermediate emissions by PS
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Resummation properties of MEPS@NLO

Truncated shower emission manifest in compound emission kernel

nt+k—1
DV (®1) = DY, O(tnsx —1) + Busx > KOt — 1) O(F — ti41)

= kernels for PS emissions in between reconstructed scales ¢; starting at core
process 2 »nupto2 —n+k
= hierarchy /ﬂQ =tn >tap1 > . tnsbo1 > tags implicit

= n+ k + 1-th emission by D) intermediate emissions by PS

Compound Sudakov form factor

A (A) / o ﬁfﬁgk (A) [, 4 7”1—[’671 (PS),, 1
An+k(t7t): exXp _/d(ﬁBi_i_k = An_,'_k(t,t) Al (t,t)
n
t

i=n
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Resummation properties of MEPS@NLO

Truncated shower emission manifest in compound emission kernel

nt+k—1
DV (®1) = DY, O(tnsx —1) + Busx > KOt — 1) O(F — ti41)

= kernels for PS emissions in between reconstructed scales ¢; starting at core
process 2 »nupto2 —n+k
= hierarchy /ﬂQ =tn >tap1 > . tnsbo1 > tags implicit

= n + k + 1-th emission by D™ intermediate emissions by PS
Compound Sudakov form factor
. Y p» ntk—1
AW (¢, ) = exp{ —/d<I> B”*’“} =AM ) JI A%,

n+k
t

i=n
n+k

AP, ¢y = TT a1
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Resummation properties of MEPS@NLO

Truncated shower emission manifest in compound emission kernel

nt+k—1
DV (®1) = DY, O(tnsx —1) + Busx > KOt — 1) O(F — ti41)

= kernels for PS emissions in between reconstructed scales ¢; starting at core
process 2 »nupto2 —n+k

= hierarchy /ﬂQ =tn >tap1 > . tnsbo1 > tags implicit

= n+ k + 1-th emission by D) intermediate emissions by PS

Compound Sudakov form factor

t ~
- B D(A)
Aﬁf‘lm t) = exp{ —/d<I> B”*’“} = Agﬁgk t,t) H A(PS) £t
n—+k
t

AP ) = AP (1,1 <Qeut) AP (t, 13 >Qent)

Marek Schénherr IPPP Durham

Resummation properties of MEPS@NLO 10



Resummation properties of MEPS@NLO

Compound emission kernels require modified B-functions

~ (A ~(A
BEH-)k((I)n+k) = B;ﬁk(@wk)
n+k—1
+ Bk (Pryr) Z /d‘I’1 Ki(®1) O(ti — tntrt1) O(tntrt+1 — tig1)
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Resummation properties of MEPS@NLO

Compound emission kernels require modified B-functions

(A S (A
BEH-)k((I)n+k) = B;.gk(q)n+k)
n+k—1
+ Brtr (Prti) Z /dq)l Ot — tnyrt1) Oltntrs1 — tis1)

and, similarly, H-functions

~ (A
Hﬁﬁk(‘bmkﬂ) = Hfzﬁk@mm)
n+k—1
— Bt (Prtr) Z Ki(®1) O(ti — tngrt1) OEntrt1 — tit1)

Necessary, because truncated shower emissions enter at O(a).
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This leads to

<O>ZX+C}C = /dq)n+k @(QnJrk - cht) Bfﬁ,égk Afﬁgk( C7 MZ}; >cht)

X Ag?k@cﬂ /Jz); < cht) On+k

(A)

vt o Dk xm 5
+ / d®, Bk An+k( ntkt1s 10 < Qeut)
te n

@(cht - Qn+k+1) On+k+1

+ /d‘I’n+k+1 O(Qntk — Qcut) nA_zk An+k( n+k+17,U/Q7>cht)
X O(Qcut — Qnti+1) Ontrt1

= Sudakovs for veto on @ > Q. explicit

B®, H(®) contain correct subtraction terms for correct O(c,) terms
Marek Schénherr IPPP Durham
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Resummation properties of MEPS@NLO

e proof on NLO accuracy proceeds as for MCONLO, O(a) terms of
compound Sudakovs cancel with additional terms in B and H

e proof of logarithmic accuracy

@ emissions below Q. on (n + k) jet configuration generated by
A
Aiik(tn+k+1,tn+k)

@ emissions above Qc: are in the (n 4+ k + 1) jet configuration, they may not
generate unwanted logarithmic corrections wrt. (n + k) jet configuration

© iterate 1 and 2 for (n + k + 1) jet configuration

Marek Schénherr IPPP Durham
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Resummation properties of MEPS@NLO

e proof on NLO accuracy proceeds as for MCONLO, O(a) terms of
compound Sudakovs cancel with additional terms in B and H
e proof of logarithmic accuracy

@ emissions below Q. on (n + k) jet configuration generated by

A
A(rH)»k: (tatk+1,tntr)

@ emissions above Qc: are in the (n 4+ k + 1) jet configuration, they may not
generate unwanted logarithmic corrections wrt. (n + k) jet configuration

© iterate 1 and 2 for (n + k + 1) jet configuration

e for 1 and 2 rewrite
Oy = (0N +(O)ia + -+

— (OPIGENIO 4 Oy
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Resummation properties of MEPS@NLO

<O>MCk@NLO
n+

= /dq)n+k @(QnJrk - cht) BSzA-‘zk

b NG
A (A n A)
X Aﬁllk(tc,ué) Ontk + / d®, an:: A£L+k(t7ﬂé) Ontk+1
te

+ /dq)n+k+1 @(QnJrk - cht) HgLA_zk An—i—k( n+k+1; ,Uva >cht) n+k+1

MC@NLO expression with
e additional Sudakov form factors to correctly resum all scale hierarchies
,u2Q =1p >tnt1 > o tntk—1 > tntk
e truncated shower terms allowing for emissions off intermediate legs
= has exactly the right resummation behaviour
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Resummation properties of MEPS@NLO

(025
= [ A%, 0 O VAP 2y 0
ntkt1 O(Qnirt1 = Qeut) By iy (es 1) Ontiegn
= (A A
X {D(i)k 1— Bfw)k Afmék(tn+k+l7tn+k)‘|
n P
Brtr Afm+12:(tn+k+l7tn+k)
= (A A
B£z+)k+1 Aszllwrl(tc’ tn+k+1) 2
~Bogkgr |1 B (PS) + O(ay)
ntk+l An+k+1(tc’ tn+k+1)

e Similarly to MEPS case, this is the difference between the (n+ &k + 1)
parton state and the emission kernel off the (n + k) parton state
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Resummation properties of MEPS@NLO

(O)70
= [do e - AP (te,u3) O
n+k+1 (Qn+k+1 cht) n+k+1( cvﬂQ) n+k+1

(A A
H B Bfw)k Afmﬁk(tn+k+lytn+k)
n+k Btk A(PS) (tn+k+l7tn+k)

n+k
3 (A) (A)
By pes |1— Bkt Bttt (fes tnsrtn) +0(a?)
identical at Brikt1 Aszl)fll+1(t0?tn+k+1) °

O(asL?) and O(asL)
no O(a?) terms

e Similarly to MEPS case, this is the difference between the (n+ &k + 1)
parton state and the emission kernel off the (n + k) parton state
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identical at Brikt1 Ag)fl)cﬂ(tc,tmrkﬂ) °

O(asL?) and O(asL)
no O(a?) terms

e Similarly to MEPS case, this is the difference between the (n+ &k + 1)
parton state and the emission kernel off the (n + k) parton state
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Resummation properties of MEPS@NLO

(O)70
_ A (PS) 2
- /dq)n+k+1 G(Qn+k+1 - cht) An+k+1(t07/~LQ) On+k+1
R(A) (A) mismatch at
. {ﬁ(?k. Bk An+k(tn+k+1,tn+k)1 O(+ a.L)
’ Bn-‘rk A’E’LPEI)C (tn+k+17 tn-"-k) “
R(A) (A)
By iper |1— Bo et Anipa (bes bnghyn) +0(a?)
identical at Brikt1 Ag)fl)cﬂ(tc,tmrkﬂ) °

O(asL?) and O(asL)
no O(a?) terms

e Similarly to MEPS case, this is the difference between the (n+ &k + 1)
parton state and the emission kernel off the (n + k) parton state

= this term is of O(5 aZL?) relative to the (n + k) parton process
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Results — pp — W+jets

Inclusive Jet Multiplicity

T E 1 \ \ \ \ 3
i = renio ] pp — Wjets (0,1,2 @ NLO; 3,4 @ LO)
= 100 |- ‘ - MEePs@NLo )1/2,.42;47: 1
Y E— Mooz, .ap * tr/F € [3:2] Haet
s 0 + Mc@Nio ] scale uncertainty much reduced
wE Lt Ll e NLO dependence for
L > 30Gev 4 ] pp — W+0,1,2 jets
107 i ~ LO dependence for
£ {— H
i L = = pp — W+3,4 jets
w0 ’ E o Qcut = 30 GeV
F B ='L' ,,,, - | 1 e good data description
° * 2 3 4 5 Ny ATLAS data Phys.Rev.D85(2012)092002
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MEPS@NLO

Results — pp — W+jets

do/dp, [pb/GeV]

MC/data MC/data

MC/data

First Jet p,

107
—e— ATLAS data
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. MEPS@NLO t/2...2
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300
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do/dp, [pb/GeV]

MC/data

MC/data

Second Jet

W 2 2jets (x1)

Wt > 3jets (x0.)

EEEEE e
ATLAS data
MEPs@NLo
MEPS@NLO j1/2... 2
MENLOPS

MENLOPS i/2...2p
Mc@NLo

P IR B A

s BT T T T T T
}3 = Wi > 2jets =
e " n | | ]
BB ] | -
0.6 BT =
04 E
o2 P I v st A
o HoHH
1.6 =
Ta
12 = || E
BET L T E
0.6 Ei =
0.4 W 442408
02 B TG L I L
40 60 B0 100 120 140 160 180
p11GeV]
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MEPS@NLO

Results — pp — W+jets

ATLAS data Phys.Rev.D85(2012)092002

Scalar sum of transverse momenta

%‘ i‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\E 1.8‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\
9 SHERPA+BLACKHAT —e— ATLAS data = iiﬁ E
_’é —— MEePs@NLo 3 3 12 | —
e MEPS@NLO 11/2... 23] O o8E | E
5 —— MENLOPS E - —
5 W 2 jet (x1 MENLOPS 41/2...24 ] e
< M = L b b e b b ey
c@NLo 3 LS EMETTT T e e
3 16 E =
g 14 o -
- g I3E -
> 2jets (x0.1) T il ie e | L L
""" U o08E =
= 06 F A
04 E = =
02 | | | | |
H
Wt >3jets (x001) st ig 2 =
£ 14 E =
S 1.2 B —
s MTE It
Y o8 | L=
....... = 06 —
o4 1 =
ol b b b 2l M v b b b
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Hr [GeV] Hr [GeV]
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Results — pp — W+jets

ATLAS data Phys.Rev.D85(2012)092002

AR Distance of Leading Jets Azimuthal Distance of Leading Jets
B a0 [T T z L e e e
= r —e— ATLAS data 1 N ATLAS data
3 [ —— MEPs@NLo ] 3 M&Ps@NLo
T S MEPs@NLo j1/2...21 ]| g MEPs@NLO j1/2...2 7
3 [ —— MENLOPS ] 3 MENLOPS E|
60 — MENLOPS pi/2...2u ] E MENLOPS /2...21 B
t Mc@Nro B 80 - Mc@Nro =
ol 1 60 - E
r ] 40 = =
20 — — C >:
] 4
e 4
s — =
= E E
5 E E
S =
1<) 3
s - E
P S TN IS VR VAN P IO I W P N AN SRS AVUNRNRT IATETIN B
1 2 3 4 o 0.5 1 1.

= »

5 6 7 2 2.5 3
AR(First Jet, Second Jet Ag(First Jet, Second Jet)
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Results — pp — tt + jets

CDF data Phys.Rev.D87(2013)092002

Transverse momentum dependent forward-backward asymmetry

"_"; 0.3 L L L L B L I L L L B B LA B A
£ b Reconstructed top R
= L —e— CDF dat ] — e
< o2 - Phys. I:e?/. D87 (2013) 092002 —| pp — tt-i—JetS (0,1 @ NLO)
E + ] S. Héche, J. Huang, G. Luisoni, MS, J. Winter
o1 F o —— 7 arXiv:1306.2703
e ] .
ol —— 1 o Arp(pi sf) NLO accurate in all
i —_— 1 [t
r — 5 but the first bin
T — MErsoNuo e = poco E e reconstructed tops
L perturbative uncertainty — ]
02 o pertrbative eneertainey . * no EW corrections
[ SuErra+GoSam ]
S T Y S O Y B
10 20 30 40 50

60 70
pr,u [GeV]
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MEePs@NLO

Results — pp — tt + jets

Rapidity dependent forward-backward asymmetry

CDF data Phys.Rev.D87(2013)092002

Mass dependent forward-backward asymmetry

e e B S S LA e e . A e e e R BN R E R R R
4 [ Parton level ] [ Parton level ]
2 o6f — 06 - —
< r —— CDF data b r —— CDF data 1
C Phys. Rev. D87 (2013) 092002 ] L Phys. Rev. D87 (2013) 092002 ]
0.5 [ — MEPS@NLO jicore = HQCD A 0.5 [ — MEPS@NLO picore = PQCD |
C perturbative uncertainty =l C perturbative uncertainty i
r — MEPS@NLO Jlcore = Myf b r — MEPS@NLO ficore = My 1
04 perturbative uncertainty A 04 perturbative uncertainty A
03— g 03— J
o2 — 02 [ =
n + = L —/—/_._:
o1 - — o1 |- —I_._I_’_;
E SHERPA+GOSAM C SHERPA+GOSAM
oF ‘ Ll e I i e DR DR R T RO

o 0.5 1 15 2 350 400 450 500 550 600 650 700 750
Byt it [GeV]

e parton level
e no EW corrections (= 20%) effected
e right qualitative bahviour, but consistently below data
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Parton shower S Mc@NLo MEPS@NLO Conclusions

Conclusions

e parton showers have a well defined “parton shower accuracy”
— more than just leading log

e merging methods must recover that accuracy to improve upon pure PS

o multijet merging at NLO proceeds schematically as at LO
— truncated vetoed showers integrate smoothly into formalism

o scale setting essential for recovering PS resummation

e NLOPS matching is LO+(N)LL matching
e can be improved by adding higher order calculations

e (N)NLL resummation
e NNLO corrections

current release SHERPA-2.0.532, when fully tuned SHERPA-2.0.0
http://sherpa.hepforge.org
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Thank you for your attention!
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MEPS@NLO — Multijet merging at NLO

<O>MEP5@NL0 Héche, Krauss, MS, Siegert JHEP04(2013)027
Gehrmann, Hoche, Krauss, MS, Siegert JHEP01(2013)144

= / de, BW lA&f‘) (to, #3) On
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to n
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Parton shower Mc@NLo MEPsS@NLO Conclusions

NLO merging — Generation of MC counterterm

2

B, Ha

14 =t / dd, K,
n+l Jt,

e same form as exponent of Sudakov form factor A%PS)(th, ,ué)
e truncated parton shower on n-parton configuration underlying n -+ 1-parton
event
@ no emission — retain n + 1-parton event as is
@ first emission at ¢’ with Q > Qcu, multiply event weight with B,,1/B%),,
restart evolution at ¢, do not apply emission kinematics
© treat every subsequent emission as in standard truncated vetoed shower

e generates

2
B )
1+ —n+1/ de, Ky, A%PS)(an,M?g)
B tnt1

n+1

= identify O(«;) counterterm with the omitted emission
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Parton shower MEPS Mc@NLo NEPS@NLC Conclusions

NLO merging

Renormalisation scales:

e determined by clustering using PS probabilities and taking the respective

nodal values ¢;
k

ntk — CYs(,ucore)n : H as(ti)
1=1

e change of scales urp — fig in MEs necessitates one-loop counter term

Qs (M}Z%)

2\k a (/ﬁ%) a i
as(fig)" | 1- T Bo Z In oz
i=1 R

Factorisation scale:
o . determined from core n-jet process
e change of scales up — fip in MEs necessitates one-loop counter term

Bn(CDn)a; )1og“F Z/ —Pac ) fe(wa/2, AiE) +

™
Ar c=q,9
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