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Resummation properties of parton showers

Resummation properties of parton showers

0) = /dq’BB(q’B)O(‘I’B)
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Resummation properties of parton showers

Resummation properties of parton showers

(0)" = / A%, B<¢>B>lA(’C)<to,ua>o<¢>B> + / A1 K(01) AX (¢, 1) O(@p)

e splitting kernel K(®1) o< &= P(2), ®1 = {t, 2, ¢}
e Sudakov form factor

t/
ARt 1) = exp l—/ d® K(®1)| = exp [clasL2 + oo L+ .. ]
¢
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Resummation properties of parton showers

Resummation properties of parton showers

(0)" = / A%, B<¢>B>lA(’C)<to,uz>o<¢>B> + / A1 K(01) AX (¢, 1) O(@p)

e splitting kernel K(®1) o< &= P(2), ®1 = {t, 2, ¢}
e Sudakov form factor

t/
ARt 1) = exp l/ d® K(®1)| = exp [clast + oo L+ .. ]
¢

e parton shower starting scale g plays role of resummation scale,
at LO commonly identified with pp to recover PDF evolution
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Resummation properties of parton showers

Resummation properties of parton showers

(0)" = / A%, B<¢>B>lA(’C)<to,uz>o<¢>B> + / A1 K(01) AX (¢, 1) O(@p)

e splitting kernel K(®1) o< &= P(2), ®1 = {t, 2, ¢}
e Sudakov form factor

t/
ARt 1) = exp l/ d® K(®1)| = exp [clasL2 + oo L+ .. ]
¢

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

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

Resummation properties of parton showers

(0)" = / A%, B<¢>B>lA(’C)<to,uz>o<¢>B> + / A1 K(01) AX (¢, 1) O(@p)

e splitting kernel K(®1) o< &= P(2), ®1 = {t, 2, ¢}
e Sudakov form factor

t/
ARt 1) = exp l/ d® K(®1)| = exp [clasL2 + oo L+ .. ]
¢

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

e resummation in evolution variable ¢,
c1 correctly described, ¢y at most in N, — co approximation

e o, — «a4(ky) catches dominant terms of higher log. order
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Multijet merging
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MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

LO pp — 2 with parton showers
+ exponentiation of large IR logarithms
— poor hard/wide angle emission pattern
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Multijet merging
[ Jelelele}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

ME ——>

LO pp — 2 with parton showers vs. LO pp — n matrix elements
+ exponentiation of large IR logarithms + dominant terms for hard/wide angle rad.
— poor hard/wide angle emission pattern — breakdown of as-expansion in log. region
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Multijet merging
[ Jelelele}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

ME ——>

O 8
Q—@%

LO pp — 2 with parton showers vs. LO pp — n matrix elements
+ exponentiation of large IR logarithms + dominant terms for hard/wide angle rad.
— poor hard/wide angle emission pattern — breakdown of as-expansion in log. region

o MEPS schemes: CKKW-type, MLM-type
LO+(N)LL accuracy in every jet multiplicity

IPPP Durham

11



Multijet merging
[ Jelelele}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

ME ——>

- e
- ﬂ
s

(¥E+n (Neff) = Oélf (M) Qg (tl) s O (tn)

LO pp — 2 with parton showers vs. LO pp — n matrix elements
+ exponentiation of large IR logarithms + dominant terms for hard/wide angle rad.
— poor hard/wide angle emission pattern — breakdown of as-expansion in log. region
e MEPS schemes: CKKW-type, MLM-type
LO+(N)LL accuracy in every jet multiplicity

scheme essential to preserve PS-resummation properties
IPPP Durham
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Multijet merging
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MEPs — Multijet merging at leading order

Multijet merging

LO merging:
e LO accuracy for n < npmax-jet processes
o preserve (N)LL accuracy of the parton shower

Catani, Krauss, Kuhn, Webber JHEP11(2001)063
Lonnblad JHEP05(2002)046

Hoche, Krauss, Schumann, Siegert JHEP05(2009)053
Hamilton, Richardson, Tully JHEP11(2009)038
Lonnblad, Prestel JHEP03(2012)019
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Multijet merging
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MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

<O>MEPS
= / d®, B, [AX) (to, 1) On
Mé K 2
+ / d<I)1 ]Cn A% )(tn+1a /UIQ) On+1
to

o LOPS for n-jet process
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Multijet merging
[e]e] le]e}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

<O>MEPS
= / d®, B, [AX) (to, 1) On
Mé K 2
+ / d<I)1 ]Cn A% )(tn+1a /UIQ) @(QCut - Q) On+1
to

e LOPS for n-jet process restricted to region @ < Qcut
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Multijet merging
[e]e] le]e}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

<O>MEPS

= /d@n B,

A'SLK:) (t07 /’LQQ) On

Né K 2
+ / d<I)1 ]Cn A% )(tn+1a /UIQ) @(QCut - Q) On+1

to

+ /dq)n+1 Brnt1 O(Q — Qcut)

tnt1
|:A$L+1(t07 tnt1) Ong1 + / d®; Ky Agi)l (tnt2:tns1) On+2:|

to

e LOPS for n-jet process restricted to region @ < Qcut
e LOPS for n + 1-jet process
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Multijet merging
[e]e] le]e}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

<O>MEPS

= /d@n B,

A'SLK:) (to, /’LQQ) On

Né K 2
+ / d<I)1 ]Cn A% )(tn+1a /UIQ) 6)(Cgcut - Q) On+1

to

+ /dq)n+1 Bn+1 Agc) (tn+1a /u*z)) @(Q - cht)

tnt1
{Aﬁﬂ(to, tnt1) Ong1 +/ d®; K1 An+1( n42, tng1) On+2:|

to

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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Multijet merging
[e]e] le]e}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

<O>MEPS

= /d@n B,

A'SLK:) (to, /’LQQ) On

Né K 2
+ / d<I)1 ]Cn A% )(tn+1a /UIQ) 6)(Cgcut - Q) On+1

to

+ /dq)n+1 Bn+1 Agc) (tn+1a /u*z)) @(Q - cht)

tnt1
{Aﬁﬂ(to, tnt1) Ong1 +/ d®; K1 An+1( n42, tng1) On+2:|

to

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
Marek Schonherr IPPP Durham
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Multijet merging
[e]e]e] o}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

<O>MEPS

= /d@n B,

AN (to, ugy) On

) Bry1
+ /to d(I)l (’Cn G(cht - Q) + Bn @(Q - cht))

X A»EZC) (tn+17 Mé) On+2

e «, scales in B KC and B, 1 must be the same to retain resummation
properties of the parton shower

e interprete B, as PS splitting on top of B
— need to use inverse parton shower

Marek Schonherr IPPP Durham
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Multijet merging
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MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO
<O>MEPS Scales:

= /d@n B,

AgzK) (t07 ﬂé) On

'MZQ Bn+1
+ /to d(I)l (’Cn G(cht - Q) + Bn @(Q -

X A’E’LK:) (tn+1, M%) Ony2

® o, scales in B - KC and B, 1 must be the same to retain resun “U’
properties of the parton shower

e interprete B, as PS splitting on top of B
— need to use inverse parton shower

Marek Schonherr IPPP Durham
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Multijet merging
[e]e]e] o}

MEPs — Multijet merging at leading order

MEPS — Multijet merging at LO

<O>MEPS

= /d@n B,

AN (to, ugy) On

mismatch of O(x- as L)

) Bry1
+ /to d(I)l (’Cn G(cht - Q) + Bn @(Q - cht))

X A»EZC) (tn+17 Mé) On+2

e «, scales in B KC and B, 1 must be the same to retain resummation
properties of the parton shower

e interprete B, as PS splitting on top of B
— need to use inverse parton shower

Marek Schonherr

IPPP Durham
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Multijet merging
[e]elele] }

MEPs — Multijet merging at leading order

Merging systematics

Merging cut Qc,: dependence (pp — Z + jets MEPS, up to 2 in ME):

et rsolution 0+ 1 1GeVI)
T

1168

o83y /GV) Togdon/GeV) o don /G o dor/GeV)
Wt reslution 0 1[GV

&

log k.t rscution 0 1[GeV)
o g

logyk. et resclution 0 - 1 [GeV)
e T T T
Quf = 60 GeV

— Qe = 145GV

Iogldor/GeV)

e parton shower is trusted to corectly describe emissions < Qcut
e changes the region where higher accuracy is used for calculation
— part of the uncertainty is due to degraded accuracy for large Qcut
e all samples are identical for Q < Qsma'est and Q > Q2rE*" by construction

IPPP Durham

Marek Schonherr
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Multijet merging
[e]elele] }

MEPs — Multijet merging at leading order

Merging systematics

Merging cut Qc,: dependence (pp — Z + jets MEPS, up to 2 in ME):

logy(k 1 jet resolution 0 — 1 [GeV])
‘UJ\\‘\\\\‘\\\\‘\\\\\\\\

— Qeut = 10 GeV
— Qe =15 GeV.
Qeut = 20 GeV
—— Qaut = 30 GeV
101 — Qau =45GeV
Qcut = 60 GeV

do/dlog(dor /GeV) [pb]
3

—— Quut = 90 GeV
—— Quut = 180 GeV

20 GeV

o

r
%

Ratio wrt. Qcut
s o
B3
T

|
ot

=

P I R R T

o5 1 15

2 25
logyo(do1 /GeV)

e parton shower is trusted to corectly describe emissions < Qcut
e changes the region where higher accuracy is used for calculation
— part of the uncertainty is due to degraded accuracy for large Qcut
e all samples are identical for Q < Qsmalest and Q > Q=rE*" by construction

Marek Schonherr IPPP Durham
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Multijet merging
[e]elele] }

MEPs — Multijet merging at leading order

Merging systematics

Merging cut Qc,: dependence (pp — Z + jets MEPS, up to 2 in ME):

logy(k 1 jet resolution 0 — 1 [GeV])
103

& 107 ETT T T T Ty
2 F El
s [ ]
g I ]
£ 10t —— Qeut = 15 GeV. -
= E —— Qeut = 20 GeV E|
£ r Qeut = 30 GeV/ ]
= [ ]
=

T 10 -
] P I N B R
U1,\\‘\\\\‘\\\\‘\\\\‘\\\\,
314; =
I 12 m i
& .k M wL}rEHI
i o8E

i
g B b B
3 o5 1 5

2 25
logyo(do1 /GeV)

e parton shower is trusted to corectly describe emissions < Qcut
e changes the region where higher accuracy is used for calculation
— part of the uncertainty is due to degraded accuracy for large Qcut
e all samples are identical for Q < Qsmallest and Q > QP"E** by construction

cut
® (Qcut dependence usually small
Marek Schonherr

IPPP Durham
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Multijet merging

9000000000
MEPS@NLO — Multijet merging at next-to-leading order

MENLOPS— Multijet merging with NLO core

MENLOPS

e promote core LOPS to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part 1)

e combine with LOPS for higher multiplicities into incl. sample (MENLOPS),
preserve NLO-+(N)LL accuracy in inclusive observables
restore resummation wrt. to inclusive sample (part Il)

e scale setting scheme essential to preserve PS-resummation properties
Marek Schonherr IPPP Durham
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Multijet merging

O@00000000

MEPS@NLO — Multijet merging at next-to-leading order

MENLOPS for MCc@NLO

(O)MeENLOPs /dan BW(@5)| AW (1, 1) O(® )

1é DA (g, &)
+ d®;, —— 2 AW@ 12) 0D
[ e PR A i) On)

+/d<I>R

O(®r)

R(®g) = > DMV (@p)

IPPP Durham
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Multijet merging

O@00000000

MEPS@NLO — Multijet merging at next-to-leading order

MENLOPS for MCc@NLO

(O)MeENLOPs /dan BW(@5)| AW (1, 1) O(® )

1o DDy, ) A
+ / at, g AV ) O(85) O(Quue — Q)

O(q)R) G(cht - Q)

+/d<I>R

R(®g) = > DMV(@p)

e restrict MC@NLO expression to region Q < Qcut

Marek Schénherr IPPP Durham
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Multijet merging

O@00000000

MEPS@NLO — Multijet merging at next-to-leading order

MENLOPS for MCc@NLO

(O)MeENLOPs /dan BW(@5)| AW (1, 1) O(® )

e ()
+ [ aa PR A1, 1) (@) ©(Qen — @)
to

B(®p)

R(®r) — > DV (@5)|O(@5) O(Qen — Q)

+ / A R(®p) O(®r) O(Q — Quut)

e restrict MC@NLO expression to region Q < Qcut
e add in real radiation explicitly, as in MEPS

Marek Schénherr IPPP Durham
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Multijet merging

O@00000000

MEPS@NLO — Multijet merging at next-to-leading order

MENLOPS for MCc@NLO

(O)MENLOPs _ /d(I)B BA) (o) A(A)(to,ué) O(®p)

e ()
+ [ aa PR A1, 1) (@) ©(Qen — @)
to

B(®p)

R(®r) — > DV (@5)|O(@5) O(Qen — Q)

4 / dop R(®r) AX (¢, 43) O(®r) O(Q ~ Q)
e restrict MC@NLO expression to region Q < Qcut

e add in real radiation explicitly, as in MEPS
e restore logarithmic behaviour by explicit Sudakov

Marek Schénherr IPPP Durham
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Multijet merging

O@00000000

MEPS@NLO — Multijet merging at next-to-leading order

MENLOPS for MCc@NLO

(O)MENLOPs _ /d(I)B BA) (o) A(A)(to,ué) O(®p)

“a DW(@p,81) , (a)
+ [ oy DR AW ) 0(@) ©(Qn ~ Q)

R(®r) — Y DM (@p)
B®W <I>B H(®r)\ , H(®r)
( B R(ch)) " R@n)

+/d<I>R
« fom

e restrict MC@NLO expression to region Q < Qcut

O(q)R) G')(cht - Q)

R(®r) AL, 1) O(®R) O(Q — Qeur)

e add in real radiation explicitly, as in MEPS
e restore logarithmic behaviour by explicit Sudakov

e local K-factor for continuity at Qcyut

Marek Schénherr IPPP Durham
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Multijet merging
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MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

ME ——>

e promote LOPS to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part 1)

Marek Schonherr IPPP Durham
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Multijet merging

00@0000000
MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

e promote LOPS to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part 1)

e combine NLOPS for successive multiplicities into incl. sample (MEPS@NLO),
preserve NLO+(N)LL accuracy in every jet multiplicity
restore resummation wrt. to inclusive sample (part Il)

Marek Schonherr IPPP Durham

Multijet merging at leading and next-to-leading order 32



Multijet merging

00@0000000
MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

Scales:

<
.
v
@
U

: (¥E+n (Neff) = Oélf (M) Qg (tl) s O (tn)
e promote LOPS to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part 1)
e combine NLOPS for successive multiplicities into incl. sample (MEPS@NLO),
preserve NLO+(N)LL accuracy in every jet multiplicity
restore resummation wrt. to inclusive sample (part Il)

e scale setting scheme essential to preserve PS-resummation properties
Marek Schonherr IPPP Durham
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Multijet merging
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MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

LO merging:
e LO accuracy for n < npax-jet processes
o preserve (N)LL accuracy of the parton shower

Catani, Krauss, Kuhn, Webber JHEP11(2001)063
Lénnblad JHEP05(2002)046

Héche, Krauss, Schumann, Siegert JHEP05(2009)053
Hamilton, Richardson, Tully JHEP11(2009)038
Lonnblad, Prestel JHEP03(2012)019

o NLO accuracy for n < nmax-jet processes
e preserve (N)LL accuracy of the parton shower

Lavesson, Lénnblad JHEP12(2008)070
Hoche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Hoche, Krauss, MS, Siegert arXiv:1207.5031

Marek Schonherr IPPP Durham
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Multijet merging
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MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

<O>MEP5©NL0 Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Héche, Krauss, MS, Siegert JHEP01(2013)144

- / a4, B® | A® (15,112 O,

Hé DgLA)
+ [ der 5= AW (b, 13) Ont1
to Bn
+ /dq)n-‘rl [Rn - D;A)] On+1

Marek Schonherr IPPP Durham
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Multijet merging

[e]e]e]e] lele]e]e]e)

MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

<O>MEP5©NL0 Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Héche, Krauss, MS, Siegert JHEP01(2013)144

1 (A)

Dn
+ d®, B A%A)(tn—klz ué) O(Qaut — Q) Ont1
to n

+ / dd,, 44 [Rn — D;A)] O(Qaut — Q) Ont1

Marek Schénherr IPPP Durham
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Multijet merging
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MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

<O>MEP5©NL0 Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Héche, Krauss, MS, Siegert JHEP01(2013)144

= /d@n B lA( )(to,MQ) O,

% DY
+ d®, B Aﬁl )(tn+17 16) O(Qeut — Q) Onya
to n

+ / dd,, 44 [Rn — D;A)] O(Qaut — Q) Ont1

+ [ a0, B, 0(Q — Qeur)
*) e DI )
An+l(t07t"+1)0n+1+/ d®, Bn+ AR, (tnia tns1) Onga
to n+1
+ [a® [ Rgr — DY, | O(Q — Qewt) Onso

Marek Schénherr IPPP Durham
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Multijet merging
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MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

<O>MEP5©NL0 Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Héche, Krauss, MS, Siegert JHEP01(2013)144

(A)

Ha Dn” () 2
+/ d®, B A (tn1, 1g) O(Qeut — Q) Optr
to n

+ /d(I)n+1 |:Rn - D%A)} G(cht - Q) Ont1

+ [ a0, B, AP (i1, 13) O(Q — Q)
tni1 D(A)
A£L+1(t07 tn+1) Ont1 +/ d®, an: AngH( tny2,tnt1) Onga
to n

+ d(I)n+2 |:Rn+1 - Diﬁzl} A%’C) (tn—i-ly ,UZ)) @(Q - cht) On+2

Marek Schénherr IPPP Durham
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Multijet merging
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MEPS@NLO — Multijet merging at next-to-leading order

MEPS@NLO — Multijet merging at NLO

Hoche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Héche, Krauss, MS, Siegert JHEP01(2013)144

<O>MEPS©NLO

= /d@n B lA( )(to,MQ) O,

% DY
+ d®, B Aﬁl )(tn+17 16) O(Qeut — Q) Onya
to n

+ / dd,, 44 [Rn — D;A)] O(Qaut — Q) Ont1

Boy1 [M@
14 omt / 4D, K | A®) (11, 112) O(Q — Qo)
tnt1

(A
+/d‘1)n+1 Bﬁlll

n+1
() it DI )
An+l(t07t"+1)0n+1+/ d®, Bnﬂ Ay (tntas trs) Onga
to n

+ APz [Rar = DU | AS) (ts, 13) O(Q — Qeue) On
IPPP Durham

Marek Schénherr
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Multijet merging

[e]e]e]e]o] lelelele)

MEPS@NLO — Multijet merging at next-to-leading order

NLO merging — Generation of MC counterterm

n+1 / dq)l
n+1 trnt1
e same form as exponent of Sudakov form factor A%PS)(th, ,uQQ)
e truncated parton shower on n-parton configuration underlying n 4+ 1-parton
event
@ no emission — retain n + 1-parton event as is ~
@ first emission at ¢’ with Q > Qcut, multiply event weight with Bn+1/B£LAJ)rl,

restart evolution at ¢, do not apply emission kinematics
© treat every subsequent emission as in standard truncated vetoed shower

e generates

g
1+ Bni1 / d®, K, A&f’s)(tnﬂ,ué)

n+1l Jt, 11

= identify O(«;) counterterm with the omitted emission

Marek Schonherr IPPP Durham

Multijet merging at I d next-to-leading order 40



Multijet merging
MEPS@NLO — Multijet merging at next-to-leading order

NLO merging

Renormalisation scales:

nodal values ¢;

o determined by clustering using PS probabilities and taking the respective

Qs (/ﬁ%)nﬂc =

k
= O‘s(,ufcore)n H as(ti)
i=1
e change of scales up — fir in MEs necessitates one-loop counter term
~2 k:
~2\k s (i) l;
as(fg)” (1= ——Bo Zln 3
2m =1 MR
Factorisation scale:

e up determined from core n-jet process

e change of scales pur — fip in MEs necessitates one-loop counter term
~2
as(ig)
B, (®,) £

1
/ dz
52 : :
T H F x
Marek Schonherr

— Pac(2) fe(wa/ 2 [iF) + -
c=q,g " "e

Multijet merging at |

d next-to-leading order

IPPP Durham
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MEPS@NLO — Multijet merging at next-to-leadi

Merging systematics — pp — h + jets

1/GeV) [pb]

Ratio do/dlog,

13/ GeV) [pb]

do/dlogy(d:

Ratio

Togolk jt resolution 0 1 (Gev])

Multijet merging

0O000000e00

Tog(k.jet resoluton 1 - 2 [GeV])
T

T T T T
Swerra MepsaNLo (2/3) — §

1z i variation

g variation

Ratio

06 |
I

3 35
Tog(do /GeV)
n2 -3 (GeV)

3 35
Togyg(di2/GeV)

T T T T Iz
StiEkea MersaNLo (2/3) — § = Supra Mers@Nio (2/3) — 3
i, up variation B i, i variation
o variation 4 O 1o variation 3
FEE E
d %k 4
| | w05 ! [t | |
Sani T T T T T E BT T T T T E
¥ |
! i
L 1 L L 1 d

Marek Schonherr
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Multijet merging

0000000080

MEPS@NLO — Multijet merging at next-to-leading order

Merging systematics — pp — h + jets prelim

Higgs boson transverse momentum Higgs boson transverse momentum

o
[
G

—— SHERPA MEPS@NLO (.
HR, piF variation
g variation

do/dp, [pb/GeV]
do/dp, [pb/GeV]

_ SH];I;’{A MepPs@NLo (2}
JR, pF Vafiation
Hq variation;

+

Marek Schonherr

IPPP Durham
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Resummation properties of parton showers ing al NLOPs matching

0O00000000e

MEPS@NLO — Multijet merging at next-to-leading order

Merging systematics — pp — h + jets prelim

Azumuthal separation of the two leading jets Azumuthal separation of the two leading jets
= L B L B L B B e+ B L B L B B A B e
& 08 [ Leading jet selection 1 =& o016 Leading jet selection
= Dijet cuts 3 & VBF cuts
< g 2
< 12
5 —— SHERPA MEPS@NLO (2/3) = —— SHERPA MEPS@NLO (2/3)
MR, MF variation | MR, WF variation
@ variation = pq variation
==k
L
8 E 8
3 4 =
& 3 £
Eev b b b b by 144 b b b b Ly |
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Ap(jr, j2) Ag(j,f2)
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General NLOPS matching
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© General NLOPS matching
NLOPS matching
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General NLOPS matching
®000000

NLOPs matching

General NLO calculations

e NLO calculation with subtraction methods

Frixione, Kunszt, Signer Nucl.Phys.B467(1996)399-442
Catani, Seymour Nucl.Phys.B485(1997)291-419

(O)N-0 = /d<I>B [B(@B) +V(¢B)+I(<1>B>] O(®p)
+ / awy | -2 0P @) O@s)

+ / a® R () | o@x)

Marek Schonherr IPPP Durham
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General NLOPS matching
®000000

NLOPs matching

General NLO calculations

e NLO calculation with subtraction methods

Frixione, Kunszt, Signer Nucl.Phys.B467(1996)399-442
Catani, Seymour Nucl.Phys.B485(1997)291-419

(O)N-0 = /d<I>B [B((I)B) +V(¢B)+I(<1>B)] O(®p)

+ [aon [Y0P@r)  O@s) - DO@r) O

4 i

+ [ don[r(@ )= 32 pPen] o) + 0/

<O>corr = f d(I)R Zl DEA) [O((I)R) - O(éBz)}
e introduce second set of subtraction functions DEA)
o DEA) and DES) need to have same momentum maps and IR limit

Marek Schonherr IPPP Durham

Multijet merging at leading and next-to-leading order a7



General NLOPS matching
®000000

NLOPs matching

General NLO calculations

e NLO calculation with subtraction methods

Frixione, Kunszt, Signer Nucl.Phys.B467(1996)399-442
Catani, Seymour Nucl.Phys.B485(1997)291-419

(O)N-0 = /d<I>B [B((I)B) +V(¢B)+I(<1>B)] O(®p)

+Z / ddp [D(A)(<I>R) ~D®(®g) O(®s,)
+ / d®p [R(® ZD or)| O(@n) + (0)4),

e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

Marek Schonherr IPPP Durham
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General NLOPS matching
®000000

NLOPs matching

General NLO calculations

e NLO calculation with subtraction methods

Frixione, Kunszt, Signer Nucl.Phys.B467(1996)399-442
Catani, Seymour Nucl.Phys.B485(1997)291-419

(O)NLO — /d@B B(®p) +V(<I>B)+I(<I>B)] O(®p)

+Z/d<1>3 chﬂ M (@p,, @) —Dgs)(@Bi,qﬂ)} 0(®5,)
+ [ ava[re@n) - DM @] o) + )

e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

Marek Schonherr IPPP Durham
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General NLOPS matching
®000000

NLOPs matching

General NLO calculations

e NLO calculation with subtraction methods

Frixione, Kunszt, Signer Nucl.Phys.B467(1996)399-442
Catani, Seymour Nucl.Phys.B485(1997)291-419

(ON° = /d<I>B [B((I)B) +V(¢B)+I(<1>B)] O(®p)
#faea 3 / a2} [D (@5 0}) - D (@, )] O@)
+ / d®p [R(® ZD or)| O(@n) + (0)4),

e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

Marek Schonherr IPPP Durham
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General NLOPS matching
®000000

NLOPs matching

General NLO calculations

e NLO calculation with subtraction methods

Frixione, Kunszt, Signer Nucl.Phys.B467(1996)399-442
Catani, Seymour Nucl.Phys.B485(1997)291-419

O)NLO — /d@B BA(®5) O(®3)

+ [ don[r(@ - o )| O(@r) + (0)F)

e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

Marek Schonherr IPPP Durham
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General NLOPS matching
O@00000

NLOPs matching

NLOPS matching

e parton shower/resummation kernel K;(®1), ®; = {¢, 2, ¢}

(0)PS = /dq»B B(®5)O0(®p)

IPPP Durham
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General NLOPS matching
O@00000

NLOPs matching

NLOPS matching

e parton shower/resummation kernel K;(®1), ®; = {¢, 2, ¢}

1

(0)7 = / dchB(@B)[A(’% 2)0(®5) + / A2, (1) AX(2, 1) O(® )

to

e Sudakov form factor A (¢, ') = exp [— ftt, do, K(i)l)} contains
resummation features

Marek Schonherr IPPP Durham
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General NLOPS matching
O@00000

NLOPs matching

NLOPS matching

e parton shower/resummation kernel K;(®1), ®; = {¢, 2, ¢}

1

(0)7 = / dchB(@B)[A(’% 2)0(®5) + / A2, (1) AX(2, 1) O(® )

to

. /d@B B(®5) O(®p) + /d@RB-/c(@)[O(@R)—O(@B)} +0(a?)

e Sudakov form factor A (¢, ') = exp [— f:, dd, K(@l)} contains

resummation features

Marek Schénherr IPPP Durham
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General NLOPS matching
O@00000

NLOPs matching

NLOPS matching

e parton shower/resummation kernel KC;(®4), 1 = {t, z, ¢}

A% 1o, 1) O(B) + [ ABIK(@2) MO (t,12) O

to

(0)PS = / A0 B(®p)

_ / AP B(®5) O(p) + (0)E) + O(a?)

e Sudakov form factor A (¢, ') = exp [— ftt, do, K(fbl)} contains
resummation features

. <0>£o’€2 generated by one parton shower step

Marek Schonherr IPPP Durham
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General NLOPS matching
[e]e] lele]e]e)

NLOPs matching

NLOPS matching

<O>NLOPS _ /d(I)B B(A)((I)B)

" / ddr [R((I)R) = DEA’(be)] O(®r) + (0)5)

Marek Schonherr IPPP Durham
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General NLOPS matching
[e]e] lele]e]e)

NLOPs matching

NLOPS matching

(O)NoPs /d<I>B BA(®p) A(A)(to,pé)O(@B)

) D(A)(<I>B ®)
+ [ Tde, =B U ARG 2) 0@
[ e PR a0 ) ocen)

+/d<I>R [R((I)R) - ZDgA’(ch)] O(@ )

AM (£, 1) = exp [ ¥ do, D®W /B]
e use DEA) as resummation kernels
e resummation phase space limited by /ﬂQ = timax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale

Marek Schénherr IPPP Durham
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General NLOPS matching
[e]e] lele]e]e)

NLOPs matching

NLOPS matching

(O)NoPs /d<I>B BA(®p) A(A)(to,pé)O(@B)

Ho (A)
+/ do, M A(A)(LM?Q) O(®R)
to

B(®g)

+/d<I>R [R((I)R) - ZDgA’(ch)] O(@ )

AM (£, 1) = exp [ ¥ do, D®W /B]
e use DEA) as resummation kernels
e resummation phase space limited by /ﬂQ = timax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale

POWHEG and MC@NLO now differ in choice of D) and ;2

Marek Schénherr IPPP Durham
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General NLOPS matching
[e]e] lele]e]e)

NLOPs matching

NLOPS matching

(O)NoPs /d<I>B BA(®p) A(A)(to,pé)O(@B)

) D(A)(<I>B ®)
+ [ Tde, =B U ARG 2) 0@
[ e PR a0 ) ocen)

+/d<I>R [R((I)R) - ZDgA’(ch)] O(@ )

AM (£, 1) = exp [ ¥ do, D®W /B]
e use DEA) as resummation kernels
e resummation phase space limited by /ﬂQ = timax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale

.= 3 CS kernels), 1o free

Marek Schénherr IPPP Durham
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General NLOPS matching
000@e000

NLOPs matching

POWHEG

Special choices: Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070
e exponentiation kernel DEA) =pi-R with p;= DES)/ > DES)

— each p; - R contains only one divergence structure as defined by DES)

Marek Schonherr IPPP Durham
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General NLOPS matching
000@e000

Resummation properties of parton showers

NLOPs matching

POWHEG

Special choices: Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070

e exponentiation kernel DEA) =pi- R with  p; = DES)/ > DES)
— each p; - R contains only one divergence structure as defined by DES)
Consequences:
e no H-events, resummation scale ,U,?Q at kinematic limit %shad

e in CS-subtraction instabilities in p; due to different cuts on R and DES)

e exponentiation of R through matrix element corrected parton shower
NLO accuracy depends crucially on presence of exact same terms in
subtraction and parton shower

IPPP Durham
61
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General NLOPS matching
000@e000

Resummation prop of parton showers

NLOPs matching

POWHEG

Special choices: Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070

e exponentiation kernel DEA) =pi- R with  p; = DES)/ > DES)
— each p; - R contains only one divergence structure as defined by DES)
Consequences:
e no H-events, resummation scale ,U,?Q at kinematic limit %shad

e in CS-subtraction instabilities in p; due to different cuts on R and DES)

e exponentiation of R through matrix element corrected parton shower
NLO accuracy depends crucially on presence of exact same terms in
subtraction and parton shower

Modifications:
e introduce suppression function f(py) = h?/(p% + h?) Alioli et.al. JHEP04(2009)002
A

- D™ =p; R f(py)
— continuous dampening of resummation kernel at large p

IPPP Durham
(]
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General NLOPS matching
0000e00

NLOPs matching

MCONLO - traditional scheme

Special choices: Frixione, Webber JHEP06(2002)029

e exponentiation kernel DEA) =B-/; with KC; parton shower kernels

Marek Schonherr IPPP Durham
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General NLOPS matching
0000e00

NLOPs matching

MCONLO - traditional scheme

Special choices: Frixione, Webber JHEP06(2002)029
e A .
e exponentiation kernel DE )=B. IC;  with IC; parton shower kernels
Consequences:

e resummation scale ,u2Q = tmax Parton shower starting scale

e in general, DEA) only leading colour approximation

NLO accuracy depends crucially on correctness of IR-limit

Marek Schonherr IPPP Durham
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General NLOPS matchin
0000e00

NLOPs matching

MCONLO - traditional scheme

Special choices: Frixione, Webber JHEP06(2002)029
e A .
e exponentiation kernel DE )=B. IC;  with IC; parton shower kernels
Consequences:

e resummation scale ,u2Q = tmax Parton shower starting scale

e in general, DEA) only leading colour approximation

NLO accuracy depends crucially on correctness of IR-limit
Modifications: Frixione, Nason, Webber JHEP08(2003)007

e introduce soft modification function f(p, ) such that

Z B-Ki-f(py) P10, ZDES)

e f(p1) process dependent in general

Marek Schonherr IPPP Durham
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General NLOPS matching
0000080

NLOPs matching

Mc@NLo — D) = D scheme

(3 (3

Special choices: Héche, Krauss, MS, Siegert JHEP09(2012)049

e exponentiation kernel DEA) =D

7
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General NLOPS matching
0000080

NLOPs matching

Mc@NLo — D = D® scheme

Special choices: Héche, Krauss, MS, Siegert JHEP09(2012)049

e exponentiation kernel DEA) = DES)

Consequences:

e simplification of B®)-integral

e resummation scale ,u2Q = tmax Set by phase space limitation of subtraction
terms

— subtraction constrained in parton shower ¢ needed for physical
resummation

— instructive example: use ac,; to explore effects Nagy PRD68(2003)094002

o trivially NLO correct independent of the process without arbitrary
parameter choices

Marek Schonherr IPPP Durham
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General NLOPS matching
000000e

NLOPs matching

Mc@NLo — D = D® scheme

7

Implemented in SHERPA — full-colour first parton shower emission
Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm Héche, Krauss, MS, Siegert JHEP09(2012)049

e Assume f(t) as function to be generated, and overestimate g(t)
Standard probability for one acceptance with n rejections

i;) exp{ / dig f)}H[/::ldti (1—’;E:;)g(ti)exp{—/;“dtg(f)}]

i=1

Marek Schonherr IPPP Durham
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General NLOPS matching
000000e

NLOPs matching

Mc@NLo — D = D® scheme

Implemented in SHERPA — full-colour first parton shower emission
Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm Héche, Krauss, MS, Siegert JHEP09(2012)049

e Assume f(t) as function to be generated, and overestimate g(t)
Standard probability for one acceptance with n rejections

% g(t) exp {— th dig(f)} f[ [/j+ dt; <1 - J;g;) g(t:) exp {— /tjl“ dtg({)}]

i=1

e Can split weight into MC and analytic part using auxiliary function h(t)

% h(t) exp {— ttl dt‘h(f)} 1:[ V a, <1 _ %) ht:) exp {— /:“ dfh(E)H

i=1

| () iy gl hit) — f(t)
ettt =G0y Wby ote) = e

Marek Schénherr IPPP Durham
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General NLOPS matching
000000e

NLOPs matching

Mc@NLo — D = D® scheme

Implemented in SHERPA — full-colour first parton shower emission

Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm Héche, Krauss, MS, Siegert JHEP09(2012)049

e Can split weight into MC and analytic part using auxiliary function h(t)

% h(t) exp {— /t ) dfh(ﬂ} f[ { /t tf at; (1 - ; g;) h(t:) exp {— /t f”l dth(f)}}

9(t) v 9(t:) h(t:) — f(t:)
h(t) 15 h(t) g(t:) — f(t:)

w(t,f17...7tn) =S

Identify f(t), g(t), h(t):
e f(t) determined by MCONLO = D!*
e h(t) determined by parton shower = DEPS)
e ¢(t) can be chosen freely = const. - f
constraints: sign(f) = sign(g), |f| < g

Marek Schénherr IPPP Durham
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