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Matching and merging

@ Recap

@® Matching
Matching parton showers to fixed-order calculations

© Merging
Multijet Merging at leading and next-to-leading order

@ Summary
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Recap — Master equation

Expectation value of an observable at a hadron collider

1 1
(0) = Z/dxa/dxb/d¢x fa(x1, pF) fo(Xb, f1F) Gab—sx(Px; kR, 1) O(Px)
X0 0

The phase space element ©x is a set of initial and final state four
momenta and corresponding flavours, obeying on-shell conditions and
momentum conservation. X is an arbitrarily complex final state.

Xa, Xp are the Bjorken x momentum fractions of the initial state partons
a and b. f, and f;, are the associated parton distribution functions.
Gap—sx is the partonic transition matrix element for a and b reacting to

produce X.
The observable O is our measurement function, it generally consist of a
set of ©-functions (cuts) etc., and takes the value 0 or 1.
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Recap — Fixed-order calculations

At leading order approximation

(0)0 = /dch B(¢g) O(®5g)

At next-to-leading order
(oMo — / 45 [B(05) + V(@) | o@s)

+/dq>R [R(¢R) O(®R) ]
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Recap — Fixed-order calculations

At leading order approximation

(0)0 = /dch B(¢g) O(®5g)

At next-to-leading order
(O)N© — /dch [B(®s) +V(¢B)+/d¢1D(¢B-¢1)] O(®5)
+ [ 0 [R(®r) O(®4) - D(®s-01) O(06)

in any subtraction scheme
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Recap — Fixed-order calculations

At leading order approximation

(0)0 = /dch B(¢g) O(®5g)

At next-to-leading order
(OYNLO — /dch {B(‘DB)-FV((DB) +ID(¢B):| O(®s)
+/d<1>R [R(ch) O(®r) — D(P5-P4) O(¢B)}

in any subtraction scheme
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Recap — Parton showers

LoPs

(0)toPs — [ ddpg B(dp) PSp(to, O)

(
dog B(®p) lAB(tca to) O(®s)

/
-/

to
=+ /d¢'1 KB((Dl)AB(t, to) PSB+1(t, O)

te

Parton showers give an estimate of higher order corrections in the
soft-collinear limit.
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Higher-order corrections in Monte-Carlo event generators Il

@® Matching
Matching parton showers to fixed-order calculations
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Matching at LO

Let's start with the LO expression for the expectation value
(0)L0Ps = / 9 B(9g) O(¢s)

Can we simply replace O(®g) with the parton shower PS,(tz, 0)?
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Matching at LO

Let's start with the LO expression for the expectation value
(O)LoPs — / dbg B(g) PSs(ts, O)

Can we simply replace O(®g) with the parton shower PS,(tz, 0)?
Yes.
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Matching at LO

Let's start with the LO expression for the expectation value
(O)L0Ps — / %5 B(s) PSs(ts, O)

Can we simply replace O(®g) with the parton shower PS,(tg, 0)?

Yes.

There is no overlap in the terms included in the parton shower and the
leading order matrix element.

The parton shower provides all higher order corrections to the given Born
configuration in LOPS.
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Matching at LO

Let's start with the LO expression for the expectation value
(O)L0Ps — / %5 B(s) PSs(ts, O)

Can we simply replace O(®g) with the parton shower PS,(tg, 0)?

Yes.

There is no overlap in the terms included in the parton shower and the
leading order matrix element.

The parton shower provides all higher order corrections to the given Born
configuration in LOPS.

LOPS is trivial.
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Matching at LO

Let's start with the LO expression for the expectation value
(O)L0Ps — / %5 B(s) PSs(ts, O)

Can we simply replace O(®g) with the parton shower PS,(tg, 0)?

Yes.

There is no overlap in the terms included in the parton shower and the
leading order matrix element.

The parton shower provides all higher order corrections to the given Born
configuration in LOPS.

LOPs still contains many interesting problems:
splitting kernels, starting conditions, NLL accuracy, etc.
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Matching at NLO

Let's start with the NLO expression for the expectation value
(O)NO — /d¢3 [B.4V 4+ 1p) (05) O(05)
+ / a07 [R(®k) O(tg) ~ D(®5-®1) O(ts)|

Can we simply replace O(®,) with the parton shower PS,(t,, 0)?
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Matching at NLO

Let's start with the NLO expression for the expectation value
(O)NLO — /dd)B [B +V+ ID} (¢5) PSk(ts, O)

+ /d¢R [R(‘DR) PSg(®r, O) — D(®g-®1) PSp(Ps, O)}

Can we simply replace O(®,) with the parton shower PS,(t,, 0)?

The first line seems fine, but in the second line there is a problem:
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Matching at NLO

Let's start with the NLO expression for the expectation value
(O)NLO — /dd)B [B +V+ ID} (¢5) PSk(ts, O)

+ /d¢R [R(‘DR) PSg(®r, O) — D(®g-®1) PSp(Ps, O)}

Can we simply replace O(®,) with the parton shower PS,(t,, 0)?

The first line seems fine, but in the second line there is a problem:

R and D receive different parton shower corrections,
this spoils the subtraction in the IR limit
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Matching at NLO

Let's start with the NLO expression for the expectation value
(ONLO — /dd)B [B +V+ ID} (¢5) PSp(ts, 0)

+ /dq)R [R(‘DR) PSg(®r, O) — D(®g-®1) PSp(Ps, O)}

Can we simply replace O(®,) with the parton shower PS,(t,, 0)?

The first line seems fine, but in the second line there is a problem:

R and D receive different parton shower corrections,
this spoils the subtraction in the IR limit

Additionally, as we have seen in the last lecture, B - PSg(tg, O) creates
Vapprox and Rapprox. They interfere with the proper V and R and spoil
the NLO accuracy.
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Matching at NLO

Let's start with the NLO expression for the expectation value
(ONLO — /dd)B [B +V+ ID} (¢5) PSp(ts, 0)

+ /dq)R [R(‘DR) PSg(®r, O) — D(®g-®1) PSp(Ps, O)}

Can we simply replace O(®,) with the parton shower PS,(t,, 0)?

The first line seems fine, but in the second line there is a problem:

R and D receive different parton shower corrections,
this spoils the subtraction in the IR limit

Additionally, as we have seen in the last lecture, B - PSg(tg, O) creates
Vapprox and Rapprox. They interfere with the proper V and R and spoil
the NLO accuracy. Let’s try again.
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Matching at NLO

(OYNLO — /d¢B[B+V}(¢B)0(¢B)
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Matching at NLO

(OyNwoPs /dch [B+V](¢B)PS(tB, 0)

@ Let's examine what happens when we effect the PS on ¢ to O(as).

: :
Marek Schénherr 9/33
00




Recap Matching Merging Summary
[e]e]e) 000800000000 0000000000000 00 (e}
: :

Matching at NLO

(OyNwoPs / ddg [B +V](¢B)PS(tB, 0)

@ Let's examine what happens when we effect the PS on ®g to O(as).
— we generate approximate real and virtual corrections

Rapprox(PsP1) = B(®5) - Kg(P1) = Dk (Ppd1)
Vappron (@) = — B(®g) [ddy Kp(®1) = —Ix(®s)
B(®8)PSs(ts; 0)lo(a,) = [B —Ik] (®5) O(®s) + Dk (®s®1) O(Pr)

: :
Marek Schénherr 9/33




Recap Matching Merging Summary
[e]e]e) 000800000000 0000000000000 00 (e}
: :

Matching at NLO

(OyNeoPs /dch [B+V—IK](¢B) O(®5)

+ / d®x [R + Dx](®r) O(®r)

@ Let's examine what happens when we effect the PS on ®g to O(as).
— we generate approximate real and virtual corrections

Rapprox(PsP1) = B(®5) - Kg(P1) = Dk (Ppd1)
Vappron (@) = — B(®g) [ddy Kp(®1) = —Ix(®s)
B(®8)PSs(ts; 0)lo(a,) = [B —Ik] (®5) O(®s) + Dk (®s®1) O(Pr)
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Matching at NLO

(OyNeoPs /dch [B+V—IK](¢B) O(®5)

+ / d®x [R + Dx](®r) O(®r)

@ Let's examine what happens when we effect the PS on ®g to O(as).
— we generate approximate real and virtual corrections
Rapprox(PsP1) = B(®5) - Kg(P1) = Dk (Ppd1)
to
Vapprox(q)B) = _B(q)B) dq)l KB(¢1) = _IK(¢B)
tc
B(®8)PSs(ts; 0)lo(a,) = [B —Ik] (®5) O(®s) + Dk (®s®1) O(Pr)

® Still, NLO accuracy is spoiled, however, except for the sign, this
looks very much like a subtraction at NLO.
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Matching at NLO

(O)NLoPs — /dq>3 [B+V+IK](¢B)PSB(tB, 0)

T / a%5 [R—Di (¢r) O(®%)
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Matching at NLO

(O)NLoPs — /dch [B+V+IK](¢B)PSB(tB, 0)

T / a%5 [R—Di (¢r) O(®%)

@® Let's examine what happens when we effect the PS on ¢ to O(as).
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Matching at NLO

(O)NoPs — /dch [B+V + Ix| (05) PSs(t5, 0)
+ /d¢R [R— DK] (®r) O(®R)
@® Let's examine what happens when we effect the PS on ¢ to O(as).

B(q)B)PSB(tB, O)|(’)(o¢5) = [B — IK] (q)B) O(q)B) + DK(q)Bq)l) O((DR)
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Matching at NLO

(OyNoPs — /dch[B +V](®5) O(6)
+/d¢R R(®r) O(®r)
@® Let's examine what happens when we effect the PS on ¢ to O(as).

B($g)PSs(ts, O)|(’)(as) = [B — Ix] (®5) O(®g) + Dk (PsP1) O(Pr)
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Matching at NLO

(OyNoPs — /dch[B +V|(®8) 0(®5)
+/d¢R R(®r) O(®r)
@® Let's examine what happens when we effect the PS on ¢ to O(as).

B(q)B)PSB(tB, O)|(’)(o¢s) = [B — IK] (q)B) O(q)B) + DK(q)Bq)l) O((DR)

O To O(as) the exact NLO expression is recovered
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Matching at NLO

(OyNoPs _ /dd>3 [B-+V + 1| (05) PSs(ts. 0)

+ / ddg [R_DK] (dg) O(PR)

© Let's examine what happens when we effect the PS on &g to O(as).

s

B((DB)lf)\éB(tB, O)‘(’)(a ) = [B — IK] (CDB) O(CDB) + DK(¢B¢1) O(¢R)

0 To O(as) the exact NLO expression is recovered

In order for both [B +V+ IK] (®p) and [R — DK} to be finite in the
soft-collinear limit and, thus, integrable in 4 dimensions puts
requirements on the accuracy of the parton shower — PSg
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POWHEG/MC@NLO

<O>NLOPS _ /d¢B [B +V+ IKj| (ch) f)\éB(tm O) S-event
+ /dq)R |:R — DK] (‘DR) PSR(tR, O) H-event

There are still a few choices possible
1) choice of kernel Dk in the matched emission in PS
2) choice of parton shower starting scale ty

| MCONLO | POWHEG

B - Kpg R
pZ Shad

Dk
to

® MC@NLO preserves parton shower resummation, corrected to O(as)
® POWHEG eliminates the second line, the source of negative weights
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POWHEG/MC@NLO

<O>NLOPS _ /d¢‘B B (0g) 13§B(t07 0) S-event
+ / d®r H (9r) PS(tr, O) H-event

There are still a few choices possible
1) choice of kernel Dk in the matched emission in PS
2) choice of parton shower starting scale ty

| MCONLO | POWHEG

B Kpg R
17 Shad

Dk
to

® MC@NLO preserves parton shower resummation, corrected to O(as)
® POWHEG eliminates the second line, the source of negative weights
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POWHEG/MCGONLO

Description of emission spectrum:

(Oem)NOPS = /dcbgdcbl B(®p) %’f;l) O(®R)

+ / ddg [R - DK](ch) O(®r)
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POWHEG/MCGONLO
Description of emission spectrum:
(Oem)NEOPS = /d¢3d¢1 MDK(GDB-%) O(®R)
B(®s)

—i—/d(DR [R—DK](ch) O(®R)
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POWHEG/MCGONLO

Description of emission spectrum:

("% = [[avn [+ (Dl ~1) i (00) O(0n)

In the resummation region Dy # 0, spectrum enhanced with B/B
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POWHEG/MC@NLO
Description of emission spectrum:

(Ot = [ aoe [+ (E&; ~1) D] (90) O(0x)

In the resummation region Dy # 0, spectrum enhanced with B/B

| MCONLO | POWHEG o b ;
— POWHEG+HERWIG
Dk B - Kps R N POWHEG (ug=pp=mny)
tO ,LLZF Shad 1071 ---MC@NLO E

NLO

LHC
my=120 GeV
1073 my-»e
Up=pp=mf

o 100

do/dp¥ [pb/GeV]
3

200
pf [GeV]

:
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POWHEG/MC@NLO

Description of emission spectrum:

(Oem)NOPS = /dch [R+ @Eig - 1> DK] (®r) O(Pr)

In the resummation region Dy # 0, spectrum enhanced with B/B

| MC@NLO | POWHEG McoNLo
-2 — POWHEG h-e 4
Dk | B-Kpg R N --- POWHEG h=my=400 GeV
tO M%: Shad '%' ---- POWHEG h=120 GeV
5wl
Powheg: = ’
split R = Reoft + Rhard 5
with ot
h2
Rsoft = —-—-=R s
5 > s . . . ;
PL +h ’ ” p""[ocoevl ”

and Dk = Reoft
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POWHEG/MC@NLO

tt production

[GeVY

10

jet
T

do
dp.

—o 10~

MC/Data

MC/Data

0.8

arXiv:1610.09978

B stat.
— Stat.+Syst.

ATLAS E

[ 13Tev,3.21b* — Powheg+Pythia8 3
=== MG5_aMC@NLO+Herwig++

== Sherpav2.2 3

——"%"—0- ¢ 2015 Data <

| — E
—— _

i

Powheg+Pythia6 (RadLo) owheg+Pythias (RadHi)
—— Powheg+Pythia6
30 40 100 200 300 1000

Leading b-jet p_[GeV]

MC/Data

MC/Data

107

E 13Tev, 32" — Powheg+Pythia8
- -~ MG5_aMC@NLO+Herwig++
=1« Sherpav2.2 B
~®" e~ - 2015Data
E -
F [ E
E ——
B stat.
— Stat+Syst.

Powheg+Pythiaé (RadLo) Powheg+Pythiaé (RadHi

—— Powheg+Pythia6
30 40 100

200 300
Leading additional jet p_ [GeV]

1000
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POWHEG/MC@NLO

4/¢ production

arXiv:1509.07844

doi/ dm, [fb/GeV]

+ Measurement
— Prediction

(s = 8TeV, 20.3 fb’

-+
— El
—
200 300 400 000
m, [GeV]

dofd/ dpf! [fo/GeV]

O/ Oy,

t2r ATLAS + Measurement {
1,% — Prediction -
08 5 - 8TeV, 20.3 fo
064 E
0.4F =
r ¥+ E
0.2~ T+ E
L = b
o ,
1.5k 44— R
o5t |+
0 50 100 150 200 250
Py [GeV]
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POWHEG/MC@NLO

arXiv:1108.6308
W production

O 2 —o—‘Combined‘ Datazo]‘.o ‘ ATLAS‘ —
i % r Stat. Uncert. =
The W transverse momentum in U is- =~ APSENwHERwo JEEETE
. . . . - [ i POWHEG+PYTHIA Vs=7Tev ]
different regions is dominated by S E
H H H N = [ — RESBOS ]
contributions from different final F P E
states: o
. .. o 12-
w, Wi, Wjj, ... g &
[
NLOPs for incl. W production o8-
describe Wj at LO, ol
. . T O S A Ll
VVJ_] with PS onIy 0 50 100 150 200 250 300

Py [GeV]
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POWHEG/MC@NLO

POWHEG

+ almost only positive weights

— modifies resummation

— may need modification of
resummation region

implemented in

- POWHEG-BOX
- HERWIG

Mc@NLO

+ retains exact PS resummation
— possibility of negative weights
implemented in

- MC@NLO

- SHERPA

- aMc@NLo

- HERWIG

I
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Matching beyond NLO

MiNLO/MiNNLO Buoncuore et.al.

21
® key idea: ‘
- start with a NLOPS simulation of pp — X +
- superimpose a Sudakov factor on the first jet
(present at Born level, no regular PS Sudakov) :
- now take pr of first jet to zero,
creating an inclusive sample — MiNLO
- reweight in all Born phase space variablesto  Z.6—— . . . .
fixed-order NNLO calculation — MiNNLO e

® X (Born) observables NNLO correct through reweighting
X + j observables NLO correct through construction,
reweighted only by O(a?2)
X + jj observables LO correct likewise

Marek Schénherr 17/33
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Higher-order corrections in Monte-Carlo event generators Il

© Merging
Multijet Merging at leading and next-to-leading order
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Multijet Merging

LOPs, NLOPS and NNLOPS describe observables dominated by topologies
of a single multiplicity very well.

However, many observables receive contributions from many final state
multiplicities. Examples: Hr, p., etc.

NLOPS, for example, will describe the low end at NLO accuracy, an
intermediate region at LO accuracy, and the high end at PS accuracy only

We want to describe these observables as uniformly as possible
= multijet merging

At the same time, multijet merged samples provide the LHC experiments
with largest freedom of projecting these samples onto observables
without the loss of accuracy.

:
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Multijet merging at LO

<——PS

Parton showers

resummation of (soft-)coll. limit
— intrajet evolution

: :
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Multijet merging at LO

Matrix elements

fixed-order in «s
— hard wide-angle emissions
— interference terms

® matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space

:
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Multijet merging at LO

ME ——>

e o
;-7;; - MEPS (KN ML

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

Mangano, Moretti, Pittau NPB632(2002)343

Héche, Krauss, Schumann, Siegert JHEP05(2009)053
Lénnblad, Prestel JHEP03(2012)019

® matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space

® MEPS combines multiple LOPS — keeping either accuracy

: :
Marek Schénherr 20/33




Recap Matching Merging Summary
000 000000000000 0008000000000 00 o
: :

Multijet merging at LO

(O)MePs — / d®, B, PS,(0)
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Multijet merging at LO

<O>MEPS = /d(b,, B, PS,(0) O(Qcut — Qn+1)

® restrict the parton shower on 2 — n to emit only below Qcut
® arbitrary jet measure Q, = Q,(®,)

: :
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Multijet merging at LO

<O>MEPS = /d(b,, B, PS,(0) O(Qcut — Qn+1)

=+ /d¢,—,+1 Bn+1 e(Qn+1 - cht)
PS,+1(0)

® restrict the parton shower on 2 — n to emit only below Qcut
® arbitrary jet measure Q, = Q,(®,)
® add the n+ 1 ME and its parton shower

: :
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Multijet merging at LO

<O>MEPS = /dd),, B, PS,(0) O(Qcut — Qn+1)

+ /dq)nJrl Bn+1 e(Qn+1 - cht) An(tn+1a tn)
Psn+1(0)

® restrict the parton shower on 2 — n to emit only below Qcyt

® arbitrary jet measure Q, = Q,(®,)

® add the n+ 1 ME and its parton shower

® multiply by Sudakov wrt. 2 — n process to restore resummation

: :
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Multijet merging at LO

<O>MEPS = /dd),, B, PS,(0) O(Qcut — Qn+1)

+ /dq)nJrl Bn+1 e(Qn+1 - cht) An(“-'n+1a tn)
PSn+1(O) e(C?cut - Qn+2)

+ /d¢n+2 aBn+2 e(Qn+2 cht)A ( n+13 ) n+1(tn+27 tn+1)
Psn+2(o)

® restrict the parton shower on 2 — n to emit only below Qcyt

® arbitrary jet measure Q, = Q,(®,)

® add the n+ 1 ME and its parton shower

® multiply by Sudakov wrt. 2 — n process to restore resummation
® jterate

: :
Marek Schénherr 21/33




Recap Matching Merging Summary
[e]e]e) 000000000000 0000800000000 00 (e}

Determination of scales t;

Example: Drell-Yan production in association with jets

® cluster external particles
using inverse parton shower
— flavour conscious, initial
state aware, probability
determined through splitting
kernels

® identify a shower history
(probabilistically), determine
scale t; up to predefined t

: :
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Determination of scales t;

Example: Drell-Yan production in association with jets

® cluster external particles
using inverse parton shower
— flavour conscious, initial
state aware, probability
determined through splitting

t3

kernels
® identify a shower history
(probabilistically), determine
ty scale t; up to predefined t
ty
: :
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Determination of scales t;

Example: Drell-Yan production in association with jets

® cluster external particles
using inverse parton shower
— flavour conscious, initial
state aware, probability
determined through splitting

t3
t kernels
® identify a shower history
(probabilistically), determine
ty scale t; up to predefined t
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Determination of scales t;

Example: Drell-Yan production in association with jets

® cluster external particles
using inverse parton shower
— flavour conscious, initial
state aware, probability
determined through splitting
kernels

® identify a shower history
(probabilistically), determine
scale t; up to predefined t

® choose

n+k( ) = ak(lu'core Has tl

: :
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Multijet merging at LO
® PS: higher order real emission corrections in (soft-)collinear limit
— identify hard region, replace kernel with LO matrix element

tmax

<O>MEPS _ /d¢nB |:An(tc7 tmax) + do; K, A,,(t7 tmax) @(cht - Qn+1)

te

+ /d¢n+l Bn+1 An(tla tmax) e(Qn—H - cht)

: :
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Multijet merging at LO
® PS: higher order real emission corrections in (soft-)collinear limit
— identify hard region, replace kernel with LO matrix element

tmax
<O>MEPS = /d(an [An(tC7 tmax) + do; K, An(t7 tmax) e(QC”t - Q"+1):|

te

+ /d¢n+1 Bn+1 An(tla tmax) e(Qn—H - cht)

tmax
= /dq)nB [An(tC7 tmax) +/ dq>1 Kn An(tl; tmax) e(cht - Qn+1)
tc

tmax Bn
+/ d(bl B+1 An(t/y tmax) e(Qn+1 - cht):|
tc

n

+ /dd>,,+1 Bit1 O(t — tmax)
® replace shower kernels in hard regeion by ratio of matrix elements
—» contains correct description of hard emissions & interference

: :
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Multijet merging at LO
® PS: higher order real emission corrections in (soft-)collinear limit
— identify hard region, replace kernel with LO matrix element

tmax
<O>MEPS = /d(an [An(tC7 tmax) + do; K, An(t7 tmax) e(QC”t - Q"+1):|

te

+ /d¢n+1 Bn+1 An(tla tmax) e(Qn—H - cht)

tmax
= /dq)nB [An(tC7 tmax) +/ dq)1 Kn An(tl; tmax) e(cht - Qn+1)
tc

tmax Bn
+/ d(bl B+1 An(t/y tmax) e(Qn+1 - cht):|
tc

n

+ /d¢n+1 Bn+1 e(t - tmax)

® replace shower kernels in hard regeion by ratio of matrix elements
—» contains correct description of hard emissions & interference
— spoils unitarity, beyond LOPS accuracy

: :
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Multijet merging at LO
® first emission by
PS

Transverse momentum of the Higgs boson

- L T T T L T T T L L
s F \ \ \ \ ]
O hai
= L pp — h+jets i
= = ——~ LoPs
— 107t B T -
e cl o |
< £ ‘L ]
5 n ' ]
a=] .
L - 4
b,
1072 - -
£ 71 ]
C ! ]
L 1 il
L i il
1‘\
1073 — a —
E . 3
£ ] 7
C . ]
L - ]
L I i
L g“ 4
L
1074 I -} ‘ I I | ‘ I ‘ - ‘ ‘ | I ‘ |
0 50 100 150 200 250 300
pu(h) [GeV]
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Multijet merging at LO
® first emission by
PS, restrict to

Qn—i—l < cht

Transverse momentum of the Higgs boson

- L T T T L T T T L L
s F \ \ \ \ ]
O hai
= L pp — h+jets
=) St
- ]
;_ 10 ;{’L 3
< o E
~ L o 4
1 = ! ]
© L ]
L 0 i
i
107 — I, —
C | =
= 1 3
C 0 ]
L ] i
1
L o, i
1073 L —
E | E
£ N 7
C Iy J
L
L | ]
L T i
1074 | ‘ | ‘ Lol “{ L ‘ | ‘ | I ‘ |
0 50 100 150 200 250 300
pi(h) [GeV]
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Multijet merging at LO

do/dp, [pb/GeV]

103

104

Transverse momentum of the Higgs boson

® first emission by
PS, restrict to

T 'J.H.U.‘LJ

U RIS BRI R

50

100

150

Qn—i—l < cht
pp — h+jets B ° H
SR LOPS pp — h+ jet
""" pp =+l 3 for Qn+1 > Qeut
200 250 300

pi(h) [GeV]

I
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Multijet merging at LO
® first emission by
Transverse momentum of the Higgs boson PS’ restrict to
’;‘ L T T T ‘ L ‘ T T T ‘ L ‘ LI \7 Qn+1 < cht
)
o r i ] i
< 0 pp = htjets . ® | OPs pp — h+ jet
= oo pp ot
RECE E\JL\ ----- p—h+1 for Qn+1 > Qeut
cl . 3 . ..
3 oL ] ® restrict emission off
LT 4 .
Lty ] pp — h+ jet to
T
1072 | LNy - Qn+2 < cht
E’ L i L. B
K " e ]
Ly L i
i !
E T e B
1073 " e _
C Y 3
C T, - E
L 3 : '.;'.' 4
1o~ 4L Lo b b v by | ;;-'-ﬁ L
0 50 100 150 200 250 300

pi(h) [GeV]
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Multijet merging at LO
® first emission by
PS, restrict to

Transverse momentum of the Higgs boson

’% 7\ LI T T T ‘ L ‘ T T T ‘ L ‘ LI \7 Qn+1 < cht
o r i ] i
54 L pp — h+jets B e | OPs — h et
2 —— - pp b+ pp +J
o E"L‘ """ PPHZJF;J' = for Qn+1 > Qeut
3 =R S pp = h2) : feci
S EoL ] ® restrict emission off
|- [ - .
L , pp — h+ jet to
1072 = = Qn+2 < cht
ot ] ® | OPs
i . ] pp — h + 2jets for
1073 ; 1‘* '.""-,_ “-‘:"'-.: - Qn+2 > cht
= “ T T E
C I "",. ) 3
L Yy t 4
|- LL I~;'.' -
1o~ 4L Lo by b g b "'?—'7 L
0 50 100 150 200 250 300
pi(h) [GeV]
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Multijet merging at LO
® first emission by
PS, restrict to

Transverse momentum of the Higgs boson

’% 7\ LI T T T ‘ L ‘ T T T ‘ L ‘ LI \7 Qn+1 < cht
(@] I . 7 .
< L pp — h+jets i ®
i G LOPS pp — h+ jet
B pp—h+1 = for @ni1 > Qeut
< = - pp—h+2j 7
~ g o | ° . .. ff
5 E ] restrict emission o
L i pp — h+ jet to
102 :4' — Qn+2 < cht
i 1 ® LoPs
i pp — h + 2jets for
1073 — Qn+2 > Qeut
F E ® jterate
L . o ]
L S T e
10*4 | ‘ | ‘ Lol H L ‘ | ‘ | I r“T'»t- L \-
o 50 100 150 200 250 300
pi(h) [GeV]
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Multijet merging at LO
® first emission by
PS, restrict to

Transverse momentum of the Higgs boson

%‘ 7\ LI T T T ‘ L ‘ T T T ‘ L ‘ LI \7 Qn+1 < cht
o r i ] i
< L pp — h+jets i )
i B LOPS pp — h + jet
St e pp—h+1 — for Qn+1 > Qeut
= Bl soempp o hEy . .
5 F L. pp—ht3 ] ® restrict emission off
L ] pp — h+ jet to
10 ?' — Qni2 < Qeut
& ] ® | OPs
i pp — h + 2jets for
- Qn+2 > cht
3 ® iterate
|- “L N . T
1074 | ‘ | ‘ L \H L ‘ | ‘ | I -rA‘V'J’-\ \
o 50 100 150 200 250 300
pi(h) [GeV]
: :
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Multijet merging at LO
first emission by
Transverse momentum of the Higgs boson PS’ restrict to

%‘ 7\ T T T T ‘ T ‘ T T ‘ T T ‘ T T Qn+1 < cht

o r i ] i

2 L pp o htjets LOPS pp — h + jet

=) S pp 2+

N wotEN pp—h+1 — for Qn+1 > cht

T - pp—=h42j

3

Coo b by b by e

100 150 200 250 300
pi(h) [GeV]

restrict emission off
pp — h+ jet to
Qn+2 < cht

LoPs

pp — h + 2jets for
Qn+2 > cht
iterate

sum all
contributions

Marek Schénherr
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MLM Mangano (2002)
Preventparton showerharderthan any emission by ME using cone algo: Used in Alpgen
1) Generate hard parton configuration for given n=Np,; with ME, imposing
2) Define tree branching structure using K+-algo ‘;;“ <Y EL .ET'“‘"‘A/?U Rmin

allowing only pairing consistent with color flow
3) Compute o, at the nodal values, but do not apply Sudakov factors
4) Shower the hard event without any veto using He@mkgfgjy)thia
when done, find Nj; jet with cone algorithm with [
if Nparn<Nje reject event FiTAR This is equivalent to
5) Matched jets to hard partons using el tSudakov reweighting
Only keep events, if each hard parton is uniquely contained injets/n CKKW (external lines)
Events with N.;<Nj; are rejected except for highest multiplicities
6) Define exclusive N-jet sample by requiring Ny =Njey
7) After matching, combine exclusiye samples to one inclusive sample

= \.
e

— Hard parton

Shower parton

Npar=Njer=3
but Nmatch=2
event rejected

Npar=Niet
Event kept

S RS
\ == | reject for excl. sample
ollinear double counting

keep for incl. sample

Marek Schénherr 25/33
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Multijet merging at NLO

NLOPs (MC@NLO,POWHEG)

Frixione, Webber JHEP06(2002)029
Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070
Héche, Krauss, MS, Siegert JHEP09(2012)049

® matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space

® Multijet merging at LO combines multiple LOPS
® NLOPS elevate LOPS to NLO accuracy

: :
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Multijet merging at NLO

ME ———>

;-Q%ﬁ@ -

Hamilton, Nason JHEP06(2010)039
Héche, Krauss, MS, Siegert JHEP08(2011)123
Gehrmann, Héche, Krauss, MS, Siegert JHEP01(2013)144

® matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space

® Multijet merging at LO combines multiple LOPS
NLOPS elevate LOPS to NLO accuracy
First steo supplements core NLOPS with higher multiplicities LOPS

: :
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Multijet merging at NLO

ME ———>

Multijet merging at NLO

Lavesson, Lénnblad JHEP12(2008)070

Héche, Krauss, MS, Siegert JHEP04(2013)027
Fredrerix, Frixione JHEP12(2012)061
Lénnblad, Prestel JHEP03(2013)166

Platzer JHEP08(2013)114

® matrix elements (ME) and parton showers (PS) are approximations
in different regions of phase space

® Multijet merging at LO combines multiple LOPS

NLOPS elevate LOPS to NLO accuracy

First steo supplements core NLOPS with higher multiplicities LOPS
Multijet merging at NLO combines multiple NLOPS

: :
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Multijet merging at NLO

<O>MEPS@NLO _ /dq)nEn P’)‘S"(O)

+/d¢n+1 H, PSn11(0)

® NLOPS for 2 — n

: :
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Multijet merging at NLO

<O>MEPS©NLO _ /d<l>,, En P?Sn(o) e(cht _ Qn+1)

+ / Dy 11 Hy O(Qut — Qnst) PSnar(0)

® NLOPS for 2 — n, restricted to emit only below Qcyt
® add the NLOPS for 2 — n+1

: :
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Multijet merging at NLO

(OMePsONLO _ / A%, B, PS,(0) ©(Qeut — Qni1)
+ /d¢,,+1 H, ©(Qeut — Qnt1) PSp11(0)
+ / d®,11 Byi1 O(Qni1 — Quut)
PSs1(0)
+ /d¢n+2 Hpy1 ©(@ng1 — Qeut)

PSn+1 ( O)

® NLOPS for 2 — n, restricted to emit only below Qcut
® add the NLOPS for 2 -+ n+1

: :
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Multijet merging at NLO

<O>MEPS@NLO = /dq),, En P’)\én(o) G)(cht - Qn+1)
=+ /dq),H_]_ Hn e(cht - Qn+1) PS"+1(O)

+ /dq)nJrl EnJrl e(Qn«l»l - cht) An(thrl; tn)
PSq:1(0)
+ /d¢n+2 Hn+1 e(Qn+1 - cht)
PSn+1(O)
® NLOPS for 2 — n, restricted to emit only below Qcut

® add the NLOPS for 2 - n+1
e multiply by Sudakov wrt. 2 — n process to restore resummation

: :
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Multijet merging at NLO

<O>MEPS@NLO = /dq),, En ];’)\én(o) G)(cht - Qn+1)
=+ /dq),H_]_ Hn e(cht - Qn+1) PSIH-]-(O)

+ [ 4001 Brs ©(@nts — Q) (Baltrin. ) — A (111, 1)
PSq:1(0)

+ /d¢n+2 Hpy1 ©(@ng1 — Qeut)
PS,1(0)

NLOPS for 2 — n, restricted to emit only below Qcut
add the NLOPS for 2 -+ n+1

multiply by Sudakov wrt. 2 — n process to restore resummation
remove overlap of A, and doN-9
| Marek Schénherr 27/33 |
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Multijet merging at NLO

<O>MEPS@NLO = /dq),, En ];’)\én(o) G)(cht - Qn+1)
=+ /dq),H_]_ Hn e(cht - Qn+1) PSIH-]-(O)

+ /d¢n+1 EnJrl e(Qn+1 - cht) (An(thrla tn) - Agl)(thrla tn))
Eén.l,.l(O) e(cht - Qn+2)
+ /d¢n+2 Hp e(Qn+1 - cht)

PSn+1(O) e(cht - Qn+2)

+ ...
NLOPS for 2 — n, restricted to emit only below Qcut
add the NLOPS for 2 —+ n+1

multiply by Sudakov wrt. 2 — n process to restore resummation

remove overlap of A, and doN9, iterate
: :
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Multijet merging at NLO
® first emission by
NLOPs
Transverse momentum of the Higgs boson
- T T T T T T T T T T T
s \ \ \ \ \ ]
Q Lo pp — h+jets
2 LTy ~— — SHERPA S-MC@NLO
10! = 1, —
o E _ B
< = - E
S~ |- - -
5 L S 4
© |- ! 1 -
o
L 5 4
1072 - —
E L E
= Iy E
|- " LRy 1. -
1073 = k‘:l —
g .
1074 I -} ‘ I I | ‘ I ‘ I I | ‘ I ‘ Il 11
o 50 100 150 200 250 300
p(h) [GeV]
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Multijet merging at NLO
® first emission by
NLOPS , restrict to

Transverse momentum of the Higgs boson Qn 11 < ch t
- N T T ‘ T T ‘ T ‘ T T ‘ T T ‘ T T ]
3 [ ]
54 L pp — h+jets
2 Lol ~~~ pp— h+0j@NLO
410t L —
S £ 1 3
32 C il ]
3 r "I ]
ja
L : i
1077 — L —
E i E
|- 1 -
C o 1
L L i
L 1, i
1073 — g _
= “‘ 3
£ 1 J
|- 1 |
L T B
L - i
1074 I -} ‘ I I | ‘ Ll ‘ I I | ‘ I ‘ I -}
o 50 100 150 200 250 300
po(h) [GeV]
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Multijet merging at NLO
® first emission by
NLOPS |, restrict to

Transverse momentum of the Higgs boson <
’S‘ T T ‘ T T ‘ T ‘ T T ‘ T T ‘ T T ] Qn+1 QCUt
)
L 4 °
% pp — h+jets il NLOPS i
= ~~~ pp—h+0j@NLO pp — h+ jet for
410 T E L e pp—h+1@NLO —
§ E Qn—i—l > cht
5 J
-] i i
| o T ~ -
L 1, L 4
1073 ‘n, T
= “‘ .',:
r | ]
|- 1 |
L T i
L .
1074 I -} ‘ I I | ‘ Ll ‘ I I | ‘ I ‘ I -}
o 50 100 150 200 250 300
p(h) [GeV]
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Summary
[}

Multijet merging at NLO

Transverse momentum of the Higgs boson

- L T T T L T T T L L
Z F I I I I I ]
54 pp — h+jets
2 ~—— pp— h+0j@NLO
K 07 = e, e pp—h+1j@NLO —
< 3
~ -
N ]
o -
1072 - N - —
=] N - |
£ I T ]
L L L ]
- 9 L il
1073 — " T -
C | - ) 3
C 1 o B
L ' . ]
H " et B
1074 | ‘ | ‘ ] I 1 ‘ | | I ‘ L \ ! L "F N
o 50 100 150 200 250 300
pL(h) [GeV]

® first emission by
NLOPS |, restrict to
Qn—i—l < cht

® NLOPS
pp — h+ jet for
Qn+1 > cht

® restrict emission off
pp — h+ jet to
Qn+2 < cht

I
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Multijet merging at NLO
® first emission by
NLOPS |, restrict to

_ o feenmennotnedggion | Qo < Qe

() L - L)

% pp — h+jets il NLOPS A

= ~—~ pp—h+0j@NLO pp — h+ jet for
JOE e, pp—h+1@NLO —

3 ---= pp = h+2j @ NLO 3 Qn+1 > cht

N ]

b1 ]

® restrict emission off
pp — h+ jet to

é Qn+2 < Qeut
. 1 * NLOPs

F L N e ] pp — h + 2jets for
103 ? ‘1‘ i -,__ _;:4__:-”'-.1 75 Qn+2 > cht

- 5, S

. L s
1074 | ‘ | L1 \7\‘ | | I ‘ L \'\ F

(9 50 100 150 200 250 300

pi(h) [GeV]
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Multijet merging at NLO
® first emission by
NLOPS |, restrict to

| Teememmenmdietgien Qo < Qs

(] L B [ ]

% L pp — h+jets B NLOPS i

= ~—~ pp—h+0j@NLO pp — h+ jet for

JOUE e pp—h+1@NLO —

3 ---= pp = h+2j @ NLO ] Qn+1 > cht

5 ] . ..

© ] ® restrict emission off

pp — h+ jet to
Qn+2 < cht

® NLOPS
pp — h + 2jets for
Qn+2 > cht

® jterate

1074 | ‘ | ‘ L1 \ﬁ\ ‘ | | I ‘ L } ! .\ ' ;T ;
o 50 100 150 200 250 300
pi(h) [GeV]

: :
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Multijet merging at NLO
first emission by
NLOPS |, restrict to
Transverse momentum of the Higgs boson
’; 7\ LI T T T ‘ L ‘ T T T ‘ L ‘ LI \7 Qn+1 < QCUt
%] L -
% L pp — h+jets NLOPs A
2 L ~—~ pp—h+0j@NLO pp — h+ jet for
glo”? TR pp—h+1j@NLO —J
3 E - ---= pp = h+2j @ NLO ] Qn+1 > cht
N C. o —h+3j@LO ] . ..
I L P ) ] restrict emission off

‘..‘.H.H‘.‘

- [PRRE
e e b b e b P TR

104
o 50 100 150 200

250 300
pi(h) [GeV]

pp — h+ jet to
Qn+2 < cht
NLOPS

pp — h + 2jets for
Qn+2 > cht

iterate

I
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28/33




Recap Matching Merging Summary
000 000000000000 0000000000800 00 o

Multijet merging at NLO

® first emission by
NLOPS |, restrict to

Transverse momentum of the Higgs boson
’; 7\ LI T T T ‘ L ‘ T T T ‘ L ‘ LI \7 Qn+1 < QCUt
() - [ ]
% pp — h+jets il NLOPs .
= ~=~ pp—>h+0j@NLO pp — h+ jet for
JOTE e e pp—h+1j@NLO  — Q > Q
3 --= pp = h+2j@NLO E n+1 cut
T e —h+3@LO ] . ..
& " ) ] ® restrict emission off

pp — h+ jet to
Qn+2 < cht

® NLOPs
pp — h + 2jets for
Qn+2 > cht

® jterate

‘..‘.H.H‘.‘

® sum all
contributions

| L1
| ‘ | ‘ L1 \7 ‘ | ‘ | I ‘ L ‘\ : .\ l H
o 50 100 150 200 250 300
pi(h) [GeV]
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Multijet merging at NLO

Available implementations

® ALPGEN+HERWIG/PYTHIA
MLM (LO)
® MADGRAPH/LOOPPROVIDER+HERWIG
UNLOPs (NLO), UMEPs (LO)
® MADGRAPH-+PYTHIA
FxFx (NLO), UNLOPs (NLO), MLM (LO), UMEPs (LO)
® SHERPA+LOOPPROVIDER
MEPS@NLO (NLO), MEePs (LO)

:
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lepton + MET production
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Multijet merging at NLO

lepton pair production

O(ZIy*(~ I') += Ng,) [pb]

' Mai
ATLAS ZIy*(~ IMy+ets (I=e )
Ldt=4610" ~&< Data 2011 (15 = 7 TeV) g
anti-k, jets, R = 0.4 — Qbﬁiﬁ
ot ot .
P> 30 Gev, Y| <44 MCGNLO
=¥= BuackHAT + SHERPA
——
——
O
B
——
o =g

I
[
s

T T
BLACKHAT + SHERPA

8
< | - -
a L ) ]
o —= “/jggéég B
S o
z -
A i f f f f f f
g 1‘2‘: & ALPGEN /
[ 2 4 PPN,
g WMW/
f i f f f
el —& SHERPA
R s
o =k 44444444{4477)77
Q o8- 4 %
0.6 | | | |
ST 2SI s s5 %6

(Uo,,; ) doldpl [UGeV]

MC/Data NLO/Data

MC / Data

10° T T T T T T E|
ATLAS ZIy*(~ TT)+1 jet (I=e p) 3
’ Ldt=4.61" ~#~ Data 2011 (/s = 7 TeV) |
10 anti-k, jets, R = 0.4 +' ::jl‘:;iﬁ El
ot 4 3
) Pt >30 Gev, |y*| <44 MC@NLO B
10 %= BLackHAT + SHERPA 3
151:9: 3
10° - E
- 3
£ - 3
- B
* E
% 3
=g 3
1 1 1 P
1,51 ¥ BLackHaT + SHERPA _
1
0.5 =
f f f f f
1.5 = ALPGEN 4
e B8 B nor 92,
77777
0.5+ 4
e
1.5 fSHERPA _
1 LA 2% vl
TITAA, %7
0.5 B
L Il L Il Il
100 200 300 400 500
P [GeV]

Marek Schénherr




Recap Matching Merging Summary
000 000000000000 0000000000000 0e o

Multijet merging at NLO

diphoton production
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Summary

® NLOPS matching is automated and is a standard input for any LHC
analysis
- standard schemes (POWHEG/MC@NLO) closely related, but
predictions can differ substantially
- accuracy of the prediction restricted to observables which are
described by a single multiplicity
- extensions to NNLOPS exist for the simplest cases
® multijet merging improves the accuracy for the emission of
additional jets
- Ftemissions limited by CPU resources
- NLO accuracy can be reached for the lowest few multiplicities

® computational complexity
LO < LOPS < Multijet merging at LO
NLO < NLOPs < Multijet merging at NLO
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