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_Meovo  NWOmesing  Megigwithmasivequarks________ Conclusions _
The SHERPA event generator framework

e Two multi-purpose Matrix Element (ME) generators
AMEGIC++ JHEP02(2002)044
COMI ' JHEP12(2008)039
CS subtraction EPJC53(2008)501

A Parton Shower (PS) generator
CSSHOWER-+ JHEP03(2008)038

A multiple interaction simulation
a la Pythia AMISIC++ hep-ph/0601012

A cluster fragmentation module
AHADIC++ EPJC36(2004)381

A hadron and 7 decay package HADRONS-++

A higher order QED generator using YFS-resummation
PHOTONS++ JHEP12(2008)018
Sherpa’s traditional strength is the perturbative part of the event
MEPs (CKKW), Mc@NLO, MENLOPS, MEPS@NLO
— full analytic control mandatory for consistency/accuracy
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Motivation

I

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

o scale setting scheme integral to preserve PS-resummation properties
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Motivation

) prc;mote LoPs to NLOPS (POWHEG, MC@NLO)
— (part 1)
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Mc@NLO

Frixione, Webber JHEP06(2002)029

(O)NLO+PS /d‘I’B BM (@) | AW (to, 1) O(®p)

1o DN (g, d)
E Pt i ’ A(A) 2 d
+ /t(, d 1 B((I)B) (t7MQ)O( R)

+/d<I>R [R(@R) - ZDE’“(@R)] O(®r)

Hoche, Krauss, MS, Siegert arXiv:1111.1220
o NLO weighted Born configuration BA) = B+ V + 1+ [d®;[DW — D)
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Mc@NLo NLO-merging Merging with massive quarks Conclusions

McONLO

Frixione, Webber JHEP06(2002)029

(O)NLO+PS /d‘I’B BM (@) | AW (to, 1) O(®p)

1o DN (g, d)
E Pt i ’ A(A) 2 d
+ /t0 d 1 B((I)B) (t7MQ)O( R)

Hoche, Krauss, MS, Siegert arXiv:1111.1220
o NLO weighted Born configuration BA) = B+ V + 1+ [d®;[DW — D)
o use D" as resummation kernels: choice DEA) = DES)G(;% —t)

AW (t,t') = exp [— ftt/ do, D(A)/B} = exp [—a; log(t/t') - f + .. ]

e resummation phase space limited by ué = tmax
— starting scale of parton shower evolution (exponent vanishes)
— should be of the order of the hard resummation scale

= first implementation to allow to stud uncertaint

Marek Schonherr IPPP Durham
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Mc@NLo NLO-merging Merging with massive quarks Conclusions

Case study: Inclusive jet & dijet production

Describe wealth of experimental data with a single sample (LHC@7TeV)
Mc®@NLO di—jet production: Hoche, MS arXiv:1208.2815
o pp/p =3 Hr, pg=3p1
e CT10 PDF (as(myz) = 0.118)

e hadron level calculation MPI
fully hadronised including MPI

e virtual MEs from BLACKHAT

Giele, Glover, Kosower
Nucl.Phys.B403(1993)633-670
Bern et.al. arXiv:1112.3940

o pJl >20 GeV, p? > 10 GeV o HE, HR

Uncertainty estimates: variation variation
 ur/r € (5.2l 1% g
° 1Q € [ 75, V2 us'
e MPI activity in tr. region & 10%

variation
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Mc@NLo

Case study: Inclusive jet & dijet production

Describe wealth of experimental data with a single sample (LHC@7TeV)
MC@NLO di-jet production:

o pp/p =3 Hr, pg=3p1

CT10 PDF (as(mz) = 0.118)

hadron level calculation
fully hadronised including MPI

virtual MEs from BLACKHAT
Giele, Glover, Kosower
Nucl.Phys.B403(1993)633-670

Bern et.al. arXiv:1112.3940
Pl > 20 GeV, p’? > 10 GeV

Uncertainty estimates:

Marel

Mul

e MPI activity in tr. region & 10%

k Schéonherr
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tr/F € (3,2 15 g

1q € [75, V2 s’

merging at NLO

 [pb]

MC/data

Hoéche, MS arXiv:1208.2815

Inclusive jet multiplicity (anti-kt R=0.4)

I I I I I
—e— ATLAS data

EurPhysJ. C71 (2011) 1763
— SuErea MC@NLO
uR = pHF=}Hr, po=jps

JR, HiF variation
Jq variation
MPT variation
SHERPA+BLACKHAT

| | |
I I I I I

— e e
T

| ! | |

2 3 4 5 6

Z
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Case study: Inclusive jet & dijet production

Jet transverse momenta (anti-kt R=o0.4) Hoche, MS arXiv:1208.2815
= R B e R R B A e
< ARRRERARAR AR RARRRRRRAY 1 Wy AARAREAARN RN RAAE
g 104 — E
2 —e— ATLAS data E Ry 1
= EurPhys]. C71 (o1n)1763 | & ]
T 100 — Suzxea MC@NLO . g 'F ‘ ‘ E
3 mR=pe=iHr mo=ipi 3 F o8k =
Jir, iF variation ] o stiet
100 g variation E R A W
MPI variation E sy ! ! ! ! !
1% Ll |
E
E D I [
4 =
' istjet o6 b 2nd jet
3 R RSN AN PRI INSFAATE) TR AR
1 A
10! = C
3 15
E E
107 9
E =
£ 3rd jet
1073 2nd jet
%1071
1074 3rd jet 4 £
E %102 1 T
E gthiet 1 9
rox10 1 = o5 1
E Suerra+BLackHat El 4th jet
Bl b b b b n b b b b b b b A
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po[Gev] p1 [Gev]
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Mc@NLo NLO-merging 3 with massive quarks

Case study: Inclusive jet & dijet production

Hoche, MS arXiv:1208.2815

3-jet-over-2-jet ratio

3 jets over 2 jets ratio (anti-kt R=0.5)

o 1 T T T L — . .
£ E e varaton | ] o determined from incl. sample
E No variation = 2-jet rate at NLO+NLL
o6 ] 3-jet rate at LO+LL
ol e M data E e common scale choices
r Phys. Lett. B 702 (2011) 336 b . d . It I
L s — varied simultaneously
F wr =pr=}3Hr, po=1%p1 |
o ’ F‘ e ] e at large Hy large MPI
- 3 uncertainties
iE = — better MPI physics needed
g o, E (soft QCD)
0.8 é

e similar description of related
ATLAS observables

Marek Schénherr IPPP Durham
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Case study: Inclusive jet & dijet production

Forward energy flow in dijet events, pIf*® > 20 GeV

Hoche, MS arXiv:1208.2815

= 700:‘ L L L L L L L L B AL B |
S oo —— MSdata E
= C JHEP ( ) 148 |
S - smmlﬁlcléﬁﬁfo” 1 E Forward energy flow
© E ur =pur=gHr, ug=7p.1 3 . - .
wol- E e energy flow in rapidity interval
00 [ 3 per event with a central
200 [ i i variation ] back-to-back di-jet pair
E "o varia.lioln B . .
100 sy M‘Plvaﬂj‘wr\ % e normalisation reduces jir,/p and
LZ;H11‘H1‘H}HHHHHHHHHH‘E .LLQ dependence
s = ‘ s PE e dominated by MPI modeling
o = -l .
= \ I : uncertainty
S T P I N T T
32 34 36 38 4 42 44 46 48
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Mc@NLo NLO-merging 3 with massive quarks

W +n jet production

Jet transverse momenta

s e
(O SHERPA+BLACKHAT _, d 7
S ot Whagges T (e E Hoche, Krauss, MS, Siegert arXiv:1201.5882
%‘ E peR=p/2..2u A
% 1B —— MC@NLO PL _ .
IOk ro=p/VI Vg pp — W +1,2,3 jets
e pulfstien e 3 separate samples/calculations
w0 1 (second et e NLO accuracy for inclusive
LTI G DI observables of respective jet
B RN
L asE E multiplicity
I I | g . .
§ s S — = e resummation of softest/LO jet,
05 — . . . .
%1}Hl1}1111}1111}1111}1111}11% i.e. 4th jet in pp & W + 3 jets
s 15| E e no resummation of
S 1&% E sample-defining jet multiplicity,
= st E i.e. first 3 jets in pp — W 4 3 jets
S I IR BN I I e J pp J
R T I I .
s SE E e scales:
3 . E = LA = p1 (jin)
g g E HR/F = 5 Hp, Qg =PL{n
05 =
T T R Data: ATLAS Phys.Rev.D85(2012)092002

50 100 150 200 250

300
p. [GeV]
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NLO-merging

Motivation

) prc;mote LoPs to NLOPS (POWHEG, MC@NLO)
— (part 1)
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NLO-merging

Motivation

ME ———>

}iﬂﬁ@ .,
ﬁ%

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

e promote lowest multiplicity to NLO:
merge one NLOPS with MEPS = MENLOPS

Marek Schénherr IPPP Durham
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NLO-merging

Motivation

e promote LOPS to NLOPS (POWHEG, MC@NLO)
— (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 I1)
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NLO-merging

Motivation
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: a§+n (1eff) = (Y]f (1) as(ts) - as(tn)
e promote LOPS to NLOPS (POWHEG, MC@NLO)
— (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 I1)
e scale setting scheme integral to preserve PS-resummation properties
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NLO merging

LO merging:
e LO accuracy for n < npmax-jet processes
e preserve 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
NLO merging:
e NLO accuracy for n < npmax-jet processes
e preserve 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 Schénherr IPPP Durham
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NLO-merging

Results: pp — W+jets

(W + > Niet jets) [pb]

Inclusive Jet Multiplicity

—— ATLAS data
— MEePs@Nro

MEPs@NLo p/2...24
— MEnNLOPS

MENLOPS p/2...2u
Mc@Nro

P> 20Gev

P> 30Gev

(%x10)

Marek Schénherr

Multi

merging at N

pp — Wjets (0,1,2 @ NLO; 3,4 @ LO)
o 1ig/F € [5,2] pekkw
scale uncertainty much reduced

e NLO dependece for
pp — W+0,1,2 jets
LO dependence for
pp — W+3,4 jets

* Qeut = 30 GeV
e good data description

ATLAS data Phys.Rev.D85(2012)092002

IPPP Durham
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NLO-merging

Results: pp — W+jets

First Jet p |
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Multijet merging at

3 with massive quarks

pp — Wjets (0,1,2 @ NLO; 3,4 @ LO)
o g/F € [5,2] pekkw
scale uncertainty much reduced

e NLO dependece for
pp — W+0,1,2 jets
LO dependence for
pp = W+3,4 jets

® Qcut = 30 GeV
e good data description

ATLAS data Phys.Rev.D85(2012)092002

IPPP Durham
13



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
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T S MEPs@NLo j1/2...21 ]| g MEPs@NLO j1/2...2 7
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Results: pp — h+jets

p. distribution of the Higgs boson
T

§ 'y, | —momoww | pp— htjets (0,1 @ NLO; 2 @ LO)
& r === SuErrA MC@NLO ]
% —— SuErea MEPS@NLO | ° /"’R/F c [%7 2] LLCKKW
50 7 scale uncertainty much reduced
e NLO dependece for pp — h+0,1
. jets
PRE[FIMINARY B ‘ LO dependence for pp — h-+2
GapT T ‘H‘“U_L‘_Ué jets
gO;;WWH'HﬂW—“ﬁ ¢ Quut = 30 GeV
L I I 'HqT:,UR/Fe[%’Z]'%mh
o 20 40 60 80 100

p ‘ [(,eV]
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NLO-merging

Results: pp — h+jets

p.1 distribution of hardest jet: pi“y
T

TR T emdceno | pp — h+jets (0,1 @ NLO; 2 @ LO)
g 10 —— SmErea MEPS@NLO
noF o 1ig/F € [5,2] piekkw
St E E scale uncertainty much reduced
sl ] e NLO dependece for pp — h+40,1
jets
w+ PRELIMINARY | M LO dependence for pp — h+2
47‘“““F jets
12 gty
5 - b i }‘MH ¢ Qeut = 30 GeV
e, Midiihiitihy C”*“‘E o HqT: pryr € [5,2] - 51
O
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Mc@NLo NLO-merging

Public availability

NLO merging automated in SHERPA
exce pt for Vi rtua | W~ + 3 jets: leading jet transverse momentum

S [T
e GOSAM (public) PR
automated one-loop code - LHC 8 Tev ]
. . . i NLO parton level 3
also convenience libraries E PR
o NJETS (public) el ]
one-loop code for pp — jets
e OPENLOOPS (to be public) 25 4
automated one-loop code . 2F
o BLACKHAT (to be public) ="
one-loop library for S T R DO DU SR DA T
. 0 50 100 150 200 250 300 350
pp — (V+)jets PrnlGeV]
either dedicated interfaces or BLHA scales: pur/p = Hr
interface

Marek Schénherr IPPP Durham

Mult merging at N 16



Mc@NLO NLO-merging

Merging with massive quarks

Merging with massive quarks

MEPs (CKKW) with massive quarks
e eg. mp,m.#0
e no conceptual problem

e take massive quarks also into
initial state (5 flavour PDFs)

e factorisation of massive initial
state a la ACOT

e consistent ME and PS

e merging still only one parameter
procedure (Qcut)

same as MEPS (CKKW) with massless
quarks

no additional heavy flavour overlap re-
moval or similar

available since SHERPA-1.3.0

Marek Schénherr

Multijet merging at

(pb/GeV)

v
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do/dp.

102

-
e
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© [T

pp — v + b-jet production

D@, L =8.7fb' o data,|y'|<1.0
o data,1.5<|y'|<25
NLO (Stavreva, Owens)|
- k; fact. (Lipatov, Zotov)
--- SHERPA, v1.3.1
PYTHIA, v6.420

jet

vY*1<1.5, pf'>15 Gev

,;“}

(x0.3)

50 100 150 200 250 300
P! (GeV)

D@ data arXiv:1203.5865
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Mc@NLo -merging Merging with massive quarks Conclusions

Conclusions

e SHERPA's MC@NLO formulation allows full evaluation of perturbative

uncertainties (g, R, Q)
non-perturbative uncertainties can be consistently estimated

e MC@NLO can be easily combined with MEPS — MENLOPS
e MCONLO is a necessary input for NLO merging — MEPS@NLO

o MEPS@NLO gives full benefits of NLO calculations (scale dependences,
normalisations) while also retaining full (N)LL accuracy of parton shower

= will be included in next major release

Current release: SHERPA-1.4.2
http://sherpa.hepforge.org

e precise theoretical calculations need to be confronted with data as
differentially as possible over as large a phase space as possible

Marek Schénherr IPPP Durham
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Thank you for your attention!
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Mc@NLo

with massive quarks

Short-comings of fixed-order QCD

Inclusive Jet Multiplicity (R=0.4)
7

Conclusions

e poor description in phase space 7 107 ‘ ‘ ‘ ‘
o E
N H M H r —e— ATLAS data
regions with strongly hierarchical B g0 Eoooooo Pt Phyes, Gt con) 1765
=== SHERPA NLO
scales S E— we =g = Hy
e poor perturbative jet-modeling wi b
(at most two constituents) wb
¢ no hadronisation, MPI effects ol
E SHERPA+BL
e very pronounced in inclusive & 24 } \ \ \ :
dijet production i< ! E
g b | :
1
2 L ] | | -
o8 T 1 T T
2 3 4 5 6
Njet
no. jets ATLAS LO ME-+PS NLO NP factor NLO+NP
>2 620 + 1.37500 + 24 958(1) 1348 559(5) 1193(3)7132 ] 0.95(0.02) | 1130(19)*1%
>3 434013702 £1.7 | 93.4(0.)7354 | 39.7(0.9) | 54.5(0.5)7%2, |0.92(0.04) | 50.2(2.1)722,
>4 434004752 +£0.24 [ 9.98(0.01)77 20 | 3.97(0.08) | 5.54(0.12)T3% [ 0.92(0.05) [ 5.11(0.29)75:55

Marek Schénherr

Mul

t mel

taken from Bern et.al.

arXiv:1112.3940
IPPP Durham

20



Mc@NLo - e g with massive quarks Conclusions

Short-comings of fixed-order QCD

Transverse momentum of the leading jet (R=0.4)

e poor description in phase space

e no hadronisation, MPI effects

I R e e e R
H H H H Q 10t —e— ATLAS data
regions with strongly hierarchical EN: e (2012 1769
— 103 = === SHERPA NLO
scales § § e = pg =3 Hr
. . . [ 2
e poor perturbative jet-modeling s E
(at most two constituents) o
L

e very pronounced in inclusive &
dijet production

? Cr—
A ey
SRR AT
100 200 300 400 500 600 700
p. (leading jet) [GeV]
no. jets ATLAS LO ME-+PS NLO NP factor NLO+NP
>2 620 + 1.37500 + 24 958(1) 1348 559(5) 1193(3)7132 ] 0.95(0.02) | 1130(19)*1%
>3 434+0.1375% £ 1.7 | 93.4(0.1)750% | 39.7(0.9) | 54.5(0.5)73;7, | 0.92(0.04) | 50.2(2.1)7%,
>4 434004752 +£0.24 [ 9.98(0.01)77 20 | 3.97(0.08) | 5.54(0.12)T3% [ 0.92(0.05) [ 5.11(0.29)75:55
taken from Bern et.al. arXiv:1112.3940

Marek Schénherr IPPP Durham
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Mc@NLo -mergi Merging with massive quarks Conclusions

Short-comings of fixed-order QCD

® poor descrlptlon in phase space Transverse momentum of the 2nd leading jet (R=0.4)
. . . . %105?HHwwww‘HH‘HH‘HH‘HH‘HH,
regions with strongly hierarchical & d e ATLAS
= El Eur.Phys.J. C71 (2011) 1763
Scales = g_l == SHERPI{NLO
. . . 3 WE = g = 4 Hr
e poor perturbative jet-modeling s

(at most two constituents)

e no hadronisation, MPI effects

e very pronounced in inclusive &
dijet production

pepT T

g osbl | ! i 1
. . . o sl 4@ @ @
° Jet—pJ_ turn negative in forward g oij I“I__‘___-___.
region unless y-dependent scale TN DR DTSR DR s BRI
. 6 8
is used (e.g. HW) I A and leading o) [GeV]
no. jets ATLAS LO ME+PS NLO NP factor NLO+NP
> 2 620 + 1.3745:0 + 24 958(1) 1340 559(5) 1193(3) 150 [ 0.95(0.02) | 1130(19)F 1%

>3 43+0.135.% £1.7 | 93.4(0.1)7505 | 39.7(0.9) | 54.5(0.5)72.7, | 0.92(0.04) | 50.2(2.1)F32,
>4 || 4.3+£0.04703, £0.24 | 9.98(0.01)77 52 [ 3.97(0.08) | 5.54(0.12)75°9% | 0.92(0.05) | 5.11(0.29) 7555

—2.32

taken from Bern et.al. arXiv:1112.3940
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Mc@NLo

g with massive quarks Conclusions

Short-comings of fixed-order QCD

® poor descrlptlon in phase space Transverse momentum of the 3rd leading jet (R=0.4)
. . ; - S ETTTTTTTTT T T
regions with strongly hierarchical 3 wff o ATLASdat
| E EurPhys.]. Cy1 (2011) 176;
scales ﬁ 107 b — SHZRPAYNL(;I o
. . . = E up = pr = 3 Hy
e poor perturbative jet-modeling 5ok e
(at most two constituents) L
e no hadronisation, MPI effects A A N
. . . 1072 B I
e very pronounced in inclusive & 25 ERHE Lo e e e
< ' B e oo
dijet production L aE
. . . s LB e
e jet-p, turn negative In forward g 75 T e " b
: n: —p- =
region unless y-dependent scale OSE‘THY\MT‘mmmmm“mumumuu
is used (e.g. Hq(ﬂy)) A enting 1) (G
no. jets ATLAS LO ME+PS NLO NP factor NLO+NP
>2 620 + 1.37 58 + 24 958(1)7 348 559(5) 1193(3)7132 1 0.95(0.02) | 1130(19)" 1%

>3 43+0.135.% £1.7 | 93.4(0.1)7505 | 39.7(0.9) | 54.5(0.5)72.7, | 0.92(0.04) | 50.2(2.1)F32,
>4 |[4.3+0.04752 4024 |9.98(0.00)7 52 | 3.97(0.08) | 5.54(0.12)75%% | 0.92(0.05) | 5.11(0.29)7 555

—2.32

taken from Bern et.al. arXiv:1112.3940
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Mc@NLo O-merging erging wi assive quarks Conclusions

NLO merging

Renormalisation scales:

e determined by clustering using PS probabilities and taking the respective
nodal values ¢;

0s(13)* = T] as(t)

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

2\k as(fif) : ti
as(fig)” [ 1- 27TR 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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Merging with massive quarks Conclusions

NLO merging — Generation of MC counterterm

2

B,., [l

14 =t / dd, K,
n+1 tn+1

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

1+ ,"“ / d®, K
”+1 trni1

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

e generates

o AP (11, 112)
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