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_Meevo _______ MOmewns ______________________ Colsor
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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Mc@NLO

Frixione, Webber JHEP06(2002)029

(O)NLO+PS _ /d‘I)B B™(dp) [A(A)(to,ué) O(®p)

1 D(A)((I)B ®,)
+ dd, ——— "2 AW @ u2) 0@
[ am PR A%, ) O

+/d<I>R [R(@R) - ZDgA)(@R)] O(®p)

Hoche, Krauss, MS, Siegert arXiv:1111.1220
e NLO weighted Born configuration B®) = B+ V + 1+ [d®;[DW —DO)]
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Mc@NLo NLO-merging Conclusions

McONLO

Frixione, Webber JHEP06(2002)029

(O)NLO+PS _ /d<I>B B™(dp) [A(A)(to,ué)O@B)

1 D(A)((I)B ®,)
+ dd, ——— "2 AW @ u2) 0@
[ am PR A%, ) O

+/d<I>R [R(@R) - ZDgA)(ch)] O(®p)

Hoche, Krauss, MS, Siegert arXiv:1111.1220
e NLO weighted Born configuration B®) = B+ V + 1+ [d®;[DW —DO)]
e use D) as resummation kernels AW (£, 1) = exp [ftt, do, D(A)/B]

2
e resummation phase space limited by [LQQ = tmax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale
= first implementation to allow to study 1o uncertainty
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Mc@NLo NLO-merging Conclusions

McONLO

Frixione, Webber JHEP06(2002)029
(ON-OFPs — /d‘I’B B (0p) lA(A)(toyﬂQQ)O(‘I’B)

g D(A)(<I>B ®,)
do, — B "1
+ 1 B(®p)

+:/d¢RFu¢Ry—§:D$N©Rﬂcx¢R)

Hoche, Krauss, MS, Siegert arXiv:1111.1220
every term is well defined and NLO and NLL accuracy maintained if:

o D) = Zl DEA) is full colour correct in soft limit

ANt 1)) O(®r)

e DA = > DEA) contains all spin correlations in collinear limit
° DEA) and DES) have identical parton maps

=- conventional parton showers need to be improved for that
e.g. choose DEA) = D§S) up to phase space constraints
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Mc@NLo NLO-merging 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: Hoche, MS arXiv:1208.2815
o pp/p =3 Hr, pg=3p1
e CT10 PDF (as(myz) = 0.118)

Inclusive jet multiplicity (anti-kt R=0.4)

T e[ \ \ \ —
. o E —e— ATLAS data 3

e hadron level calculation o EurPhys). C71 (2011) 1763
i R X 10% = —— SuerrA MC@NLO =3

fully hadronised including MPI g we = e = $Hr, o= 4pu

. 104 —

e virtual MEs from BLACKHAT
Giele, Glover, Kosower 03 L cariati ]

L ik, Hg variation g

Nucl.Phys.B403(1993)633-670 E Jiq variation E

.0 MPI variation 1

Bern et.al. arXiv:1112.3940 Rl | =

; ; E [ [ [ [ [ 3

o pl' > 20 GeV, p? > 10 GeV b E
. . N | J— -
Uncertainty estimates: g F — f l e
0.5 -

1 def E E

° cl=.2 E \ \ | [
HR/F [27 ]NR/F L s y s o

fiet

° 1Q € [ 75, V2 us'
e MPI activity in tr. region & 10%
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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 ! ! ! ! !
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Mc@NLo NLO-merging

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
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Mc@NLo

Case study: Inclusive jet & dijet production

ijet invariant mass spectra in different rapidity ranges

Hoche, MS arXiv:1208.2815
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Case study: Inclusive jet & dijet production

Hoche, MS arXiv:1208.2815

T T T
40 <y <44
| |

Try different scale

15
05

o pr/p =L HY with

(v) _ 0.3 "
HT — ZiEjets pl,i e ‘yboost Jl‘

Tl

15

3 . T T2

. 05 35<y* <40
With Yboost = 1/Mjets Ziejets Yi - -+ i ot
o reduces to pip/p = £ p1 ¥V 0sE ja0<y<as TS
i 1 R - ‘ .
with y* = 5|y1 — yo for 2 — 2 M3 M
and captures real emission PRI, D

. 15
dynamics
osfy 20y g5 A

Ellis, Kunszt, Soper PRD40(1989)2188

15

e better description of data at

05

MC/data MC/data MC/data MC/data MC/data MC/data MC/data MC/data MC/data
rrTTTT

large rapidities, as expected 5
1
o5 M0<y<1S L
v EH ] R
= —&—hﬁaﬂd#&#“%
osf (05<yTel0 -
= ] ———
1 bt AAAAAAAK"*M
osEil  VE0S L ‘

h ' mya [GeV]

Marek Schénherr IPPP Durham

Parton shower m and multijet merging at NLO 7



Case study: Inclusive jet & dijet production

Hoche, MS arXiv:1208.2815
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Mc@NLo

Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges Hoche, MS arXiv:1208.2815
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Case study: Inclusive jet & dijet production

Gap Fraction

Marek Schénherr

Inclusive jet transverse momenta in different rapidity ranges

Hoche, MS arXiv:1208.2815
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Case study: Inclusive jet & dijet production

Hoche, MS arXiv:1208.2815

e small-Ay region

= small uncertainty on I
. . . 9 E
additional jet production = o5
o large-Ay region § ‘ff
= all uncertainties sizable g st
] 157 ‘
S LE
e small-p, region g 03 F 1soGey <pu <0GV ‘ ‘ 3
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uncertainties as large as 93 B
perturbative uncertainties I
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- o E
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Case study: Inclusive jet & dijet production

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

Hoche, MS arXiv:1208.2815
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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
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NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

MEPs@NLO
<O> Gehrmann, Héche, Krauss, MS, Siegert arXiv:1207.5031

= / d®, BW | AW (1, 1)) O,,

1 DgLA) A
+/ dq)l B Ag;, )(thrlngQ) On+1
to n
+ /dq)n+1 |:Rn - D;A):| On+1
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NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

MEPs@NLO
<O> Gehrmann, Héche, Krauss, MS, Siegert arXiv:1207.5031

= / d®,, B [A&P(to,ug)on

% DY
+/ d®, B Aﬁl )(tn+17 10) O(Qeut — Q) On g1
to n

+ /dq)n+1 |:Rn - DgLA):| G(QCUt - Q) On+1
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NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

MEPs@NLO
<O> Gehrmann, Héche, Krauss, MS, Siegert arXiv:1207.5031

/d@ B(A lA )(to,13) O,

"o DgLA) A 2
+/ d®, B Aﬁl )(tn+17 10) O(Qeut — Q) On g1
to n

+ [ i Ry~ D] €(Qus ~ Q) AP b1, 4) O
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NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

MEePs@NLO
<O> Gehrmann, Hoche, Krauss, MS, Siegert arXiv:1207.5031

/d@ B(A lA )(to,13) O,

"o DgLA) A 2
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d®,, 41 [Rn - D%A)} G(cht - Q) ASLPS)(thrl’ /‘%) Ont1

A%, BY, O(Q — Q)
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to n+1
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NLO-merging Conclusions

NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

9] MEePs@NLO . . .
< > Gehrmann, Hoche, Krauss, MS, Siegert arXiv:1207.5031

/d@ B(A lA )(to,13) O,

"o DgLA) A 2
+ / 421 = A® (t1, %) O(Qan — Q) Oniy
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d®,, 41 [Rn - D%A)} G(cht - Q) ASLPS)(thrl’ /‘%) Ont1

A%, BY, APt 11, 12) O(Q — Qeue)

o/
o/

tni1 D( )
X Aﬁl(tovtn+1)0n+1+/ d2; & S A (tnszs tnst) Onge

to n+1

+/dq)n+2 |:Rn+1 - Dgﬁzl} A%PS) (tn+1a /LZQ) @(Q - cht) On+2
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NLO-merging Conclusions

NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

9] MEePs@NLO . . .
< > Gehrmann, Hoche, Krauss, MS, Siegert arXiv:1207.5031

/d@ B(A lA )(to,13) O,

"o DgLA) A 2
+ / 421 = A® (t1, %) O(Qan — Q) Oniy
to n

d®,, 41 [Rn - D%A)} G(cht - Q) ASLPS)(thrl’ /‘%) Ont1

A%, BY, APt 11, 12) O(Q — Qeue)

o/
o/

X

tni1 D(
AN, (to, ts1) Onia +/ d®, B, e AﬁlAH( tnt2tns1) Onto

to n-+

+/dq)n+2 |:Rn+1 ] Ag—fi( n+27 tn+1) A( S)( n+1a /LQ) (Q - cht) On+2

Marek Schénherr IPPP Durham

Parton shower matching and multijet merging at NLO 12




NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

MEePs@NLO
<O> Gehrmann, Hoche, Krauss, MS, Siegert arXiv:1207.5031

/d@ B(A lA )(to,13) O,

"o DgLA) A 2
+/ d®, B Aﬁl )(tn+17 10) O(Qeut — Q) On g1
to n

+ [ i Ry~ D] €(Qus ~ Q) AP b1, 4) O
B o

+/d<I>n+1 BW 1+ ”“/ dd,
Bn+1 trn1

tni1 D(
AW, (to, tns1) Onga +/ d®, B L A£1A+1( tnt2,tnt1) Ont2

to n-+

Kn Af(ﬂPS) (tn+17 M%g) ®(Q - QCUt)

X

+/dq)n+2 |:Rn+1 ] Ag—fi( n+27 tn+1) A( S)( n+1a /LQ) (Q - cht) On+2
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NLO-merging 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

e generates

o AP (11, 112)

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

Marek Schénherr IPPP Durham
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Mc@NLo NLO-merging

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
9 k
~2\k s (A%) ti
@ 1—-— In —-
s(AR) o Bo ; ﬂ%

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

~2 2
Bn(én)%loge—g Z/ —Pac ) fe(wa/2, ig) +

™
P\ =g
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1/0 do/dIn(yss)

MC/data

Results: e"e~ — hadrons

Durham jet resolution 3 —+ 2 (Ecys = 91.2 GeV)

Durham jet resolution 4 — 3 (Ecs = 91.2 GeV)
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ee — hadrons
(2,3,4 @ NLO;
5,6 @ LO)

Jet resolutions
(Durham measure)

e MEPS@NLO vs
MENLOPs

e aty k1
dominated by
hadr. effects
— needs
retuning

e much improved
ren. scale
dependence

ALEPH data
EPJC35(2004)457-486
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Results: e"e~ — hadrons

Thrust (Ecys = 91.2 GeV)
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Results: pp — W+jets

Inclusive Jet Multiplicity

T E 1 T T T T 3
2 —— ATLASdata ]
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NLO-merging

Results: pp — W+jets
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Results: pp — W+jets

AR Distance of Leading Jets
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Mc@NLo NLO-merging Conclusions

Conclusions

e SHERPA's MCONLO formulation allows full evaluation of perturbative
uncertainties (1r, pr, 1Q)
e MCONLO can be easily combined with MEPS — MENLOPS

e MCONLO is a necessary input for NLO merging — MEPS@NLO

e 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-1.4.1
http://sherpa.hepforge.org

o better description of perturbative QCD is only part of the story to achieve
higher precission for (hard) collider observables
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Parton shower matching and multijet merging at NLO 19


http://sherpa.hepforge.org

Thank you for your attention!
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Case study: Inclusive jet & dijet production

Dijet azimuthal decorrelation in various pld bins Héche, MS arXiv:1208.2815
= L LA o o e R B e R B e
2 f ]
[ 1 15
g —— CMS data g
3 E Phys. Rev. Lett. 106 (2011) 122003 El S 1
= f —— Suerea MC@NLO 1 = o5
N F PR =pE=1Hr, po=3pL 1
104 = Jg, p variation x10' £
E g variation 1 g BE
[ MPI variation {1 2T aE
Y E
103 |~ = = E lead
E El 05 200 GeV < pd < 300 GeV
F . oy b by by e e e by e g by g 1
o e e R e
107 1 s sE
E E| 3 E B
= T J o IW—-—-—#
r [ 1 = 05 140 GeV < p'd < 200 GeV
10" = x10' 5 B e b b b b b 1y
E El B
E Sy =
L 4 -,é B
e x10° gl, =
E ] 05 = 110 GeV < p!*d < 140 GeV
L ] B e b b b b b 1y
. L B I i U A e
o ERRPRE )=
1 F E
E I
1 ¢
1072 Sterea+BracKHAT °5 80 GeV < pf*d <110 GeV
b b b b b b 10013 Ll b b b b b 104
6 18 2 22 24 26 28 3 16 18 2 22 24 26 28 3
AP Ap

Marek Schénherr IPPP Durham

Parton shower matching and multijet merging at NLO 21



Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges Hoche, MS arXiv:1208.2815
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Case study: Inclusive jet & dijet production
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Case study: Inclusive jet & dijet production

Central transverse thrust minor in different leading jet p, ranges Hoéche, MS arXiv:1208.2815
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