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Introduction

Improving event generators

The inner working of event generators
. simulation: divide et impera

@ hard process:
fixed order perturbation theory

traditionally: Born-approximation

@ bremsstrahlung:
resummed perturbation theory

o hadronisation:
phenomenological models

@ hadron decays:
effective theories, data

@ "underlying event”:
phenomenological models
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Introduction

. and possible improvements
possible strategies:

@ improving the phenomenological models:

e “tuning” (fitting parameters to data)
e replacing by better models, based on more physics

(my hot candidate: “minimum bias” and “underlying event” simulation)

@ improving the perturbative description:
o inclusion of higher order exact matrix elements and correct
connection to resummation in the parton shower:
“NLO-Matching” & “Multijet-Merging”
e systematic improvement of the parton shower:
next-to leading (or higher) logs & colours
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Introduction

Example: QCD precision in Higgs physics

@ after discovery: time for precision studies of the newly found boson
is it the SM Higgs boson or something else?
relevant: spin/parity, couplings to other particles
o Higgs signal suffers from different backgrounds, depending on
production and decay channel considered in the analysis
@ decomposing in bins of different jet multiplicities yields
o different signal composition (e.g. WBF vs. ggF)
o different backgrounds (most notably: tt in WW final states)
@ to this end: must understand jet production in big detail
name of the game: uncertainties and their control

despite far-reaching claims: analytic resummation and fixed-order calculations will not be sufficient

F. Krauss

Precision Monte Carlo



Ingredients

INGREDIENTS

Krauss

Precision Monte Carlo



Ingredients
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Hard process

Cross sections at the LHC: Born approximation

s

1
1
doapn = /an(lefa(Xm W) fp(Xa, llF)/ dq)N;‘Mpapb%N(q)N; 1ie, 1R)[>
0

cuts

parton densities f5(x, pr) (PDFs)
phase space ®p for N-particle final states

incoming current 1/(25)

squared matrix element M, p, n
(summed/averaged over polarisations)

renormalisation and factorisation scales ug and ug

@ complexity demands numerical methods for large N
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Hard process

Including higher order corrections

@ obtained from adding diagrams with additional:
loops (virtual corrections) or
legs (real corrections)

o effect: reducing the dependence on ug & ur
NLO allows for meaningful estimate of uncertainties

@ additional difficulties when going NLO:
ultraviolet divergences in virtual correction
infrared divergences in real and virtual correction
enforce
UV regularisation & renormalisation
IR regularisation & cancellation

(Kinoshita—Lee-Nauenberg-Theorem)
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Hard process

@ general structure of NLO calculation for N-body production
do = dopBy(Ps) + dPsVn(Ps) + dPRRN(PR)
=dodp (BN + Vn —I—I,(VS)) + dor (RN - SN)

@ phase space factorisation assumed here (P = O Q ¢q)
/d¢18/\/(¢5 ® Cbl) = I,(VS)(Q)B)

@ process independent subtraction kernels
Sn(Pp @ ¢1) = Bn(Ps) @ Si(Ps ® $y)
I (05 @ b)) = By(Ps) © I (0p)

with universal S;($®5 @ ®1) and I}S)(CDB)
@ in Catani-Seymour invertible phase space mapping

Pr +—— PR b,
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Hard process

Aside: choices . ..

@ common lore: NLO calculations reduce scale uncertainties

@ this is, in general, true. however:
unphysical scale choices will yield unphysical results
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@ so maybe we have to be a bit smarter than just running NLO code
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Hard process
Availability of exact calculations (hadron colliders)

o fixed order matrix elements ( “parton level”) are exact to a given
perturbative order. (and often quite a paint)

@ important to understand limitations:
only tree-level and one-loop level fully automated, beyond:
prototyping

. done

for some processes
& first solutions

1 2 3 4 5 6 7 8 9 nlegs
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Parton showers

Parton showers, compact notation

@ Sudakov form factor (no-decay probability)

t
dt ag d
AL (t 1) = exp */ T o dzzﬁ Lirlt: 2 9)
T, T N—

to
splitting kernel for

(if) — ij (spectator k)

@ evolution parameter t defined by kinematics

generalised angle (HERWIG ++) or transverse momentum (PYTHIA, SHERPA)

dt
o will replace —dz— — d®¥;
t 2r

o Scale ChOIce for Strong Coup|ing: Oés(ki) resums classes of higher logarithms

@ regularisation through cut-off t;
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Parton showers

@ “compound” splitting kernels C,, and Sudakov form factors AE,K)

for emission off n-particle final state:

t

Kn(®1) = ;i; > Kik(®56), AP(t o) =exp [_ /dq)l Kn(®1)

all {ij,k} %

@ consider first emission only off Born configuration

dUB = dq)/\/ BN(CDN)

2
Hn

. {A%’(,@, to) + / do, {/CN(d)l)A%C)(;ﬁV, t(cbl))} }

to

integrates to unity — “unitarity” of parton shower

o further emissions by recursion with @2 = t of previous emission
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ME corrections
o0
Basic idea

Matrix element corrections

@ parton shower ignores interferences
typically present in matrix elements

VE ém 2+ V,<%
e ‘<w +‘<%

@ form many processes Ry < By x Ky

@ pictorially )

2

TP T RO PO N B R
001 02 03 04 05 06 07 08 09 1
)

o typical processes: qg' — V, e"e™ — qg, t — bW

@ practical implementation: shower with usual algorithm, but reject
first/hardest emissions with probability P = Ry/(By x Ky)
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Basic idea

@ analyse first emission, given by

dO'B = dCDN BN(CDN)

I

. {As\lR/B)(/ﬁV’ to) + / do, {WA%/R/B)(N?\# t(¢1))} }

to

once more: integrates to unity — “unitarity” of parton shower

e radiation given by Ry (correct at O(as))

(but modified by logs of higher order in cs from AEVR/B)) ‘ @)

@ emission phase space constrained by uy 8

@ also known as “soft ME correction” ® 0

hard ME correction fills missing phase space @00

@ used for “power shower”: 000
un — Epp and apply ME correction o
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Matching
o

Basic idea

NLO matching: Basic idea

@ parton shower resums logarithms
fair description of collinear/soft emissions

jet evolution (where the logs are large) r
NLI
@ matrix elements exact at given order + ./ resummed
fair description of hard/large-angle emissions 4
jet prOd UCtion (where the logs are small) 1 /O
@ adjust (“match”) terms: 1 ‘ O
e cross section at NLO accuracy & iR /() O
correct hardest emission in PS to exactly
reproduce ME at order as T o0

(R-part of the NLO calculation) -’—Q—Q—Q—»

(this is relatively trivial)
e maintain (N)LL-accuracy of parton shower

(this is not so simple to see)
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PowHEG

POWHEG

@ reminder: KCj; x reproduces process-independent behaviour of
Rn /B in soft/collinear regions of phase space

Rn(Pn1)

dd
L B (n)

IR Qg
Ry Ay 25Ky (0
15 i.k(P1)

@ define modified Sudakov form factor (as in ME correction)

Rn(Pn1)

My
ARP (12 1) = ex f/dCD ,
N (ks to) P 1 B/\/(¢N)

to

@ assumes factorisation of phase space: ®pny; = Py @
o typically will adjust scale of ag to parton shower scale
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PowHEG

o define local K-factors
@ start from Born configuration ®y with NLO weight:
(“local K-factor")

AN = doy B(dy)

N
dopy {BN((DN) + Vn(Pn) + Bu(Pn) ® S

Pu(dn)

+/dd>1 [Rn(Py @ @1) — Bu(Pn) @ dS(P1)] }

@ by construction: exactly reproduce cross section at NLO accuracy

@ note: second term vanishes if Ry = By ®dS
(relevant for MC@NLO)

F. Krauss
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PowHEG

@ analyse accuracy of radiation pattern

@ generate emissions with A(,JQ/B)(N%V, to):

AN = doy B(dp)

2
Ky

3 R ¢ X ¢ A
x ¢ AR iy, o) + / (1¢1MA$VP/B)(/L%W KL (®1))
Bn(®n)

to

integrating to yield 1 - “unitarity of parton shower”

@ radiation pattern like in ME correction
e pitfall, again: choice of upper scale y3, (this is vanilla PowHEG!)

@ apart from logs: which configurations enhanced by local K-factor

( K-factor for inclusive production of X adequate for X+ jet at large p | ?)
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00000
PowHEG
T T T T T T
4 o LTS ~— i
o A POWHEG+HERWIG ’ e LHC
— +
my=120 GeV
""" POWHEG (up=pp=my)
- - | =
= 107! MC@NLO é 10-1 3 — POWHEG i
8 B ---POWHEG (B - B)
g P
. 1072 | E Q
& LHC Sk
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1073 F my e
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@ large enhancement at high p7
@ can be traced back to large NLO correction

o fortunately, NNLO correction is also large — ~ agreement
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PowHEG

@ improving POWHEG

@ split real-emission ME as &N

— POWHEG h-e
--- POWHEG h=my=400 GeV
---- POWHEG h=120 GeV

v
plth ol ke
—— N —

R=R

do/dpf [pb/GeV]

R(S) RF)

@ can “tune” h to mimick NNLO - or other
(resummation) result

o differential event rate up to first emission

s RO
do = dogBR | ARDB(s 1) + /d@l?A(R(S)/B’(s, K?)
to

+dogr RE) (0R)
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MC@NLO

MCGONLO

@ MCONLO paradigm: divide Ry in soft (“S") and hard (“H") part:
Ry = RE) +RYD = By @ dS, + Ha

o identify subtraction terms and shower kernels dS; = > Kjj«
{ij,k}

(modify /C in 15t emission to account for colour)

2
Hn

doy = doyBu(on) | A3, t0)+/ APy K 4 (P1) AL (13, K3)
——
B+V fo

+d®pn1 Hy

o effect: only resummed parts modified with local K-factor
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[e] lelelelele}
MC@NLO
@ phase space effects: shower vs. fixed order
1.00 p— T
070 E imrmTaTEL, N
o 0%0F S
3 0.50 3 E
S 0%0f <
é el siscone ;‘
L) _r pit>10 )
0.10 EJ 80 GeV g
o
0.07 F| m,=171 GeV. my=400 GeV =
008 —Iz tlx ;
st VitV T

@ problem: impact of subtraction terms on local K-factor
(filling of phase space by parton shower)

@ studied in case of gg — H above
o proper filling of available phase space by parton shower paramount

Precision Monte Carlo



Matching

00@0000
MC@NLO

MCGONLO for light jets: jet-p|

Inclusive jet transverse momenta in different rapidity ranges
5

= 100 T T T — T T T T —T
g —— ATLAS data 3 |
2 Phys. Rev. D86 (2012) 014022 D E T ——
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MC@NLO

MCGONLO for light jets: dijet mass

Dijet invariant mass spectra in different rapidity ranges

;1"“];\\‘ T T T T T < T T L T L
<] E s 155 Z
S 1o —s— ATLAS data T qE =
5 Phys. Rev. D86 (2012) 014022 J osE [10<y <d4 E
g —— SuErra MC@NLO = = —t——
T 10 Hr=pr=%Hr, ng=>4p. § 1? =
5 J— ERD =
% g SHr.ExANLCl@‘:I[Iﬁ) g o5 [35<y <40
MR =pr=g3H", = —H —————
e g s
E 1E
1013 Y os5E 30<y <35
o = =
g 5E
101t ~ 1E
§ o5E  25<y* <30
0 ] 7 Ly
10 PPN —————
3
109 ~ 1
9 *
10 = o5 ‘}Z-OW 525
S 1sEF ——
107 3 + or M
T
o
10 = o5 15<y <20
s a5 ——
o S 4 +AAA‘1A““M‘LU_
o
1o 3 ospy L0<y <15
o s s —————
R, fF variation o
10% g variation U !
M} S osE 1 05<yT 0
101 variation s e ST t —+——+
g
, g N
101 B L P = o055, Yo,
07 1 107" 1
gy [TeV] iz [GeV]
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MC@NLO

MCGONLO for light jets: azimuthal decorrelations

Dijet azimuthal decorrelation in various p'* bins

T T T 3 g IR RN R 3
1 15 = =
§ sl T CMsdam 5 E L 3
5 E ghys, R(;CIg;:I.Lgb(zou)uzcm g 4 et~ E
F— su E E
E 05 GeV < plead =
N L ur =pe=4Hr, po=}p. E 300GET< Pl 3
"ot Lo fonr b foor e
104 £ E
E s 15 E
[ 2 LE o s AR =l E
) SR B e e e -
109 E f
E = E 200 GeV < plad <300 GV
£ N R RE RN EE RS EERE RR N EE
107 |- = E
E £ E
E 3 N E
g R -+~
140 GeV < p'ad <200 GevV
RN RN R RS R AR
s E
= E 3
T 1 e |
SRR S e e e e A s
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B e e ey 1 4
e
s E
3 T P N I e P . DE
g bbbt -
g E
E E 80 GeV < plf*d <110 GeV
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AP Ag
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MC@NLO

Matching

0000080

MCGONLO for light jets: R3;, & forward energy flow

R3p

MC/data

Krauss

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

—e— CMS data
Phys. Lett. B 702 (2011) 336
—— Swuerra MC@NLO
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Forward energy flow in dijet events, p* > 20 GeV/

A B e R
—e— CMSdata
JHEP 1111 (2011) 148
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MC@NLO

MCGONLO for light jets: jet vetoes

F. Kra

Gap Fraction

s
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Inclusive jet transverse momenta in different rapidity ranges

L o e e A H N A
—e— ATLAS data g
JHEP 09 (2011) 053

—— SuErrea MC@NLO
L ug=pr=%1Hr, po=

Forward-backward
- selection

- JF, g variation =
Jg variation
MPI variation

240GeV < i, < 270 Ge\é
+

210GeV < | < 240 GeV
+5
180GeV < p, < 210 GeV
+4
150 GeV < p, < 180 GeV
+3

120 GeV < p; < 150 GeV/
+2

o 1 2 3 4 5 6

Precision Monte Carlo

MC/data  MC/data  MC/data MC/data MC/data MC/data

MC/data

S RAaR) LARRANNRARRA LARRRTRAAN

70GeV < py < 90 GeV

L [Tl

1

2

3

4

5

Ay



Multijet merging

MULTIJET MERGING

Krauss

Precision Monte Carlo



Multijet merging
[ lo]e}

Basic idea

Multijet merging: basic idea

@ parton shower resums logarithms
fair description of collinear/soft emissions
. . exact ME
Jet eVOlUt|0n (where the logs are large) — LOdjet

3]

@ matrix elements exact at given order 4
fair description of hard/large-angle emissions 1
jet production (where the logs are small)

act ME
LO Sjet, but alsc
NLO djet

@ combine (“merge”) both:
result: “towers” of MEs with increasing
number of jets evolved with PS

o multijet cross sections at Born accuracy o
e maintain (N)LL accuracy of parton shower

SS
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Basic idea

Multijet merging
(o] lo}

@ separate regions of jet production and jet
evolution with jet measure @,

(“truncated showering” if not identical with evolution parameter)

@ matrix elements populate hard regime

@ parton showers populate soft domain

Precision Monte Carlo

DIGev |

3

ao/ap L P

0

— P
— W+ Ojet
— W tjet
— W2t
— W3t
W+ djet

+ DoData

Do b el no Ll e
20 40 60 80 100 120 140 160 180 200
/ GeV

P




Multijet merging
ooe
Basic idea

Why it works: jet rates with the parton shower

@ consider jet production in eTe~ — hadrons

Durham jet definition: relative transverse momentum k; > Q,
o fixed order: one factor as and up to Iog2 EC m. per jet
@ use Sudakov form factor for resummation &

replace approximate fixed order by exact expression:

MA< R2(QJ) = [A ( c.m. QJ)]
Ezm 2 2
WQMQJ) = o8, @) [ [”ﬁ})dzm(ki,a
Q3 \ /

DB, KAl GD)AL(K2, oﬂ
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Multijet merging

Multijet merging at LO 000
Multijet merging at LO
@ expression for first emission
Hiy
_ (K)(, 2 ()¢, 2 _
do = doy By AN (,[LN, to)+/d¢1 ICNAN (:LLNa tN+1)e(QJ Qn-
to

AP Brr AN (131, tne1)O(Quss — Q)

@ note: N + 1-contribution includes also N +2, N+ 3, ...

(no Sudakov suppression below t,, | 1, see further slides for iterated expression)
@ potential occurence of different shower start scales: iy ny1,...
@ ‘unitarity violation” in square bracket: ByKny — By

(cured with UMEPS formalism, L. Lonnblad & S. Prestel, JHEP 1302 (2013) 094 &

S. Platzer, arXiv:1211.5467 [hep-ph] & arXiv:1307.0774 [hep-ph])
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Multijet merging
0®00

Multijet merging at LO

(n — N) extra jets no emissions off internal lines
Amax—1 n—1 n—1
do = Z d®, B, H O(Qj+1 — Q) H AJ(‘K)(tjv tjt1)
n=N j=N j=N
ty
| At t0) + [ A0 A, £012)0(Q, — Qi)
to
no emission next emission no jet & below last ME emission
Nmax—1 Nmax — ]
+d®r,,. By, O(Q+1 - Q) H A, t10)
Jj=N J
trmax -
| (1) + [ 002K A (b1, )
t i
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Multijet merging
(e]

[e]e]
Multijet merging at LO

Di-photons @ ATLAS: m., pi 4, and A¢,., in showers

(arXiv:1211.1913 [hep-ex])

s T B T T T T T T T -
3 ATLAS 3 ATLAS £ 1
2 =770V & = 7TV 3 < ATLAS
g —— Datazont, fLat-as - & —— Data 2011, L= 491" EL I
3 %, N PYTHANGHG x 1.2 (MRST2007) € N PYTHANGIG 13 (MRST200) 3 —— Daaz011 fLat- a0’
%, % srerpancite <12 CTEQRLY) 8 s Y sHeRPANGHG x 13 (CTEGRLY) QN PYTHAMC e x 1.2 (MAST2007)
N - = Y SHERPAMC1c x 1.2 (CTEQBLY)
. 107 =, E
= ™
ES 4 100 4
e
= ]
P— 104k ] ]
——— L —
T 105 Do . . . . .
< < <
g £ £ 3
& E & 25F E G 2s5F
2 A E & i ’ & 20
2 e Y S g 15k E 2 1sE
E ] WL £ Mo I e —
k 05E E 05
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z I 3 E
H S £ i
S £ 25 £ 25 —t—
5 S 130 M 5 .2 s
g sy IS TN ; g8 o
e Saians
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256300400500 600708 800 S I L O ) [ B BT
m, (Gev] P, [GeV] 20, [rad)
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Multijet merging
{eJe]e] ]

Multijet merging at LO

Aside: Comparison with higher order

e
- ATLAS
I E7Tev
om0, fuat- st

A DIPHOKGAMMAZIG (CT10)

%,

doldm,, [pbiGeV]

21NNLO (MSTW2008)

data/DIPHOX
©

Gata2NNLO

oy

0100 200 300 400 500 600
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Multijet merging
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MENLOPS

A step towards multijet-merging at NLO: MENLOPS

@ combine matching for lowest multiplicity with multijet merging
@ interpolating local K-factor for reweighting hard emissions

By Hy Hn Byn/By  for soft emission
fv(®ns1) = By (1 B BN+1> + Byt - { 1 for hard emission

uy
0,2, 1) + / a1 KnAO (2, thi1)0(Q) — Quan)

to

+dPp1 "HNASVK)(M%\/, tn+1)O(Qs — Q1)

do = d¢’/\/ BN

+dP g1 ky BN—}—IAE\/)C)(,U%\M tn4+1)O(Qng1 — Q)

F. Krauss
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MENLOPS

Transverse momentum of W & Z boson

ATLAS, arXiv:1108.6308, arXiv:1107.2381

» B R R » r — —
Q 2|~ - Combined Data 2010 ATLAS - o [ Combined ee+un ATLAS
% Stat. Uncert. % 1.6~ ——Data 2010 4 7]
. ALPGEN+HERWIG ILd«zaw po’ W [ RESBOS Ldt=3540pb" ]
@ P —-Mceno [ «=+ PYTHIA
~ [ POWHEG+PYTHIA Ns=7TeV >~ 1.4 — MC@NLO
= 16 = PYTHIA 3 POWHEG
8 — RESBOS 1 2 ALPGEN
© 14 ——SHERPA 4 S 1.2 — SHERPA
© o o
o 4 g i
o o 2 e ST
s S it
8 ©
158 Q 0.8
<24
\J
06 p > 20 GeV
66 GeV <m,; < 116 GeV
1 | 1 1 1 1
0 50 100 150 200 250 300 1 10 102
Py [Gev] F [GeV]
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MENLOPS

Z+jets: inclusive quantities

ATLAS, arXiv:1111.2690

10" T T T T T T = T T T T T T
E ATLAS 2y~ ITy+2 1 jet 2 ATLAS Zly (- T)iets (1=e )
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£ aniik, jets, R = 0.4 —=— ALPGEN N antik, jets, R =0.4 SHermA
ot o ¥ ot e ——
5 P>30GeV, Y| <44 s SHERPA b B>30Cev<as T RN
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= s ——
g ] ]
s 5

I I I I I I I I I i
T

I
F t T
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Syl Bk - SHERPA i g 7
a o . //
= . v o aae i
9 el Yy vy, M 9 ]
2 bbb b B e
g LRI B g LA oty 7
8 . i iy I ST I 8 . 7
S odl d S oal WMW/
QaER-rHE b S+
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Z-+jets: jet transverse momenta

ATLAS, arXiv:1111.2690
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Z-+jets: jet transverse momenta

ATLAS, arXiv:1111.2690
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Z+jets: correlation of leading jets

ATLAS, arXiv:1111.2690
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Z+jets: Agzi in unboosted sample

CN

1S, arXiv:1301.1646
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Z+jets: Agz in boosted sample

CN

1S, arXiv:1301.1646
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Multijet merging at NLO

Multijet-merging at NLO: MEPS@NLO

@ basic idea like at LO: towers of MEs with increasing jet multi
(but this time at NLO)

@ combine them into one sample, remove overlap/double-counting

maintain NLO and (N)LL accuracy of ME and PS

o this effectively translates into a merging of MC@NLO simulations
and can be further supplemented with LO simulations for even
higher final state multiplicities

F. Krauss
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Multijet merging
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First emission(s), once more

do =

F. Krauss

2
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Multijet merging at NLO

pt in MEPS@NLO

Transverse momentum of the Higgs boson @ first emission by

o r ] Mc@NLO

Q pp — h+jets

"é« SHERPA S-MC@NLO

— 107" = —

o E E

< = E

< C 7

) C ]

o |- -
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pi(h) [GeV]
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Multijet merging at NLO

pt in MEPS@NLO

Transverse momentum of the Higgs boson @ first emission by
= L L L L B B L B B Mc@NLO , restrict to
Y = -

Q L pp — h+jets B Qn+1 < cht
2 pp — h +0j @ NLO
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Multijet merging at NLO

pt in MEPS@NLO

Transverse momentum of the Higgs boson @ first emission by
= L L L L B B L B B Mc@NLO , restrict to
% L -
% L pp — h+jets i Qn+1 < Qeut
= - pp — h+ 0j @ NLO ° .
S0t e pp—h+l@NLO MCONLO pp — h + jet
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Multijet merging at NLO

pt in MEPS@NLO

Transverse momentum of the Higgs boson @ first emission by
= L L L L B B L B B MC@ONLO , restrict to
% L -
% L pp — h+jets i Qn+1 < Qeut
o pp — h+0j @ NLO ° .
S0 Lk, e pp—h+l@NLO MC@NLO pp — h + jet
§' £ b 3 for Qn+1 > cht
) F ] . —
3 [ - ] @ restrict emission off
ke 1 pp — h+ jet to
1072 } . — Qn+2 < cht
107 T E
o J L O N W [ IR B IR : i ‘ I
o 50 100 150 200 250 300

pi(h) [GeV]
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pt in MEPS@NLO

Transverse momentum

Multijet merging

of the Higgs boson

0O0@000000000000000000000

first emission by

do/dp, [pb/GeV]
T

103

pp — h+jets

pp — h+0j @ NLO
----- pp— h+1j@NLO
- pp — h+2j@NLO

MC@ONLO , restrict to
Qn+1 < cht

MCONLO pp — h + jet
for Qn+1 > cht
restrict emission off
pp — h + jet to

Qn+2 < cht

Mc@NLO

pp — h + 2jets for
Qn+2 > cht

10

50 100

150 200 250

300

pi(h) [GeV]
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pt in MEPS@NLO

Transverse momentum

Multijet merging

of the Higgs boson

0O0@000000000000000000000

@ first emission by

do/dp, [pb/GeV]
T

pp — h+jets

pp — h+0j @ NLO
----= pp = h+1j@NLO
---= pp = h+2j@NLO

MC@ONLO , restrict to

l Qn+1 < cht

@ MCONLO pp — h + jet
for Qn+1 > cht

@ restrict emission off
pp — h + jet to

vrrlan - - ] Qni2 < Qeut
] @ Mc@NLo
E ] pp — h + 2jets for
et 7 Qn+2 > Qeut
7 E = @ iterate
o J L O N W [ IR B IR : il
o 50 100 150 200 250 300

pi(h) [GeV]
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Multijet merging

pt in MEPS@NLO

Transverse momentum of the Higgs boson

0O0@000000000000000000000

first emission by

10

do/dp [pb/GeV]

10

‘..‘.LHU.‘

pp — h+jets

pp — h+ 0j @ NLO
=== pp = h+1j@NLO
--= pp = h+2j@NLO
pp— h+3j@LO

MC@NLO , restrict to
Qn+1 < cht

MC@NLO pp — h + jet
for Qn+1 > cht
restrict emission off
pp — h+ jet to

Qn+2 < cht

Mc@NLO

pp — h + 2jets for
Qn+2 > cht

iterate

50

100 150 200 250

pi(h)
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Multijet merging at NLO

pt in MEPS@NLO

10

do/dp [pb/GeV]

10

Transverse momentum of the Higgs boson

0O0@000000000000000000000

first emission by

pp — h+jets

pp — h+ 0j @ NLO
=== pp = h+1j@NLO
--= pp = h+2j@NLO
pp— h+3j@LO

‘..‘.LHU.‘

MC@NLO , restrict to
Qn+1 < cht

MC@NLO pp — h + jet
for Qn+1 > cht
restrict emission off
pp — h+ jet to

Qn+2 < cht

Mc@NLO

pp — h + 2jets for
Qn+2 > cht

@ iterate

@ sum all contributions

100 150 200 250

pi(h)

50
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Multijet merging at NLO

pt in MEPS@NLO

Transverse momentum of the Higgs boson @ first emission by
7\\\\ \\\\‘\\\\‘\\\\‘\\\\‘\\\\7 MC@NLO’reStrictto

pp — h+jets ] Qn+1 < Qeut

7””25:21%2;[&8 @ MCG@NLO pp — h+ jet
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""" pp = h+3@LO @ restrict emission off
pp — h+ jet to
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@ Mc@NLO
pp — h + 2jets for
Qn+2 > cht

@ iterate

10
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Fu

10

T

@ sum all contributions

i @ eg. pj (h)>200 GeV
10*4\\\\‘\\\\ IR B IR it has contributions fr.
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Multijet merging at NL

MEPS@NLO: example results for e e™ — hadrons

Durham jet resolution 4 — 3 (Ecys = 91.2 GeV)

Durham jet resolution 3 — 2 (Ecus = 91.2 GeV)
3 T 3 T T
- 1 £l
E ol
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Multijet mergin,

g

MEPS@NLO: example results for

1/o do/dT

MC/data

1/¢ do/dC

F. Krauss
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1072
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—— ALEPH data
—— MePs@Nto
MEPs@NLo /2. 20
—— MExtoPs
MENLOPS j1/2... 21
Mc@NLo

Ty

(8

1/¢de/d

MC/data

—— ALEPH data
—— MePsaNio
MEPS@NLO 41/2...2t
—— MEntoPs
MENLOPS /2.2
L Mc@Nto

1/¢do/d(C"

3

10

1074

14
12

08

O000@0000000000000000000

e e™ — hadrons

Moments of 1~ T at 91 GeV
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Multijet merging at NLO

Example: MEPS@NLO for W+jets

(up to two jets @ NLO, from BLACKHAT, see arXiv: 1207.5031 [hep-ex])

Inclusive Jet Multiplicity
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First Jet p

Multijet merging

W > Tjet (x1)

W > 2jes (an

E W+ >3jets (x001)
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Multijet merging at NLO
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Multijet merging at NLO

Results for Higgs boson production through gluon fusion

@ parton-shower level, Higgs boson does not decay

@ setup & cuts:
jets: anti-kt, p; > 20 GeV, R=10.4, |n| < 45
dijet cuts:  at least 2 jets with p; > 25 GeV
WBF cuts:  mj; > 400 GeV, Ay; > 2.8
@ jet multiplicity plots:
O-jet excl.: no jet with p; > {20, 25, 30} GeV
2-jet incl.:  at least two jets with p; > {20, 25, 30} GeV

o SHERPA with H + {0,1,2}(NLO) 1 [31(LO) jets, Qs = 20GeV

F. Krauss
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Multijet merging at NLO

Inclusive observables for gg — H

F. Krauss

Higgs boson transverse momentum

Higgs boson rapidity
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Multijet merging at NLO

Exclusive observables for gg — H

Higgs boson transverse momentum (i sverse momentum of the H ji

= —— T = e
% T
< o
s StErea MEPs@NLO 3
= o R = HCKKW =
s s
2 2
S S
3 3
I I
2 2
2 2
&£ &£

o 50 100 150 200 2; 00

80 100 50 30
po(h) [GeV] po(hjr)
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Multijet merging at NLO

gg — H after WBF cuts

Transverse momentum of the Higgs boson isverse momentum of the H j; j, system
z n T T T T ] B T T T T
< b 4 o
3 L SuerrA MEPS@NLO ] = SuerrA MEPs@NLO
& F 7 PR = PCKKW B )=l = HCKKW
200015 [— SN g = ] s
s F i b g e
B ) VBF cuts
o001
00005
% |
1 . We{(‘t{,
£ 3 RRKIRX
£ g R
o I RIS
£ £ X RRRRREIIRDDEX
£ £ IR
s 12 : RIS
g 1 o R
£ o8 54
0.6

o 50 100 150 200 00
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Multijet merging at NLO

gg — H after WBF cuts

Azumuthal separation of the two leading jets

Azumuthal separation of the Higgs and the two leading jets

2 z T T T T ]
g SHERPA MEPS@NLO = 0.7
: =z 3 :
z == PR = PCKKW T
Ny 6 y 5@l
3 SN g = my, k06 SuerpA MEPS@NLO
= g = Ay =z o IR = HCKKW
VBF cuts 5 95 S ;L’K:g’/’
s g = Ap
0.4 VBF cuts
I [
£ s
&£ 54

08 1
7= Ap(h, jaj2)
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Multijet merging at NLO

Quark mass effects

@ include effects of quark masses

@ reweight NLO HEFT with LO ratio:

(NLO) (NLO) Aol
dgmass ~ dO-HEFT X (LO)
OHEFT

F. Krauss
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Multijet merging at NLO

Quark mass effects — results

@ top mass effect in MEPS@NLO e comparison S-MCONLO- HRES
(on Higgs—p, ) (top—loop only)

Higgs boson transverse momentum

do_[_fb Z
1; o [@} :‘1’1 xtgmnw 8 —— HRes NLO+NLL

£ ! N Oneimcer = —— Sherpa S-MC@NLO
— WAL, ] =
100 HejetsNLO, N
E HHESNLO, . <
E | 1)
L 3

Finite top mass

pp — H \/5=8TeV

=
Q

-

0.

o

g

100 760 300 400 500 800 ol b e by
P, [GeVl o 100 200 300 400

500
P [GeV]
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Multijet merging at NLO

b—mass effects

b—mass effects more tricky

relevant only for (negative) interference of top— and bottom—loops
(bottom? double Yukawa - supressed)

@ but: cannot start shower at my
radiation “sees” bottom at all scales above my
=—> must use full theory there

p1 spectrum naively “squeezed” — funny shapes

LO multijet merging improves situation

F. Krauss

Precision Monte Carlo
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Multijet merging at NLO

b—mass effects: playtime

vary around pg = my vary around g = mp with Qeut = mp

Higgs boson transverse momentum Higgs boson transverse momentum

[pb/GeV]
[pb/GeV]

do/dp
do/dp

—— HEFT
—— my effects only

e and my effects, 5 = v/,
— == my and my effects, b = m,

—— HEFT
m effects only

— —— my and my effects, u? = my, /2
~—~ my and m, effects, ! = my,y/2

Ratio to HEFT
Ratio to HEFT
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S
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Multijet merging at NLO

b—mass effects: playtime (cont'd)

vary around Qcut = mp with g = my vary [iF R

Higgs boson transverse momentum Higgs boson transverse momentum

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

—— HEFT
my effects only

— == my and my effects, Qeut = my/VZ
— == my and my effects, Qeut = M2

—— HEFT
-ty € [0.5,2]my
- jr € [05,2]my,
m¢ and my effects, Qcut = my

Ratio to HEFT

Ratio to HEFT

0.95 ;—

L L il B IR
10 10 103

pL(H) [GeV] pL(H) [GeV]

1 10 10% 103 1
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Multijet merging
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Higgs backgrounds: inclusive observables in W W™ +jets

Transverse momentum of leading jet
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©oE ~—— MEPS@NLO 4/ +0,1j
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Multijet merging at NLO

Higgs backgrounds: jet vetoes in W W™ +jets

Integrated cross section in the exclusive o-jet bin Integrated cross section in the inclusive 1-jet bin
DN Alaadhats niaad nans naaad aanes naans Aaba aacs PR Skantaats taans wans naas A AA MMM RAASE
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Multijet merging at NLO
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Higgs backgrounds: gluon-induced processes W™ W~ +jets

e include (LO-) merged loop? contributions of gg — VV (+1 jet)

Transverse momentum of leading jet

do/dpy [pb/GeV]

—— MEPS@NLO 4/ +0, 1]
—— MEPS@LOOP? 4¢ +0,1j

°
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s 2
82
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Invariant mass of oppositely charged leptons
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Multijet merging at NLO

Higgs backgrounds: jet vetoes in W W™ +jets

‘Transverse momentum of leading jet Transverse momentum of leading jet

“s MEPS@LOOP? 40 +0,1j
- 40 +0j

e 4041
~—— LOOPZ+PS 4¢

1073

do/dpr [pb/GeV]

=== MEPS@LOOP? pp — 40 +0,1j
=== MEPS@LOOP? gg — 4/ +0,1g

Krauss

Precision Monte Carlo

pr [Gev]

pr[GeV]



Multijet merging
0000000000000 000000000e0

Multijet merging at NLO

Relevant observables for VH — 30: Et

Missng transverse energy after Z and top veto Missing transverse energy in Z depleted sample
= . " T T Signal
¢ - VW)
o M E
oot = ] ZH(WW)
—H(rT)
wH(zz)
—H(27)
Background Background
-7 -7
T —
wwz wwz
-z -z
wzz wzz
— 222 — 222
— Accumulated background uncertainty Kground uncertainty
— Accumulated signal uncertainty al uncertant

F. Krauss
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Multijet merging at NLO

Relevant observables for VH — 30: my»3 & ARy

Trilepton invariant mass after Zand top veto Angular separation of lepton pair in
! Signal
- VW)
WH(rT)
ZH(WW)
—H(rT)
wH(zz)
—H(27)
Background Background
-7 -7
— —
wwz wwz
-z -z
wzz wzz
— 222 — 222

T T
—Accumi ground uncertainty
" Accumulated signal uncertainty

Ratio

m— Accumulated signal uncertinty
—Accymulaed background uncertainy
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00
m GV
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Other merging approaches: FxFx & friends

Differences between MEPS@NLO, UNLOPS & FxFx

Multijet merging

®00000

FxFx MEPS@NLO UNLOPS
ME all internal V external all external
aMC@NLO_MADGRAPH COMIX or AMEGIC++
V from OPENLOOPS, BLACKHAT, MJET,
shower external intrinsic intrinsic
HERWIG or PYTHIA PYTHIA
Ay analytical from PS from PS
O(Qy) a-posteriori per emission per emission
Q@,-range || relatively high > Sudakov regime ~ Sudakov regime
(but changed)
~ 10% ~ 10%

F. Krauss
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Other merging approaches: FxFx & friends

FxFx: validation in Z+jets

(Data from ATLAS, 1304.7098, aMCONLO_MADGRAPH with HERWIG+-+)

(green: 0, 1, 2 jets + uncertainty band from scale and PDF variations, red: MC@NLO)

Fxclusive jet multiplicity Scalar p. sum of leptons and jets
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Other merging approaches: FxFx & friends

FxFx: validation in Z+jets

(Data from ATLAS, 1304.7098, aMC@NLO_MADGRAPH with HERWIG++)

green: 0, 1, 2 jets + uncertainty band from scale and PDF variations, red: MC@NLO)

Transverse momenturm of 1t jet Ratio of jet transverse momenta Transverse momentum of 3rd jet

= ’7—‘ 0S|
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Other merging approaches: FxFx & friends

FxFx: @, dependence in tt

(R.Frederix & S.Frixione, JHEP 1212 (2012) 061)

2 [ T T T T T 3 T T T T T T
10 pp » tt @ LHC 8 TeV in pb/bin 100k pp — tt @ LHC 8 TeV in pb/bin |
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10! -
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H | |
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} ’
over N=1:
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?Z Ratio éver N=I1: : ”°=45':Ge¥.” .
1.0 ot teta 2 S e
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) - Alpgen x 1.6 (ug=45 GeV) . | Alpgen x 1.6 (ug=45 GeV)
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Krauss

Precision Monte Carlo



Multijet merging
[e]e]e]e] Je]

Other merging approaches: FxFx & friends

Aside: merging without @, - the MINLO approach

(K.Hamilton, P.Nason, C.Oleari & G.Zanderighi, JHEP 1305 (2013) 082)

@ based on POWHEG + shower from PYTHIA or HERWIG
@ up to today only for singlet S production, gives NNLO + PS
@ basic idea:

e use S+jet in POWHEG
o push jet cut to parton shower IR cutoff
e apply analytical NNLL Sudakov rejection weight for intrinsic line in
Born configuration
(kills divergent behaviour at order cg)
o don't forget double-counted terms
o reweight to NNLO fixed order

F. Krauss

Precision Monte Carlo



Other merging approaches: FxFx & friends

NNLOPS for H production

Multijet merging

O0000e

(K.Hamilton, P.Nason, E.Re & G.Zanderighi, JHEP 1310 (2013) 222)
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Summary

Summary

@ Systematic improvement of event generators
by including higher orders has been at the core
of QCD theory and developments in the past
decade:

multijet merging (“CKKW", “MLM")
NLO matching (“MC@NLO", “POwHEG")
MENLOPS NLO matching & merging
MEPSONLO (“SHERPA”, “UNLOPS”,
“MINLO", “FxFx")

@ multijet merging an important tool for many relevant signals and
backgrounds - pioneering phase at LO & NLO over

@ complete automation of NLO calculations done
— must benefit from it!

(it's the precision and trustworthy & systematic uncertainty estimates!)

F. Krauss
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Summary

Famous last screams

@ in Run-Il we're in for a ride:

more statistics
more energy
more channels
more precision
more fun

o ... and all with QCD ...

oh, and btw.: all tools are public & used

S5

n Monte Carlo
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