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Motivations

Monte Carlo event generators play a key role in HEP, from discovery to
precision measurements.
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Often the only tools to make theoretical predictions talk to data.
For high accuracy, event generators should include the best theory

predictions.
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Introduction

GENEVA combines the 3 theoretical tools we use for QCD predictions
into a single framework:

1) Fully differential fixed-order calculations

» up to NNLO via N-jettiness subtraction

2) Higher-logarithmic resummation
» up to NNLL’ via SCET (but not limited to it)

3) Parton showering, hadronization and MPI
» recycling standard SMC (currently using PYTHIA8)

Resulting Monte Carlo event generator has many advantages:

» consistently improves perturbative accuracy away from FO regions

» provides event-by-event systematic estimate of theoretical perturbative
uncertainties and correlations

> gives a direct interface to SMC hadronization, MPI modeling and
deteCtor SImUIatlonS Simone Alioli | GENEVA | Vienna 25/4/2017 | page 3 @



Building GENEVA in 4 steps

1. Design IR-finite definition of
events, based on resolution
parameters 7y"".

2. Associate differential
cross-sections to events such

that inclusive jet bins are (NNLO ga, (7"

accurate and jet resolution is
resummed at NNLL

3. Shower events imposing
conditions to avoid spoiling
higher order logarithmic accuracy
reached at step 2

4. Hadronize, add multi-parton
interactions (MPI) and decay
without further restrictions

,3’?,-.
!

4
%)
h

.o
CERN
Simone Alioli | GENEVA | Vienna 25/4/2017 | page 4



Step 1: Slice up the phase-space

CERN
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The problem

v Fixed-order gives high precision for /" Resummation improves singular
inclusive quantities. regions.

X Only at parton level, no immediate way X Requires observable definition
to estimate detector effects. beforehand.

X Singular regions poorly described. X No fully-exclusive events.

Beyond LO, perturbative results are plagued by IR divergencies.
Only disappear after combining real emission with virtual correction:

At fully exclusive level, require introduction of subtraction counterterms to regulate
the divergencies in 4D

oNLO(X) = /dch (Bn(®n) + Vn©(Dn)) Mx (D)
+/d¢'N+1 {BN+1(‘I>N+1)MX(‘I>N+1) - ZCIT\YJL+1(‘I’N+1)MX[‘§7NYZ(¢N+1)]}

Bx 1 and O}y, are correlated unphysical “events”, separately IR-divergent:

X large positive and negative weights
X correlations must be propagated to shower/detector

X impossible to fully unweight
(\ERNQ
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Recipe for an IR-safe definitions of events beyond LO

» Only generate “physical events”, i.e. events to which one can assign an
IR-finite sensible cross section do™°.

» Introduce a resolution parameter 7y, Ty — 0 in the IR region. Emissions
below 75" are unresolved ( i.e. integrated over) and the kinematic
considered is the one of the event before the emission.

» An M-parton event is thus really defined as an N-jet event, N < M, fully
differential in ®x (standard “jet-algo” not needed )

e Price to pay: power corrections in 75"t due to PS projection.
e Advantage: vanish for IR-safe observables as 75** — 0

» lterating the procedure, the phase space is sliced into jet-bins

1 I
b, : b, ! b,
1 1
10 | | oo

1 I
1 I
1 1

’I-D < rl—ocut : TO > Tocut. : /1—0 > Tﬂcut
1 I
1 Tl < tI~1cut 1 :2—'1 > Tlcut

ut ut
TO Ti CERN
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Recipe for an IR-safe definitions of events beyond LO

» Only generate “physical events”, i.e. events to which one can assign an
IR-finite sensible cross section do™°.

» Introduce a resolution parameter 7y, Ty — 0 in the IR region. Emissions
below 75" are unresolved ( i.e. integrated over) and the kinematic
considered is the one of the event before the emission.

» An M-parton event is thus really defined as an N-jet event, N < M, fully
differential in ®x (standard “jet-algo” not needed )

e Price to pay: power corrections in 75"t due to PS projection.
e Advantage: vanish for IR-safe observables as 75** — 0

» lterating the procedure, the phase space is sliced into jet-bins

Inclusive N-jet bin

MC
dU>N

Aoy

41 N 24 ' £1 ~ 14
Tcut
1
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Recipe for an IR-safe definitions of events beyond LO

» Only generate “physical events”, i.e. events to which one can assign an
IR-finite sensible cross section do™°.

» Introduce a resolution parameter 7y, Ty — 0 in the IR region. Emissions
below 75" are unresolved ( i.e. integrated over) and the kinematic
considered is the one of the event before the emission.

» An M-parton event is thus really defined as an N-jet event, N < M, fully
differential in ®x (standard “jet-algo” not needed )

e Price to pay: power corrections in 75"t due to PS projection.
e Advantage: vanish for IR-safe observables as 75** — 0

» lterating the procedure, the phase space is sliced into jet-bins

Exclusive N-jet bin Inclusive (N + 1)-jet bin

1
1
1
dUJ'\(IIC ut | dag(}w—l t
] = Tv > TN
oy ) : d<I>N+1( N
1
1
1
:
! 21 ~ 23 ' 11 > 1q
Tocut T'lcut
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Recipe for an IR-safe definitions of events beyond LO

» Only generate “physical events”, i.e. events to which one can assign an
IR-finite sensible cross section do™°.

» Introduce a resolution parameter 7y, Ty — 0 in the IR region. Emissions
below 75" are unresolved ( i.e. integrated over) and the kinematic
considered is the one of the event before the emission.

» An M-parton event is thus really defined as an N-jet event, N < M, fully
differential in ®x (standard “jet-algo” not needed )

e Price to pay: power corrections in 75"t due to PS projection.
e Advantage: vanish for IR-safe observables as 75** — 0

» lterating the procedure, the phase space is sliced into jet-bins

Inclusive (IV + 2)-jet bin

Exclusive N-jet bin

MC
dal"f,c ut dUZN+2 Tn > Tcut
doy (T5") d¢N+2( NN

t
Tn+1 > Nu+1)

Tcut
1 CERN
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N-jettiness as jet-resolution variable

» Use N-jettiness as resolution parameter. Global physical observable with
straightforward definitions for hadronic colliders, in terms of beams ¢, and
jet-directions g;

2 . 2 .
Tn = 2 D> min{gi - pi, ooy an pe} = Ta = e} > min{qa - pr, @ Pr G Prs -os OGN DR}
k k

2 ) \ . 2 /. 1\ .
Jet 2 2 B Jet2 2 ) Jet3 3 a

’

» N-jettiness has good factorization properties, IR safe and resummable at
all orders. Resummation known at NNLL for any N in SCET stewart et al. 1004.2489,
» Tn — 0 for N pencil-like jets, Tx > 0 spherical limit. 1102.4344]

» Tn < T acts as jet-veto, e.g. CJV 7o = % >k min{qa Dk, b /);,} < Teut

(ERNQ
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Step 2: Construct NNLO+NNLL cross sections

CERN
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Perturbative accuracy required

(Notation: 7 = 7/Q, L = In7, Leut

Peak Transition Tail LL, NLL, NLL’ NNLL,
o (reut) 4
O(a) from O(a) from O(a) from — 1
resummation - resummation - fixed order oB
+ fixed order ci1 72 cut
+ Ots[ s LZ, +cioleut + €1,-1 + F (7 )}
+ 2 4+ 4+ 4
1 do
77:5!5/7-[ ciiL + c¢io + Tfl(T)}
opdr
+a2/r[ c2sL® + 2L + caLl + cao + Tf,(7)]
Tcut . .
excl. N jet €—————— incl. N+1jet + a‘;/r[ + : + 4+

» Lowest order accuracy across the whole spectrum in MEPS: CKKW, MLM
» Standard NLO+PS only improve total rate, not spectrum.

» GENEVA includes up to NNLL+ + NNLOx;, meaning the two-loop
virtuals ~ a25(7) are properly included and spread to non-zero 7 values

(ERNQ
\
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
» 0—jet exclusive cross section

do.(l\)/IC do.resum (Tcut) d sing match (Tcut) do.élons
de d®g d®g

cut cut
T (T8 = (T5™)

CERN
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
» 0—jet exclusive cross section

i tch
dJO ( Ocut — do.rcium (Tcut) d o e (Tcut) do.(r))ons (Tcut)
d®g do d®g d®g
doNNLL g ng

Hij(Q% 1r) Un (1m s )

ddg d®o

X [Bi(mm/iB)(@UB(NB»#)] x [Bj(zp, 18) ® U (B, 1))
® [S(us) ® Us(us, m)] ,

» SCET factorization: hard, beam and soft function depend on a single scale. No
large logarithms present when scales are at their characteristic values:

b =Q, wup=+QTo, ps="To
» Resummation performed via RGE evolution factors U to a common scale ..

(ERNQ
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
» 0—jet exclusive cross section

/ sing matck
do—(’\)llc (Tcut) — dJNNLL (Tcut) do-()mg e (Tcut) do.[r))ons (Tcut)
Aoy ° de d®o 0 dog

d sing match

Tcut =0
o (T

» At NNLL all singular contributions to O (a2) already included in d" hiad (Tg"t) by
definition. Singular matching vanishes.
» Two-loop virtual corrections properly spread to nonzero 7o as resummation dictates.

(ERNQ
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
» 0—jet exclusive cross section

dO' do NNLL' donons
quO (Tcut) T (%cut) + (J (Tcut)
10n8 NNLO ’
dO—E)OnS (760\“) — d0-0 0 (%cut) _ dUNNLL (7-Ocut)
d®g d®g d®g NNLOg

» Nonsingular matching constrained by requirement of NNLO, accuracy.

(ERNQ
Simone Alioli | GENEVA | Vienna 25/4/2017 | page 11



Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
» 0—jet exclusive cross section

doNNLL'
d®g

dagc
d®g

doNNLL' dUgNLOo

cuty __ cut
(To )A'A?EQT*(F) )+“?ﬁir*

75 - |
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
» 1-jetinclusive cross section

do.g(i gafum irllg match
e (0> T6™) = 2L 0(Ty > T§™) + —Z e (T0 > T5™)
donons
2 To > Tcut
a0, (To > T5™)

CERN
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Combining resummation with fixed-order in GENEVA

For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
1—jet inclusive cross section

sing match

do MC O.r>osum 2
1 (76 > Tcut) o, (T(] > T(‘uf) _21(1) (76 > %cut)
1
donops
o (T > T5™)
doresum dO’NNLL,
G0 = asear; T
1 od/o

Resummed formula only differential in ®, 75. Need to make it differential in 2 more
variables, e.g. energy ratio = = E);/Es and azimuthal angle ¢

We use a normalized splitting probability to make the resummation differential in ®;.

P(@y) = Psp (2, ¢) dPodTodzde LTI
o T 2d pep (2, 0) A1 d2odTo

psp are based on AP splittings for FSR, weighted by PDF ratio for ISR.

(ERNQ
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
» 1-jetinclusive cross section

MC . dO’NNLL/ do.;lgfls .

cuty _ P(d 2 cu

dq>1 = (To > T§™) = aaeary PO+ g5, (o> T3
da.non% . NLOl . d NNLL' "
> Teu > Jeu P(P 0 cu
Gy (0> T = = (0> ) = | G o PO | 00T > T5)

» Singular matching vanishes again at NNLL
» Nonsingular matching fixed by NLO; requirement

(ERNQ
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.
» 1-jetinclusive cross section

MC ’ NLO; ’
oM doNNLL dolt JoNNLL
= (7o > To") = ———P(®1) + ——(To > To"") — | 7=—=—P(®
a4, (70 > 75™) d®odTo (®1) dd; (To > 75™) d®odTo (®1) NLO;

CERN
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.

» We also perform the NLL resummation of 7% to obtain a sensible separation
between 1 and 2 jets, always enforcing unitarity.

U

UL (@1, TE™) =
r(l 220k + Ca) [V (s ) — nNE (g, )] )

InU =2(20F + CA)

2K (g, pm) — KR (us, MH)]

WqgWq WqgWq
+2C0F | —np ™ (wys per) In | =257 +7711:ILL(H57MH)IH( 1 q)
74 Sqq

2

w w2sqq
=Y (g, pp) In <#Qg> + Y (s, pr) In (9
H

SqgSqg

+Ca

+ KN (g, pmr) — 2v8(2CF + Ca) [UFLL (s, pm) —mp " (/Uv“H)] :

(ERNQ
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.

» We also perform the NLL resummation of 7% to obtain a sensible separation
between 1 and 2 jets, always enforcing unitarity.

» Results in lengthier expressions. Need to include both the 75 and 7; resummations.
See arXiv: 1508.01475 and arXiv: 1605.07192 for derivation.

d MC dgresum do match
do(g (76 > %cut;rrlcut) 0—11 (76 > Tcut T(u‘r) + (76 %cut;a-,—lcut)
1 d®,
MC resum
da cut cuty __ T>2 cut cut
o (o> T§" T > TP = — =5 (To > T6™) 6(Ti > i)+
2
do.match
dq) (76 > %cu 7—1 > Tcut)

(ERNQ
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Combining resummation with fixed-order in GENEVA

» For Drell-Yan at NNLO need to provide partonic formulae for up to 2 extra partons.

» We also perform the NLL resummation of 7% to obtain a sensible separation
between 1 and 2 jets, always enforcing unitarity.

» Results in lengthier expressions. Need to include both the 75 and 7; resummations.
See arXiv: 1508.01475 and arXiv: 1605.07192 for derivation.

dgresum ) i de® ) )
a0 > TS TE) = G2t D@, T 0T > T5™)
do-r;;m“ 7— Tcut dogl Z'v/ (P 7)) 0(T¢ 7 1t P(dy) 0O 7— Tcut
= — = D . -~ gcut\
d(I)Q ( 0> 0 ) d¢1 J( 1 1)0(To > 0 )¢1:¢T(¢2) ( 2) ( 1> 1 )
dO’C dgresum dgresum
S =T BV - [T
doy doy d®1 INpoy

dolesum

» The fully differential 7o information is contained trough d2<1>11

(ERNQ
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Scale profiles and theoretical uncertainties

iAlaatd st e 200 : ‘ ‘
10°g pp = Z/y = e¢Te™ (T TeV), p=my 4
= o full NNLO ]
i‘j) 10 E --- singular 3 150+ YI<2 |
= EN. e nonsingular J 1B
o
2 10 E Hs
— r 3 Wi 100} MH ]
< [ ]
o ] =
=10 3 50/ ]
10*2:mmHAmmmAu'l.uuunmm“x“mm: 0 ‘ ‘ ‘
0 20 40 60 80 100 0 20 20 60 30
To [GeV] To

Theoretical uncertainties in resum. are
evaluated by independently varying i = pro = Myt ,

each p.
Range of variations is tuned to turn off p5(To) = pro frun(To/ Q)
the resummation before the 158(T0) = pro/ frun (T0/Q)

nonsingular dominates and to respect
SCET scaling uy > up 2 s

FO unc. are usual {2pm, um/2} frun(z) common profile function: strict
variations. canonical scaling z — 0 and switches

Final results added in quadrature. off resummation z ~ 1 =
Simone Alioli | GENEVA | Vienna 25/4/2017 | page 12 :



Scale profiles that preserve the total cross-section

Different advantages in resumming the
cumulant (better cross-section and
correlated unc.) or the spectrum (better
profiles in trans and tail region and
better point-by-point unc.)

The two approaches only agree at all
order. Numerical differences when
truncating are a problem for NNLO
precision.

Enforcing equivalence by taking
derivative or integrating results in
unreliable uncertainties.

Similar problem in preserving total xsec
in matched QCD resummation solved
with ad-hoc smoother.

We add higher-order term to the
spectrum such that the total NNLO XS
is preserved.

Correlations now enforced by hand for

up/down scales, new automatic method

to select profile scale recently proposed
arXiv: 1701.07919

cumulant
with free scales

spectrum
with free scales

djdr P
] ——

set profile set profile
scales scales

cumulant with spectrum with

do
profile scales ddr /dT 2 ) | otie sates
GENERALLY ARE NOT GENERALLY ARE NOT
EQUAL AT FINITE ORDER EQUAL AT FINITE ORDER

cumulant
derivative

T do B}
ool ARG D) ()7

cumulant vs. integrated spectrum

= cumulant

N [spectrum

0‘80 0.1 0.2 03 04 0.5
T

(ERNQ
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Scale profiles that preserve the total cross-section

cumulant spectrum

Different advantages in resumming the i e S
cumulant (better cross-section and L] ———
correlated unc.) or the spectrum (better
profiles in trans and tail region and set roie setprfie

H B scales scales
better point-by-point unc.)
The two approaches only agree at all cumuant it I ——"

h : rofle scaes | - (i(7) ' dfdr [ dr o b () | e e
order. Numerical differences when e (Lo / roteses
N GENERALLY ARE NOT GENERALLY ARE NOT

truncating are a problem for NNLO CQUAL AT FINITE mg\$ $Lm AT FINITE ORDER
precision. et [t S ") L, ot
Enforcing equivalence by taking
derivative or integrating results in cumulant vs. integrated o-improved spectrum

unreliable uncertainties.
Similar problem in preserving total xsec

1.0} NNLL'+NNLO

in matched QCD resummation solved 08 [

with ad-hoc smoother. A o-improved
. =06 S

We add higher-order term to the Al

A
spectrum such that the total NNLO XS 04
is preserved.

Correlations now enforced by hand for

up/down scales, new automatic method 0g

to select profile scale recently proposed 0 01 02 03 04 03
-

arXiv: 1701.07919
(\ERNQ
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NNLO accuracy in GENEVA

Resum. expanded result in do3"*/d®; acts as a differential NNLO 7o-subtraction

NLO
d021 1 doNNLL
dd, d®yd 7o

Nonlocal cancellation in ®,, after averaging over d®; /d®od7, gives finite result.

To be local in 7o has to reproduce the right singular 7o-dependence when projected
onto d7od®y.

P(cbn}

NLO;

doNLO
d®,

(T0) = [B1(®1) + Vi (1)] 6(T(®1) — To) + / e Ba(®2)6 (T(21(22)) = To)

Real emissions must preserve both d*q 6(¢% — M? 2+,—) and
7o = pre” vVl = ppye~lvv=ml 4 pp se~lvv =21, Cannot re-use existing
calculations.

Standard FKS or CS map don’t preserve 7y. They are
designed to preserve other quantities. We had to design
our own map.

This map makes Tp-subtraction local in 7. Better
numerical convergence. Still averaged over dQ. @
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NNLO accuracy in GENEVA

Resum. expanded result in do29"¢/d®; acts as a differential NNLO 75-subtraction

NLO; ,
dUZI [dUNNLL

@
Ao, dBgdty 1)}

NLO;

Nonlocal cancellation in ®,, after averaging over d®; /d®od7, gives finite result.
To be local in 7o has to reproduce the right singular 7o-dependence when projected

onto d70d®g.

dogors 20 T T
d‘jp (TE™) = [as f1 (TS, Bo)+ E pp— 2y = e (TTeV) ]
0 E p=mz J
Oéf f2 (7-Ocut7 q)O)J %cut i 0:
o NLO
cut do‘Sons cut l:z 720; pure NNLO
Znons(Tg™") = [ d®o W(% ) mi
—40F ]
At TEU = 1 GeV gives ~ 1% xsec. SO, ol
Small but not negligible, can be lowered 107" 1 10 10
further. Tradeoff with speed/stability. T [GeV)

J1(®o, TEu) included exactly by doing NLO, on-the-fly.

For pure NNLOy, we currently neglect the ®, dependence below 71t and include

total integral via simple rescaling of do¥'®/d®o (7L1t).

CERN
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NNLO accuracy in GENEVA

Resum. expanded result in do29"¢/d®; acts as a differential NNLO 75-subtraction

NLO
d021 1 doNNLL
dd, d®yd 7o

Nonlocal cancellation in ®,, after averaging over d®; /d®od7, gives finite result.

To be local in 7o has to reproduce the right singular 7o-dependence when projected
onto d7od®y.

P(q)l)} NLO;

donons 20—
d(<)I> (%C“t) = [as f1 (76‘3‘“’ Do)+ E pp = Z/y — ete” (7 TeV) ]
0 E p=mz J
Q2 f2 (5™, @) T5™ A UF z
=k NLO E
cut do‘élons cut l:é 720; pure NNLO é
Znons(Tg™") = [ d®o W(% ) Nf E
—40F A
At Tt = 1 GeV gives ~ 1% Xsec. T R ERY:
Small but not negligible, can be lowered 107" 1 10 10
further. Tradeoff with speed/stability. T [GeV)

J1(®o, TEu) included exactly by doing NLO, on-the-fly.
Leading-power nonsingular recently calculated arxiv:1612.00450,1612.02911.

Inclusion under study. o
Simone Alioli | GENEVA | Vienna 25/4/2017 | page 14



NNLO validation

» NNLO xsec and inclusive distributions 400
validated against DYNNLO.
Catani, Grazzini et al. [[hep-ph/0703012, 0903.2120] 300

Also checked against VRAP.
Anastasiou, Dixon et al. [hep-ph/0312266]
» Comparison for 7 TeV LHC, 7£¢ = 1. pp— Z)y — ete” (T TeV)

Very good agreement for NNLO LooE. GENBVA+PYTHIAS
quantities, both central scale and E <4 NNLL;+NNLO,

200

do/dY [pb]

L AR N RN LARRR

=]

IETREET FETEETETY FRTERRIT FRTTI

variations. E B8 DYNNLO (NNLO)
Lo Lo e b b1

» Only scale variations shown as error 0.03
bands, statistical fluctuations show up 0.02
at large rapidities. T o0
» Non-trivial correlations for outer scales, £ 0
ad-hoc procedure to ensure exact = 001
reproducibility of fixed-order variations. —0.02
~0.03
0

CERN
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NNLO validation

» NNLO xsec and inclusive distributions
validated against DYNNLO.
Catani, Grazzini et al. [[hep-ph/0703012, 0903.2120]
Also checked against VRAP.

Anastasiou, Dixon et al. [hep-ph/0312266]

» Comparison for 7 TeV LHC, 7£¢ = 1.
Very good agreement for NNLO
quantities, both central scale and
variations.

» Only scale variations shown as error
bands, statistical fluctuations show up
at large rapidities.

» Non-trivial correlations for outer scales,
ad-hoc procedure to ensure exact
reproducibility of fixed-order variations.

ratio — 1

400’ e B M AARRRAS RER R R
3005 E
2 f 3
= 200F 3
= E o Z/y—ete (TTV) E
= f GENEVA+PYTHIAS El
100 ) E
E+NNLL7—+NNLOU el
F B2 DYNNLO (NNLO) E
T D D P
0.03
0.02
0.01
0
—0.01
—0.02
—0.03
0 1 2 3

Ye
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NNLO validation

» NNLO xsec and inclusive distributions
validated against DYNNLO. 40

pp = Z[y = ete (7 TeV)
GENEVA+PYTHIA8

quantities, both central scale and
variations.

» Only scale variations shown as error
bands, statistical fluctuations show up
at large rapidities.

» Non-trivial correlations for outer scales,
ad-hoc procedure to ensure exact
reproducibility of fixed-order variations.

Catani, Grazzini et al. [[hep-ph/0703012, 0903.2120] % -+ NNLLLF+NNLOU g

Also checked against VRAP. D 3 £ DYNNLO (NNLO)
Anastasiou, Dixon et al. [hep-ph/0312266] i E

» Comparison for 7 TeV LHC, 7t = 1. £ 3
Very good agreement for NNLO B

[EERTEENE FRERNERET] FRRRERNETY ix

ratio — 1

20 40 60 80 100
pre [GeV]

e True NNLO only for pr; < m,+,- /2. Around m,,- /2 very sensitive to Sudakov
shoulder logarithms. GENEVA resums some of these logs.

o pre > myy,— /2 only NLO. GENEVA results higher than NLO due to spillovers from
below m,,- /2 caused by resumm. Converges back to NLO at higher pr,

(ERNQ
\
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Step 3: Interface to the parton shower

CERN
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Adding the parton shower.

» Purpose of the parton shower is to make the partonic calculation differential in the
higher multiplicities.

» Can be viewed as filling the 0— and 1—jet exclusive bins with radiations and adding
more to the inclusive 2—jet bin

P ] ”m

l Parton shower (Pythia8) l

73 P

» Not allowed to affect jet xsec at accuracy reached at partonic level.
» Teut constraints must be respected.

07y (@rr) = O[T (@ar) < TR™],  Omap(®n; Pn41) = [@ 41 Projects onto @ ]

| @0 @ @y | on
dag'o/dq)g All - 07, (®1) and Omap (Po; P1) O, (P2) 07, (PN)
dol€/d®y | — 075 (®1) 0r Omap (1) 075 (®2) and 075 (@2) and Omap (P15 P2) | 07, (P n) and 673 (D)
do¥3/de, | - - 7, (®2) and [@T, (02) or§map(q>2)} U7 (@) and 75 (®)

(ERNQ
\\
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Adding the parton shower.

» If shower ordered in N-jettiness, 7, constraints are enough.

» For different ordering variable (i.e. any real shower), 7,c** constraints need to be
imposed on hardest radiation (largest jet resolution scale), rather than the first.

» Impose the first emission has the largest jet resolution scale, by using an NLL
Sudakov and the T,-preserving map.

dglhcf(:;)N cut da'JN\}C cut cut
NN (eut, A Y = TS Upn (TS A
Aoy ( N > N) dd ( N ) N( N N)

dU%&N+1 d [do}®
S A , cuty _ N—>N TCut;T P(d
ErTYe (Tn > An, TN™) Ty | dey (TN Tw) | P(Pn41)

X O(TE™ > Tw > An)

» Ap is shower cutoff, much lower than Tgu.

Showering setting starting scales 7,c"* does not spoil NNLL+NNLO accuracy:

e ®( events only constrained by normalization, shape given by PYTHIA
e ®; events vanish for A; < 100 MeV (sub per mille of total xsec).

e &, events: PYTHIA showering can be shown to shift 7, distribution at the same
a3 /To order of the dominant term beyond NNLL. Beyond claimed accuracy.

(ERNQ
\\
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Predictions for other observables : ¢r and ¢*

Comparison with DYQT 8ozzi et al. arxiv:1007.2351 and BDMT results sanfi et al. arxiv:1205.4760
Inclusive cuts for DYQT, ATLAS cuts for BDMT. Each normalized to own XS.
Analytic NNLL predictions formally higher log accuracy than GENEVA
PYTHIAS8 provides non-perturbative hadronization corrections

— —1
1015,,”' — — T3 10 ET T T —3
zF 1 %107 E
O 102k 1 O E E|
= E pp— Z/y—ete (T TeV) 1 = [ ]
& [ GENEVA+PYTHIAS 1 g0 = Z)y — ete (T TeV) E
= [ / 1 < E 3
T -+ NNLL+NNLO, = [ GENEVA+PYTHIAS ]
2 107F = DYQT NLL+LO, 3 T 107k 4 NNLL,+NNLO,
= [ 2 DYQT NNLL+NLO, i = [ =2 BDMT (NNLL+NLO,)
r = 1075
| Ll PR 0 Eiial Ll ol L
0.4g — P e —
_ 0.2 3 0.1F E
! 0 = : 3
2 q s O I ]
g E- b ]
70.2 3 —0.1F =
70.4 L 3 ,02: | ool L
107 : 1 10 102

ar [GeV] qr [GeV] CERN
\\
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Predictions for other observables : ¢r and ¢*

Comparison with DYQT 8ozzi et al. arxiv:1007.2351 and BDMT results sanfi et al. arxiv:1205.4760
Inclusive cuts for DYQT, ATLAS cuts for BDMT. Each normalized to own XS.
Analytic NNLL predictions formally higher log accuracy than GENEVA
PYTHIAS8 provides non-perturbative hadronization corrections

1/0do/d¢*

ratio — 1

T T T

—
T

10*1;_ pp — Z[y — eTe” (T TeV)
f GENEVA+PYTHIAS
10-2L -+ NNLL;+NNLO,
E & BDMT (NNLL+NNLO)
0.2’ T

T T T

0.1

ok

L rEH i
~01f 3

—0.20— PR | PR | PR |
1073 1072 1071 1

»*

¢* strongly correlated to g1

tan (ﬂ _2A¢> sin 6*

Z kgﬁ sin ¢l

i

o =

Very low end highly sensitive to
non-pertub. effects, k+ smearing.

Smaller unc. in GENEVA there not
necessarily an indication of higher
precision.

No sistematic tuning attempt, nor
inclusion of shower uncert. yet.

(ERNQ
\\
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Predictions for other observables : jet-veto acceptance

Comparison with JetVHeto 1000
Banfi et al. 1308.4634

Analytic predictions at NNLL formally 0

higher log accuracy than GENEVA 2 600 pp— Z)y = ete (TTeV
. . I GENEVA+PYTHIA8
Correctly gets total xsec in the tail. B
? 400 + NNLL’T+NNLOO

Non-trivial propagation of spectrum
uncertainties to cumulant result. 200
Neglecting correlations yield much

larger uncertainties.

= JETVHETO (NNLL+NNLO)
= JETVHETO (NLL+NLO)

[NRRRRRNE RRRRRRRERE FRRRRRRRNE ARRRNRRERE ARRRRREN
UL AR R AR LR AR R AR R RN RR AR R

I T e S A EREEY FRETY

Imposing total XS hard variations only 0.04
results in smaller uncertainties in peak _  o.02f
region. 5 0 ST SataRTaRIARIRANANRaRISRTEE!

: . . . = TTTTTTTTTTTITTITTITT
Solution is to pick profiles that correctly = _j E
capture the right uncertainty (currently 004 e
under investigation). Y e AT T

arXiv:1701.07919 0 20 40 60 80 100

P [GeV]

(ERNQ
\
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Step 4: Add hadronization and MPI
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Hadronization corrections to the beam-thrust spectrum.

» Hadronization is left totally unconstrained by the GENEVA-PYTHIA interface
» After showering level only small changes within pert. uncertainties.

200 T T T T 30 T T B T T T
' = Z)y > ee” (TTeV) . pp = Z[y = et (TTeV) o P — Z/y — e*e (7 TeV)
= 150k I GeNeBVA NNLL7+NNLOp 4 = N GENEVA NNLLZ7+NNLO, = GenEvA NNLL;+NNLO,
g B Analytic 3 20F B Analyic 3 Z 1 B Analytic
g ! —+ Partonic | % - Partonic = ~+ Partonic
Z 00k E= Showered | & 15F E= Showered { & B Showered
= | = = Showere
5 ! 5 IS
S < 10F B SR
5 50F 3 5 0 5 o
| 5F =
!
ohtii ‘ s s 0 ‘ ‘ ‘ ‘ . T ‘ i .
0 2 4 6 s 10 0 " Ty " % 30 30 50 70 90 10 130
7 [GeV] 7 [Gev] 7o [GeV]

» After hadronization O(1) shift in peak, tail unchanged: as predicted by factorization.

200 . . . 10 . . . : : :
pp— Z)y = et (T TeV) 35 pp = Z[y = ete” (TTeV) 3 pp = Zjy = et (7 TeV)
= 150 GENEVA+PYTHIAS NNLL7+NNLOp 20 GENEVA+PYTHIAS NNLL7+NNLOp 3 GENEVA+PYTHIA8 NNLL7+NNLOy
3 E= Showered 30 E= Showered z oL B Showered
s E= Hadronized 2% B Hadonized = BB Hadronized
2 100 4 =2 =
g S g
£ 50H RS S0
5
0 I L L L 0 . L ]
0 2 4 6 8 10 10 14 18 2 26 30 30 50 70 90 110 130
To [GeV] T [GeV] To [GeV]
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Hadronization effects for ete—

12 T T T T T T T T
I I I I I

F E 500 frr T R T
E { ALEPH (91.2GeV) J E - GENEVA+PYTHIAS
10 [ OPAL (91.2GeV) = E i B Default El
= E : 3 400 u E
?0 Py - GENEVA+PYTHIA8 3 E :" i ~—‘. ===~ Tune 3 o183
% E : =, == Default El i 300 E :' [ - C]:IS(T:ZC:_ R
E H - Tune 3 3 E ! = No hadr. E
= 6 ] a (n;z)—o w1 3 F ) E
I E L= T o E ~ E I =
E = No hadr. = _g 200 E ! E
SR E E i 3
s=] 3 = =
2 3 100 E b { ALEPH (91.2GeV) €
E = E4 OPAL (91.2GeV) E
0 G \\‘\ L1l ‘\\\ \‘\\ \\‘ L1l ‘\\ \\‘\ L1l ‘\\\ \‘\\ \\‘ 1114 0 = Ll ‘ Ll T T ‘ T B e

o 1 2 3 4 5 6 7 8 9 10 0 0.05 0 1 0.15 0.2

T> [GeV] B

v/ Excellent agreement with LEP measurements
v/ Directly uses PYTHIAS8 hadronization model to include nonperturbative
corrections.
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MPI and underlying-event sensitive observables

Z-boson

Underlying event is used to
characterize the physics not arising
from the primary interaction

Can receive contributions from small Toward
and large energy scales, including 46| < 60°
multiple parton interactions (MPI)

Experimentally, studied by looking at Transverse Transverse
the transverse region. 60° <|Ag| < 120° 60° <[A¢] < 120°

But higher order effects also often
produce big changes in the transverse Away
regions. |49 > 120°

Correct modeling needs accurate
description of hard interaction as well
as MPI and non perturbative physics.

Addition of MPI to GENEVA not straightforward, due to PYTHIA8 interleaved
evolution.
Shower constraints only applied to particle arising from primary hard
interaction. Secondary interactions unconstrained. @
|
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Results and comparisons with data
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Comparisons with data

500 T 7 T ]
f pp— Z]y —ete” (T TeV) | 10
400‘;—”—“_ GENEVA+PYTHIAS E
F NNLL,4NNLOp | .. 1E _
z 300p ! a <MT): 0 113;T 3 F oo 2y ete (TT)
= s\ = 1 % . GENEVA+PYTHIAS
z F 4 =} e
& 200F 4 E
r I ATLAS ] X E B NNLL/+NNLO,
Lok 1 1020 554 au(Mz) =0.1135
f 1 E § ATLAS
—~ 03 _ 02
Lo02p ! 0 15
« E < | -
= 01F =
A E ] Qa 3
R ] i = 0
S _01fF B -
Z ook E 01
E —0.2F E
—0.3E —0.25
>0 =0 >1 =1 >2 03 1072 107! 1
Njecs o

» Used RIVET [Buckiey et al. 1003.0694] @analyses to ensure full compliance with exp. selection.

» Also showing results for a.(Mz) = 0.1135 in GENEVA perturbative calculation.
» Good agreement for both inclusive and exclusive jet cross sections.

» Given agreement with NNLO, Z rapidity distributions mostly driven by PDF used
(CT10nnlo), same deviations observed in ATLAS and LHCb papers.

CERN A?
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Comparisons with underlying event measurements

Z — ptp”, 7 TeV, Transverse region, dressed level Z— ;ﬁ;f, 7 TeV, Transverse region
= [T T I I T T[T T T[T T[T I TIT T[T T oI oI[ITro[TITT] il T T T T T T T T
A U N A T = A A AR AR RN =
S 5E GENEVA+PYS i E
E [ == GENEVA+PY8(no MPI 7 —“ 7
L 4 1 =
g 4T—PYTHIA8 - = E E
1 n Tune 11 1 S F B
= £ Tune 14 J 5 [ 7
[ | Z 10 = =
3 Tune 17 Bl o E 3
L ] a E 3
L ] % £ 3
2 ER— _
£ = E 3
1 pameness = o0 h|
[ ] wocie TS =
o b b d oo o d oo hnd oo d Bl e b b b by 1043
O Y L L I L B B I B
1.3 = 3 1.4 = =
) E = = =
2 1.2E = £ ]
S 1ol =l
= LOE = = =
0.9 g E 7
o8 Bl bl 3 =
5 10 15 20 25 30 35 40 45 50 2 4 6 8 10 12
h

=

14
p1 [GeV]
» Both ATLAS and CMS presented studies of UE-sensitive observables in DY
[Eur. Phys. J. C (2014), Eur. Phys. J. C 72 (2012)].

» GENEVA without MPI completely wrong. GENEVA with MPI as good as PYTHIAS at
low transverse momenta. Validates interface with the shower is not spoiling PYTHIA8

» Higher-accuracy in GENEVA yields better predictions for increasing Z hardness @
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Comparisons with underlying event measurements

dN,
N, Y pr/onée

1

MC/Data

#=== GENEVA+PY8

—— PYTHIAS
Tune 11
Tune 14
Tune 17

== GENEVA+PY8(no MPI)

£

1
S pr/on66 (GeV)

d]\LU
Ney A3 pr/onde
-

1

MC/Data
o o NN
ER RN IS

Z — ' p”, 7 TeV, Transverse region, pZ < 5 GeV

T T T

1
> pr/dnd¢ [GeV]

Both ATLAS and CMS presented studies of UE-sensitive observables in DY

[Eur. Phys. J. C (2014), Eur. Phys. J. C 72 (2012)].

GENEVA without MPI completely wrong. GENEVA with MPI as good as PYTHIA8 at
low transverse momenta. Validates interface with the shower is not spoiling PYTHIA8

Higher-accuracy in GENEVA yields better predictions for increasing Z hardness

CERN
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Comparisons with underlying event measurements

Z — prp~, 7 TeV, Trans-min region, dressed level Z — ptp~, 7 TeV, Trans-diff region, dressed level
/c\ 1.2 T ‘ L ‘ 1 —F— i —F I‘ T i == § 3.5 E L ‘ T T ‘ T T ‘ T T ‘ T T B
E [ - T = E E|
< F z 3 +
£ 1 ~ £ T E|
W [ 1 W25 =
T 08 = E

r 2

””” —e— ATLAS

0.6 #=== GENEVA+PY8

[ == GENEVA+PY8(no MPI}
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L ] Tune 11 7
02— - 0.5 Tune 14 e
e ] Tlurcl7 J
] 0 B e e
= L L A B
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» Both ATLAS and CMS presented studies of UE-sensitive observables in DY
[Eur. Phys. J. C (2014), Eur. Phys. J. C 72 (2012)].

» GENEVA without MPI completely wrong. GENEVA with MPI as good as PYTHIAS at
low transverse momenta. Validates interface with the shower is not spoiling PYTHIA8

» Higher-accuracy in GENEVA yields better predictions for increasing Z hardness @
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ATLAS measurements of event-shapes
larxiv:1602.08980] includes Beam-Thrust
Tom

Not exactly the same resolution
parameter we are resumming but
resummation closely related (only differ
in Yy, dependence). Upon integration
overe Yy and matching to FO,
distributions found to be nearly
identical.

Main issue in tuning UE is that many
observables are sensitive to both
perturbative and nonperturbative
physics (cfr. trans-min / trans-diff)

Starting from a distribution which is
know perturbatively very well, one gets
a much better handle to tune MPI and
nonperturbative physics.

1/N dN/dTey [GeV]

MC/Data

Comparisons with event-shape measurements

Z — pﬁpf, 7 TeV

:\ TTT ‘ T TT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT \:

0-14 E— —e— ATLAS =
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Tuning MPI and nonperturbative parameters

Ongoing GENEVA+PYTHIA8 tuning with Professor2 (with L. Gellersen)
» Using Drell-Yan data + MPI, both CMS and ATLAS Rivet analyses.
» Only 2 values of a, (M) explored so far, 0.118 and 0.1135. Shower keeps same.
» 5 tuning parameters considered: pYTefO’ISR, intrinsic kr for ISR, aMPI(A1y), p;?fdMPI for
MPI and color-reconnection range.
» Preliminary results:

Z — e "dressed”, Inclusive F,Z—etem, p,(Z) € [0,6) GeV
Tk ]
S =
3ok z
z|f F ?\
ngm”= -
_R F
il —— Daa
E —— Old tune
. New tune
1077
- L | \ . ot - 1 L - L
13 E 14
12 E
i — P gl
g Lok e R
g [~ J E —
S o8 Z o8
o7 E
06 E 0.6 [—
SEE T R R P BRI B R R
1 10’ 10% ° o2 o4 0.6 08 1
7 pr[Gev] F

(ERNEé
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Towards a public code release

We have been working toward an user-friendly release for several of the
past months

We are now close to this goal.

As most NNLO codes, GENEVA needs reasonable parallelization and
runtime to produce accurate results.
o Setup stage is particularly non-trivial, due to parallal grid adaptation and
constraints on the resummation to preserve the total xsec.
o Example runtime for 1 per mille stat accuracy in total xsec is 2-3 hours running
on 120 cores (but also produces events and plots)
Set-up a Python interface that help the user to run GENEVA on several
systems (own laptop, NERSC clusters, LXPLUS cluster)

Alternatively, it can just provide the list of commands to be run and their
grouping, to extend it to other systems.

Revamped the GENEVA options to only expose to the user a reasonable
subset of options (with some backdoors for savvy users)

Provided static interfaces to PYTHIA8, to allow for immediate delivery of
GENEVA into experimental collaboration’s toolchains, using default

PYTHIA8 installations.
(\ERNQ
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All stages of running can be accessed and managed through the Python
interface

neva/bin/python [
etup,run, reweight,analyze_lhef,

generator

etup, run,

setup
run

sing Rivet

arguments:
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GENEVA’s input card

YAML options: easy to parse by
both humans and computers

process: pp_V
run_name: "myFirstRun"
num_events: 1000
max_time: 60

input_output:
verbosity: info 1mtwlftMe:
output_path: "./" beams: pp
put_p T Ecm: 13000
pdf_provider:

event_generation: LHAPDF:
set: "PDF4LHC15_nnlo_100"

sampling: Adaptive final_state:
unweighting: boson_type: Z
partial_relative: 30 boson_mass: 91.1876
. .. boson_width: 2.4952
estimate_precision: 0.1 d
ecay: ete-
random: calculation: SCETppV0O1l2
seed: 1 phase_space: PP2BosonJets
matrix_element_provider: OpenLoops

event_analysis:
analyzer: DrellYan
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GENEVA’s input card

YAML options: easy to parse by
both humans and computers

process: pp_V
run_name: "myFirstRun"
num_events: 1000
max_time: 60
SCETppVe12:

input_output: precision: NNLO+NNLLO+NLL1

verbosity: info scale_settings:
fixed_order:

. n n
output_path: ./ fixed: 91.1876
3 dynamic: TransverseMass
event_generation: couplings:
sampling: Adaptive alpha_s: fromPDF
. . . alpha_s:
unwe'lgh‘.cmg. 3 pscale: 91.1876
partial_relative: 30 value: 0.118

estimate_precision: 0.1 alpha_em:
scale: 91.1876

random:
d: 1 value: 7.556383906173868E-03
seed: GF: 1.16639E-05
sin2W: 0.2226459
event_analysis:
analyzer: DrellYan
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Results at different stages:

setup Integration grids, splitting
function grids, xsec files,
etc.

run LHEF event files

shower Pythia8 output,
compressed HEPMC
and XML analysis files

| I =
w0 x W

rivet Rivet output S

)
B(Gev

([I{Nié
{
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Summary and Outlook

.EEEN EVA® is the first complete matching of NNLO+NNLL'+PS.
[ ]

Higher-order resummation of N-jettiness resolution parameter provides a
natural link between NNLO and PS.

Provides theoretical perturbative uncertainties coming from both
fixed-order and resummation on a event-by-event basis.

Current status:
pp — v*/Z — £T ¢~ is completed. It achieves:

o NNLO+NNLL accuracy for 0/1-jet resolution 7o
@ NLO+NLL accuracy for 1/2-jet resolution 77

o Interface to 8 shower+hadronization and MPI
Outlook:
Public code release soon
pp — W at same precision in the pipeline
Finish up dedicated GENEVA+PYTHIA8 tune
Other processes (Higgs, VV, HH, etc.) will follow.

Thank you for your attention! @
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First application: ete— — jets

\/ Simpler process to test our construction.

V" Thrust spectrum known to N*LL+ NNLOs.

\/ Several 2-jet shapes known to NNLLo+NNLOs.

V" LEP data available for validation.

e Use 2- and 3-jettiness.

To =Fem (1 — maxa M)
> [P

=Eem(1—T)

e Opportunely partitioning the
phase-space

e Perturbatively calculating

NLO/Resumm. jet-cross sections.

(DQ ' q)g , (I)4
T < Tzc;m E T > szn H T > 73:\.‘
E T < ﬂmlt Ty > 77;?\!1
. 771 < 7*/1(2”(
7;(:\1[, 'T( ut

do “ut do cut do
d<I>2( 2 ) E(T%T:s ) + E(T%%)

NNLL/ 7, NNLL/ 7, +NLO3

CERN
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Resummation of 7,

» GENEVA precisely reproduces full NNLL+NLO3 analytic result :
simply getting out what we put in!

12 AAARARRARRRARER R R EEA e R n s n e R L ————
\ LEP (91.2GeV) 1
\ - EE . e B
310 GENEVA NNLL/,+NLO; = 0.1 E T, e El
[} +Partonic ER E E
) 8 = g L 4
E Il NNLL'+NLO, 1 £ 0.01LLEP (91.2GeV) _
E 6 77??3:‘ E E F GENEVA NNLL/,+NLO; E
34 é E :—[—Partonic ]
3 3 5 10-3 I NNLL'+NLO,
2 E F i NNLL
s &= NLO,
)= I NN N VN NS VR S N e S ST
0o 1 2 3 4 5 6 7 8 9 10 20 25 30
T; [GeV] T5 [GeV]

e Error bars are always theory uncertainties, obtained via scale variations.
Statistical uncertainties negligible and not shown.

e Resummation unc. obtained via quadrature sum of single scale variations
(s, 1es) inside profile scale bands plus direct sum of FO uncertainties (ux)-

GENEVA 75"t = 1 GeV above

Theoretical uncertainties agree across most of the spectrum, differences after
kinematic 3-body endpoint consequence of different matching procedure (¢~
(mu|tip|icative VS. addmve) Simone Alioli | GENEVA | Vienna 25/4/2017 | page 37



Resummation of 7,

» GENEVA precisely reproduces full NNLL+NLO3 analytic result :
simply getting out what we put in!
12

AR R N R RN RN ] e L L R A A
\ 4

L4 grrr T T
LEP (91.2GeV)  GENEVA NNLL/+NLO;3

+ Partonic

s
(=]

3
g3 % ,
> 5 B NNLL/4+NLO; i
£ 6 = E|
5 £ B
T4 « ]
s S ]
© D

2 o

0

0 1 2 3 4 o b bbb been o b b o
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T: [GeV]

e Error bars are always theory uncertainties, obtained via scale variations.
Statistical uncertainties negligible and not shown.

e Resummation unc. obtained via quadrature sum of single scale variations
(s, 1) inside profile scale bands plus direct sum of FO uncertainties (ux)-

GENEVA 75"t = 1 GeV above

Theoretical uncertainties agree across most of the spectrum, differences after
kinematic 3-body endpoint consequence of different matching procedure (¢~
(mu|tip|icative VS. addmve) Simone Alioli | GENEVA | Vienna 25/4/2017 | page 37



Interface with the parton shower

The shower must not be allowed to spoil NNLL+ accuracy of GENEVA,
but only used to fill out jets.

l Parton shower (Pythia8) l

e __— P r—

T2 spectrum for 3 and 4-parton events constrained by higher-order
resummation. Only allow small variations ATz < 75" (1 + ¢).

2-parton events must remain in 2-jets bin, up to small corrections
Similarly for 7;(®4) spectrum and 3-jets bin. Proxy for 7-ordered PS.
Shower unconstrained in the far tail at the moment, since only LO, there.
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Interface with the parton shower

» The shower must not be allowed to spoil NNLL - accuracy of GENEVA,
but only used to fill out jets.

”m
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Interface with the parton shower

» The shower must not be allowed to spoil NNLL+ accuracy of GENEVA,
but only used to fill out jets.

”m
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Accuracy of observables different from resolution parameter

» After showering we are formally limited by shower resummation for generic
observables O # Tc. Naively, (N)LL is expected.

» What is the perturbative accuracy we obtain for other O ?

» C-parameter — perturbative structure very similar to 73
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Accuracy of observables different from resolution parameter

» After showering we are formally limited by shower resummation for generic
observables O # Tc. Naively, (N)LL is expected.
» What is the perturbative accuracy we obtain for other O ?

» C-parameter — perturbative structure very similar to 73
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Accuracy of observables different from resolution parameter

» After showering we are formally limited by shower resummation for generic
observables O # Tc. Naively, (N)LL is expected.
» What is the perturbative accuracy we obtain for other O ?

» C-parameter — perturbative structure very similar to 73
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Accuracy of observables different from resolution parameter

» After showering we are formally limited by shower resummation for generic
observables O # Tc. Naively, (N)LL is expected.
» What is the perturbative accuracy we obtain for other O ?

» C-parameter — perturbative structure very similar to 73
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Accuracy of observables different from resolution parameter

» After showering we are formally limited by shower resummation for generic
observables O # Tc. Naively, (N)LL is expected.

» What is the perturbative accuracy we obtain for other © ?

Heavy jet mass — perturbative structure partially related to 73
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Accuracy of observables different from resolution parameter

After showering we are formally limited by shower resummation for generic
observables O # Tc. Naively, (N)LL is expected.
What is the perturbative accuracy we obtain for other © ?

Jet Broadening — perturbative structure completely different from 73
5005\\\\\\\H‘\HHHH\\HH““ TTTTT TS 150 prrrrrrerer

I 3 |
LEP (91.2GeV) 3 F LEP (9‘1‘_‘2‘(‘;‘5‘\‘1‘) C‘ENEVA NNLLT+NL(); H;
400 £ GENEVA NNLL/+NLO3 j 125 & —— Showered (PYTHIA&),
3 = Showered (PYTIHAS) E —}— Partonic
i 300 ; < —}— Partonic 3 % 100 : E=H NNLLp+LO, —
E == NNLLE+L03 3 G, -
@ E ol U NLLp El % 5L
52001 E:
< E 1 8 so0f
100 & — 25F
QBRI L L 3 Pl ool oo d
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B B

Good agreement in central values and scale uncertainties envelopes at
NNLL, also for observables with a very different resummation structure.
NNLL resummation allows to push 7"t to very small values, effectively
replacing the shower evolution.

Ultimately, we rely on Pythia8 hadronization model for non-pert. physics@
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Hadronization and comparison with LEP data.

e Two-jettiness = E..,(1 - T)

TR e e g
F 3 . [T T
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» Hadronization (non-perturbative effect) is unconstrained.
» No ad-hoc tune yet, default Pythia8 Tune1 with a;(mZ) = 0.1135 from
fits.

[Abbate et al. 1006.3080]

v

Large shift due to hadronization, O(1), in the peak.
Power suppressed effects elsewhere, as expected. @
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Hadronization and comparison with LEP data.

e (C-parameter

E GENEVA+PYTHIAS 60 GENEVA+PYTHIA8 E
E E== Default == Default 7
200; ---- Tune 3 50 ==== Tune 3 E
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c c
» Hadronization (non-perturbative effect) is unconstrained.
» No ad-hoc tune yet, default Pythia8 Tune1 with a,(mZ) = 0.1135 from
fits.
[Abbate et al. 1006.3080]
» Large shift due to hadronization, O(1), in the peak.
| 4

Power suppressed effects elsewhere, as expected. @
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Hadronization and comparison with LEP data.

e Heavy jet mass

1200 g T 120 g P T
é { ALEPH (91.2 GeV) ; GENEVA+PYTHIAS ;
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» Hadronization (non-perturbative effect) is unconstrained.

v

No ad-hoc tune yet, default Pythia8 Tune1 with a,(mZ) = 0.1135 from
fits.

[Abbate et al. 1006.3080]

v

Large shift due to hadronization, O(1), in the peak.
Power suppressed effects elsewhere, as expected.
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Simone Alioli | GENEVA | Vienna 25/4/2017 | page 40 j\(

v



Hadronization and comparison with LEP data.

e Jet Broadening

500 g g g 150 e e e
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» Hadronization (non-perturbative effect) is unconstrained.
» No ad-hoc tune yet, default Pythia8 Tune1 with a,(mZ) = 0.1135 from
fits.

[Abbate et al. 1006.3080]

» Large shift due to hadronization, O(1), in the peak.
» Power suppressed effects elsewhere, as expected. @
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Comparison with existing approaches: MiNLO NNLO+PS.

» MINLO v1 is CKKW-inspired recipe to set a priori the scales of a NLO
calculation involving multiple scales. [Hamilton et al. 1206.3572]

CERN
Simone Alioli | GENEVA | Vienna 25/4/2017 | page 41 @



Comparison with existing approaches: MiNLO NNLO+PS.

» MINLO v1 is CKKW-inspired recipe to set a priori the scales of a NLO
calculation involving multiple scales. [Hamilton et al. 1206.3572]

» Like CKKW, it also includes LL Sudakovs factors, that regulate IR
divergencies (e.g. H+1 jets finite p?. — 0)
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Comparison with existing approaches: MiNLO NNLO+PS.

MINLO v1 is CKKW-inspired recipe to set a priori the scales of a NLO
calculation involving multiple scales. [Hamilton et al. 1206.3572]

Like CKKW, it also includes LL Sudakovs factors, that regulate IR
divergencies (e.g. H+1 jets finite p?. — 0)

NLO accuracy for inclusive sample not achieved in MiNLO v1
@ The reason is that resumming qr..; with LL Sudakov generates terms O(a-?)
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Comparison with existing approaches: MiNLO NNLO+PS.

MINLO v1 is CKKW-inspired recipe to set a priori the scales of a NLO
calculation involving multiple scales. [Hamilton et al. 1206.3572]

Like CKKW, it also includes LL Sudakovs factors, that regulate IR
divergencies (e.g. H+1 jets finite p?. — 0)

NLO accuracy for inclusive sample not achieved in MiNLO v1
@ The reason is that resumming qr..; with LL Sudakov generates terms O(a-?)

By carefully comparing with NNLL resummation and including missing
terms (Bz) in MiNLO Sudakovs, NLO accuracy for inclusive sample can be
restored — MiNLO v2 . [Hamilton et al. 1212.4504]
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Comparison with existing approaches: MiNLO NNLO+PS.

MINLO v1 is CKKW-inspired recipe to set a priori the scales of a NLO
calculation involving multiple scales. [Hamilton et al. 1206.3572]

Like CKKW, it also includes LL Sudakovs factors, that regulate IR
divergencies (e.g. H+1 jets finite p?. — 0)

NLO accuracy for inclusive sample not achieved in MiNLO v1
@ The reason is that resumming qr..; with LL Sudakov generates terms O(a-?)

By carefully comparing with NNLL resummation and including missing
terms (Bz) in MiNLO Sudakovs, NLO accuracy for inclusive sample can be
restored — MiNLO v2 . [Hamilton et al. 1212.4504]

Merging scale can be basically pushed to Agcp: achieves NLO merging
without merging scale (H+0 jets is never present)
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Comparison with existing approaches: MiNLO NNLO+PS.

MINLO v1 is CKKW-inspired recipe to set a priori the scales of a NLO
calculation involving multiple scales. [Hamilton et al. 1206.3572]
Like CKKW, it also includes LL Sudakovs factors, that regulate IR
divergencies (e.g. H+1 jets finite p?. — 0)

NLO accuracy for inclusive sample not achieved in MiNLO v1
@ The reason is that resumming gr..; with LL Sudakov generates terms O(a!-?)

By carefully comparing with NNLL resummation and including missing
terms (B2) in MiINLO Sudakovs, NLO accuracy for inclusive sample can be
restored — MiNLO v2 . [Hamilton et al. 1212.4504]

Merging scale can be basically pushed to Agcp: achieves NLO merging
without merging scale (H+0 jets is never present)

For simple processes (e.g. gg — H), using HNNLO (catani etal. 001 3232) for
event'by'event reWeighting reSUItS in a NNLO+PS [Hamilton,Nason,Re,Zanderighi 1309.0017]

do
== 2 3 4 /
(dy)HNNLO C205 + c305 + caQg C4—Cq 2

W (y) = - =1+ 842y
(

dg) c2a? + czad + chad + ... Cca
4Y ) Hy_MiNLO
@ Integrates back to the total NNLO cross-section
@ NLO accuracy of Hj not spoiled

o Need to reweight after generation o
Simone Alioli | GENEVA | Vienna 25/4/2017 | page 41



Comparison with existing approaches: MiNLO NNLO+PS.

» Hj-MiNLO NNLO+PS results [Hamilton,Nason,Re,Zanderighi 1309.0017]
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Comparison with existing approaches: MiNLO NNLO+PS.
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» Hj-MiNLO NNLO+PS results
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Comparison with existing approaches: MiNLO NNLO+PS.

» Hj-MiNLO NNLO+PS results [Hamilton,Nason,Re,Zanderighi 1309.0017]
1.0 T T e L 1.0 T T — T
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» We have re-derived MiNLO NNLO+PS formula as a check of our
framework. It follows directly with a specific choice of splitting functions.

» Alternative choice of splitting functions proposed in [1311.0286] has pros and
cons: v No need to know NLL resummation for NNLO+PS

v No need to reweight after generation
X Can'tjust simply run NNLO code as is . .. @
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Comparison with existing approaches: MiNLO NNLO+PS.

» Also available for Z production [Karlberg et al. 1407.2949]

4L T T il 102 T T T
10 —_— LHG 7 Tev ATLAS [PLB B720 (2013)] ——
T NNLOPS (Pythiag) ——
— 102k .. ] o ]
3 T N
9 o3k " ] . .,
210 = o 0k . ]
® [ 3 .
& 104 E 3 -
£ ATLAS [1406.3660 (2014)] —— - L - ]
8 NNLOPS (Pythia8) —— 210 "
o 10° = E! =
= -

3
T

[
I

LHC 7 TeV =
'

0.001 0.01 01 1
prz(GeV] L
80 T T T T 102 T T T
oL NNLO+NNLL b NLO+NNLL
| NNLOPS (Pythiag) —— 10! .—E_\Tmps (Pythiag) ——
3> -
8 S 100k e P
2 H -
N 1 - E
i 510
& 2 “=
5 -
s 102 | g
-
=
109 | LHC7TeV .
14 t t t
12
1

08 L L CERN
0 10 2 % o %0 sim398'Alioli | GEREVA | Viennd55/4/2017 | page 43 @
>N

ot~ [GeV]



Comparison with existing approaches: UNNLOPS.

Es=7Tev
$180 60 Gev<m <120 Gev 3

= myf2<p <2my NLO

a0 == my/2< p_ <2m, NNLO 3
20 Sherpa+BlackHat

0 1.04 EHHH AR

Recent results from
SHERPA+BlackHat [1405.3607]

Uses gr—subtraction for zero jet
bin (phase-space slicing)

NNLO accuracy is maintained via
UNNLOPS approach, basically
enforcing spectrum is derivative of
the cumulant via unitarity
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