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Candidate Event:
pp—H(-bb) + W(->pv)

Run: 338712 Event: 335908183
2017-10-19 23:31:18 CEST
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MONTE CARLO EVENT GENERATORS

Hard interaction
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MONTE CARLO EVENT GENERATORS

Parton shower
dresses with soft/
collinear radiation
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MONTE CARLO EVENT GENERATORS

Hadronisation model deals
| with parton > hadron
& s transition
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MONTE CARLO EVENT GENERATORS

P )
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RO

Multiple parton
interactions/underlying
event can be simulated
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IMPROVING EVENT GENERATOR ACCURACY

Fixed order Parton shower

L0
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IMPROVING EVENT GENERATOR ACCURACY

Fixed order

L0

Parton shower

NLO
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IMPROVING EVENT GENERATOR ACCURACY

Fixed order

L0

Parton shower

LL

NLO 4 NLO+PS ‘ POWHEG, MC@NLO
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IMPROVING EVENT GENERATOR ACCURACY

Fixed order

L0

Parton shower

L
NLO o

NNLU STRIPPER, NNLOJET
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IMPROVING EVENT GENERATOR ACCURACY

Fixed order

L0

Parton shower
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IMPROVING EVENT GENERATOR ACCURACY

Fixed order

L0

Parton shower
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HIGHER ORDER MONTE CARLO EVENT GENERATORS

! Flexible resummation !

» Matching fixed order calculations to parton | nput
showers is a well-studied problem e

- POWHE G, ’. High partonic accuracy ~".‘f~=’ GENEVA ‘

MC@NLO, KrkNLO,
multiplicative-
accumulative...

Process-general

> GENEVAIis a method to reach NNLO+PS | m=ed
aCcuracy e
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» Calculations beyond leading order suffer from
infrared divergences

» Happens when particles become indistinguishable -
soft (low-energy) or collinear

» Divergences cancel between matrix elements with
different numbers of final-state particles
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DEFINING IR-FINITE EVENTS
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DEFINING IR-FINITE EVENTS

REAL

0-JET 1-JET
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DEFINING IR-FINITE EVENTS

SOFT/COLL. REAL HARD REAL
ry < 13" ry > 15"

0-JET 1-JET
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DEFINING IR-FINITE EVENTS

SOFT/COLL. REAL HARD REAL
o < r(c):ut .‘ r > rgut
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DEFINING IR-FINITE EVENTS

VRTUAL | {@— DouBLE-VIRTUAL s
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DEFINING IR-FINITE EVENTS

cut

DOUBLE-REAL {8

REAL-VIRTUAL | il
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DEFINING IR-FINITE EVENTS

DOUBLE-REAL {8

™ REAL-VIRTUAL | 3
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DEFINING IR-FINITE EVENTS

cut cut
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DEFINING IR-FINITE EVENTS

» Defining events this way introduced a projection from a
higher multiplicity to a lower multiplicity phase space

» Results are only (N)NLO accurate up to power corrections

in7g" - as rg" — 0, exact fixed order result is recovered

» Causes large logarithms to appear which spoil
perturbative convergence!

L = lOg(Q/l”gm) becomes large...
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RESUMMATION - THE CURE FOR LARGE LOGS

1.50

MRST2001 |

» Large logs signal the breakdown of

: .. : § 1l | NLL+LO
the perturbative series in the coupling, 5 |
leading term al? ~ 1= al < 1 I R ;
~ 1IN
. _ . S 07sH ! -
» Reordering the series to expand in a |
genuinely small parameter cures 0.50 -

behaviour

0.25

do = C(a,) exp (Lg (L) + gy(aL) + agyla L) +...) | =

» Different formalisms available to achieve this:
parton branching, soft-collinear effective theory
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RESUMMATION FROM EFFECTIVE FIELD THEORIES

» Soft-Collinear effective theory

formalism - an EFT with QCD as
its UV limit

» QCD Lagrangian split into low-
energy modes

» Forry < Q, the partonic cross
section typically factorises:

A

= ~ H(Q, uy) By, pg) @ B(r, ip) @ S(ry, ts)
0
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SOFT-COLLINEAR EFFECTIVE THEORY

» Beam and functions correspond to matrix elements of

collinear/soft SCET modes, hard function gives matching
onto full QCD (Wilson coefficient)

» Each component of factorisation theorem is evaluated at
its own scale = no large logs! Evolution to common
scale via double-log RGE resums large log terms.

2
lnM_I;"‘}/H

cusp

dln u

» Accuracy improvable by going to higher loop orders
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COMBINING RESUMMED AND FIXED ORDER CALCULATIONS IN GENEVA

 Resummed
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COMBINING RESUMMED AND FIXED ORDER CALCULATIONS IN GENEVA

GENEVA ‘f@
Resummed i
- @NNLL | ‘
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COMBINING RESUMMED AND FIXED ORDER CALCULATIONS IN GENEVA

COMBINES ADVANTAGES OF
JRESUMMED. FIXED ORDER AND
PgPARTON SHOWER

OpenlLoops LHAPDF
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RESOLUTION VARIABLES

Lero-
jettiness

Transverse

| Colour Singlet |
momentum /

Jet veto
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GENEVA USING JET VETO RESUMMATION

» WTW~ production an interesting case study - jet vetoes

used in analyses to reject ¢f background

» Aim to improve description of jet-vetoed cross section
within an NNLO+PS event generator

» Combine with
to define events at NNLO

q W+ q W+ g W+

Zly*
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FACTORISATION WITH A JET VETO FOR COLOUR SINGLET

» Consider colour singlet production,
Resummation has been studied in both QCD

d SCET T. Becher, M. Neubert, 1205.3806, F. Tackmann, J. Walsh, S. Zuberi, 1206.4312, A. Banfi, G. Salam, G.
an * Zanderighi, 1203.5773, |. Stewart, F. Tackmann, J. Walsh, S. Zuberi, 1307.1808, T. Becher, M. Neubert, L.
Rothen, 1307.0025

» Factorisation into hard, beam and soft functions

veto

do(pr
dd,

= H(®y, 1) [B, X B,I(p7*°, R, X Xpo V) S, (P75, R, p, V)

» Radius of vetoed jets R

» Additional scale v necessary to separate soft/collinear modes
(SCET Il
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COMPARISON TO ATLAS/CMS

» Vetoed cross section measurements

0.55 — - - 1.2 — ; ;
§ ATLAS, 36.1 fb—! 4 { CMS, 35.9 fb1
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B 0.40} E
© © -[
0.35} :
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2308.11577 A. Gavardi, MAL, S. Alioli, F. Tackmann
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RESOLUTION VARIABLES Quark mass
-y screens collinear
divergence!
Transverse [ \ Lero-
Heavy quarks | L
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Jet veto?
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RESOLUTION VARIABLES Quark mass

-y screens collinear
divergence!

Lero-
jettiness

Transverse

Heavy quarks |
momentum /

Jet veto?
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ZERO-JETTINESS RESUMMATION FOR HEAVY QUARK PAIRS

SCET allows us to write a factorisation formula as

« t,+ 1, '
T o~ , Do, ﬂs)

Bi(taxaa #g) By, xbaﬂB, Ir H’((DO’” < Q "

Same as colour singlet Matrices in colour space!

Arises from exchange of soft gluons from heavy quark lines.
Evolution equations more complicated:

H(®, 1) = U(D, p, ) H(Dg, 1)U (D, pt, piy)

2111.03632, S. Alioli, A. Broggio, MAL
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ZERO-JETTINESS RESUMMATION FOR HEAVY QUARK PAIRS

Derived for the first time! Ingredients partially unknown.

) (I)(), M5>

Known up to 3-loops Known up to 2-loops (in principle)

’Bi(taaxaa IMB) Bj(tb’ Xbs :uB) Tr Hl:]'(q)()’luH “ (go B

U N kn own ! e

We computed the soft function up to 1-loop. Some 2-loop
terms can be obtained via RGE.

2111.03632, S. Alioli, A. Broggio, MAL
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ZERO-JETTINESS RESUMMATION FOR TOP-QUARK PAIRS

30
~— NNLL/+NLO; 1004 =~ NNLL{+NLO, e = NNLL{+NLO,
25 $2772779 ~ NNLL+LO, 0.100 —— NNLL+LO;
g Z e,
< 3 R, ]
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= = P
= = %g&; e
S S 0.010 X n
=S ~= ‘?QS =
o pp — tt
' VS =13TeV, p=M;
0
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: AN 74774 %2 = B I N S R IR
B= R = SE s e
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£ B S S S S £ SRR : H o
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» Still missing - two-loop hard (not included here) and one piece of the two-
loop soft.

> Allows accuracy.

2111.03632, S. Alioli, A. Broggio, MAL
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RESOLUTION VARIABLES

One-
jettiness

Generalised

Colour Singlet
one-jettiness

+ Jet

Jet veto
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RESOLUTION VARIABLES

One-

{ Colour Singlet \
jettiness

+ Jet

m

Jet veto
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ONE-JETTINESS RESUMMATION FOR COLOUR SINGLET + JET

Similar factorisation to zero-jet case:

daresum

d®,dT,

Y

AN RO z-a t S
L e o Qa Qb QJ

ijk

New jet function

» Only three coloured legs - colour algebra is diagonal

> , we use new numerical of two-
loop soft function from Soft SERVE

» One-jettiness definition requires choice of frame - can evaluate
energies in lab or in CS centre-of-mass

0910.0467,1302.0846, T. Jouttenus, |. Stewart, F. Tackmann, W. Waalewijn
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FIXED-ORDER VALIDATION OF ONE-JETTINESS FACTORISATION

» Factorisation theorem must
reproduce result of fixed

order in the small 7, = 5 ,/0Q
limit

|do / dlogyo T1| [pb]

pp— L +j+ X
50 GeV < Mg+g— < 150 GeV

has implications 07 5 19TV 72 > 50GeV: NLOs oo, |

for numerical accuracy of el JJ
slicing calculations H %Hﬂ | -
%8 _4- 10314:&}'%7%_ 107

T

2312.06496, S. Alioli, G. Bell, G. Billis, A. Broggio, B. Dehnadi, MAL, G. Marinelli, R. Nagar, D. Napoletano, R. Rahn
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RESUMMED AND MATCHED ONE-JETTINESS SPECTRA

— NLLI/ — NLL/ + LO,
— NNLL — NNLL + LO,
NNLL’ + NLO,
10° = — NS3LL + NLO, A

—
I
[ay

[pb/GeV]

do / dT:y
p—
o
b

0.50 pp =~ £+ + X ] 5 pp = €T+ +X
50 < M+ /GeV < 150 1077¢ 50 < M+ /GeV < 150

0.25 VS =13 TeV; Ty > 50 GeV ; V'S =13 TeV; Ty > 50 GelV
i CS frame CS frame

104

ratio — 1
e S
o

ratio — 1

2.5 5.0 7.5 10.0 125 15.0 175  20.0 1 5 10 20 30 50 100 200 300
T1 [GeV] T1 [GeV]

2312.06496, S. Alioli, G. Bell, G. Billis, A. Broggio, B. Dehnadi, MAL, G. Marinelli, R. Nagar, D. Napoletano, R. Rahn
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CONCLUSIONS

» GENEVA allows matching of NNLO calculations to parton
shower algorithms for a range of colour singlet production
processes

» Ongoing work aims to extend this to heavy quark
production and processes with jets

» Main limitation is availability of suitable resummed
calculation - SCET allows these to be obtained in a
systematic way, different resolution variables to be
explored
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CONCLUSIONS

» Recent colour singlet results include single and double

Higgs production using zero-jettiness, WW production
using jet transverse momentum

» Zero-jettiness for top-quark pair production also studied

» Recent work pushes one-jettiness resummation to N°LL for
Z + jet, full NNLO+PS generator is work in progress

Thanks for your attention!
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SCET I'VS SCET Il

» 'Simple' SCET problems can be either two- or three-scale,
depending on nature of observable

» Three-scale case: u¢ < p; < py, covered by SCET |

dé ~ H(Q, ) J(m,, ) @ S(m?*1Q, )

P 2 2 4
T TN N L R N L

m} 2 12 w2 2 022
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SCET I'VS SCET I

» 'Simple' SCET problems can be either two- or three-scale,
depending on nature of observable

» Two-scale case: u¢ ~ pu; <K puy, covered by SCET Il

py ~ Q dé ~ H(Q, ) J(pr, 1) ® S(py, )

2 2
lan— Q — In 2&+‘7
Wy~ g ~ Pr P7 uz 2

» Jet and soft functions ill-defined in dimensional
regularisation
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SCET I'VS SCET I

» 'Simple' SCET problems can be either two- or three-scale,
depending on nature of observable

» Two-scale case: u¢ ~ pu; <K puy, covered by SCET Il

dé ~ H(Q, 1) J(py, 1, O, v)  S(pr, 4, O, V)
py ~ 0O
2 2 2 2 2 2 2
lan—2 = lan—2 —lnzp—g —21n pT2 In QZ —21n pg In y2
P H Iz mu v us p
iy~ Wg ~ Pt ' '

» Introduction of new rapidity scale v separates soft and
collinear modes
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RESUMMATION OF JET VETO LOGS FOR COLOUR SINGLET

» Rapidity scale v requires two-dimensional evolution

7 d
InS(PMY R, u,v) =4I In— + InS(pS"" R, u,v) =
d ln//t (p T U ) cusp y yS d lIl 5 (p T U ) }/1/
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COMPARISON TO ATLAS/CMS

» Compared with ATLAS/CMS measurements

1/0 do / dNj;
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2308.11577 A. Gavardi, MAL, S. Alioli, F. Tackmann
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GENERALISED N-JETTINESS

» The &,y metric need not measure just the invariant mass

» In jet/beam region m, define

T = me(’?ia PIPr;

IEM

» Generic form of I, can be or transverse
momentum-like (latter used in jet substructure)

» Requires different resummation (SCET-I vs SCET-II)
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SHOWERED RESULTS

» Numerically examine effect of shower on accuracy

0.26 0.60
0.241 0.551
0.221 0.50-
— =y
s a,
90/ 25 0.45
2,0.20 1. qq — € Ve v, + X
<018] qq — € Vet v, + X 2040 VS =13TeV, u= My
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b 016 MSHT20nnlo_nf4 ~—0.35
&S
S
0.141 0.301
012 —— GENEVA 0.5 —— GENEVA
' == GENEVA+PYTHIAS ' =~ GENEVA+PYTHIAS
0.10
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5=
3
Q
<
H
—0.10% — — i i 3 3 0 20 30 40 50 60 70 80
cut
vr, pir  [GeV]

2308.11577 A. Gavardi, MAL, S. Alioli, F. Tackmann



