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The Ge n eva m eth od Resummation Transition Fixed Order

pert. accuracy pert. accuracy

» Monte Carlo fully-differential
event generation at higher-
orders (NNLO)

do/dTn

» Resummation plays a key role
in the defining the events in a
physically sensible way
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N Resummation

» Results at partonic level can ‘

be further evolved by
different shower matching
and hadronization models
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Resolution parameters for N extra emissions

p The key idea is the introduction of a resolution variable ry that measure the hardness of the
N + 1-th emission in the @, phase space.

y For color singlet production one can have ry, = g, pJT, kr-ness,....

p N-jettiness is a valid resolution variable: given an M-particle phase space point with M > N

TN((DM) — Zmin{QAa 'pk’anb°pk7qA1 'pka"'anN pk}
k

» Thelimit 7y — O describes a N-jet event where the unresolved emissions are collinear to
the final state jets/initial state beams or soft

b ' + 1 Jet1 .-
p For color-singlet final states, it reduces to O-jettiness Soft *\
N g el NSy
To= ) |pkrle / Jet a
k A —
[Stewart, Tackmann,Waalewijn 09, 10] P S ————— p
A7 0
» When an extra jet is present 1-jettiness used for 7, ) \
/ \ AN
. (2Ga "Dk 2Qb Dk 247 - P 2 /! 3 B
7'1 = min , , Jet 2 , Jet 3 AN a
g { Qa Qb QJ }
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Resolution parameters for N extra emissions

At NNLO one needs a 0-jet and a 1-jet resolution parameters. lterating the
procedure, the phase space is sliced into jet-bins
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Different choices are possible for the resolution parameters, but one always has:

» Emissions below 75" are unresolved ( i.e. integrated over) and the kinematic
considered is the one of the event before the extra emission(s).

» Emissions above 7"* are retained and the kinematics is fully specified.
An M-parton event is considered a N-jet event, N < M, fully differential in &y

e Price to pay: power corrections in 7" due to PS projection.
e Advantage: vanish for IR-safe observables as 73" — 0 < prGui sTUDy
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Resummation of resolution parameters

Resumming resolutions parameters not really a new idea, SMCs have been doing it since
the ‘80s with Sudakov factors

Using resummation at higher orders has several benefits: systematically improvable
(NLL,NNLL,N3LL,...), lowering theoretical uncertainty at each step. Including primed
accuracy captures the exact singular behaviour at 6(ry).

The higher the accuracy the lower the cuts can be pushed without risking missing higher

logarithms being numerically relevant. The lower the cut the smaller the nonsingular power

corrections due to phase-space projections will affect the results differentially.
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From resummation to event generation

. . daMCO cuty _ do-NNLL, cut do.gons cut
Final GENEVA partonic formulae a0 = —g5— (T0™) + — 15— (70™)
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Implemented processes

Method has been tested and validated with several color singlet production processes:
DY, ZZ, Wy, VH, vy, ggH, ggHH, Higgs decays using both zero-jettiness and gr
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Using the jet pT as resolution variable

GENEVA recently extended to jet veto resummation in [Gavardi et al. 2308.11577].

Factorization most easily derived for cumulant of the cross-section. SCET Il problem.
Numerical derivative to get the spectrum. For hardest-jet we have

do

15, ——(p7", s v) ZHab Do, 1) Ba(Q, pT"; R, Ta 11, V) Bo(Q, p7°, R, wp, 1, v) Sen(p7", R, 1, v)

Two loop Beam and Soft functions recently computed in [Abreu et al. 2207.07037, 2204.02987]

Focus on WHW~ — ,u+1/ﬂe_176 with jet veto, in 4-flavor scheme to avoid top contaminations.

Massless two-loop hard function taken from ggVVvamp [Gehrmann et al. 1503.04812]

Interface to SCETlib [Tackmann et al.] allows to perform also resummation also for pT of the
second jet at the cumulant level. Refactorization of soft sector into global soft, soft-coll and

nonglobal contributions [Cal et al.]

dU t cut cl clu
p%l ey V E H (I)la (Q P ,R:xa-a,ua )B()(Q Pr t,R: Lhy I, I/)S (thayJ K V)
d®,

cut

x S (pF R, 1) J; (PR, 1)SFS (pT ) :
pT [Banfi et al. hep-ph/0206076]
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Resumming second jet resolution at NLL' in GENEVA

4 in presence of an hard first jet.

qq — e vy, + X

V.S =13TeV, = My
plp > 30 GeV

Resummation formula not able to handle the
ry ~ ry << g hierarchy, double resummation

Extension of the GENEVA approach to include resummation of rfUt to NLL accuracy
H do-Il\’IC cut _ dO-NNLL,rO - dO—NNLL/TO cut
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Validation of WW production
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Showering
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Inclusive quantities well-preserved by the shower, pT of the hardest jet is extremely
sensitive to shower effects and gets mildly shifted. Few percent effect at 30 GeV.

This is entirely due to FSR emissions (the shower splits the hardest jet above pT cut into
2 jets below pT cut). Placing constraints to avoid this preserves pTist but not physically
motivated. “
B

Investigating resummation of different 1-jet resolution variable f’/vI;T (SCET Il fact.)
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Data comparison

Inclusion of gg

channel necessary for
agreement with data. o
b
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Extension to processes with jets

» Focus of color-singlet plus jet , ,’

production \ ///

Jet b N

Zml {2% pk: 2qy - P 2qy - pk} D —e— =

——
Q = Qy S NN

» To remove energy-dependence and minimize only-along directions
Q; = 2E/s must be frame-dependent

] . (Mg Pk M- Pr Mg - Dk
T = min , ,
= 2 mind pa Py }

» The choice of the p,’s determines the frame in which the one-jettiness
resummation is performed. Possible choices: pa=e
LAB, UB-frameY,;=0 and CS-frameY, =0 p=e

e (py)t + v (ps)-

= 2E,
SIMONE ALIOLI - RINGBERG Sbozs » No preliminary jet clustering needed
to find hard directions
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Resummation of one-jettiness for Z+jet

Factorization formula in the region & | < Q hard scale: \/E,Mﬂf_, My pip, T

do
i Z H,.(9) / dt,dtydsy By, (ta) By, (to) s, (s7)

x=1{979,999,999}

t t S
X Ok (nab nJ,ﬂ——a——b——J>

We left the choice of the frame free, keeping in mind the issues for GENEVA.

It is convenient to transform the soft, beam and jet functions in Laplace space to
solve the RG equations, the factorization formula is turn into a product.
The color factorizes in soft and hard functions for 3 colored partons.

[ | = D@0 38) B (wE3E) B (32 ) d (wE28)
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Hard, soft, beam and jet functions

Hard functions known analytically up to 2-loops.  [Gehrmann, Tancredi et al. “12, 22

From NNLL accuracy include the loop-squared gg — Zg, although
numerically very small (per mille)

Beam and jet boundary conditions known up to 3-loop  [mistiberger et al. “20]
[Becher, Bell '10]  [Gauntetal. "14]

We compute the one-loop soft
boundary terms as on-the-fly

o o o 2 2
integrals using results in SrW | o [12, - % + 2Iape + Tra)] + 2512, - % + 2 ey + Leap)]
[Jouttenus et al. "11] 5

+2c5[ L2, — % +2(Ipeq + Leba)]

Also studied for different jet N N .
. _ jim  2im im im  2im
measures in fij,mzfo( : )ln : +11( L )

Sij Sij

[Bertolini et al. "17]
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Hard, soft, beam and jet functions

. . 2 . .
The 2-loop contribution S%(_)l newly calculated via SoftServe, interfaced to

GENEVA in the form of an interpolation grid [sell, behnadi, Morhmann, Rahn *23]

Approach validated comparing to the interpolation used in MCFM.
[Campbell, Ellis, Mondini, Williams 18]

1-jettiness 99 —+ g C—l,nah 1-jettiness qq — g C—l,nal) l-jettiness q9 — q C—].nal)
500+ T ; 2l 500 T ] 50r
£y e our numerics i % e our numerics L7 1
400~ .| 400+ | | = oF L 3
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3001 “‘ Campbell et al. fit 3 3005 | Campbell et al. fit 1 -50} > < -
200~ % 3 200- _100[ ]
100/ 2 1 100 ] : ’ 4 ]
Y .- ’ N .4 -150¢ e our numerics
0': W _—" : 0': . __,"’ El _2000 £3 - - - leading power app.
_100.; N Salein = 1 _100,; S—— ] F ,’I Campbell et al. fit
E P i i N E i s e ] -2505 Y A s i P |
10 0.001 0.010 0.100 107 0.001 0.010 0.100 10 0.001 0.010 0.100
77,13/2 n13/2 n13/2
ZOOOOL 4 ZOOOOE
I ) ] ) ) -500
e our numerics 1 N e our numerics
15000~ . - - - leading power app. - 15000 "\ - - - leading power app. | _140L
. Campbell et al. fit | [ N\ Campbell et al. fit | .
10000 | 10000} -1500L : ]
[ N [ N ¥
[ "N N 1 -2000f e our numerics
5000: TN . 1 5000: . 2500 leading power app. |
v \ ~ | | T - . Campbell et al. fit E
=) -9 -8 V7 -6 ‘-5~ S 16 -9 8 -7 16 -5 = -3000=; -9 8 -7 -6 -5
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
n13/2 ni13/2 n13/2

Refined treatment reproduces leading power behavior at extreme
angles, important for resummation >= NNLL and for N3LO
singular contribution



Hard evolution

For every channel (qqg, 989.,288,---), hard anomalous dimension has the form [T. Becher and M. Neubert 1908.11379]

1 - p
Lé(p) =Tg(p) 1 = {LFC%(%) [(C’C —Cy— Cy) In (—sl:——i()) + cyclic permutation% 4-loops
- , _ =
L:"’YC as) + ’Yc )+ 7o (as) + ?f(as)(Ca +Cy + C’c) 3-loops

( f(a T’J}@\&Z 9%(es)(3Df,; +4Df) In "
(i,9) i

f(a,) and gR(aS) start at @(af) and @(af) computed in [Henn, Korchemsky, Mistlberger 1911.10174], [Von Manteuffel,

Panzer, Schabinger 2002.04617]. Evaluated these contributions as functions of N, using the colour space formalism
bed b d de rb arpbre pd
D, = d T T TS T Tijer = fOf(T{TTRTY) 4

di = = Tep(T™...T™), = — Z T (T ... T ™)

Using color conservation and symmetry properties of dl‘e’b"d, we found the following relations
R R R R \ _ . .
3<D'L’ij +D _]’L'I,) +4(Dzzz] +D]_']]z) — (Dk‘R - D’LR - D]R) 1 ? 7é J 7é k

Quartic Casimirs
Similarity to the quadratic case T, Ty, = [Ti — Ti — TIQ,]/2 Jabed gabed
Cy(Ri,R) = B =Dy
DEGLI §TUDI NR .

(2

N 1a
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Hard evolution

i=a,b,c \
TR ta--[Gees

(MIM)

én:C?+CZ+C?:_(Ca+Cb+CC)/2 M EZ,R:DaR‘FDbR"‘DcR

— - R R
& = "Ly + "Ly + cFLy C:,’L—C45L+4uL +c Lt
cs=To To, cp=Tp Te, §=To T iy CZ:SR:DaR"‘DbR_DcR

Kinematic dependent logs

—Sab — 10 Sab .
Ls = ].n Q2 ]. @ — 17
Sbe Sac
L, =1n—+ L; =1n
_ EDEGLSTUDI Q2 Q
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Beam, Jet and soft evolution

Beam and Jet functions in Laplace space:

d
d—lnB a(SBy T, 1) =

—2[CaTeusp(as) +2 Y Dar g% (as)] ln(Q“§B> + 7% ()

2
R=F,A K
d . - B R QSs ¢
H— In JC(Q],/JJ) - _2[00 I‘cusp(o-/s) + 2 Z DCR g (as)] ln( 2 ) + IYJ(QS)
dps R=F,A H
. R 2q;- q;
The soft functions depend on Si = 0 which are frame dependent
%]
Moderately sized § §C¢ J may require
ALAB _ Ta"Tg ~CS to evaluate the LAB-frame soft function
SaJ _ 2 pCLpJ SG,J LAB .
at very small values of § 4"~ depending on
Soft functions in Laplace space: the boost factor PaPy
i lnS (§S ,U/) = 2 Teus O-’s +Z @ RgR s In gS
d ’ p 4 ,U2
! R=F,A
+ 'YgN 1 (as) + 2Fcusp(as) (CgLab + C?Lac + CZLbc)
EDE(JLISTUT -9 Z C4 . L o C4 tRLbc + C4 RLbc)]
: g R=F,A
% ‘i SIMONE ALIOLI - RINGBERG 9/5/2024



N3LL resummed formula

Combine the solutions to the RG equations for the hard, soft, beam and jet functions to obtain

do.NBLL

d@ldﬂ = Zexp {4(Ca + Cb)KFcusp (ILLB? /‘LH) + 4CCKFCUSp (/‘l’-]’ IU’H) o Z(Ca + Cb + CC)KFcusp (IU“S7 ILLH>

o 2CCL] nrcusp (:u’]’ IU“H) o 2(CaLB + CbLIB)nFcusp (l‘LB7 IU’H) + K’Vtot UP to NNLL
2 2
4 lca In (%;u> + CpIn (Qb ) + Cy; In (%) +(Ca+Co + CC)LS} N cusp (145 JLH )

+ Z [8( ar + Dyr) Kgr (B, i) + 8 DepKyr (b, purr)
R=F,A

— 4 (Dar + Dvr + Der) K yr(ps, pirr) — 4ADerLyngr (g, pr) — 4 (DarLp + DyrLg)ngr (1B, o)

2 2
+ 2 |:DaR In (%‘;u> + DyrIn (Qb ) + Dcrln (Qtu ) + (Dar + Dyr + DcR)LS] ngR(MSa,uH):| }

X HK,((I)I: MH)SW (87]5 + Ls, MS)Bna (ar)B + LBa Ta, MB)chb (81];3 + LIB Tp, MB) jch (877,] + L'], M])
" Q—mot T]tot e—’YE??tot
Tit et (1 +cot)

where we defined 7ot = 1B + 10 + 15 + 215 (W day g @ da),
Kyrn(pm,p) = 9" (o) ,
9 as(pm) B(as) as(pH) /B[as]
H=m{-—>5 ), Lp=In{—5=), Lp=In{—5 W day g
Hu B Hb Ngr(m, ) = / 9" (as)
Q}Q Q2 ao(urr) Plas)
L] =In LS =1In as(p)
:“J :uS ) das DEGLI STUDI

Ky(pm, 1) E/

as(pm) Blas) fla)
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Dimensionless definition

Nonsingular behavior 0= 2T\ M, + ¢

» Different & | choices have different subleading power corrections
» Investigated for one-jettiness subtraction at LL NLP [Boughezal, Isgro’, Petriello "20]
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Dimensionless definition

Nonsingular behavior
Tl — 257/1/ M§+f— + q]z-'

» Reduced differences when cutting on Z boson trans. momentum g

'—"—-lq—\-‘_‘_q-h-" 103 | —= Fixed order CS —= Fixed order LAB
L L = —- Singular CS Singular LAB
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—= Fixed order CS — L
—= Fixed order LAB t:.ltl-'q ii
—_ —* Singular CS —{——5' — 2| l_—_
"a Singular LAB "'l'——1 "a 10 L - o=t
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Resummed results

» Summing in quadrature profile scales variations and fixed-order ones
» Nice convergence and reduction of theoretical uncertainties

2.25 T T T T r T T 1.5 . T r : T
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Two dimensional profile scales

A final state with N particles T1(Pn) N1 12, N=2
is subject to the constraint To(®n) = N 2/3, N=3
I l I ' IE Singular
s (Ti/1e0,T1/To) = pro [ (fran(T1/pro) — 1) sPP(TL/To) + 1] = Singular cut 05
103_ — N3LL

~— N3LL cut 0.5

Behaves as smooth 1

(p,k) —

Theta function 5 (T./o) 1 + erk(T1/To—1/p) .
&
E 102}
)
o
~
b
sl

GeV pp = LT~ +5+ X
100 Hs | ] 10} 50 < Mpsp-/GeV < 150

VS =13 TeV; Tg > 50 GeV
CS frame

—
|
9
0.0 9.0 B
We use p = 2 (determines the transition point) 00 01 02 03 04 05 06 o071
SPEUSYY  and k = 100 (slope of the transition) T/ To 4 T
5 =
% z Kinematical boundaries
o
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Alternative profile scales: 1D and hybrid
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Matched results match.
do

d o' de'O' d oS- EXP-

= + —_
dD,dT, d®,dT,  d®,dT, do,dT,

NI +L0'2 3 . . . . .
—f e » O(a;) gives sizable contribution, important
NNLL’ + NLO,
100 = — N3LL + NLO, A
to include it for small values of &,
% 10—t
U -I— NNLL —' N3LL
E %= Nonsingular LOy == Nonsingular NLO;
= = - !fﬁ %
10° 10°
l% 102 > > N
S~ S~
—S 21071 1 £ 1071
pp L +j+ X g g
1072 50 < Myip-/GeV < 150 N N
£ * 107 P e 4+ X © 107 PP £+ + X
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4 s CS frame CS frame
10— 10— 10—
03l T T T T —3 _ 100 ., 1.00 —
- 1075 o Z osf 4[_,_:—'—;
| 0.1F j = : . -~
o 0.0FF Z 0.50 = 0.50
g 3 Z = 2 f
< —0.1 ° °
= _02k 50.25 <025 ‘
—0.3f E 000 E - :l_‘=—\-\_h
- re Y ' . - - 5 10 20 30 50 100 - 5 10 20 30 50 100
1 5 10 20 30 50 100 200 300 7 [GeV] T [GeV)

» Nonsingular divergent for 7, — 0. Joint (&, 9 ;) resummation
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[pb/GeV]

do / dTq

ratio — 1

Matched results

o
S)
L

_
2
L

10-3}

» Similarly large nonsingular contribution when cross
section define by cut on Z transverse momentum in the

limit

pp = £ +ji+ X
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CS frame
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— NNLL + LO;
NNLL' + NLO; {

= NSLL + NLO:
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qgr — 0

do / d7T1 [pb/GeV]

ratio — 1
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Final uncertainty budget
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Conclusion and outlook

» The inclusion of state-of-the-art theoretical predictions in SMC generators
is mandatory to match the experimental precision and fully exploit the
discovery potential of LHC measurements

» GENEVA method allows for interfacing higher-order resummation of
resolution variables in event generation with NNLO accuracy and parton
showers.

» Several color-singlet processes implements, using different resolution
variables: N-jettiness, qT, jet veto...

» Implemented one-jettiness resummation, prerequisite for Vi@NNLO+PS in
GENEVA. Studied different 5 definitions, performed resummation up to

N3LL and matched to corresponding fixed-order. Observed nice
convergence and reduction of theory unc. in presence of an hard jet.

Thank you for your attention.

DEGLI STUDI
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Zero-jettiness factorization for top-quark pairs

Factorization formula derived using SCET+HQET in the region where M,; ~ m, ~ 4/§ are all

hard scales. [SAetal. 2111.03632]

In case of boosted regime M,z > m, one would instead need a modified two-jettiness
[Fleming, Hoang,Mantry,Stewart '07][Bachu,Hoang,Mateu,Pathak,Stewart '21]

do
dd,dz, =M Z
095 i={94.99-88}

Beam functions [Stewart, Tackmann, Hard functions Soft functions

olor matrice color matrices
Waalewijn, [1002.2213], known up to N°LO (c ices) ( )

It is convenient to transform the soft and beam functions in Laplace space to solve the
RG equations, the factorization formula is turn into a product of (matrix) functions

d g M. M M? u?
L|l———=m Y B,.<1n —K,za> B, <ln —K,zb> Tr|H,, <ln i <I>0> S, <ln P (I)O)
ddydzy L u? AN u?

K

ij={94.49.88}
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Zero-jettiness resummation for top pairs

Resummed formula valid up to NNLL accuracy

do
=U y sy Liny L
X TI’{U(ﬁt, 97 Hh s MS) H(M7 Bta 97 Mh) uT(Btv 97 Hh s :us) SB(ans + Ls, Bta 97 :us)}
~ ~ 1 e~ YETtot
X Ba(anB + LB, zq, ILLB)Bb(anjB + LB, 2, :LLB) 1—Ntot F( ) :
where 'B ok

U(,uh,,uB, Ms, Lha LS) —

exp [4S(uh, pB) + 45 (s, 1B) + 2a8 (1s, k) — 2ar(ph, pB) Ln — 2ar(ps, pB) Ls

and L, = In(M?*/u?), L, = In(M?*/u), Lg = In(M*/ug) and 1,0, = 2105 + 115 + 11

< DEGLI STUDI
=}

The final accuracy depends on the availability of the perturbative ingredients
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Resummed results

NNLL', is our best prediction, it includes NNLO beam functions, all mixed NLO x NLO terms, NNLL evolution
matrices, all NNLO soft logarithmic terms. Resummation is switched off via profile scales
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Matched results

Matching to t7 + j @NLO improves the do.match doresum dO’FO doresum
perturbative accuracy across the whole @——— = -+ —

spectrum d76 d76 d76 d76 FO

NNLL/+NLO, 10.0 = NNLL/+NLO, =~ NNLL/+NLO,
% ~ NNLL+LO, - NNLL+LO, 0.100 g2 NNLL+LO;
— — gss= NLL'+LO — ss== NLL/+LO
>® = NLL'+LO; = +LO; = +L0;
O @) O
~ ~ ~
Q <Q Qo
2, = =
S S s
S S S 0.010
<= B = - = 5
. pp —> tt pp — tt pp — tt
7 VS =13TeV, p= M; 0-1 VS =13TeV, p= M; VS =13TeV, p= M,;
£ 0.50
0.5 0.5
= w5 0.25 o
ook %MW T e S (Y] AUUUR SN SUUUUS FUUUUU U UUTUN SN N
g : 2 2
B £ —0.25 =
—0.5
—0.5 —0.50
5 10 15 20 25 40 60 80 100 120 140 160 175 200 225 250 275 300 325 350 375
To [GeV] To [GeV] To [GeV]
H 4 Q Q 0 < DEGLI STUDI
Extension to full NNLL and to event generation is in progress. = <
z z
=
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Interface with the parton shower

I n(Pp, 1) measures the hardness of the
Resummation

N+1-th emission

» If shower ordered in k, start from

largest value allowed by N-jettiness
» Let the shower evolve unconstrained.
» At the end veto an event if after M > 1
shower emissions
T N @uypy) > T y(Dy + 1) and
retry the whole shower.

Ink, (7%)

In TN

T Nim-1Pnia) £ T N2 Pnia) £ oo S T N @pypy)

Ensures the relevant phase space is correctly covered to avoid spoiling the
resummation accuracy for . Shower accuracy for other observables is more
delicate for dipole shower, effects numerically negligible .

O-jet and 1-jet bins are treated differently: starting scale is resolution cutoff.
Method rather independent from shower used: PYTHIAS8, DIRE & SHERPA.
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Interface with the parton shower

Effect of shower on resolution variables different from what is resummed more marked,
albeit shower accuracy is maintained.
GENEVA framework allows this comparison for DY when resumming gy or 7,

Best approach here would be joint (5, ﬁT) resummation, avoids need of splitting func.
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