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e NNLO+PS (QCD):
- introduction, goals and available methods
- MiNNLO_
- Geneva
- similarities / differences

e (selection of) current challenges:
- NLL showers vs. matching
-  EW corrections
- F +1jet @ NNLO+PS

- Focus on pp colliders
- [UNNLOPS currently less developed, see backup] 2
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Introduction
(from NLO+PS to NNLO+PS)




FO vs PS

parton shower

hard scattering
Aocp € 1= Q

Ageo < 1 < Q

. hierarchy of scales

. perturbation theory: ;
- resummation of

do = doo large logarithms

+ as dowo

2
+ a5 donno + ...

parton showers

hard process

v realistic + flexible tools

v/ widely used by experimental coll's
X limited precision (LO)

X (fail when multiple hard jets)

v/ high precision (N*LO)

v/ nowadays NNLO is the standard
X no “realistic” event

X (fail when resummation needed)




NLO+PS

» Problem: overlapping regions

. &

» NLO+PS is well understood, general solutions applicable to virtually any process:
MC@NLO and POWHEG [Frixione-Webber '03, Nason '04]

» Other approaches exist, e.g.
KrkNLO, Vincia [Jadach et al., Skands et al.]
Geneva, UN)NLOPS, MAcCNLOPS [Alioli et al., Prestel et al./Platzer, Nason,Salam]



Example: POWHEG

B(®,) = B(®,) = B(®n) + ;‘—ﬂ [V(tI)n) + /R(<I>n+1) d<I>r] \

B, min s R q)n,q)r

A

[+ p -vetoing subsg¢quent emissions, to avoid double-counting]

s [ R(®n, P, / /
A(tm,t):A(@n;kT):exp{—g—w/ (B((I) ] )O(kT—kT) d@r}




NLO+PS: tools and accuracy

hard process parton showers

v/ high precision (N*LO) v/ realistic + flexible tools

v nowadays NNLO is the standard v/ widely used by experimental coll’s

X no “realistic” event X limited precision (LO)

X (fail when resummation needed) ) X (fail when multiple hard jets) !

e Available NLO+PS tools: POWHEG-BOX, MG5_aMC@NLO, Sherpa (—MC@NLO),
Herwig7 (MatchBox), Vincia, KrkKNLO
- NLO for inclusive observables (ggH: Higgs rapidity)
- (N)LL/LO for 15t emission (ggH: P, at small/large values)
- LL for extra emissions (PS)
e Born process can contain jets
e NLO+PS merging (different multiplicities) well understood



NNLO+PS

» Consider F' + X production (F'=massive color singlet)

» NNLO accuracy for observables inclusive on radiation. [do /dyr]

» NLO(LO) accuracy for F' + 1(2) jet observables (in the hard region). [do/dpr. ;]
- appropriate scale choice for each kinematics regime

» Sudakov resummation from the Parton Shower (PS) [o(pT,; < PT,veto)]

» preserve the PS accuracy (leading log - LL)

- possibly, no merging scale required.

------------------------------------------------------------------

» methods: reweighted MiNLO’ (“NNLOPS”) [Hamiltonet al. '12,13,..],
UNNLOPS [Héche,Li,Prestel '14,..],
Geneva [Alioli,Bauer,et al. '13,15,16,...],
MiNNLOpgs [Monni,Nason,ER,Wiesemann,Zanderighi '19,...],

Vincia+sector showers [campbell et al, 21] [Notation: From this point, X = Z (2 ) (x]®]
T



NNLO+PS: recent Progress [slide from M. Wiesemann]

NNLO+PS timeline
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NNLO+PS: main concepts and notation

e General idea: need to have (N)NLO accuracy across different jet multiplicities

F' (inclusive) | F+j (inclusive) | F'+2j (inclusive)
F-FJ @ NLOPS NLO NLO LO
F @ NNLOPS NNLO NLO LO
NNLO®,NNLO_,  NLO®NLO_, LO®LO,,

e Further emissions: parton shower

e (N)NLO calculation recast in MC language (radiation ordered in resolution variable)
- resolution variables to measure 15, 2", ... emission
- log dependence on resolution parameters — resummation (analytic / Sudakov FF)
- resummation needs to be accurate enough
- matching to NNLO « resummation properties of resolution variable @ NNLL’

MINNLO,.: multiplicative-like matching / Geneva: additive-like matching
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The MINLO’ method

Multiscale Improved NLO: a-priori choose scales in multijet NLO computation
[Hamilton,Nason,Zanderighi '12]

5(F3) _ as(R) [orFy) | @S, (FI) as / (FJ)
Byro = =5, 3 Tl Rl jra g ]

qr

Y
A
A

my
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The MINLO’" method

Multiscale Improved NLO: a-priori choose scales in multijet NLO computation
[Hamilton,Nason,Zanderighi '12]

~(F3) _ as(MR) [ L(Fy) | @S, (FJ) as (FJ)
Byro = 2w [B * 21rV (kr) + 2w Ll ]

k1) as(ar) | 1o (FJ) As &(1) Qs 1 (FI) (= &s 2 (FJ)
Bt = 502 [ aen 5 (1+ 2280 an) +52 VI 52 [ e

A(gr,my)
qr Algr,gr)

f. > -
> < <

/‘ my

A(gr,my) Algr,qr)
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The MINLO’ method

Multiscale Improved NLO: a-priori choose scales in multijet NLO computation
[Hamilton,Nason,Zanderighi '12]

«
Bl(\rFﬁ]c)) _ S;/;R) [B(FJ)+ V(FJ)(#R)_l__/dq,rR(FJ)]J

S S xXg
Bﬂw‘%[ﬁ(%)[’?m)( 2250 (gr) )+ 52 VI )|+ 52 [ d@rA%mT)R(FJ)]J

. UR =Qqr
. AZ(gqr) = exp(—St(qr))
A(gqr, my) ' md g2
. - ‘A(QTaQT) . St(gr) = /2 qq [Af(as(q ))logq— + Bg(as(q ))]
> < < dT
/ my 5 1 2 :
s a(1) _. B o g Ty
A(qT mv) A(QTa‘IT) ; S (q ) 21 |:2A1’f log q% T Bl’f log q% ]
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The MINLO’ method

Multiscale Improved NLO: a-priori choose scales in multijet NLO computation
[Hamilton,Nason,Zanderighi '12]

vaFrj]g) _ aséZR) [B(FJ)+ V(FJ)(NR)_l___/d(I)rR(FJ)]J

BN = asz(gT) [A?(qT)[B(F” (1+ ;—;gﬁl)(qT)) = VD (fg) |+ /d@ A (qT)R(FJ)“

A(QT7 mV)
y/'/ qr A(qr, qr)
« < IF" Sudakov FF included on F+j J

/ my Born kinematics
qu mv A(QT’ QT)

» MiNLO-improved FJ yields finite results also when 1st jet is unresolved (gr — 0) J
15

» B, | allows to extend the validity of FJ-POWHEG [called *ro-winzo” hereatter]




The MINLO’ method

» formal accuracy of FJ-MiNLO for inclusive observables carefully investigated.
[Hamilton et al. 1212.4504]

» possible to improve FJ-MiNLO such that inclusive NLO is recovered (NLO™)), without
spoiling NLO accuracy of F+j (NLO®F)):

MiNLO’ : NLO+PS merging of F and F'+7, without merging scale

» accurate control of subleading small-pr logarithms is needed:
- include B2 (NNLL) coefficient in MiNLO-Sudakov.
- set scales in /7, V' and subtraction terms equal to gr.

- without the above requirements, spurious a§/2 terms show up in 01(\IFL)0 after
integration over qr.

e MiINNLO,: rather than upgrading the above method through reweighting, add analytic
ingredients to get to NNLO 16




M | N N LO PS (I) [Monni,Nason,ER,Wiesemann,Zanderighi ‘“19-'20]

;> from pp resummation, differential cross section for F'+X production can be written as:

do B
dprd®p dpr

{£(@5,pr) exp(=S(pr)) | + Renite (pr)

.
‘248 E E B E NN EEEEEEEEEEEEEEEEEEEEEEEEEEEEE NN NN EEEEEEEE NN NN NN NN NN NN NN,

do : Rgnite(PT)
_— — D(p~r |
36, dp exp[ S(PT)] { (pr) exp| ,s(/», r)] }
dS dc » Q dg? Q°
Dpr) = =S )+ P Gy = [ [ag(as () log B+ Bi(as(a))]
dpr PT pPT q? q

» expand the above integrand in power of as(pr), keep the terms that are needed to get
NLOF) & NNLOF) accuracy, when integrating over pr



MINNLO PS (lI)

b _ exp[—é(p/T)]{ 2o ) |G : 1+

~

as(pr) (1)
22 5

dCI)F_] 2T dq)FI
2 (2)
i (QS(M)) |: UFI] i »Z)<,//"l')Al'.JFE’OII(@FJ)}

\_ 27 dPp; J
' S dc 2

Do) Z = = 2D gy 4 LI BSPD) (ppyy) — (ZSEDN T 2

dpr dpr 27 2m
D

---------------------------------------------------------------------------------------------------

. The second radiation is generated by the usual POWHEG mechanism.

R( q)FJ 3 (I)rad)

do = B(®r;) dPr, {prg(prg) + d®raaApwe(Prra) B(®ry)

. if emissions are strongly ordered, same emission probabilities as in k.-ordered shower f

— LL shower accuracy preserved



Results (1): color singlet

1ot d0/dpr, [fb/GeV]
T

pp—*é*vg 2 -Vg'@LHC 13 TeV

fldUC|aI 1 -JV

100

— M|NNLOpS (PY8) 5
MiNLOps (PY8)
NNLOPS (PY8)

08f ] ;
075F ’ :
0 7 L 1 1 pe 1 " 2| Y 1
20 40 60 80 100 120 140
Pr.e, [GeV]

- diboson processes

[Lombardi,Wiesemann,Zanderighi+{Buonocore,Koole,Rottoli}
+{Lindert,Zanoli} ‘20-'22]
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10
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1
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do/bin [pb]

pp—Z-{*f (on-shel)@LHC 13 TeV
Py, > 120 GeV .

— MINNLOpg

- DY@NNLOPS:
— NLO®) accuracy retained
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MINNLO for {t

» Starting point: resummation formula for ¢t transverse momentum. [Catani,Grazzini, Torre '14]
Very schematically:

d
dofy ~ o (e Ti(HA) (C® N (C®S)}

aj(q)
Q@np

S=-— J i Gl (A log(M/q) + BV) +

A@ logM/q) + B®) + ...
il e ( g(Mlq) )

2 ' (2n)?

. 2 2
: Tr(HA) = (M|A[M), A=V'DV, V=exp —Jilﬂﬁw (Q)rm]

-» With some approximations (respecting our goal), terms due to soft interference can be
rearranged so that the “resummation” can be eventually recasted as:

d
dofeg ~ — ¢HCRNHICRS) p +
o de{lECO%urSe c f f } O(a5)

=%,
inputs from [Catani, Devoto, Grazzini, Kallweit, Mazzitelli + Sargsyan '19]

paper: [Catani, Devoto, Grazzini, Mazzitelli ‘23] .

:» Each term has the “same structure” as in the color-singlet case!

20



Results (I1): tt

pp — tt @ 13 TeV

10t
—_— l\f‘IINNLOps
- MINLO’

S‘ 100” -- NNLO
§ Le- ¢ CMS (35.8fb71
ilO“l ........
S
=
\ <
< 1072
510—3“_
é 1.2r]! _*
Z 1.0 !
S B
e 08— .................
@]
= 0.6}

0 100 200 300 400 500 600 700 8000
PTt, [GCV]

- nice agreement with NNLO (and with data - both ATLAS and CMS). p

[tt: Mazzitelli,Monni,Nason,ER,Wiesemann,Zanderighi ‘20-'21]
[bb: Mazzitelli,Ratti,Wiesemann,Zanderighi ‘23]
pp — tt — €+ jets @ 13 TeV

60
— MiINNLOpg
50F -~ MINLO'
- ¢ CMS (35.8fb7")
= 40} .
T ........... T
EN\ 30}
~ &
< T
g 20t - + 1
0F " semi-leptonic . l '
= 0 ' ' ' ‘
)
Z 1.0 |
z O —¢ ¢
g 0.8f
2
0.0 0.5 1.0 15 2.0 2.5
|n|bhml
core = HT/4

- implemented top-quark decays @ tree level + approximated off-shell effects
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Results (ll1): Zbb (4ES) NNLO+PS

Q Z ¢
F q———-'\/\/\<c

[Mazzitelli,Sotnikov,Wiesemann ‘24]

pp — Z+ = 2 b jet @ 13 TeV

z c :I T 17T T T T LU LI | UBEE I LI I LI | T I:

- —— CMS ]

a_ =i q Q = —— MINNLOps
- — — 2 ¥ —+— NLO+PS —

Q o i g ;

- 4FS/5FS: known at NLO+PS (also with combination) s L $ N
- differences 4FS/5FS, tension 4FS and data - f E
- 4FS: large pert. uncertainties 10~ T =
:I I - I 1 | I |1 | I 1 | I |1 | I 1 | I |1 | I [ I;

e NNLO correction large (50%), no overlap with NLO, still lr;_" ARLARRRRARRRRAN ARRERARE RRRE RARE
large pert. uncertainty Tk | | -

= 3 'y i =

- 2-loop amplitude: o ! | | :

4 | EI I L1 1 I L1 | I 11| I L1 | I 11| I L1 I L1 I L1 IE

2Re<R(O) | R(2)> - Z K, logi(mb/ﬂR)+2Re(R(§‘)) | R(()2)> + 0(’”/7//’) 40 60 80 100 120 140 160 vb_jl(;}?(‘ \%ﬂ
massive amplitude i=1 massless amplitude power corrections or ]G]

coefficients of massification [Abreu, Cordero, Ita, Klinkert, Page, Sotnikov 21]

e MiNNLO_: tension with data lifted (+ good agreement with NLO+PS 5FS where expected)

22
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Geneva: main idea

» Main idea: construct IR-finite events using a resolution parameter 7, whose resummation
properties are accurately known

- slice phase space into jet-bins: 75" translate an M-parton event to a N-jet event 4 _ . A . N
(N < M), fully differential in @ . Tn = Z min (qa - Pi, qb - Pis q1 * Piy -+ N - Pi
j=1 91, 4N .
®, ?,

1 ]
1 I
1 1
._,_?_._. ! l Ty = 0 N-jet event where extra
i b : ; emissions are soft or
! : collinear to resolved
TO & Tocut : TO > Tocut : TO > Tocut jetS
1 ]
1 7'1 < Tlcut 1 . Tl > Tlcut
cut cut
T T,

» Parton Shower: add radiation to higher multiplicities bins, fill 0- and 1-jet bins
- constraints on 75*: PS not allowed to affect the accuracy of the cross section reached
at partonic level

” P:

®

18t papers: :
0- and 1-jettiness as res. variable :

ra

® <+

24



Geneva: details cut _ _ cut

T3 =171,
o - 2-jet inclusive: 2 resolved emissions.
o> 1o (final) events must have integrated LO_, accuracy
r N 75 - event “weight”: full LO matrix element + resummation
: (terms from “complement” to other jet bins)
- 1-jet exclusive: 1 hard + 1 unresolved. \ s ro< Ut
(final) events must have integrated NLO, accuracy - 20 = Ty N
— local subtraction (~ q./jettiness subtraction)
r= 0 rO > rgut
do-glg dO.NNLL’ dO.NNLL’ do.ggil
e g o P, [0} jet 2] 7— _ Tcut
do, [(d¢0 a7, dbedTq NL(')1> 0-1(®1) + do, (7o o)
l”() > rcut
- P,_,, needed (resummation not expressed in full ®. ) 0

- 1 unresolved: T1°“t must be resummed
—gets U (P, 7,°"") weight in final expression

- T, preserved by maps close to singular region

25



Geneva: details rout = pout

( > O] 4 rgut 1
’ ; ' 0~
;' 0 ro <rs" | 0-jet exclusive: all emissions unresolved
In = {

/ MC NNLL/ nonsing
d()’ do dacs

7 < rgut V d(DO (78rut) = BCS(¢0)+ VCS(¢0)+ WCS(¢0)+ d¢0 (7(')Cut) Too

(75™)

B ,
- contains: hard function + resummation below 1+ NLO_, below cut

(subtracted through expansion of 1, NNLL’ resummation)

- no shower emissions above TOCUt

26



(Geneva:

final partonic formula

dO’MCO ) do NNLL’ da.nonf.
dq)(] (%cut) — = (Tcut)+

(Tcut)

Ao NNLOg

(75" = 28— (75 - |

do.NNLL’
d®g

da.l]()]lS

d®,

N (73“")}

NNLOg

d MC; do%
5 (o> T§™ TP™) = —Z2Ua(®@1, TP 08(To > T5™) +
" ;

NLO1

do; |\ doodTy ddodTo

do-l\zfli? da.NNLL' dO.NNLL'
do,

NLOj

do_MC22 do C .........

(76 5 76(:111;’ 7-1 Tcut) = ((I 1, 7-1) 0( 76(:\11.)
d®o

P,

IR d o.match

023 R : AP

doss,
> PO—>1(¢1)+ CSjet

(To > T8™, Ti > T¢*)

---------------------

.....................

---------------------

.....................

0T - T5™)

X
=27 (®2)
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Geneva: final partonic formula s .

- — T,resummation :
doMCo doNNLL/ depons S '
@O dq)(] (%cut) — = (Tcut) + (Tcut)
do.nons dO.NNLOO do.NNLL'
Tcut - Tcut I: Tr:ut }
da, (") = g — (18" = [T — ™|

---------------------

=T :
b, e de@ e f e

7— > cut; cut —
e (To > T5 " T™)

------------

do.match cut, 7—cut
T (To > Tg" T£4)
d0-1\>’1i3 da.NNLL' dO.NNLL' do_NLol
28 . P d CS+jet 0 cut
d(Dl [(d(bo d7—0 dd)o d76 NL01> 0—)1( 1) + d(D (76 )

do-Mcgz (7- > Tcut 7— Tcut) d C i ((I . 7-) 0( Tcut.) X
g, 07Tz BT TR ukaic O e =aT (22)
IR : do.match 28
i P(@2)0(T1 > TE™) + s T 7 57

s d(I’z



Results (1): colour singlet

1072

1073

1/0’ dO‘/de’g«»g- [I/GGV]

0.3
0.2
0.1
0.0
—0.1
—0.2
—0.3

frac. diff.

POCMS

_'_‘- —— GENEVA + PYTHIA8

pp— P+ X t
VS =13TeV, 137h 7,
60GeV < Myri-, Mp-p- < 120GeV

ye| < 2.5, pre > {20,10,5,5} GeV

0

50 100 150 200 250

- diboson processes
— large p; — EW Sudakov effects (?)

300

dO'/dyHH [fb]

ratio—1

e
'S

—
3V

—
f=]

|
PDF4LHC15(NNLO) HTL

v

pp — HH+ X
=13TeV, p= Mun

== MATRIX

== GENEVA
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Subtraction in Geneva

- Formulated in full generality — 0O-jettiness can be changed with {q_, ij}
- Jettiness subtraction is non local
— missing power corrections below 1,** (and 1,°")
— small a-posteriori reweighting
— can be ameliorated using other resolution parameters
(+ smart subtraction in 0-jet bin, using only LO.)

[Geneva DY ‘21, Geneva WW ‘23]

---------------------------------

: different resol. parameters -
C change shower interface :

10 - 0.5% 107+ —y
1.5% 10~ !
pp = £te7, VS =13TeV L N - 3
_ 54 o 0.25% 0 i 2R 5 10- 1
Q KR = pp = [ Mg PT e s - g ( 3
3 R =Mt P z (5 Q 1% 5 NNPDF3.1 (NNLO) E
= 66 < My, < 116 GeV Z - 3 =10 . +p-
- - S V4 . — 13 TeV, pp — Z/~7(—= £127) T
~. 0 0% S~ 0.2 7 \ & K i 3
Ra — : Y4, _s LATLAS fiducial
o ae / \ 0.5% & 10 E
] L\f /A/ s % D T uncertainties with pg, pp, Q Variations E
5 A o 10~°
_5 -0.25% . \-\ 2 ] 3
= 0 ) 0 2 2,0~ .
= \ & - 10 N?LL+NNLO, :
Tz ! &= GENEVA, , partonic ]
—~10 -0.5% ~FH gg — HH \,\ A 10-8 = 2.1 partonic k
\ 05% Ty &= GENEVA,_ , hadronised E
\ = ]
-0.2 \ a1
5 -0.75% LHC 13 TeV \ Z
—15 - \ 1% +
\ )
|
-1% -04 \‘\ 59 z
—20 4 \ -1.5% iz
\_\ _}
T T T T T T T 2% 2
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 B 1 0 i 5 © o 10 20 " [("”\,45” 100 200 500 1000
cut - - P seV]
log,(q9""/GeV) IOglo(%‘”t/G(‘/V) :

- MiINNLO_: Sudakov form factor suppresses p; — 0 limit
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Results (1) different showers

2 }

Resummation
o

[adapted from slide by S. Alioli]

T N(DPy1) measures the hardness of the
N+1-th emission

» If shower ordered in ky, start from

In 75

largest value allowed by N-jettiness

» Let the shower evolve unconstrained.

» At the end veto an event if after M > 1
shower emissions

In

DI

T N @ryp) > T NPy + 1) and
retry the whole shower.

- 2-jet bin: avoid spoiling resummation accuracy of T

T N1 Pya) € T N2 Pyar) < -0 S T N Ppvypy)
- shower accuracy for other observables more subtle

(0/1 jet bin: start at resol. cut)
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Results (11): different showers

da‘/dMHH [fb/GeV]

ratio—1

0.05

=
=
=

S
o
<

g
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f=1
(=}
—

| = Showered (Pythia8 Dire) 1

—— Partonic NNLL'7, + NNLO
—— Showered (Pythia8 Simple)

~— Showered (Sherpa)
PDF4LHC15 (NNLO), HTL

pp— HH + X
VS5 =13TeV, p = Myy

1000
M, HH [GEV]

1200 1400 1600 1800 2000
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do/dT; [fb/GeV]

0.48F

0.40F

0.32

0.24

0.16

0.08

=

PDF4LHC15 (NNLO), HTL]
pp—~HH+ X
VS =13TeV, p= Mpunu

Partonic NNLL'7; + NNLO
= Showered (Pythia8 Simple)
—— Showered (Pythia8 Dire)

Showered (Sherpa) | i

ratio — 1

30 50 100 200

7 [GeV]
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[Gavardi,Lim,Alioli, Tackmann ‘23]

Results (I11): pt] as resolution variables

reut: pti! @ NNLL
o dO’TIC . dO.NNLL’,-O dUNNLL’,.0 .
0, ") = | Gy dry  adgd Po-1(21) Un(@1, 1)
cut t12 @ NLL’ 1 0 dro 0470 |x1o,
doNLo1 doNEL 7y doNLL ry
+ Tmn, + Tcut _ T_cut. 0 7 > Truf
- NNLL! +NLL, LO
6 10 d 1
- 0. I“+NLL’ O-nonprcn 6(70 < T(‘ut)
= r‘m_L d®,
Py = do.l\l( dO.NNLL'rO dO_NNLL/rO ,
0.4 G = — P D) Uy (Py,r1) P d
g j—L (1@2 d(I)O d'/'() dq)O dT'O NLO1 0_)1( 1) 1( ! 1) 1_)2( 2)
5 H
= - 10102 dO.NLL'rl dO.NLL'rl
= 0.2 i + (¢ o rP @ 0 o> /r,cut 9 ro > ,r,cut
\Q‘/ "',_' (1(1)2 d<I>1 d’l’l dq)l d’l“1 LO] 1_>2( 2) ( ! ) ( 0 Y )
& I P LO2
= 0.0 gg—=r€ Yelt Vi +X da—nonproj cut cut
% | VS = 13TeV, 4= My -+ T O(ry < ri"™)0(ro > rg™).
< ply > 30 GeV
—0.2 MSHT20nnlo_nf4
1.00 1.25 1.50 1.75 2.00
- better physical behaviour (if pt? << pti')
33
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WWj /Ge\/)

logy (pT

- easier shower matching than with 7,




34



Matching vs. shower accuracy

10g(kt/Q)I

n

Resol. parameter: choice not crucial for NNLO
accuracy
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Matching vs. shower accuracy

Resol. parameter: interplay with shower crucial
for log. accuracy

(0 < eb) 0~

\

T o obs
L =log(k;”"/Q) — shaded area: correct veto

log(kt/Q)I

n
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Matching vs. s

nower accuracy

log(kt/Q)I

n

Resol. parameter: interplay with shower crucial
for log. accuracy

5 ool

Q

scaling of gen. resolution

Ogen ~ ﬁe—ﬂgenhﬂ

— generator vetoes red area
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Matching vs. s

nower accuracy

log(k?t/Q)I

n

P

Resol. parameter: interplay with shower crucial
for log. accuracy

5 ool

Q

scaling of PS resolution

ke _
(i oo Mt ,—Bpsinl

Q

— PS: vetoes green area (here B,,=0)
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Matching vs. shower accuracy

Resol. parameter: interplay with shower crucial
for log. accuracy

5 ool

Q

mismatch of ordering — double counting
— breaking of LL accuracy

log(ke/Q) . f
K Q
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Matching vs. shower accuracy

Resol. parameter: interplay with shower crucial
for log. accuracy

5 ool

Q

\ NLL accuracy: no contour mismatch in

single-log region.

log(kt/Q) _ .
e.g. hard-collinear region
‘ g

1
" . main points: formal accuracy + assessment of PS uncertainty !

N e e e e e e e e e e e e e e e e e e e e e == ——




Matching vs. shower accuracy

e Interplay with shower already delicate at NLO+PS (if aiming at NLL)

1—T,\/§=mz

- thrust in e*e: NLO+PS multiplicative matching +
NLL shower [Hamilton et al. 2301.09645]

10t 4

1/o do/dO

100 .

PanGlobal (Bps = 0)

i mult.+PanGlobal (Bps = 0)

1.4

- if wrong matching, shower breaks

1.2 x

- here matching fulfils NNDL accuracy angn_Q
(i.e. the same accuracy of NLL+NLO)

I

0.8 A

Ratio to mult+PG00

0.6 T T T T T
0.00 005 010 015 020 0.25 0.30

e At NNLO+PS: more complex — 15t and 2" emission from generator )

- Geneva-1, / Geneva-q,: truncated-vetoed showers to match with kt-ordered showers
- MiNNLO-1, requires changing POWHEG mappings...

N o e o o o e e e e e e mmm e e e mmm M e e Mmm M e e M M e e Mmm S e e Mmm M e e Mmm M e e Gmm M e e mmm e e e M M e e M e e e

I

|

|

! - MiNNLO-q, / Geneva-p,/': LL matching to kt-ordered showers straightforward
l

}

[ ————

41



MINNLO(T,) / Geneva(q,)

e MINNLOPS (0-jettiness): e Geneva (q,):

— (.= | Sudakov fact. changed accordingly — delicate interplay with shower
[Geneva DY ‘21: Alioli,Bauer,Broggio,
[Ebert,Rottoli,Wiesemann,Zanderighi,Zanoli ‘24] Gavardi,Kallweit,Lim,Nagar,Napoletano,Rottoli ‘21]
13 TeV, pp — Z/~v" (= £+0-) + X 2500 b
=2 . , . . : , [ 888 GENEVA, , partonic | NNPDF3.1 (NNLO) 13 TeV]
’ % _ [ &2 GENEVA, , showered pp — Z/v"(— £1£7) + X ]
E 1 ‘é 2000 @ GENEVA,, showered | 66 < my < 116 GeV 7
510k - > B | ]
3 , ENNPDF3.1 (NNLO) 8 eie [ b
= 107" FATLAS fiducial 1 & r :
ESEURES -! 2 C ]
. E 3 & 1000 —
10-° B L ]
3 3 k 3 r ]
S r MiNNLOpg-pr+ PYTHIA8 3 = L ]
e F B4 MiNNLOps-To+ PYTHIAS E 5 P0OF 7]
E-f- ATLAS data [arXiv:1912.02844] E L I
C 3 Y MR I R S R L ]
” © ——————————————
< 5
3] b e
2 9 SRy
= 2
~ e o by b e b ey

0 10 20 30 50 100 200 500 1000 2
pr.ee [GeV] 0.0 0.5 1.0 1.5 2.0 2.5 3.0

PRe ]
log, Pil /GeV

- matching with parton shower not fully accurate here

, : ) . , - some differences in DY pT spectrum when using T,
(mappings not suited yet — j1-region spoiled)
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NLOQCD + NLOEW + PS

e NLO_,,+PS not conceptually solved in full generality
- bottleneck: processes with “QCD/EW interference” at LO
- possible for some processes, e.g. DY, dibosons

POWHEG: exact matching of EW corrections for n- and n+7-body contributions

/ 1st papers: [Barze et al. '12,/13, Carloni et al. '16] \

- Use the POWHEG BOX RES framework [Jezo, Nason "15]

B((DB) — B((bB) + [VQ(‘D((I)B) G = VEW((I)B)] e /d(bmd [RQCD(CDB» q)md) +REW((I)Bsq)rad)]

Apr (Pp) = A (Pp) x AT (Pp)

- generate one radiation from each resonance
- requires dedicated interface to Parton Shower

k additive scheme + factorizable & mixed g vy, terms, only in collinear limit jj

Other approaches exist (e.g. Sherpa)



D + NLOEW + PS: diboson production

1071 ¢

NLOQC

102 F

(QCD)+(QEDPS+QCDPS) —+— ]
(QCD)+(QCDPS) > ]

400

500

103 3
10 £
105

m.f_

" (QCD+EW)+PS —+—i
(QCD)4+PS 3%

11

0.8

i

mll

~ possible to have control on few percem

effects
- NLO4g+a + PSag,a /NLOag + PSag,a:
- NLO weak, non-log QED O(«), mixed
- NLOgg+a + PSag,a / NLOqg + PSag:

- NLO weak, QED O(«), leading-log QED
O(a™) (n > 2), mixed

NNLO,.,*NLO,,, various approx.

EW’

(QCD,QED) (QCD,QED)
NNLOG, "% x K-NLOGy, o

NNLO (QCD’QED) PS + 6NLO](3?VCD’QED) PS

/

. Y,

dol/dpy o, [fo/GeV]  pp—*e* e” p* v, @LHC 13 TeV
T T

10°
10"
102
103
joo b = NNLOGEDa0s
—— (QCD.QE!
s68 NNLOf%ccg ?Egg;s
106 — NNLOGES &en™
12 dU/dONNLOg'g;‘“"'a '
1.1 E inclusive setup 3
1= '
09F
08 ——t— 11— - e
0.7fF - NNLOGOks = | 3
0.6 - -
- dO/dONNLog-ccg;o;;E, '
11F 3
1 T T S R ——
0.9F t
08f - NNLO2%s x K-NLOL?) o g
07 NNLOGE 2= x K-NLOgG?" ﬁ
085 100 7000
Pr.e, [GeV]



F+jet @ NNLO+PS

- Geneva with 1-jettiness [Alioli,Bell,Billis,Broggio,Dehnadi,Lim,Marinelli,Nagar,Napoletano,Rahn ‘23]

NLL

d<I>1d7'1

= Jexp { (Ca + Cb) KT, (1B i) + ACc K, (1, 1) — 2(Ca + Cp + Ce) K.y, (1S5 1)

= 2CeLy My (17, 111) = 2(Cal + CoLip)re, (1, p11) + Koy Up to NNLL
[C’ 111(622 )+C’ln(Q >+C In (Q2)+(C +C ]
Kj b+ Ce )LS Peusp (pes,pmr) 2.25

2.00

— NLL'

= NNLL
NNLL'

== N3LL

+ Z [8 (Da.R S DbR)KgR(ﬂB,NH) A SDCRKgR(HJ,[l/H)
R=FA

—4 (DaR + Dyr + DCR)KQR(/LS,[JH) = 4DCRLJ7’9 (;J,J,/,LH) -4 (DaRLB St DbRL’B)T)gM 5 1.50
Q2 Qpt o (938
+2|Dypln + DpgIn )T D.g o (Dar + Dor + Der)Ls [nyz (i,

X Hle(¢17/‘l‘H)S (8175 + LS),LLS)BI{a (6778 =+ LBa-'Eavll'B)Bnb(an’B + Llexbau/B) jfc.](an_l + LJvl‘l’J

Q—ntot Mtot e~ YENtot

X T T (1 i) New N3LL ingredients

1.75

pp—o i+ X
50 < Mg+g—/GeV < 150

VS8 =13 TeV; To > 50 GeV
CS frame

ratio — 1




F+et

- Geneva with 1-jettiness [Alioli,Bell,Billis,Broggio,Dehnadi,Lim,Marinelli,Nagar,Napoletano,Rahn ‘23]

da.N3LL

d®,d7;

Up to NNLU

NNLO; (a3 coeff)

NNLOJET

GENEVA, 7 =10"2 GeV
GENEVA, 71“'=10"3 GeV
GENEVA, 7£"'=10"% GeV

Foi toi tod tef

..
[ron
foffet

x H, (q)ly NH)gn(ans + LS’”’S)EK., (amg + LBywaaﬂB)Bnb(ang =+ L’Baxb)“B) JICJ(aT]J + LJal—"J

gg"}"&iﬁ.. New N3LL ingredients

ratio to NNLOJET

1 /»Qx

-2 1

0(h>1GeV)  0(7>10GeV) o - >50GeV) o (7o>100 GeV)



F+jet

- Geneva with 1-jettiness [Alioli,Bell,Billis,Broggio,Dehnadi,Lim,Marinelli,Nagar,Napoletano,Rahn

23]

1 N3LL NNLO; (a2 coeff)
do
_ . - - 9l - . o ¥ NNLOJET
9,47, Z exp {4(0,, + Cp) KT ep (0B, i) + 4Cc KT o, (17, 1) — 2(Ca + Cp + Ce) K1,o, (15, 11) e .
o F  GENEVA, 78 =103 GeV
§ GENEVA, Tt = 1074 GeV

—2C.Lyj nr.., (s, i) — 2(Calp + CoLig)nr,.., (1Bs i) + K

Ytot

2 2
L |:Cu In (Q;;u) +Cln (Qb ) +Ce, In (Q ) LG+ C(-)Ls] NMC e (K85 L) T L] l % o T
+ Z |:8 (DaR a5 D[,R) I{ylf (B, pm) + 8D(:RI\—.(,“(,UI.]7/1H) g
R=F,A g o
—4(Dar + Dor + Der) K r(ps, pir) — 4DerLyngr(p, pr) — 4 (DarLp + DbRL’B)UyR(llB- ) E

. Qau Qb Q%s
+2 [Dgrln = Dyr1In + D.rln et (Dar + Dog + Der) Ls | ngr (s, pm) -1

X Hyo(®y, ) S (0s + Ls,/Ls)Bx,.(‘)'IB + L5 %0, 148) B (0
LD G
T 1—7jtot I'(1 +%tot)

'IR+LB Ty, }IB) ((),,,+L] 'u])

-2

- MiNNLOF,S with 1-jettiness formulated [Ebert,Rottoli,Wiesemann,Zanderighi,Zanoli ‘24]
sing cut
do (T ) - i TCUt)e (Teut) . :
dP K — mappings, shower interface,...
FJ ”
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Conclusions

NNLO+PS matching with MINNLO_, and Geneva:
- many results, for color singlet and heavy-quarks (+color singlet)

- F+1jet @ NNLO+PS is work in progress

- NLL showers — details of matching matter if one wants to keep NLL shower accuracy

[talk by D. Reichelt]
- QCD+EW corrections: still room for improvement
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UNNLOPS

» Main idea: Promote to NLO accuracy an “unitarised” CKKW approach, by carefully adding
higher order contributions, and removing the pre-existing approximate as terms.

» Supplement results with missing NNLO ingredients.

- DIS @ NNLO+PS [Hoche, Kuttimalai,Li *18] - towards N3LO+PS [Prestel '21]

¢ i construet 1

MC/Data
Suerra MC

P AT IV I YPYIT IOV 1 ST PPTL IV Iy Y AT O Y TP e

30 < Q% < 42GeV?

°
T
|

Il |

3 T R
E 42 < Q% < 60 GeV?
+ e ; i +

o - L | | 1 4
) T Y Py |
“2E 60 < Q° < 80 GeV* E|
1 I =
"‘g ] ]

P EPETEFENS ENATIErS AT S 3

A
10 20 30 40 50 60 7
Pr,i [GeVl

- plot: DIS 1-jet inclusive
- red/blue: UNNLOPS, green: NLO result
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top pair-production @ NNLO+PS: MINNLO for tt

---------------------------------------------------------------------------------------------------

d2g S N i :
Z 1M ff_}tt\z/ (2@26 b-qL o~ Ry (b) Ty (HfAsoft) Z(Cfi ® h! ])(ij ® h[J]) f

k 1,7 .
(M, |AIM, ;)

M@ - )
Mz 5 2
- LL+NNLO accuracy: azimuthally averaged distribution becomes V = P {_ /b d%]-_‘t(q)t{ aq(q))}
3’9—

dq,d®p é

: f % 5
Qg ag L [(0) D (1) A'
B(as) = —= gi1) =N 7B(2) ( l | ) ((C}? ® f;) (ff))

2 2 (0)
T (27) M |2

do d =
l — 1 ot —— {Ze Sf(QJ_)(J\JJ(C(J)F)|(VNLL)TVNLL|M}(})>[TI' (HfDSOft)Z(Cj7 ® k1) (Cy; ® KV, }

- diagonalization of V|, — recast as sum of “colour-singlet-like” terms 52



Geneva(qT) vs. resummation+FO

L T T I T E

102 !

> 10-3 ]

2 E

o NNPDF3.1 (NNLO) E
—4

= 1070 P13 TeV, pp = Z/47(= £1E7) .

$4410- ATLAS fiducial -;

uncertainties with pp, pup, Q Variations §

E

1/odo/dp"’
[
o
L

10~
Hoq-9
105
o 1.2
4
-t 1.1
O
é 1.0 B = S .
VRS _——— . \\ N \\\\\\\\
N N NN
Z N \\\\\\ § \\\
2 0.9 B A\ \
SN R N
) RN 3
S 0.8 \
g 0 10 20 30 50 100 200 500 1000
pﬁ_" [GeV]

- using p; as resolution parameter
— large p; NNLO effects missing
(as in all NNLOPS generators so far)




Diboson production in POWHEG-BOX: EW+QCD

[Chiesa,ER,Oleari 20]

loop amplitudes from Recola2

pp — 4l, pp — 212v, pp — 3lv

10~ - T 10- T
LO — { ot +PSu 2y
%3 L 2o s | W] - possible to have control on few percent
Z effects

10~ &lf 10° - ™ N 4
“:)_ :‘1.‘“11‘: rzr.\\ — lﬂ‘;’ lj“"_‘fkf{""_, ) - NLOaS+a + PSaSaa / NLOQS + PSaS,Oﬁ:
::: i ‘ | 0.975 i
oy HHI | - NLO weak, non-log QED O(«), mixed
1. (I' 1‘1 i i B 0.925 |- - v - & . refms 4
5% ! e .
¥ | Ummemmme=]  © NOagta +PSaga /NLOag + PSas:
Lol | L9 - 1 .

: WWIW‘ sz “LLLL —— - NLO weak, QED O(«a), leading-log QED
l O(a™) (n > 2), mixed
w1 T o i

S0 85 90 9% 100 105 80 85 00 9% 100 105

M(ptp™) [GeV)

M{p*p) [GeV)



Diboson production in POWHEG-BOX: NNLO QCD

do/dp; g, [fb/GeV]  pp—e* e” u* v, @LHC 13 TeV

100 :" 1 = Y I T T T L T T T 4_
| § g .
10 3 E 1 Zy [Lombardi et al. ‘20]
102 i- 107 —
103 < g = .
o - NNLOgE2E0- £ 1 WW [Lombardi et al. ‘20]
105 |~ NNLOGG Ger® % 7 F 4 ATLASdata E
58 — NNLOSSEoes . ® F —+— MINNLOps+Pyrria8 ] ZZ [Buonocore et al ‘21]
do/donnLoeceeor T E
1. 08 E = . ‘
1.1 | inclusive setup ‘ ] E ] WZ [L|ndert et al. 22]
1 4444444 i == el 1074 §_ I ! | || | | | | L o | I| §
09f 14 E ree N vy [Gavardi et al. ‘22]
ot s BE TR
A QCD)pg 3 1B
3‘75 NNLOSD! . S O.; - % % }
12 dO/dONNLogQg;;oOEE:;S = 89 —
' : g E | | | s
11F ” 3 0.5 U S (] L1
R S o BN U 0 B R m ey i 0 4 10 50 100 500
1 == sty e .
e Py [GeV]
09F > o e =
0.8F = NNLOS®)s x K-NLOf) !
0.7F - NNLOBD=ks x K-NLOGE s H
0.6 : :
10 100 1000 (QCD,QED)ps (QCD,QED)ps
Pr.e, [GeV] NNLOQCD X K-NLOgy

: . . . . . (QCD,QED)pg (QCD,QED)pg
» left: W= Z. Itincludes also NLOgw+PS corrections in various approximations NNLOgep, + ONLOgy

» right: v+. It required also some minor modification to the MiNNLOpg master formula



+ . 102 ¢ T T T T
- plots T
d : (QCD)+PS +—¢—
101 T T T 3 102 E 3
(QCD)+(QEDPS+QCDPS) +—+— :
102 b (QCD)+(QCDPS) +—3¢—i ] .
3 10° ¢ E
103 - :
10 ] 10° ¢ 3
s 9 i
10 15 | } : :
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103 i N BARRRARS === = =—ram— %
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1
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0.5
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= (NLOQCD) +PS —+— 102 ¢ enEsinrea
E + E E
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NLOEW+PS:

bottlenecks

[slide from M. Chiesal]

M=~ O(a?®) O(a?) O(aga?)
LO~ 0O(a®  O(a®as) O(aia?)

LO 0(a®) O(as0?) Qlogert)

EW EW EW
QCD QCD QCD
NLO 0(07) O(asoﬁ) O(afas) O(a‘(ﬁ)
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MINNLO PS (details)

» from pr resummation, differential cross section for F'+X production can be written as:

do
dprd®Pr de

{E (®p, pr) exp(—S(pr) }+ Rnite(PT)

dory dosine

d®pdpr B d®rdpr

L(®r,pr) 3 {HD,H®,cM,c® (GM.G™)}  Renite(pr) =

» recast it, to match the PowsEG B(FY) (dp )

do
d®rdpr

‘[) llll BEN:
— el s<pT>]{u Gl f’)}
<\])[ (/) H
dS(pr)

D(pr) = — i

~ Q 2
Lo+ Sem) = [ [ Ar(s(a) g &+ Br(as @)

» expand the above integrand in power of as(pr), keep the terms that are needed to get
NLO®) & NNLOF) accuracy, when integrating over pr
» after expansion, all the terms with explicit logs will be of the type ag* (pr)L"™, with n = 0, 1.

/if: &' (pr) exp(=S(pr)) ~ (as(@))"~ "/ L =logQ/pr



MINNLO PS (details)

T

2 (2) 3
d s(PT 2 3
+<asz(iT)> [d@az; ] " <“ >(£)1)> (=)™ IR termS}
F L5 L

i _ exp[—g(pT)]{asz(iT) [dngl;’r] . (1 + %[g(m)](lo

» as expected, for NLO™) accuracy, we recovered MiNLO’ , exactly

ds dE
(pT) Elpr) (pT)
dpr dpr
- higher-order terms O(a‘é (pT)) will produce terms beyond accuracy, after integration on p

> [D(pr)]"" is the o2 (pr) expansion of D(pr) = —

» “regular terms”: [Rfnite(PT)/ exp[—g(pT)]](3).

- power suppressed — after integration they are of order O(ag).



MINNLO PS (details)

o = exl-Son){ 250 | L] v (1+ =2 B )

aS(pT) a dogy ) <(\>(],,[.)>:; 7 - -
= E ]) Yo . ,FCOrI @4
+( 2m ) [d(I’deT:| T 27 [D(pr)] ¢ (Pry)

» as expected, for NLO®) accuracy, we recovered MiNLO’ , exactly

—dg(pT)ﬁ(pT) + dﬁ(p'r)

» [D(pr)" is the a2 (pr) expansion of D(pr) =
dpr dpr

- higher-order terms O(aé(pT)) will produce terms beyond accuracy, after integration on pr

» “regular terms”: [Rﬁnite(pT)/exp[—g(pT)]](B).
- power suppressed — after integration they are of order O(ag).

» [D(pr)]""): extracted from pr — 0 limit, depends on (®x, pr), not on &y

- in practice, we need to integrate over ®r; = smooth mapping to evaluate [D(pT)](S)

- F;°" (®gy): projection — recover [D(pr)]® when integrating over & at fixed (®r, pr)




1/o do/dO

Ratio to mult+PG00

Matching and NLL showers

1-T,VS=mz
10"
10° E
' PanLocal (Bps =1)
! mult.+PanLocal (Bps =3)
i Powhegg+no-veto+PanLocal (Bps =%)
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1/o do/dO

Ratio to mult+PGO00

|ny23, Vs = mz

0.175 A

0.150 4 -

0.125 A
0.100 A
0.075 A
0.050 -
0.025 A

0.000

PanLocal (Bps = 3)
| mult.+PanLocal (Bps =3)

Powhegg+no-veto+PanLocal (Bps =3)

O =Iny;3

[Hamilton et al. 2301.09645]

SDZ >0.25,Bep=0 Inkt/Q, V5 =2TeV
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