Matching and parton-shower NNDL accuracy
Ludovic Scyboz

(with K. Hamilton, A. Karlberg, G. Salam and R. Verheyen)
JHEP 03 (2023) 224 (arXiv:2301.09645)

THE ROYAL SOCIETY

Royal Society Research Grant (RP/R1/180112)

ERC No. 788223

RADCOR 2023, Crieff, Scotland
June 1% 2023




A history of accuracy 1/19
-

selected collider-QCD accuracy milestones

Drell-Yan (y/Z) & Higgs production at hadron colliders
LO NLO NNLO[......cceuunriennns 1 N3LO

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

transverse-momentum resummation (DY&Higgs)
LL  NLL[...... 1 NNLLJ...] N3LL

parton showers (many of today’s widely-used showers only LL@leading-colour)
LL [parts of NLL......ccoeuveiiiiiiiirieircr e e e e 1

fixed-order matching of parton showers
LO NLO NNLO [....... 1 [N3LO]
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Logarithmic counting 2/19

—

» For a specific observable (e.g. event-shape V):
probability X (V < e‘w)

Y(as, L) =exp | Lgi(asL) + ga(asL) + asgs(asL) + - - -
—_—— e — ——

LL NNLL




Logarithmic counting 2/19

—

» For a specific observable (e.g. event-shape V):
probability X (V < e‘w)

Y(as, L) =exp | Lgi(asL) + ga(asL) + asgs(asL) + - - -
—_—— e — ——

LL NNLL

» Double-logarithmic: e.g. subjet multiplicity

Y(aws, L) = hy(asL?) 4+ Jasho (s L?) 4+ ashs(asL?) + . ..
e

DL NNDL




PanScales: A project to bring logarithmic understanding and accuracy to parton showers
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PanScales

—

4/19

PanScales showers: NLL-accurate (i.e. reproduce g1 (asL), ga(asL))
» Ordering variable v ~ ke P 0 < <1

> — see Silvia’s talk on Friday for details
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NNLL & matching 5/ 19
—

» On the way to NNLL (i.e. terms a?L"~!): we need
NLO matching to get e.g. the term oy

» NLO matching was solved 20 years ago:

> MC@NLO
» POWHEG
» ...& many others since then

» All appeared at a time where showers were LL-accurate

» ... so focus on their interplay with NLL-accurate showers

v

Take the simple example of Z/v* — qq and H — gg




Matching & NNDL accuracy 6/ 19
—

» Strategy: Correct hardest emission @ NLO (MEC,

MC@NLO, POWHEG) \

Problem solved 20 years ago




Matching & NNDL accuracy 6/ 19
—

» Strategy: Correct hardest emission @ NLO (MEC,
MCQ@NLO, POWHEG)

» Gets correct C coeflicient
2(0487 L) = (1 + Cl% + - ) eXp[Lgl(asL) + gQ(QSL)
+ asgs(asl) + -]
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—

» Strategy: Correct hardest emission @ NLO (MEC,
MCQ@NLO, POWHEG)

» Gets correct C coeflicient
2(0487 L) = (1 + Cl% + - ) eXp[Lgl(asL) + gQ(QSL)
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Matching & NNDL accuracy 6/ 19
—

» Strategy: Correct hardest emission @ NLO (MEC,
MCQ@NLO, POWHEG)

» Gets correct C coeflicient
2(0487 L) = (1 + Cl% + - ) eXp[Lgl(a’sL) + 92(asL)
+ asgs(asl) + -]

» In analytic resummation: Cy (+NLL) suffices for NNDL
event-shape observables (terms ~ o L?"~2)

S(as, L) = hi(asL?) ++y/as ha(asL?) +as hg(as L) + - -
N—_—— N—— N——
DL NDL NNDL
Is this true for NLO matching of NLL parton showers?




POWHEG revisited 7/19
—

» The POWHEG “formula”: (HEG = hardest emission generator)

Ruga(®)

= B(® U
do (®B)Surc(ve —, PB) X Bo(@p)

dd x Ipg(viIEY, @)




POWHEG revisited 7/19
—

» The POWHEG “formula”: (HEG = hardest emission generator)

Rugrc(®)

dO’ B(‘I’B)SHEg( HEG Q)B) B()((DB>

Ad x Ipg(viEY, @)

15* emission: exact matrix element




POWHEG revisited 7/19
—

» The POWHEG “formula”: (HEG = hardest emission generator)

Ruga(®)

do = B dp)S el 'L'HF‘G.(P 3 ) X
(®B)Surc (v, PR) Bo(®p)

dd x Ipg(viIEY, @)

Sudakov down to v = ngG




POWHEG revisited 7/19
—

» The POWHEG “formula”: (HEG = hardest emission generator)

Ruga(®)

= B(® U
do (®B)Surc(ve —, PB) X Bo(@p)

d® x Ips(viEC, @)

Iterated shower starting from v = ngG




POWHEG revisited 7/19
—

» The POWHEG “formula”: (HEG = hardest emission generator)

Ruga(®)

do = B(®p)Surc (v "%, @) x Bo(®p)

dd x Ipg(viIEY, @)

With PanScales:
» NLL: for instance PanLocal requires Spg > 0

» We work with a “generalised” POWHEG
map: POWHEGg

» Assumption: = fpg (contours align in the soft-collinear)




POWHEG: kinematic contour mismatch 8/ 19

& Shower

InkPs =L

! Lolnupg
ne =

Bps

» Need to veto shower emissions (i.e. no holes or double-counting)

» In POWHEG+Pythia: py evol # PL POWHEG




POWHEG: kinematic contour mismatch 9 /19
—

) _ @
» Shower start scale: vps = v

» Correct result (@ = @)
Y — e—al?
¢D $— Shower . .
S —HEG » If kinematic contours match everywhere:
In kSb® = L L2

YHEG+PS = €7
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—

» Shower start scale: vpg = 1;3}3 o
» Correct result (a = @)
Y — e—al?

Y $<— Shower . .
HEG » If kinematic contours match everywhere:

Ink™ =L —alL?

YHEG+PS = €

» If contours do not match in hard-collinear:

Shparps = € |1+ (e79Psl” — 1)aAy,

(@A = 202Ce 721 for 4+ — gq)




POWHEG: kinematic contour mismatch 9 /19
—

» Shower start scale: vpg = 1;3}3 o
» Correct result (a = @)
Y — e—al?

Y $<— Shower . .
HEG » If kinematic contours match everywhere:

Ink™ =L —alL?

YHEG+PS = €
» If contours do not match in hard-collinear:

Shparps = € |1+ (e79Psl” — 1)aAy,

(@A = 202Ce 721 for 4+ — gq)

EOO 2Bps Akm —nL2n 2

Breaks exponentiation: In¥ = —aL? — Y >°, =]




POWHEG: desymmetrisation mismatch 10 / 19
—

» Showers (and POWHEG) de-symmetrise the gluon splitting
functions (divergence only when radiation = soft, { — 1)

In PanScales: de-symm. parameter
1 1+¢°
orlos (O = Ca |57 + (20— Dwgg

> . and P2vm(Q) 4 Piym(1 - ¢) = 2Py(C)

» NNDL issues (similar to previous issue) arise if HEG and
shower de-symmetrisation do not align (“w"FG #£ w57)




POWHEG: desymmetrisation mismatch 11 /19
—

v (¢ > 5): 95~ Fxa(w)
va(¢ < 1) 98 ~ fFro(w)

Ixi(w) + fxo(w) =1




POWHEG: desymmetrisation mismatch 11 /19
—

v1(¢ > 3): & ~ fxa(w)
v2(¢ < 1) &~ fxo(w)

fx1(w) + fxa(w) =1

Fx 1 (WHES) 4+ fyo(wPB) £1

Zmismatch = e—&Lz [1 + (e_a6PSL2 - 1)dA:|

aA o< (Ca — Trny)(wHECG — FS)




NNDL accuracy tests: pure showers 12 /19

—
¥ = hy(asL?) + ashe(asL?) + ashs(asL?) + . ..
» Fix & = a,L?, and take the small-ay limit

. 2PS — XNNDL
ONNDL = lim ——-—"—
as—0 aszDL




NNDL accuracy tests: pure showers 12 /19

—

> = hl(ast) -+ \/@hg(aslﬁ) + Oéshg(OésL2) + ...

» Fix & = a,L?, and take the small-ay limit

5 56 ~ lim Yps — XNNDL
~ —2 ONNDL = —
NNDL as—0 OésEDL

vy =qq, asL? =1.296 (no matching)
PanLlocaI PanLlocaI PanGlobal PanGIol]:a\
(Bes =3.dip.) (Bes =3,ant.) (Bps = 0) (Bes =1)

———
———

C-parameter

Tes— 3,
@5

a0




NNDL tests: multiplicative/MCQNLO matching 13/ 19
—

Y -qq, asL? =1.296 (multiplicative matching)

PanLocal PanGlobal PanGlobal
(Bes =3 dip.) (Bps=0) (Brs=3)
C-parameter |, O - i i iy | .
-1 0 1 -1 [ 1 -1 0 1
i Ers = I
Sim,
y*=qq, asL? =1.296 (MC@NLO matching)
PanLocal PanLocal P: P
(Bes =3.dip.) (Bps =1.ant.) (Bps =0) (Brs=1)
T T T T T T T T

C-parameter |, o e £8 25! ==
-1 0 1 -1 0 1 - 0 1 -1 0 1

. Zps — InnoL
lim I




NNDL tests: HEG without veto 14 /19
—

» Start vpg = U%EG without veto
» For (o, < Bps: expected discrepancy (exp.)

—al? —a 2 _
Emisma’cch ~e al 1 + (6 afesl” _ l)aAkin:|

y*-qq, asL? =1.296 (HEG matching, no veto) H-gg, asL? =0.791 (HEG matching, no veto)
PanGlobal + PanLocal Powhegg + PanLocal PanGlobal + PanLocal Powhegg + PanLocal
(Bps =3,ant.) (Brs=3) (Bps =3,ant.) (Brs=3)

T T 7 T ® T g 7

Bri + 4 Bri + <

Bw | exp -+ exp. 4 Bw | exp. -+ exp. 1
uf=0t ] T 1 POt T 1<
maxu,bzu r T 1 maxu,bzu r T 1z
FCy + E FCy + {:z
wiTiE T qE wWfif T 17
maxu® 7 [ T 1z maxu’ 7 [ T 1
Fo b T q< Fo b T 1=
Zu’g:a r T 10 Zuﬁzi r T P h
maxu,h:1 r T 1= maxu,b:1 r T 1=
Thrust |- T 14 Thrust [- T 149
C-parameter |- N T N 9« C-parameter |- N T N q ¢

-2 0 =2 0 -2 0 =2 0

lim 25 Zwou lim 2= Zwou
b~ @Tor o~ aTor




NNDL tests: HEG with w'™F¢ £ FS 15 / 19
—

> Start vps = Vi with aligned contours (HEG = shower)
but misaligned de-symmetrisation parameters, wHFG £ ¢S
» For SBons < fps: expected discrepancy (exp.)

_r2 - 2
Emismatch = e—aL 14 (e_aBPSL - 1)07Aw

al, o (Ca — Trnyp)(wTFE — wPS)

H-gg, asL? = 0.352 (HEG matching, w6 —wPS =1, n;= 0) H-gg, asL.? =0.791 (HEG matching, wHE¢ —wPS =1, n;= 0)
PanGlobal PanLocal PanGlobal PanLocal
(Bps=3.ant.) (Bes=3) (Brs=3.ant.) ps = 1)
2T exp l T exp. ] SUPOT exp i T exp. i

maxuf =° l r I 1% maxuf =° I r I 1%
suf=? T 1= suf~t I T I 14

maxcf "t ¢ — 15 mowf

zuf =t { r 10 zuf =t

maxuf =t T 1 maxuf =t
-0.5 0.0 0.5-0.5 0.0 0.5 -0.5 0.0 0.5-0.5 0.0 0.5

iy B B i Ero= T
Jim = lim =




NNDL tests: POWHEG (properly) 16 / 19

14
PanGlobal + PanLocal ~ Powhegg + PanGlobal ~ Powhegg + PanGlobal Powhegg + PanLocal
(Bps =3.ant.) (Bps =0) (Bes=3) (Brs=3

C-parameter | T + + 4

-1 0 1 -1 0 1 - [ 1 -1 0 1

P S
iy
H-gg, a;L? = 0.791 (HEG matching)
PanGlobal + PanLocal  Powhegg + PanGlobal Powhegg + PanGlobal Powhegg + PanLocal
(Bps =3,ant.) (Bes = 0) (Brs=1) (Brs=1
T T T T T T T T

C-parameter [ T T T 4

-1 0 1 -1 0 1 - 0 1 -1 0 1

i s~ Ennou
e




Phenomenological results 17 / 19

—

1-T,Vs=mz Inyz3, VS =m;z SD > 025, pep=0 INKi/Q, VS =2 TeV
0.175 9% 0.30 1
1 |* =
10 0.150 4 0.25
0.125 4

S g E

3 | § 01001 5

s ] % s

5 w 3 0075 1 =

PanLocal (Bs =3) 0,050 PanLocal (Bps =3) 0.10 4 PanLocal (Bps =}
mult.+PanLocal (Bps =3) : mult.+PanLocal (Bps =) 0.05 mult.+PanLocal (Bps =)
. Powhegg-+no-veto+PanLocal (Bes 0.025 1 Powhegy+no-veto+PanLocal (Bps = 1) : Powhegg +no-veto+PanLocal (Bps = 1)
107 0.000 T T T T 0.00 v v v v
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0=1-T 0=Iny;3 0=5D;>025,,0=0 INkt/Q
» Scale compensation (inspired my [Mrenna Skands '16])
o 14 Kas(/LR) T 2(1 - Z)BOC“S(;U'R)I _ central
s(UR o 2 (TR y HR = TRMUR
T

» Hard uncertainty: P(papq) = P(Aefault) 5 11 4 (2.4 — 1)min 7,1




Phenomenological results

—

» Good agreement among (correctly) matched showers
» Reduction of scale uncertainties from LL — NLL
» Visible effect of NLL exponentiation breaking (NEL)

pSpythiag | L
Powhegg + PSPythiag [ LL+NLO2j / NDLey.snp

V5 =2TeV, SD;5025,p5-0 INke/Q = -2

mult. + PanGlobal (Bps = 0) | NLL+NLO; / NNDLay. s
MCENLO + PanGlobal (Bps = 0) | NLL+NLOo; / NNDLey. ohp

Powhegg + PanGlobal (Bps = 0) |- NLL+NLO2; / NNDLey s,

:_

PanGlobal (Bes =0) - NLL B2 —
-
i
e

LN

[ NLL+NLO; / NNDLey, shp

k. NLL+NLO5; / NNDLev, shp

[

[ NLL+NLOS; / NNDLey,shp 2 E

Y
[ NLL+NLO; / NNDLey s
[ NLL+NLOy; / NNDLey, shp,
L NLL+NLO;; / NNDLey,shp.

b NEE+NLOS; / NDLey. snp.

0.4 0.6 0.8
Ratio to mult. +

1.0 1.2 1.4

PanGlobal (Bps = 0)

18 / 19




Summary & Outlook 19 /19
—

» Showers with higher logarithmic accuracy are making an
appearance

» Good control of logarithmic terms allows us to place
meaningful shower uncertainties

» First steps to gauge interplay of matching with higher-log
accurate showers

» Working on the next steps: full NNLL, quark masses,
hadronisation/MPI & tuning

» Getting in shape to have a usable code ready




All-order logarithmic tests: limits 19 / 19

—

In general: for an observable X(ag, L)
» NFLL accuracy (X := asL)

Y =exp|Lgi(asl) + g2(asL) + asgs(asl) + ...]

. ‘ In Ypg(as, A/ ag) — In Xnwy g (s, A as)
0Nk, = lim —
: o as—0 (197

A fixed :

(SZN]CLL — O lf
shower is N*LL accurate




All-order logarithmic tests: limits 19 / 19

—

In general: for an observable X(ag, L)
» NFLL accuracy (X := asL)

Y =exp|Lgi(asl) + g2(asL) + asgs(asl) + ...]

. . In ¥pg(as, A/as) — In Xy g, (s, A as)
0Nk, = lim —
: o as—0 (1@7

A fixed )

» N*¥DL accuracy (¢ := asL?)
Y = hy(asL?) + oashe(asL?) + ashs(asL?) + . ..

(EPS((LH, —+v/&/as) — Enepr, (s, \/5/043))

0XNkpr, = lim
as—0
¢ fixed

k/2
(ys/




Event shapes @ NLL 19 /19
—

» NLL tests (with full colour) for global event shapes: v/

NLL accuracy tests — NODS method

Dipole PanLocal PanLocal PanGlobal PanGlobal
Pythiag (B=3.dip.) (B=1ant) (B=0) (B=3)
Nl T o FT o 3F
N Bt 4 1 i ¢ b+ 25
4 But o + | b1 ]
il FCi ¢ i LE ai
% Si-0 + b+ 'R b
Y, Me=of T 1 T
7 F; [ bt [
e Sp=} ¢ b T i+
Q)o Mg-1r 1 T T 15
N Thrust [ § b+ T b+ 3
% Sp-1 # b+ + b0
& Maoib t - = b+ b4
Q)O 0.1 0.0 -01 0.0 -0.1 0.0 -01 0.0 -0.1 0.0

i In[Zps/Zn ] ford= -3




