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Introduction

Entering in a very high precision era for LHC physics (HL-LHC)

A huge amount of new data at an unprecedented accuracy is expected

Keep increasing the accuracy of theoretical computations
@ Need an input on Non-Perturbative (NP) (hadronisation) corrections, scaling as
O(Aqen/@Q)”

e Absence of a solid theoretical background for estimating NP corrections for
generic collider observables which do not admit an OPE
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Impact of Power Corrections

o QCD Master formula
. Aqep \”
do = Z/dxldefi7p(x1)fj_’p(x2)d0'i]‘(ﬁrlpl,./,CQPQ) X |:]. + ( Q(D) :|

ij Q
as\? Aoep \P
o do=doro+ ( )dJNLo + ( ) donnLo +( QCD) donp
s T Q
~10% ~1%
e For () ~ 100 GeV and p =1
<AQCD>}7 ~1-10%
Q
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Impact of Power Corrections

o QCD Master formula
. Aqep \”
do = Z/dxld{ﬁgfiyp(xl)fjﬁp(l'g)dO'ij(£E1P1,ZCQPQ) X |:]. + ( Q(D) :|

%7 Q
s\ 2 Aocp \?
o do=doro+ ( )dJNLo + ( ) donnLo +( QCD) donp
s T Q
~10% ~1%
e For () ~ 100 GeV and p =1
<AQ,CD>p ~1—10%
Q

It is crucial to properly estimate Non-Perturbative corrections
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Overview on renormalons

e A generic observable D in a renormalizable QFT  D[a] = Y ¢,a™ !

This series diverges with factorial growth
¢, = an! J

Need to truncate the series at its minimum value ny,i, = 1/(]a|@)

_ 27 1
Cpo Mot~ [ 20 o7 e

Tmin

e The Borel technique is a useful help

tTL - o0 oo 1
B[D(t) = chﬁ :>D=/ dte_t/“B[D](t):/ dte ™7 -
\W_'/ 0 0

—at

Borel Transform Borel inteeral
g g=1

For a > 0 (fixed sign series) we find a pole along the integration path J
~ ey 1 N _
Dy = / dte#/aiI? the amblgmty is D+ - D 671/(0,0/)
0 1—at+in
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What about QCD?

@ An O(as) correction to a generic observable

19
@/dla‘g

@ An all-order computation leads to replace

L Q P as(Q)
mlidlﬂmmmm@wm

_ 1 n n+1 ¢ - n(l>
f@;<w%> @) (g
Qb() " n ] - F

Fixed sign asymptotic series!

o The ambiguity takes the form

A )
,—p/(2b0as(Q)) _ (%CD> — The factorial growth leads to power corrections!
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What about QCD?

@ An O(as) correction to a generic observable

The factorial growth for a perturbative series is dubbed a Renormalon as it
is strictly connected to the renormalization group flow of the QFT

By BT s
o Jy Ve @ @B

- g SCvrenrart@ | “ (5)

n 0

200\" | . F
x LB ezt (@) = s = s

n

Fixed sign asymptotic series!

o The ambiguity takes the form
‘ A P
e P/ (2boas(Q)) — (%CD> — The factorial growth leads to power corrections!
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What about QCD?

@ An O(as) correction to a generic observable
1 Q
7 dlpas

The factorial growth for a perturbative series is dubbed a Renormalon as it
is strictly connected to the renormalization group flow of the QFT

T [CFINE

Case of our Interest
We talk about Infrared linear (p = 1) renormalons arising from low
momentum regions

2bg " n F
~ Z(p) nlal Q) = nin = m

Fixed sign asymptotic series!
o The ambiguity takes the form
‘ A P
e P/ (2boas(Q)) — (%CD> — The factorial growth leads to power corrections!

CALCULATING POWER CORRECTIONS

1 Aspects

Non Perturbative and



The Large-ny method

o Renormalons arise taking all the radiative corrections bulding up the running of
Qg

@ The running of oy arises from the fermion bubble insertions along the gluon
propagator if one works within the Large-n; (n is the number of flavour) limit

o We take the Abelian limit of QCD (n; — —o0), decorating each gluon line with
fermionic bubbles

co@en - 000 - o )amlen

_,L'gp,l/ . _Z'gp,u " 1
k24+in kK2 +in 14+ T1(k%2 +in, p2,¢e) — g

LI(k? + i, 4, €) — Tey = as (1) (W) {1og <|ij|) — (k) — 5}

3 3
o Terms (asny)¥ are fully calculable for each k
@ Non-Abelianization at the end of the computation by implementing the Large-b,
approximation
1Cy

ng — — 4TR

+ny
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The Large-ny method

e An all order computation can be handled by taking the O(ay) corrections due to
a gluon with mass A

o For a generic IR-safe observable O we take its expectation value
(Ferrario Ravasio, Nason, Oleari (’19))

Beneke, 98
1 o)V T 1 mhoat
O:O(b)——/d)\i*— t :
=" - D |7 T T oo log N2/43
Born
where
1 _ A
O = Tv(A) + Tr(N) +  Tr(
—_——
Virtual and real corrections for a massive gluon  Nason,Seymour(’95)
1 3z
TR = 22w [ AR NI - ) 00 - OB

o All the logarithmically divergent terms as A — 0 cancel as O is IR-safe

o A linear term in A in (O)m — IR linear renormalon
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Large-n; limit in literature

It provides a reliable framework for estimating renormalon corrections

Beneke, Braun (1995): looking for power corrections in Drell-Yan total cross
section, proving that claims about resummation as probe for linear power
corrections were unfounded;

Nason, Seymour (1995): issues about power corrections in shape variables
observables;

Ferrario Ravasio, Nason, Oleari (2019): leptonic observables in top production
and decay are affected by IR linear renormalons;

Ferrario Ravasio, GL, Nason (2020): absence of IR linear renormalons in the pp
distribution of a Z boson in hadronic collisions;

Caola, Ferrario Ravasio, GL, Melnikov, Nason (2021)+Ozcelik(2022): estimate
of leading power corrections affecting Shape Variables in the 3-jet region;
Nason, Zanderighi (2023): impact of power corrections on « fits using shape
variables in the three-jet region
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The pr of the Z

@ One of the cleanest and best measured LHC observables
@ Useful for BSM research and for constraining as and PDFs at LHC (Boughezal et al.
(17))
@ Sub-percent level precision for normalized distributions measured at LHC (ATLAS and
CMS (15, ’19))
@ Theoretical uncertainties still at the percent level
@ Z+jet QNNLO in QCD (Boughezal, Campbell et al. (716), Gehrmann-De Ridder,
Gehrmann et al. (’16), Gehrmann-De Ridder et al. ('18))
@ Current state of the art is N3LO+N®LL (Chen et al. ('22))
- o e =
= ATlAS T " 4 ATLAS data
= 1 E—v's=_1nev,aﬁ 1f” E
ﬁ;— | 721_:.:(::“"”“”] L
R 105
o — Lepuon ScalefFssakiion NNLOJET+RadISH
T 1.2F — vodeitne 105 LNNPDF4,0 (NNLO)
2 =T
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g o0sf
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ozw
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The pr of the Z

@ One of the cleanest and best measured LHC observables

@ Useful for BSM research and for constraining as and PDFs at LHC (Boughezal et al.
('17))

Y Motivation

. Given the high precision reached for this observable, it is crucial to look for
< the presence of IR linear renormalons in the moderately large transverse
momentum region!

e Current state of the art is N3LO-+N®LL (Chen et al. ('22))

10!

i’—“‘l‘-o-.;___‘ " m NNLOtANLL §
s 0 f S NLO+NLL
& TamasT T = # ATLAS data
= 18-fe=13Tov.361 1" Zrof
G ZHy. alized] 3
o L2 lromaizsd) B
k<] — Smtisbeal Une. 2
IR R y———— I
<] = Lepion Scale/Reschtion ® NNLOJET +RadISH
= 1.2F — ModelUne. ¥ 10-¢ LNNPDF4.0 (NNLO)
c — orhers =
S £
> e Total
-E 0.8
g o0sf . T T
= = 7
S5 o4 3 7 5
S 1.00
0.2 2
Wﬂ % 0.5 [
—T— 2
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The pr of the Z: a kinematic argument

e The soft radiation pattern is not azimuthally symmetric

o A IR linear renormalon is strictly related to soft emissions

transverse momentum ~ Aqcp, we may assume that it can also affect the pZ by

If we model a IR linear renormalon as due to the emission of a soft particle with
recoil! J
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The pr of the Z: working

@ We consider the process
d(p1)v(p2) = Z(p3)d(ps) to
work in the Large-ny limit and
to preserve the azimuthal color
asymmetry (Ecpr = 300 GeV)

fit 1 th
fit2[b=0] ——

T(\/ag [pb]

p$=40GeV,0<y,<06

3
A[GeV]

in the Large-ny limit

We (Ferrario Ravasio, GL, Nason (’20)) found
A\ A
O ~ () 1o ()
Py b

No numeric evidence of a IR linear renormalon
for the transverse momentum of the Z boson! J
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The pr of the Z: working in the Large-ny limit

@ We consider the process

Question

Is it possible to provide an analytic argument about the presence (absence) of
linear power corrections?

i ‘ ‘ ‘,,H{gggf]; We (Ferrario Ravasio, GL, Nason (’20)) found
336 fit 2 [b=0] —— 2
335 A A
| O ~ () 1o ()
- 334 5 D5

[p$=40Gev,0<y; <06
for the transverse momentum of the Z boson!

No numeric evidence of a IR linear renormalon J

L L L L L L

3
A[GeV]
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Non Perturbative corrections to Shape Variables

e Shape Variables measure the geometry of a collision and are routinely used for
the extraction of o, from eTe™ data, from high precision calculations
e It is crucial to consider NP corrections, related to hadronization effects

ROl S
Sl )
e From analytic techniques we e |l
. a1 —el L
obtain the values of ay pavorss -
[MSHT20 a. anl
© 0. =0.1135+0.0010 i E—
[1006.3080] from Thrust b M e
Q@ a; =0.1123 £0.0015 et S SR
et of L 2EE
[1501.04111] from i o
C-parameter s — e
|d'Enterria (W/2) i o colliders
e L
s 2018 T bectrawest
s | ]

as(M3)

e Several standard deviations away from the latest world average value
as = 0.1179 £ 0.0009 [PDG]
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Non Perturbative corrections to Shape Variables

o In the past NP corrections have been considered in the two-jet limit (Webber
(’95), Nason and Seymour ('95), Dasgupta and Webber ('96) and many
others. . .)

@ The extracted value of NP corrections was then extrapolated to the three-jet
region for fitting «, assuming thery were equal

Is this assumption reliable? )

e In a recent work (Luisoni, Monni, Salam (’20)) the authors showed that the NP
correction in the three-jet symmetric point is different from the one in the
two-jet limit for the C-parameter

rturbative and Top



Non Perturbative corrections to Shape Variables

o In the past NP corrections have been considered in the two-jet limit (Webber
(’95), Nason and Seymour ('95), Dasgupta and Webber ('96) and many
others. . .)

@ The extracted value of NP corrections was then extrapolated to the three-jet
region for fitting «, assuming thery were equal

Is this assumption reliable? )

e In a recent work (Luisoni, Monni, Salam (’20)) the authors showed that the NP
correction in the three-jet symmetric point is different from the one in the
two-jet limit for the C-parameter

Need a general framework to evaluate NP corrections affecting Shape
Variables in a generic three-jet configuration

rturbative and Top



Linear Power Corrections: an analytic argument

Question

In a theory including a gluon with mass )\, under which hypotheses do O()\) terms
arise/cancel?

e We (Caola, Ferrario Ravasio, GL, Melnikov, Nason ('21)) observed that
@ For processes involving massless particles, virtual corrections cannot give rise to
linear power corrections
© NLO QCD computation taking a gluon with mass A
Collinear regions of phase space take the form
g
[ sne)
k3 4+ A2
For certain kind of observables (C-parameter, Thrust,...) one has
lim f(n,¢) ="
n—+too

@ For this kind of observables we can rely on the leading soft approximation

No O(\) corrections from observables that are inclusive with respect to the soft
radiation!

Non Perturbative and 1 Aspects



Linear power corrections for Shape Variables

@ Linear Power corrections in the
three-jet region in the large-n; limit
7*(¢) — q(p1) + q(p2) +v(p3)

e Contributions induced by the emission of a soft massive gluon with mass A,
which can further splits g*(k) — ¢(1)gq(l)

Linear power corrections affecting the cumulative distribution in the
Large-ns limit

(v) = Z/dape(x/(cﬁp) —v)
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Linear Power Corrections to Shape Variables

@ O(A) terms for an observable V' can only arise from the splitting contribution to
S(v; )
TAE(v; A)] = Tx [/ d®gg2md(mgz — MM ({p}, 1, DOV ({p}.1,1) — v)]

Expanding in the soft limit we get

No linear terms from this integration!

TS0 ] = T | [ agg2naton, — XM ()LD POV — o) +

T [/ d®gq2md(ma, — A*)[M{p}, 1, D*6(V({5}) — v) V({p}.1.1) = V({p})]

This term is suppressed in the soft region!

= = SaRel




Linear Power Corrections to Shape Variables

e The phase space can be factorized
A®,;06(02 — (1 +1)?) o d®, x [dk] x [di][dl]
Y*—=4qY  gluon phase space g*—qq
e We use a smooth mapping in & (in the soft limit) to construct the real momenta
{pi} from the underlying Born momenta {p;}

v =P+ R, ({BHE” + O(kG)
e We consider shape observables V' (C—pammctor and Thrust) such that

RTINS D=V{ph) =V{p} LD = VD] + V{p}) - V{BH] + O(k))

o We only need

V({ph1.0) - V({p}) = V{ph1L1) - V({p})

Only the emission term matters!
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Linear Power Corrections to Shape Variables

@ Linear power corrections can only arise from
V({{p}.1,1) = V{p})
After a bit of algebra

T2 ] = [ o @6V (5) - ) x [N T3l () V]

with
_ Judy (kq) _ 4 _
I = Wmax — ~——= 2 B —1—
(7)) = 087550 (o~ T8 Jrananen) s 11
x Tr[[*1y"] [V {B}, 1,1) = V{B})]
W
g*—qq
where
. By Py . . - .
o JH= = — = is the soft eikonal current for the emission of a massive
(p1k)  (P2k)
gluon

@ Wy 18 a UV cut-off on the gluon energy in the rest frame of ¢

cts of QCD - 29.05.202 CALCULATING POWER CORRECTIONS



Factorized approach: general case

Separation of soft emission and recoil contributions

V(ph LD~ VD = VLD - VI + S R (ke

. {av(ga%jl,l) 3‘/8(;19})} L{PHE + O(k2)

Suppressed in the soft region!

We take observables linear in the soft emissions

V(phLD) — VD = V({510 - V) + D e (e

av<{p}f

'L

V{ph D) = Vs~ B, (B
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Factorized approach: general case

Separation of soft emission and recoil contributions

If the observable is linear in the soft emission we can study its variation due
to the emission of a single soft massless parton!

L a'*il a*‘ilf J (N ZAN C o ) ' o7

Suppressed in the soft region!

We take observables linear in the soft emissions

V(phLD) — VD = V({510 - V) + D e (e

avup}f

'L

V{ph D) = Vs~ B, (B
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Factorized approach: general case

We can consider the equation

V({ph 1) - V({5}) = %hv(n,w)

o The expression vanishes in the soft limit

@ No linear power corrections can arise from hard collinear divergences (Caola,
Ferrario Ravasio, GL, Melnikov, Nason (’21))

e hy must be suppressed for large |n| and arbitrary ¢

dnde h
Wy = / nde hv (. ¢)

2(2m)3 ¢
I‘t}nreg = VV\/ X AF - JH v _ A8 grv A8
F(pr.pa, D) = 167 [ [ {—2#‘1” ___ 9 }
A3 (2k1)® 2(2kl)3
5t
= —— — Constant value!
64
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Factorized approach: general case

We can consider the equation

Expression to evaluate

157

= /dab(@b)é(v@b) —v)q{—maswCF/de:hv(ﬂa@)]

dnde h
Wy = / nde hv (. ¢)

unre, 2(2m)? 4
IV g — VV\/ X A ) - TV . A8 guu/\s
F(p1,p2,1) =167 [ [dk]— —20"1 =— — =
. A3 (2k1)® 2(2kl)3
= —5—71— — Constant value!
64
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NP correction as a shift in the shape variable

[Monni "12]

T L B s B B e
NNLL+NNLO + power corr.
NNLL+NNLO ——

1o dc/igT

@ NP corrections show up as a
shift in the Shape Observable

ALEPH data

~ ol PRELIMINARY B
S () = S(v — dnp (v)) &
- 1 do Q=M, o, (My)=0.1146
B(v) = = ——=dnp(v) 10 f E
o dV o, (2GeV) = 0.4883 i
P I R B B
0 0.1 0.2 0.3 0.4
1-T
o As the total cross section is free from linear power corrections we get
un (o) = DE@A)]
NP(V) = —
do/dV

o Use the parameterisation
6NP (’U) = hrC(U), h= (5Np (O)
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NP correction as a shift in the shape variable

[Monni "12]

L . LN S S s B B
NNLL+NNLO + power corr.
NNLL+NNLO ——

" Our result

With our framework we are able to evaluate the full functionl form of dnp for
specific shape variables!

~( ) T do (v) =My @, (M) =01146
¥(v) — ——dnp (v L
o dV 10 o, (2GeV) = 0.4883
B I R B
0 0.1 0.2 0.3 0.4
1-T
o As the total cross section is free from linear power corrections we get
un (o) = DE@A)]
NP(V) = —
do/dV

o Use the parameterisation
6NP (’U) = h((v), h= (5Np (0)
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NP shift in the Shape Variable: gq dipole emission

o Start with the process v* — ¢+ g+
o The only emitting dipole is the gg
Op = hleq(v),  (gq(0) =1

o Comparison of the analytic result with a full large-n; computation for
A=0.1, 0.5, 1 GeV, ¢ =100 GeV

1.2 T T 1.2 T T
s A=1 GeV —— il A=1Gev —— |
1 A=0.5 GeV —— - B A=0.5 GeV ——
~ A=0.1 GeV —— 1 A=0.1GeV —— 1
08l Analytic =—— 09 Analytic =—— |
&) = 08
& 06 N
5 0oL Vo7
04 [ 0.6
0.5
02r quark-antiquark dipole 1 04 quark-antiquark dipole
0 + + + + + + + 0.3
o 125 1 o125 1
£t S I . 1
g [ il g LR RN EEEFT R ]
§ 075 3 075 1
05 = L L L L L L L 05
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.05 0.1 0.15 0.2 0.25 0.3
c t
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NP shift in the Shape Vari

emission amplitude

e We extended our
considerations to the realistic
process v* — qqg

@ Three emitting dipoles

(4@, a9, qg)

Zeg(©)

08
0.7
0.6
05
0.4
03

o Linear power corrections come
from the soft limit of the

quark-gluon dipole

A=1GeV
A=0.5 GeV ——
A=0.1 GeV ——
Analytic ——

05

06 07

[%O)

%/Analytic

1.25

0.75
05

ealistic case

A=1GeV
A=0.5GeV ——
A=0.1 GeV ——
Analytic —— -

quark-gluon dipole




NP shift in the Shape Variable: realistic case

@ The contributions from the three dipoles are additive

- Cr—Ca / 2 Ca
q4q9 — _ _
¢ (v) = (4q(v) C + Cgg(v) C
F F
1 1
09
0.9
08
. C-parameter _ 08 Thrust
~ oozt ~
07
06|
05| - 06
" o1 0z o3 Y o8 08 o7 05 . ' ; y ; y
0 0.05 0.1 015. 02 0.25 03

c t

@ The shape of NP correction is non trivial in the three-jet region!
o Estimate of the NP correction in the three-jet region for the first time!
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Conclusions and Outlooks

Understanding Non-Perturbative corrections to collider processes is now crucial,
given the high precision reached at LHC

o Large-ny method is a reliable framework to investigate O(Aqcp/Q)P corrections

No linear terms if integrating inclusively over the soft radiation phase space:
analytical proof about the absence of IR linear renormalons in the pp
distribution of the Z boson in hadronic collisions (Ferrario Ravasio, GL, Nason
(’20))

Fully analytic prediction for NP corrections for Thrust and C-parameter away
from the two-jet region (Caola, Ferrario Ravasio, GL, Melnikov, Nason, Ozcelik
('22))

Tmpact of these findings for «; fits (Nason, Zanderighi ('23))

Linear Power Corrections to the electroweak single top production at LHC
(Makarov, Melnikov, Nason, Ozcelik (23))

Linear Power Corrections to top quark pair production (Makarov, Melnikov,
Nason, Ozcelik (’23))

Next directions: extensions to other observables, study of resummation effects
and phenomenological applications
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Renormalons structure

C (0 = /A .
19), = A (constant), we take the A\ < pc (e = pe®/%) region

For —¢
1 do)V He dx Thoars
- A / — arctan ———————+
boars dA A=0 J0 s 1+ boag 111”—2
C

}/\:O

Taking a = boas, A/ pc =1

Analytic

1 T -
dl 1 9 _ 5
& arctan —% =~ arctan (ma) +/ o8 (72/2) —sin (712/2)

0o Ta 1+alnl®? 7a 0 1+ (27a)?
1 © exp(—5) [ 1
—P dr== 2a7 2 -
+ a /0 T—¢ aexp %
Borel integral Ambiguity

Replacing a = boes = 1/ In(pg. /A?)
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The pr of the Z in the large-n; limit

o No existing large-ny computation for a process with a Born level gluon

o d(p1)y(p2) — Z(p3)d(ps) as proxy for the real QCD process

& =
&

@ The azimuthal asymmetry of the soft emission pattern is preserved

An all-order large-ny computation is possible J

Non Perturbative and Tc 1l Asp s of QCD - 29.0 02 CALCULATING POWER CORRECTIONS



The pr of the Z in the large-n; limit

Evaluation of the cross section
1 /°° dAdT(N) mhoas
— ———= arctan
b()as (/1,) 0 m dA

1+ b()as 1112 L;
re

Computation of T'(\) for different A values
T\ =Tv(\) + Tr(\) + Te(\) + To () + TSN + TR (M)

e The A terms can be neglected as we are inclusive with respect to the splitting of
the gluon in a gq pair

e DIS scheme for subtracting the initial state collinear singularity for the gluon
(Te(V)
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The pr of the Z: T'(\)

o The integration diverges as pr,z approaches 0
4
F . Ptz

supp — 4 4
pT,Z + pT,cut
] Tv(/\)
@ UV divergences extracted in CDR (d = 4 — 2¢) and canceled in the total
@ IR divergences regulated by the gluon mass A
@ Tr(\) evaluated in 4 dimensions:

@ IR divergences when g gets soft or collinear to either the initial or final d quark
(arising as In ), In® X as A — 0)
@ IR singualarity associated with the splitting of the initial state photon

Non Perturbative and JCD - & CALCULATING POWER CORRECTIONS



The pr of the Z: real contribution

The real squared amplitude is divided in three regions

1
(1) P g 3
R = : R S
LIRS | (Eq+Eg)?
p2T,d mgr,g EdE!lmg,g
1 ;
2
R(z) = "9 /{{f NN/
1 + + (Ed+Eg)
p%"d mT, Equm d,9
(Ed+Eq)
R(S) . EdEgm a9 R
o NI | (Eq+Eg)?
pgr,d mgr,g EdE.qmg,g

Non Perturbat
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The pr of the Z: results

Our setup'
1§ @ =70) = {7 (w =me) = 45
My =91.188 GeV
o FEcnm = 300 GeV
o(pf > ps) (pg = 20,40 GeV)
o o(pZ > p%,0 < Y < Yeur = 0.6)
o up =My
We fit T'(A\) with the fitting function
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of the Z:results

04D [T T T T T T 1£.9 [T T T T T T T
T~ data 72.2 2o, data
640 N fit 1 [b=0] : ~__ fit 1 [b=0)
S fit 2 [b=0] 72 < fit 2 [b=0)
71.8 .
— 635 - \
8 2 716 &
& 630 N g 714 -
= = 712 .
F 625 \ o N
620 |- Pf= 20 GeV N\ 708 | pf= 40 GeV \
70.6
615 L L L L L L L 70'4 1 1 1 1 1 1 1
0 05 1 2 3 4 5 005 1 2 3 a4 5
A[Gev] A[Gev]

e A =5 GeV excluded from the fit
@ b first included and then set to 0 to study its impact on T'(\)
e b =0.009 % 0.004 for pT =20 GeV and b = 0.024 £ 0.017 for pG = 40 GeV
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The pr of the Z: results for a more exclusive anal

283 [ T T T T T T 387 T T T T
i1 o) —— fit 1 o) ——
L it 1 [b#0] — o it1[b20] —
282 fit2 b=0] — 336 fit2 n:o} —
335 1
280 1
334 1
T )
o8 4 Sas3r J
8 8
2 =< s32f -
F F
276 331 -
3 ¢ 1
274 X pr=40GeV,0<y;<06
329 J
72 . . . . . POy R — . . .
0 05 1 4 5 0 05 1 5

3 3
A [GeV] A [GeV]

e b= —0.001+£0.009 for p5 =20 GeV and b = 0.015 £ 0.025 for p$ = 40 GeV
We (Ferrario Ravasio, GL, Nason ('20)) found

JULATING POWER



The pr of the Z: results for a more exclusive analysis

283 [T
fit 1 b:O

mzt>07’

fit1 b:o
fit2[b=0] ——

282

No numeric evidence of a IR linear renormalon for the transverse momentum
of the Z boson!
BT

274 [P$=20 GeV, 0 <y, <0.6 3 pS=40GeV,0<y, <06

272 1 L L L L L L
4 5 [ 0.5 1

3 3
A[GeV] A[GeV]

e b= —0.001+£0.009 for p5 =20 GeV and b = 0.015 £ 0.025 for p$ = 40 GeV

We (Ferrario Ravasio, GL, Nason ('20)) found
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The pr of the Z: results for a more exclusive analysis

283 [T

T
data
fit 1 [b0] ——

data
fit1 [b#0] —— e 1
it 2 (b=0] ——

282
o fit 2 [b=0] ——

No numeric evidence of a IR linear renormalon for the transverse momentum
of the Z boson! )

331 -
Question

Is it possible to provide an analytic argument about the presence (absence) of
linear power corrections?

e b= —0.001+£0.009 for p5 =20 GeV and b = 0.015 £ 0.025 for p$ = 40 GeV
We (Ferrario Ravasio, GL, Nason (’20)) found

2
2
O ~(2) ()
DT Pt
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Shape Variables: Details of the Computation

e Two shape variables O such that g—g = 000(0) at LO
@ Thrust (2/3<T < 1)
1 max > P - 7 L JT= 0 2-jet region
(2] C—parameter (0 <C< 1)

3 Z C=0 2-jet region
2Q2 C =3/4 3-jet symmetric point

7=1/3 3-jet symmetric point

05

045

03[

(t/og)doldt
(Clog)doldC

02

01

o 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08
T C

@ The C-parameter has a Sudakov shoulder within the physical range (C' = 3/4)
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Direct analytic integration: the case of the C-parameter

We take V = C and decompose

I (p17p27p37 - 471_3 ZI Zl'y,

where
Brmax
Ley ) = / d8G,(8, 2, y)
0

with
° q=+/¢
B is the velocity of the massive gluon in the g rest frame (Bmax = /1 — A2/w? ..)

o x and y parameterise the three-jet kinematics

o (35 is the most interesting one
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Direct analytic integration: the case of the C-parameter

e (5 integrable at § =1 but not
at =0

1
reg _
5 _/ - dﬁ G5(x7y,)\) — 144 V1-82c,+8s12
min V91— /%1n (m) In m
1 Gy = 5
o The res;ﬂthcan be exprlessed in s e(y— 1)+ Dy — )= 52,
terms of the two complete o (;»j(;x [y — Dy + 2 (—4y? + 4y — 5) + 5] + 8 [a? (549° — 5y —

elliptic integrals ‘ e s .
! & — 212 (y — 1)y + 55¢ — 38} + 542 [_‘L‘z (—243/2 + 24y + 5)

+ 12 (y — 1)y — 172 + 12} —35(zx - 2) {.’,(,‘2(:(} -ly+xz- l) )

1 dt
K = /0 VA=) - z2)
1dt V1 — 2t2
P& =) A=

ﬁ@@Aﬂz/ﬂﬁMC@w—@
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Direct analytic integration: the case of the C-parameter

e (5 integrable at § =1 but not
at =0

] — ds Ge(z. y. A

q

o In the two-jet limit (¢c12 =0, 20 — 0, 21 + 23 — 1):

% - _%772(%)043 54y —
o In the three-jet symmetric point (c12 = 0, z; = 1/3): )
ToTaoieal = B V/3n(3K (1/4) — 4B(1/4)](3)es
By = [fAVI—2
o VI—t2

TA[Z(c, \)] = /dabé(C’(cI)b) —¢)
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Shape Variables: Computation in the Large-n limit

o Computation of
(O =Ty (\) + Tr()) + TR (V)

with
1

TR(\) = ;Oa .

T )2 / Ay Reg(A)I(A? —miy) [O(Rgq) — O(@(qq))

@ The integration diverges in the two-jet limit
Faupp = C?
o Ty(N):
@ IR divergences regulated by the gluon mass A
@ UV divergences regulated in CDR (d = 4 — 2¢) and canceled in the total
e Tr()\) evaluated in 4 dimensions:

© IR divergences arising as 7 gets soft or collinear to either d or d
© IR divergences when g gets collinear to either d or d (arising as log A, log? A
singularities as A — 0)
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Shape Variables: Computation in the Large-n limit

1
Tr(\) = o0 /d‘I>3+1R§>»I)(‘I>3+1)03+1

@ The real squared amplitude is divided in three regions
R=RY + R® L R®

fay + 13, .

rRY = R (7| d(d),~ soft)
AR "
R(Q) = b) b} fng b) b} R (g H d)
fay + 13, + fig + 13,
®) fi
R® = ’ R (gl d)
BT T
E;i+E; .. -
ij - 71 1 \o ) :d,d, )
f] (kz +k'j)2 (Z J Y g)

e RW integrated within the POWHEG-BOX, R(2>, R® with a separated Fortran code
@ v* — ddvyqd = TR finite as A — 0, QED singularity from v (POWHEG-BOX)
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Shape Variables: Results for Kinematical Distributions

° (O}g\l) - <O>(()1)7 with O = 6(z — 2(®)), for t = 1 — Thrust and C-parameter
e Computation for A = 0.5,1 GeV, for @ = 100 GeV
o Comparison between analytical approach (A) and Large-ny limit (B)

104 : : : : : : : 10% - - - - - -
(A) (\=1.0 GeV) —— (A) (A=1.0 GeV) ——
e (B) (A=1.0 GeV) —— 5, (B) (\=1.0 GeV) ——
3 107 ¢ (A) (\=0.5GeV) — 3 5110 3 (A) (A=0.5 GeV) — 7§
<3 (B) (A=0.5 GeV) —— 2 (B) (A=0.5 GeV)
g 10% F 212t E
= <
€] <)
10' F 10' F E
0 0
< 10 < 10
[ [0
G 14 G 1.4
v ]
g 1 g 1
< <
=09 = 0.9
3 8 S SR S 3 S S S S
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.05 0.1 0.15 0.2 0.25 0.3
c t

o Excellent agreement between the two methods
e O()\?) entering for C < 0.15 and t < 0.07
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Comparison with literature

Ambiguous prediction in the

bulk of the three-jet region [Luisoni, Monni, Salam (’20)]

. . ¢©)
Different results depending on
the way of handling the recoil "2 Gz fat
. . b2 b3
due to the emission of a soft e csDhee N
massless gthIl 10 ~=-#-= PanGlobal -=-&-~ FHP
. »
Perfect agreement with our ol
results if using a mapping
which satisfies our sl ™,
requirements
(Catani-Seymour, PanLocal, o0 01 o2 03 o4 o5 o8 o7
PanGlobal)

All the recoil schemes give the same prediction at the endpoints ¢ = 0, ¢ = 3/4,
where the recoil effect are strongly suppressed
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Impact on «y fits

o Impact of NP corrections on «y fits (Nason, Zanderighi '23)

2 | |
C [
T ——
. Y3 —— 4
15 C+T
C+T+yz ——
o 1 -
3
0.5 = A
\$
0 I | | | 1
0.09 0.1 0.11 0.12 0.13 0.14 0.15
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