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» Motivations
o Why hadronisation corrections?

o Precise determination of the strong coupling with jet observables

. Leading hadronisation corrections with ARES
- Master formula for event-shape variables
o PT-NP interplay

- Merging the two- and three-jet regions



Motivations




Many interesting events at the LHC involve the presence of highly collimated
bunches of hadrons, the jets

Dark matter

Black hole




Jets start from energetic partons (quarks or gluons), which subsequently emit
other partons, thus degrading their energy




Jets start from energetic partons (quarks or gluons), which subsequently emit
other partons, thus degrading their energy

At energies ~ 1GeV, hadronisation happens: fragmentation stops, and partons
turn into hadrons with a mild reshuffling of their momenta



The Millennium Prize Problems

Unsolved

Yang-Mills & the Mass Gap

Experiment and computer simulations suggest the existence of a “mass
gap” in the solution to the quantum versions of the Yang-Mills

equations. But no proof of this property is known.



The Millennium Prize Problems

Unsolved

Yang-Mills & the Mass Gap

Experiment and computer simulations suggest the existence of a “mass
gap” in the solution to the quantum versions of the Yang-Mills

equations. But no proof of this property is known.

What handles do we have to understand hadronisation at colliders?
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At the energies probed so far, calculations for jet observables in terms of quarks
and gluons do not agree straightaway with data
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At the energies probed so far, calculations for jet observables in terms of quarks
and gluons do not agree straightaway with data
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« Hadrons with momenta ~1GeV give rise to a 1/Q suppressed shift of
perturbative distributions of jet observables (~10% at LEP energies)

[DokshitzeMebber hepph/9704298]

10



At the energies probed so far, calculations for jet observables in terms of quarks
and gluons do not agree straightaway with data
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« Hadrons with momenta ~1GeV give rise to a 1/Q suppressed shift of
perturbative distributions of jet observables (~10% at LEP energies)

[DokshitzeMebber hepph/9704298]
« How can we generally estimate the size of the shift and even more suppressed
hadronisation corrections?
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Pushing perturbative QCD calculations to the extreme will not eliminate the
problem because perturbative series are divergent

Q
5 aisio, [(E(A) 28
0

O

shift — shiftp(Nuax)| 2 405 =2 Nipa!
T

The factorial divergence of the PT expansion is independent of the behaviour of
the strong coupling in the IR, but depends only on the first two coefficients of the

QCD beta function 5, and 3, [Grunberg hep-ph/9511435]
[Dokshitzer Uraltsev hep-ph/9512407]
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» Jet observables are measured using hadrons as inputs, but we can only compute
guantities in terms of quarks and gluons

» Correspondence between parton and hadron level < infrared and collinear (IRC)
safety

Example: jets from partonsar e Acl ose t oo Jjets from ha
» the addition of any number of soft partons (IR safety)

« an arbitrary number of collinear splittings (collinear safety)
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» We consider a generic IRC safe final-state jet observable, a functionV (p1, ..., pn)
of all final-state momenta p1,...,pn

. Example: leading jet transverse momentum in Higgs production or thrust in
ete” — hadrons

. i
Pt,max — max Pt,j e max Zz |pz_} |
my  j€jets my DI
Pencil-like events T — 1 Planar events 7' — 2/3
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Jet observables that vanish with two final-state particles and are different from zero
with an extra emission are directly sensitive to o
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« Jet observables constitute an important means of
determination of the strong coupling

« Increase in precision of PT QCD calculations
resulted in massive decrease in theory
uncertainties

Twojet rate (NNLL+NNLO)
as(Mz) =0.1188 +0.0013

Thrust and egparameter ((N)NNLL+NNLO)
g (Mz)

0.0034 /Hoang (€ = g i
5 01137j00027 /- _________ :_____________: ______ _J:__
as(Mz) = 0.1123 £ 0.0015 insra® | i

« The main difference between these predictions is
the modelling of hadronisation corrections
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For the two-jet rate, hadronisation corrections are estimated using Monte-Carlo
event generators

[Verbytskyi et al 1902.08158]

as(Mz) = 0.1188 & 0.0009(stat) £ 0.0009(exp) + 0.0010(had) % 0.0006(theo)
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~N3LO+NNLL+4S¢ Perturbative QCD uncertainty

Hadronisation uncertainty estimated by
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1 2
Hres / Qa Hren / Q

- varying the hadronisation model (H-, H¢, S¢)

Discarded hadronisation model, not an issue in
previous determinations due to larger PT uncertainty

With NNLL resummations available, hadronisation is the main source of uncertainty:
one needs to try to gain analytical understanding of hadronisation corrections
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Leading 1/Q hadronisation corrections can be theoretically modelled in terms of the
emission of a single ultra-soft gluon with transverse momentumes ~ 1 GeV =
simultaneous fit of @s and a single NP parameter for different event shapes

Universal (?) NP Observable dependent but

parameter calculable hadrons
A g % .
shift = ()P Cv (v) ultra-soft \e
gluon %
do "
SE= /d’ﬂ% (hv(n,0)) = (hv)pPT 7>/

)
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N
-» W

Average over PT configurations S
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« The thrust axis divides every event into two hemispheres

» In the two-jet region, the thrust is close to one, and 1 — 1" is the sum of the invariant
masses of the two hemispheres
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Leading 1/Q hadronisation corrections can be theoretically modelled in terms of the
emission of a single ultra-soft gluon with transverse momentumes ~ 1 GeV =
simultaneous fit of @s and a single NP parameter for different event shapes

Universal (?) NP Observable dependent but

parameter calculable —_—
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Accurate determinations of @swith event shapes arise from simultaneous fits of
1/Q hadronisation corrections

Thrust (NNLL+NNLO) C-parameter (NNNLL+NNLO)
[Gehrmann Luisoni Monni 1210.6945] [Hoang Kolodubrez Mateu Stewart 1501.04111]
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Both fits assume that the shift in the fit range Is the same as in the two-jet
region, where 1-T an C are very small = is this justified?
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The three Jet region

« The 1/ Q shift depends on the =obsedWabl e
Uncertainty In the determination of oy [Luisoni Monni Salam 2012.00622]

. It is possible to calculate analytically the deviation of (- (v)from the two-jet limit (v (0)

[Caola Ferrario-Ravasio Limatola Melnikov Nason Ozcelik 2204.02247]
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o New frontier for precision: calculation of the 1/Q shift in the three-jet region
for all event shapes and jet resolution parameters
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The 1/Q shift can be computed in the three-jet region for most event shapes
and for the three-jet resolution parameter [Nason Zanderighi 2301.03607]

Using NP shifts in the three-jet region greatly improves the universality pattern
of hadronisation corrections
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Simultaneous fits of o and the NP parameter depend crucially on whether one
uses the two-jet limit for the shift or the full three-jet expression

two jets

——
theory
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[Benitez et al 2502.12253]

It would be useful to have a formalism that
merges the two and the three-jet regions
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Simultaneous fits of o and the NP parameter depend crucially on whether one
uses the two-jet limit for the shift or the full three-jet expression

three jets
10 L | | | 1 | i
- data r—+—1
= with np '
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1F __-—_ .
ultra-soft H ™
gluon S "
o | "

« The three-jet approach does not include o, | os(Mz) =0.1181£0.002%,

resummation in the two-jet region | ALEPH I
i II_

- This is essential to describe event shapes B U
where the shift is defined only in the . . | . o
presence of multiple soft-collinear 005 01 015 02 025 03

X : 2
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[Nason Zanderighi 2501.18173]
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Basic observable properties

« We consider a generic infrared and collinear (IRC) safe observable

V({ﬁ},klgakn) Z 0 kl kg ]{3 n—2 kn—l k’
o Inthe Born limit, V({p}) =0 %Q%é%% §§§
.« In the limit I , quasi-Born kinematics, all secondary emissions k1, ..., k, are

soft and/or collinear
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« Leading hadronisation corrections can be modelled in terms of the emission of a
non-perturbative (NP) ultra-soft gluon

E(’U) 2t EPT(”U) -+ (5ZNP(”U)

hadrons

0XNp(v) = / dZ[{k:}] [dk] My (k)X ”';ﬁﬁ'gﬁﬂ
< [0 0B, 1K) —v) - 0 V(iR (ki) — )
k real k virtual

. In the two-jet region, the effect of k is much smaller than V ({p}, {k;})
O (V(1p}, kit k) —v)=0 (V({p}; 1ki}) —v) = —0Vap (10}, {ki}, k) 0 (V (1P}, 1ki}) —v)

02Np (V) > — ]dZ[{ki}][dk]MI%P(k)(SVNP({ﬁ}J ki), k)0 (V(19}; 1ki}) — v)

dv

= —<5VNP>

— E(’U) ~ > (U — <5VNP>)
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Calculation of the NP shift

» For most observables, éVxp({p},{ki}, k) ~ k/Q < v, more precisely

Ve ({B}, {ki}, k) = ghv<{p}, {ki},n, )

» Local parton-hadron duality: emission of
ultra-soft gluons is uniform in rapidity and
azimuth, same as PT soft gluons

AR M () = MR (w)dn 5
y
(k)P

<5VNP> =

< Jdngeny ({5}, {ki},n, ¢)6 (1 — LUELIED) >

(k)p = / Mip(k) | | o) =

<5 (1 _ V({ﬁ}v,{ki})) >

30



Two Jet NP corrections

« We first concentrate on the two-jet region, with soft and collinear emissions only

i 1
Ypr(v) ~ e W) Fypn(R) Ri= —vd—R ~ o, ln =
dv v
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= =) gluon
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« We first concentrate on the two-jet region, with soft and collinear emissions only

Ypr(v) ~ e_R(U)fNLL(R,) R = —’U@ ~ hq1
I dv v
<f dngehy ({B}, {ki}m, ¢)6 (1 — YUELLED) >
CV(U) . R,FNLL(R,) e <hV>PT

o The rapidity integral implicitly extends up to =o0: is it convergent?

ﬂ
oy
3.0
25F —— Thrust
20F C-parameter

151 _ o —— Total and wide-jet broadening
collinear limit

10 Q Thrust major

0.5F

. The answer is YES for all known event shapes, no extra m dependence from [|l}
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« Thrust and C-parameter

3
cosh 7

hT IF €_|"’7| hC’ i

» Heavy-jet mass: in the presence of PT
emissions, an ultra-soft gluon cannot
change which hemisphere is the heavier

how =€ "0(p1 — p2) + €"0(p2 — p1)

o The heavy-jet mass Is the simplest example of PT-NP interplay
2.5;— —— Thrust
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151 —— Total and wide-jet broadening
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« Broadenings

2 Pt,1 Pt.2
WAL 1Q€néB)eB B
fﬁ/% 7 npt,l (1_ 2)

Qe
+ In @(BQ—Bl)
Pt .2

. The dependence on P¢,1and p:.2 is due to recoil effects, k:is different from |E X M
the transverse momentum of the ultra-soft gluon with respect to the thrust axis
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X |
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momenta transverse to the thrust axis

d¢
—h
2m v

3.0F
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1.5}

collinear limit
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