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Some references:

A selection of references related to the topics discussed in this talk:
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A. Accardi, A. Signori - 2005.11310 - EPJC

» Quark fragmentation as a probe of dynamical mass generation
A. Accardi, A. Signori - 1903.04458 - PLB
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Hadron physics

[Hadron physics <+ (non-)perturbative QCD]

The two faces of confinement:
» hadron structure (tomography): hadron — quark/gluon transition

» hadronization: hadron <« quark/gluon transition

Motivations:

» conceptual: understand QCD, in particular confinement, dynamical
breaking of chiral symmetry

» practical: reactions involving hadrons in the initial and/or final state
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It follows any QCD hard scattering event and populates the final states with
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The generation of mass in QCD

What generates the masses of partons and hadrons?

» Higgs mechanism, only quark masses: mgy ~ MeV << M/, ~ 1 GeV
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The generation of mass in QCD

What generates the masses of partons and hadrons?
» Higgs mechanism, only quark masses: mgy ~ MeV << M/, ~ 1 GeV

» the rest comes from the dynamics of QCD — dynamical mass

The dynamical generation of mass in QCD can be addressed in different ways:

» gap equation
e.g. in the NJL model of QCD: M, = mq — 4G (qq) > mq

» Energy Momentum Tensor — hadron mass decomposition

> “mass sum rule” for fragmentation functions - new and observable!

Do
> d
p p r (0 P
" q

= s ™
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Inclusive jets

Inclusive jet function J;(s):
sensitive to the jet virtuality s

“Composition” of the jet:
> perturbative radiation (large s, wiggles)
> non-perturbative radiation (low s, dashed lines)

» non-perturbative quark propagation (yellow blob) <« today's focus
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Inclusive jet function J;(s):
sensitive to the jet virtuality s
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 E——
Inclusive jets and FJFs

Procura, Stewart 0911.4980 - PRD
Jain, Procura, Waalewijn 1101.4953 - JHEP

Inclusive jet function J;(s):
sensitive to the jet virtuality s

Fragmenting jet function (FJF) G" 7" (s, 2):
sensitive to jet virtuality s
and hadron momentum fraction z
(less inclusive)
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 E——
Inclusive jets and FJFs

Procura, Stewart 0911.4980 - PRD
Jain, Procura, Waalewijn 1101.4953 - JHEP

Ji(s) = 2(2%)3 ;/dzzgiﬁh(s,z)

Connection between the unpolarized jet function and FJFs :
jet as the “inclusive” limit of the in-jet fragmentation
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FJFs and 1h-FFs

Procura, Stewart 0911.4980 - PRD
Jain, Procura, Waalewijn 1101.4953 - JHEP
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FJFs and 1h-FFs

Procura, Stewart 0911.4980 - PRD
Jain, Procura, Waalewijn 1101.4953 - JHEP

éh®

g ngsz ® D{7"(2) + O(ALas™")

Large-s expansion of the unpolarized FJF G
on the single-hadron collinear FF D;
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Inclusive jets and 1h-FFs

Accardi, Signori 1903.04458 - PLB
Accardi, Signori 2005.11310 - EPJC

In a similar way, one can interpret the gauge-invariant quark propagator (aka
inclusive jet correlator) as the inclusive limit of the 1h-fragmentation correlator:
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In a similar way, one can interpret the gauge-invariant quark propagator (aka
inclusive jet correlator) as the inclusive limit of the 1h-fragmentation correlator:

i Y i /h

h

—i d4P i—
KEE (k) = Z/ﬁa(pg_M,f)PﬁA " (k, Pn, S)

h,Sp
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Accardi, Signori 1903.04458 - PLB
Accardi, Signori 2005.11310 - EPJC

In a similar way, one can interpret the gauge-invariant quark propagator (aka
inclusive jet correlator) as the inclusive limit of the 1h-fragmentation correlator:

i Ly i /h

h

d*p, 2 2\ pu Ai—h
@) (P, — My) P A" (k, Pr, Sh)

E*EN(k) = %‘;/

Unpolarized Dirac projection: momentum sum rule for D1 (z)
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In a similar way, one can interpret the gauge-invariant quark propagator (aka
inclusive jet correlator) as the inclusive limit of the 1h-fragmentation correlator:

s d*P; ;
Ew =Y / o 8P = MZ) P A (k. P, 81)
h.Sh

Unpolarized Dirac projection: momentum sum rule for D1 (z)
corresponds to sum rule between J;(s) and G' 7" (s, z)
at the leading order and integrated over the jet virtuality s.
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Inclusive jets and 1h-FFs

Accardi, Signori 1903.04458 - PLB
Accardi, Signori 2005.11310 - EPJC

In a similar way, one can interpret the gauge-invariant quark propagator (aka
inclusive jet correlator) as the inclusive limit of the 1h-fragmentation correlator:

i Ly i /h

h

—i d*P i
W) = S [ T 0 M) P AT b P 8)
h,Sp

Unpolarized Dirac projection: momentum sum rule for D1 (z)
corresponds to sum rule between J;(s) and G' 7" (s, z)
at the leading order and integrated over the jet virtuality s.

Novelty: consider all the Dirac projections up to twist 3
and connect 1h-FFs to the non-pertubative properties of the quark propagator.
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Quark 1h-FFs

4 . ~ —
By Puo$i) = [ 355 €% TEQITW (00, €)0(€) D, (0)W2(0,0)[9)
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Quark 1h-FFs

4
By Puo$i) = [ 355 €% TEQITW (00, €)0(€) D, (0)W2(0,0)[9)

quark pol.
Py, Sy By, Sy, u L T
| 23Ul D ot
|
k | k $ Gie | Hip
— | 2| T | Diy | Gir | Hi, Hiy

8 (TMD) fragmentation functions at leading twist
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Quark higher twist 1h-FFs

Twist 3 transverse momentum dependent FFs D%"(z, P?,)
for a quark hadronizing into a spin 1/2 hadron

quark pol.
U L T
s |lu| Dt Gt E H
§ Df Gt Hp, Er
B 7] Dr Dt | Gr. GF | Hr, HE, By, B7
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Quark higher twist 1h-FFs

Twist 3 transverse momentum dependent FFs D%"(z, P?,)
for a quark hadronizing into a spin 1/2 hadron

quark pol.
U L T
s |lu| Dt Gt E H
§ Df Gt Hp, Er
2 (7| Dr Dr | Gr. GF | Hr, HE, Br, B

Black and magenta: survive transverse momentum integration
Red and magenta: T-odd
Blue: T-even, w/o collinear counterpart
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Quark propagator

Kéllen-Lehman representation in terms of spectral functions p1,3:

[E(k)aSF(k)Z/(ZZ;{%Ps )+ Vi o1 (1) H}k2 12 +26]
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Quark propagator

Kéllen-Lehman representation in terms of spectral functions p1,3:

[E(k) —>SF(k)=/((217l:)41{kPS(M2)+\//?PI(H2)H}k2?(522)_’_Z‘E}

Projecting the operator sum rule between Z° and A" one obtains:

twist 2 (y7):

1 “+oo
dzszz = dp ps(i>) =1 (QFT!
zh:/o (2) /0 12 ps(p?) (QFTY)

17/29



Quark propagator

Kéllen-Lehman representation in terms of spectral functions p1,3:

[E(k) — Sp(k) = / % {¥ps(n®) + \/l?pl(:u’Q)H}k?ﬁ(lle)_’_ie}

Projecting the operator sum rule between Z° and A" one obtains:
twist 2 (y7):
1 “+oo
Z/ dz z DY (2) =/ dp® ps(p®) =1 (QFTY)
o Jo 0
twist 3 (I):

1 “+oo
Z/ dz My E"(2) :/ dp® 2 pr (p*) = M;
w Jo 0
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Quark propagator

Kéllen-Lehman representation in terms of spectral functions p1,3:

[E(k) — Sp(k) = / (;l%)él {Kps(n®) + \/;?m(uz)ﬂ}sz(ﬁzlie}

Projecting the operator sum rule between Z° and A" one obtains:
twist 2 (y7):
1 “+oo
Z/ dzz D} (z) = / dp? ps(u®) =1 (QFT!)
o Jo 0
twist 3 (I):

1 “+oo
Z/ dz My E"(2) :/ dp® 2 pr (p*) = M;
w Jo 0

The non-perturbative structure of the jet is trivial at twist 2, but not at twist 3!
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“Mass sum rule” for twist 3 F fragmentation function:

k/jet d ical M, as th
Z d=MyE" () = M, quark/jet dynamical mass M; as the
- average of produced hadron masses

weighted by chiral-odd ¥ FF
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Hadronization and mass generation

“Mass sum rule” for twist 3 F fragmentation function:

k/jet d ical M, as th
Z d=MyE" () = M, quark/jet dynamical mass M; as the
- average of produced hadron masses

weighted by chiral-odd ¥ FF

QCD equations of motions: E" = E" + A’Z—Zsz
Wandzura-Wilczek (WW) approximation: E" =0 = M; =m,

Full QCD: M; = mg + mg”" (current and dynamical components), where

[Z/dthEh(z) =M; —mg = m;wr}
h

E and mi°"" probe quark-gluon-quark ~ (01 Ay|0) dynamical correlations

18/29



 E——
Hadronization and mass generation

“Mass sum rule” for twist 3 F fragmentation function:

hyoy quark/jet dynamical mass M; as the
{Xh:/dZMhE (2) = MJ] average of produced hadron masses

weighted by chiral-odd ¥ FF

corr.,

Quark/jet mass M; and its dynamical component m
» related to the “mass function” from the QCD gap equation
» gauge invariant and observable

P contribute to physical observables at twist 3 in the chiral-odd sector

h
Al
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Semi-inclusive processes

» We can study the phenomenology of the dynamical mass in (semi-)

inclusive hard processes

interesting but challenging: chiral-odd sector at least at twist-3

» working in collinear factorization :
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» We can study the phenomenology of the dynamical mass in (semi-)

inclusive hard processes

interesting but challenging: chiral-odd sector at least at twist-3

» working in collinear factorization :

(N = 05X ha(z) @mET™

q
N

)

Ok, P)

dynamical mass coupled to the transversity PDF
A. Accardi, A. Bacchetta - 1706.02000 - PLB
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Semi-inclusive processes

» We can study the phenomenology of the dynamical mass in (semi-)

inclusive hard processes

interesting but challenging: chiral-odd sector at least at twist-3

» working in collinear factorization :

ete” — thX: Hi(z) @ mg®™"

(Accardi, Signori et al. - in progress)

do"(efe” > h'X) 3 C
(edﬂdj O‘AZ {(y,\GL()
D) [81] costo) 2 (2 4 T Hl(z))}
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Semi-inclusive processes

» We can study the phenomenology of the dynamical mass in (semi-)

inclusive hard processes

interesting but challenging: chiral-odd sector at least at twist-3

» working in collinear factorization :

ete”™ = {hih2} X: HY @ me™

q

Also requires lepton polarization

Accardi, Signori et al. - work in progress
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Conclusions

hadronization — a fundamental aspect of QCD

the non-perturbative structure of inclusive jets can be related to the
properties of the quark propagator, in particular the normalization of the
spectral functions

at twist two these non-perturbaive effects are trivial ([ du® p3(p®) = 1)

at twist three the non-perturbative structure emerges as a mass term with
a current and a dynamical component (explicit and dynamical CSB)

this mass is gauge-invariant, and the dynamical component can be
accessed at twist three in scattering experiments and via momentum sum
rules for twist three FFs
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Useful references/1:

A selection of useful references related to inclusive jets and dynamical mass
effects:

>

Fully unintegrated parton correlation functions and factorization in lowest
order hard scattering
J.C. Collins, T.C. Rogers, A.M. Stasto - 0708.2833

Collinear factorization for deep inelastic scattering structure functions at
large Bjorken zp
A. Accardi, JW. Qiu - 0805.1496

Quark fragmentation as a probe of dynamical mass generation
A. Accardi, A. Signori - 1903.04458

On the connection between quark propagation and hadronization
A. Accardi, A. Signori - 2005.11310

Accessing the nucleon transverse structure in deep-inelastic scattering
A. Accardi, A. Bacchetta - 1706.02000
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Useful references/2:

A selection of useful references dealing with fragmentation functions, inclusive
jets in pQCD, e™e™ annihilation:

» Parton fragmentation functions (review)
A. Metz, A. Vossen - 1607.02521

» Quark fragmentation within an identified jet
M. Procura, |. Stewart - 0911.4980

» Parton fragmentation within an identified jet at NNLL
A. Jain, M. Procura, W. Waalewijn - 1101.4953

*e~ annihilation up to

» Asymmetries in polarized hadron production in e
order 1/Q

D. Boer, R. Jakob, P.J. Mulders - hep-ph/9702281

» Angular dependences in inclusive two-hadron production at Belle
D. Boer - 0804.2408
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The cut quark propagator

. d4£ ik I re
i ; =D thx
(ki) |sc/ (2m)4 ° N

(QUTW: (00, & 0)1hi (€)1, (0)W2(0, 003 v) )

k o i

e e (T

» Partonic picture: gauge invariant dressed quark correlator

» only the discontinuity is considered — on-shellness
» the color is neutralized
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The cut quark propagator

4 . ~ J—
=4 (kiv) = Dise [ 555 ¢ TE(QUTW (00,6504 (65, ()W 0. 001 0)|2)

k o 2

e e (T

» Partonic picture: gauge invariant dressed quark correlator

» only the discontinuity is considered — on-shellness
» the color is neutralized

» Hadronic picture: “fully inclusive jet" correlator

> X: the complete set of hadronization products crossing the cut
» no hadrons are measured
P the scale is defined by the end-point kinematics
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The cut quark propagator

4 . ~ J—
=4 (kiv) = Dise [ 555 ¢ TE(QUTW (00,6504 (65, ()W 0. 001 0)|2)

k o 2

e e (T

» Partonic picture: gauge invariant dressed quark correlator

» only the discontinuity is considered — on-shellness
» the color is neutralized

» Hadronic picture: “fully inclusive jet" correlator

> X: the complete set of hadronization products crossing the cut
» no hadrons are measured
P the scale is defined by the end-point kinematics

» insights into dynamical generation of mass and momentum and chiral
symmetry breaking
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The quark/jet mass

LMj(k*)N / dk" Trp [E]I]J ~ LE

Mass associated with the scalar term (chiral-odd) of the cut quark propagator:

» inclusive “jet mass” or color-screened dressed quark mass
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The quark/jet mass

[Mj(k)N / dk™ Trp [EH}} ~ Q—;,;

Mass associated with the scalar term (chiral-odd) of the cut quark propagator:

» inclusive “jet mass” or color-screened dressed quark mass

In the light-cone gauge we can relate it to the chiral-odd spectral function for
the quark propagator:

—+oo
M; = / dp® /2 pi? (1)
0
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The quark/jet mass

[Mj(k)N / dk™ Trp [EH}} ~ L:,;

Mass associated with the scalar term (chiral-odd) of the cut quark propagator:

» inclusive “jet mass” or color-screened dressed quark mass

In the light-cone gauge we can relate it to the chiral-odd spectral function for
the quark propagator:

“+oo
M; = / dp® \/u? P (1)
0

This mass term:
» gauge-invariant
» renormalization scale dependent
» calculable via the spectral functions of the cut quark propagator
>

accessible via momentum sum rules for twist-3 FFs
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Semi-inclusive processes

>

We can study the phenomenology of the dynamical mass in (semi-)
inclusive hard processes

interesting but challenging: chiral-odd sector at least at twist-3

working in collinear factorization :

> () pp" = hah2j X o fi(@1) @ha(22) © Di(2) @mger”
u u
(fixed-target configuration at LHC)

mass

(?7) potentially also TMD factorization

in order to make quantitative predictions and extractions the
factorization of these processes has to be addressed
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