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» Theoretical activities of interest for the EIC are effectively identified
with the INFN-CSN4 project
NINPHA (National INitiative in Physics of HAdrons)

» Short overview of NINPHA recent activities,
* including support to EIC Yellow Report studies
(M.R. Editor, B.Pasquini co-Convener of Exclusive WG)
* covering also non-SIDIS, non-collider setups

* NINPHA support to the ATHENA detector proposal preparation
(M.R. co-Convener of SIDIS WQG)



NINPHA
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NINPHA research goals

< and THY hadron
QCD QCD :
symmetries phenomenqlogy.
(breaking) masses, spins,

resonances, exotics...

non-
perturbative

highly non-linear mutual
regime interactions of partons regime

perturbative

f

Mapping internal — understand how QCD
parton dynamics confinement comes about

New advanced non-perturbative “maps” needed...



Non-perturbative maps

Lorcé, Pasquini, Vanderhaeghen, JHEPOS (11) 041
Accardi et al., EPJ A52 (16) 9

Wigner distributions — Jde

2dim F.T. GPDs

breq (x,E=0,t=-¢2)
- Odim EJl S e factors
breq Q=)
: “a’xx”_1
v

charges

n—1
Gen. Form factors D, 4. Q&Y



NINPHA research lines

1. Theoretical properties of non-perturbative maps TO, PV, CA

- factorisation theorems, (non-)universality, evolution equations, etc..
- gauge invariance of physical observables

- properties of Energy-Momentum Tensor (EMT) ngD

2. Phenomenological extractions of TMDs PV, CA, TO

robust fits of data from
- fixed-target (Hermes, Compass, JLab)
- collider data (Tevatron, RHIC, LHC, SLAC, KEK)

3. Models and support to experiments PV, PG GE

- unifying picture of quark TMDs for N and T

- gluon TMDs

- GPDs in light nuclei: incoherent DVCS vs. coherent DVCS
- parton dynamical correlations in Double Distributions (DDs)
- exotic hadron spectroscopy, EFTs of their decays



NINPHA research lines

1. Theoretical properties of non-perturbative maps TO, PV, CA



NINPHA highlights: 1. Th properties

S TMD matching 2 collinear
97 | factorisation 5 factorisation
» qr
Aoep S 9r < 0 Apep < qr <0 Aoep <0 S qr

Matching problem < where TMD factorisation is valid?



NINPHA highlights: 1. Th properties

S TMD matching 2 collinear
97 | factorisation 5 factorisation
» qr
Aoep S 9r < 0 Apep < qr <0 Aoep <0 S qr

Matching problem < where TMD factorisation is valid?

; ; 02<z< 03 03<z< 04 1 -_ . . + 0.24 <2< 0.30
Affects phenomenology: AN T ol o>e V<< 0w
E o102f | o ey P \ P >
e T ) , , 10100 t 040 < 2<0.50
—_SIDIS multiplicities el £ oot 102 LA t0.65<2z<0.70
ﬁ% ) e [PH<e< 08 06<z<08 \ & _"-._‘.\;,
K // <Q > % 978 GeV2 07 "‘h;;; \\\“'Z:::.. 10-3 \ B\ :"\..'
" (x) = 0.149 o [ LA b
< > s - aodiittigil g i ) 2 4 b gp(GeV)
Pir ; e R
g7 =—=0250 A G Theory line undershoots data
Z Compass, arXiv:1709.07374

Gonzalez et al., arXiv:1808.04396
F Piacenza, Ph.D. thesis, Univ. PV (2020)
Bacchetta, talk at OCDN’21



NINPHA highlights: 1. Th properties

S TMD matching 2 collinear
97 | factorisation 5 factorisation
» qr
Aoep S 9r < 0 Apep < qr <0 Aoep <0 S qr

Matching problem < where TMD factorisation is valid?

b0.24 < 2 <0.30

R é . \0.2<z< 03 03<z< 04 - (_)
Affects phenomenology: A [N o 779 | omeitou

L e : wpl ) 101 \ 040 < z < 0.50
ﬁ&; SI DIS mu |t| pl Iclties T mosaseatate s b1 [ Smonnntas s} 4 o2) ) -\’ \‘\.\_\o-.“ b 0.65 < z < 0.70
\}j (QZ) = 9.78 GeV? wi\r%._. N 1031 A\Y ’

 (x)=0.149 o I R T TS () o)
P2 ;-‘mw‘-““’" ! + 0 “r (GeV)
h 0 1 2 30 1 2 3
gr=—=0250’ Rl Theory line undershoots data
Z Compass, arXiv:1709.07374

Gonzalez et al., arXiv:1808.04396
F Piacenza, Ph.D. thesis, Univ. PV (2020)

POSSible Criterium: Bacchetta, talk at OCDN’21

(a) Mp=0.14 GeV XBj=0.2

Ro(pion)
collinear fact. o Wit
Tiamaree Ferdneee 07 need to first check that kinematics
|K2] " is in current fragmentation region;
R, = 0’ 04 strongly depends on flavor of final
= detected hadron
TMD fact. B

Boglione et al., arXiv:1904.12882




NINPHA highlights: 1. Th properties

recent data for e+e- — h+X

-I> Thrust
arXiv:1902.01552 OMS =
18X Zh P; Y - 14
> on IPFM
Proposed factorisation th. for e el
dz dq; dr z

A) Boglione & Simonelli, arXiv:2109.11497
B) Makris et al., arXiv:2009.11871



NINPHA highlights: 1. Th properties

recent data for e+e- — h+X

D Thrust
arXiv:1902.01552 OMS =
7 TaX >y [Py -1
> P
Proposed factorisation th. for e el
dz dqrdr Z

A) Boglione & Simonelli, arXiv:2109.11497
B) Makris et al., arXiv:2009.11871

Ri=hclosetoT axis 7~ % <yt do~ Z H(p) @, J(1) @, FT|S(u,v) ®, DI~"(u,v)]

- Hinsh 1 fad . L

A)=B) hard bckwd jet  soft

v v g thrust y F

R3 = h close to jet edges < % ~Vi<l do~ Y H(w ®, J(u) ®, S(p) ®, T (u)




NINPHA highlights: 1. Th properties

recent data for e+e- — h+X

D Thrust
arXiv:1902.01552 OMS =
7 TaX >y [Py -1
> P
Proposed factorisation th. for 4o el
dz dqrdr Z

A) Boglione & Simonelli, arXiv:2109.11497
B) Makris et al., arXiv:2009.11871

Ri=hclosetoT axis 7~ % <yt do~ Z H(p) @, J(1) @, FT|S(u,v) ®, DI~"(u,v)]

- Hinsh 1 fad . L

A)=B) hard bckwd jet  soft

v v g thrust y F

R3 = h close to jet edges < % ~Vi<l do~ Y H(w ®, J(u) ®, S(p) ®, T (u)

R, = intermediate f<<%<< e

< ¢ matching coefficients

hybrid factoriz. = collinear formula for TMDFF A) ;é B) € 5> CRD
problem: rapidity scale v linked to observable T ‘ .

do ~ Y Hu.v) ® FT[D{~"(u, )| do ~ )" H(u) ®, J(1) ®, Sr(1) ®, FT[Cu,v) ®, D~ (u,v)]



NINPHA highlights: 1. Th properties

How to address gluon TMDs ?

L,/L 00 lZSHLJ(g)] unpolarized do® — fig A lZSHLJ(g)] ., COS2¢y, hllg B lZS"'lLJ(S)] -
gy memonetoin
:.= J/w polarized  do! — sin(¢gs — ¢y, [ A [2S+1LJ<8>] T D]
‘%TMD € PT 0 e+]/l|J+X same structure as \ b
o quark TMDs .. but .. model dependent

Bacchetta et al., arXiv:1809.02056 L
Q0 — J/y matr. elem.

- various methods to constrain QQ — J/y matr. elem. (LDMEs)  Boer et al., arXiv:2102.00003
- unpolarized do%: matching between low q;/‘/’ (TMD) and high q;/"’ (collinear)  Boer et al., arXiv:2004.06740

- angular dependence of do® = W+, Wi, Wit, Wrr with low-high q;/"’ matching  D’dlesio et al., arXiv:2110.07529

- flavor-dependence of Sivers asymmetry at EIC: flli? > flqu Rajesh et al., arXiv:2108.04866



J/P Single-Spin Asymmetry

EEEEEEEEEEEEEEEEEE

0= Sec. 7.2.3 Imaging of quarks and gluons in momentum space
- < Gluon TMD measurements

Abdul Khalek et al.,
arXiv:2103.05419

0.5
L AN (TAp) ) 5 1
T AN max Q*=1GeV” |
o e+l/l|1+x 0'4; CMSWZ e RO
Gk E e N Q%= 10 GeV]
03 E Pt 1
Wkl cos2¢ A sin(d—a) |
AN oy = Max{A s e LR i
P-q e I L
S InelastiCl dF
Y P-7 4 e
. | i}
0 0.2 0.4 0.6 0.8 1



NINPHA highlights: 1. Th properties

How to address gluon TMDs ?

5 [2s+17 8 : ‘
L,/L 00 l L; )] unpolarized de’ — f5A lZSHLJ(g)] . €0s2¢y, h B lZS“LJ(g)] S

_% e pT — e+)/Pp+X same structure as \
luon TMD

Bacchetta et al., arXiv:1809.02056 quark TMDs .. but .. m(-)del dependent
Q0 — J/y matr. elem.

- various methods to constrain QQ — J/y matr. elem. (LDMEs)  Boer et al., arXiv:2102.00003
- unpolarized do%: matching between low q;/‘/’ (TMD) and high q;/"’ (collinear)  Boer et al., arXiv:2004.06740

- angular dependence of do® = W+, Wi, Wir, Wit with low-high q;/"’

- flavor-dependence of Sivers asymmetry at EIC: flli? > flqu Rajesh et al., arXiv:2108.04866

matching D’Alesio et al., arXiv:2110.07529

Y pp =y x LHC
: pp >y T X LHC
: same in FIET o yjet X LHC & RHIC
luon TMD 1 e p’— e+]/u+X
P P_’ l/llH'X 5 U It ep e QO X EIC
5 - l . ep — € jetjet X EIC
A Y 3 . PP — Nep X LHC & NICA
. different color gauge links: comp ementa“ty op s H X LHC
: WW-type Sivers > DP-type of colliders hy O pp et X LHC & RHIC
' L g[+,+ | g[+,— , -
luon TMD fn‘?[ ] fuig[ . Lt et QX EIC
, epl — € jetjet X EIC
St I : LIty vy X RHIC
D’Alesio et al., arXiv:2007.03353 L =1 | gt A 5 40 et X RHIC
p'A— hX (zr <0) | RHIC & NICA

Boer; talk at IWHSS2020



NINPHA highlights: 1. Th properties

QCD Energy-Momentum Tensor (EMT) — Nucleon mechanical properties

™ = 117}’”18”1// — FOF®, 4+ lg’sz Energy Densit
%) Ay gy | y

00 01 02 03 B .

700 701 702 T -

TlO Tll

py
T - T20 T22 —shear forces
T?’O T33— pressure

Momentum Flux

B P,P, i(Pyoy, + P,o,,)AP o AN, — g A
TQ.G |\ — N p@C £ H Q.G (¢ nCvp pp dQ’ £ = H + &(1) g,
Pl T W) = alp) | Mo (8) 7 =+ T () I A =5 c(t) g | u(p)
Gl — Generalised Form Factors
M:(0) = momentum of partons & i
J(0) = angular momentum of partons — R
. .r- D
di(0) = “D-term” related to internal pressure — stability of the Nucleon o

¢ = “anomalous” contribution to trace TH

- Properties of the energy-momentum tensor Tvv (renormalisation, scheme dependence, operator mixing, etc..):
QED at one loop: electron mass sum rules Rodini, Metz, Pasquini, arXiv:2004.03704
QCD at three loops: N mass decomposition, trace anomaly and sigma term  Metz, Pasquini, Rodini, arXiv:2006.11171

Renormalization of THvand interpretation of terms in N mass decomposition  Lorcé et al., arXiv:2109.11785



The EMT trace anomaly

!!!!!!!!!!!!!!!!!!

gun Sec. 7.1.4 Origin of hadron mass
- 3

Abdul Khalek et al.,
arXiv:2103.05419

D ATXy = ) [M0) +c(0)] M

1
s 7 Ty = = (PIT™O) | P g

D M (O)ISHEESS R

\ Y 8Ty = ) [Mi0) +42(0)] M =0 =8

M

1=4.8 I=q.8
,(0) = [dx x f1(x) momentum of parton i 032 T EC T 10 o 100 6oV (100 o0
0.301 < GlueX Jiy, R. Wang et al. (2020)
Y - s ¢ SoLID Jiy Projection
¢,(0) = (ymy) o-term from TN scattering 028 s
0.261
A ( ) - A 11 } $
C,(0) = (ﬂz—ng +ywmy) =M, trace anomaly Foas 1 |
5 (Fwv = gluon field) 0221 =~
0.20 )
<F2> from threshold photo-/electro-production of J/y and Y 018 |
0.16 1 . KO(EM,,/M,, Uncgi'?:g?nty 005
Wiwe's 6 7 8 9 Wy 20 30
W [GeV]

Figure 7.26: Projection of the trace anomaly contribution to the proton mass (M, /M) with
Y photoproduction on the proton at the EIC in 10 x 100 GeV electron/proton beam-energy




NINPHA research lines

2. Phenomenological extractions of TMDs PV, CA, TO



NINPHA highlights: 2. Phenomenology

3D proton tomography with unpolarized quarks

the PV17 fit the first fit of SIDIS + Drell-Yan + Z-production at NLL o

Bacchetta et al.,

pr—
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the PV19 fit fit of Drell-Yan at N3LL top accuracy

Bacchetta et al.,
arXiv:1912.07550
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A Fermilab is\{"“‘ ‘ THEY @ benchmark codes
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TMD Sensitivity coefficients

SCIENCE REQUIREMENTS
AND DETECTOR

CONCEPTS FOR THE
@ EL ECTRON-OON CO UDER

F"”’““*““‘ Sec. 8.2.2 Hadron PID impact and 4D TMD measurements

Abdul Khalek et al.,
e the PV1 7 fit Bacchetta et al., arXiv:1703.10157

non-perturb. TMD PDF Sensitivity coefficients

ORI O ()
. 1 1+/1k]2~ Ayt S[f’uo] pa 5@Afi fl_Nb /82/ N3/ )\F
Gaussian  fup(x, k7) = — D) e 1’81
T 8+ A8
: - 5 gmN% (mid x TMD PDF width) sensitivity coefficient (weighted average over ), z, Pr)
. (1 —-x)*x° N g o (low x TMD PDF width) >
W|dth gl(X) = Nl ﬁ wl = M g: (nonperturbative evolution) 3 1 N I S R
(1 -X)*x S S mNY (mid z TMD FF width) 2
? L :% M \r (TMD FF nongaussianity) 3 ! —n m—— ) mm = ma mE
o o) 2
- 1
o = 3 T e e TR BRI S B
non-perturb. TMD FF VA 28,40,65, 84,140 GeV
2 PR T I T U R N g .
2 = >
Sum Of DNP(Z’ P%) —_- — e_P%/g3 + AF_T e_P%/gél DLt 3 1_n__IL_J.__J.__J-_.J_._I.-.J_.J_._l-m_I.lL-__
Gaussians y/4 g3 -|- i g4 f Zz ? i SR TR SRS EA SREN SR WA SR
5 3 e ol
— 2
: (Zﬂ+5)(1 —z)y L 1;.“5..1. IR R RS RN IN T
Wldths 83, 4(Z) 3 4 P g
Sl g
b2 S Vol Il I_‘ logy()
o T , l I I | l | l
- . g T 0 —38 36 34 32 —3 —28 26 24 22 —2 —1.8 -1.6 — 14 12—1 —0.8 =0.6 —0.4 —0.2
non-perturb. evolution kernel g (b;) = — g, N
? Figure 8.30: Expected sensitivities to various TMD PDF and FF parameters, as well as the

TMD evolution as shown for the verious collision energy options and for detected final-state
positive pions. The impact has been averaged over final state hadron transverse momentum
and fractional energy for better visibility.



NINPHA highlights: 2. Phenomenology

3D proton tomography with unpolarized quarks (cont’ed)

unpol. quark in L pol. Nucleon = Sivers effect constraints

Fine—e9  rl @ D, > 1- TMD framework requires
Fuy £ ® D, same non-perturb. evolution

2- positivity bound % |f1iT(x,k%)\ < o)



NINPHA highlights: 2. Phenomenology

3D proton tomography with unpolarized quarks (cont’ed)

unpol. quark in L pol. Nucleon = Sivers effect constraints

A sm(gbh ¢S)

Fy Sm(¢h i f1J_T®D1 1- TMD framework requires
Fuy £ ® D, > same non-perturb. evolutlon

2- positivity bound X |f1T(x,k%)\ < fie, k2)

fi(x, k. ;Q2=1)

the PV-Sivers fit based on PV17 flt) is the first to implement these constraints

Bacchetta et al., arXiv:2004.14278
v2 in preparation

data points /up
125 % 2‘

# fit parameters

p(x, kr) = f(x, ki)

Jefferson Lab k.xS)-P
17 L
P, kr) = I, k7) —f-90x, k) —————
global x2/d.o.f. %“\T“ i M
1.12 = 0.04
ot - :igi:%»]m GPM ;-- o u

Using reweighing technique, study impact of STAR data
on previous fit of Sivers effect in SIDIS

Ng(1
wANf L ()

Boglione et al., arXiv:2101.03955

SIDIS




NINPHA highlights: 2. Phenomenology

Belle data on ete- = AT +X
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NINPHA highlights:

2. Phenomenology

Belle data on ete- = AT +X
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EIC impact on chiral-odd transversity

EEEEEEEEEEEEEEEEEE

°~__ Sec. 7.2.3 Imaging of quarks and gluons in momentum space
Chiral-odd distributions via di-hadron measurements

Abdul Khalek et al.,

arXiv:2103.05419 | %M @ is\\?m
based on the PV18 fit of data for di-hadron production in SIDIS, p-p, e+e- Baccheiia & MR,

arXiv:1802.05212
1.0
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EIC impact on chiral-odd transversity

EEEEEEEEEEEEEEEEEE

Abdul Khalek et al.,
arXiv:2103.05419

~_ — Sec. 7.2.3 Imaging of quarks and gluons in momentum space
Chiral-odd distributions via di-hadron measurements

based on the PV18 fit of data for di-hadron production in SIDIS, p-p, e+e- Bacheta & MR,

arXiv:1802.05212
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NINPHA research lines

3. Models and support to experiments PV, RENGE



NINPHA highlights: 3. Models

pion-induced Drell-Yan mpT = ¢¢ + X

cos 2 e e
b ? access to Boer-Mulders hi- inand p o s o -
Asin R : . 4 g5 © "

UT access to Sivers in p < oo | o

0.0 0.5 10 15 20 25 3.0

access to hll in Ttand transversity in p? @ ar

Figure 5. A7 as a function of x, (left), 2, (middle) and g7 (right) vs COMPASS data [46].
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Figure 7.61: “He azimuthal beam-spin asymmetry Ary;(¢), for ¢ = 90°: results of Ref. [672]




Possibilities with light nuclei at the EIC
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g Sec. 7.2.5 Light (polarized) nuclei . e
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Figure 7.61: “He azimuthal beam-spin asymmetry Ary;(¢), for ¢ = 90°: results of Ref. [672]
C¥
ay g aZm(HA) ol a3(m2(HA) + A5 2(I{A)) (red stars) compared with data (black squares) from the CLAS Collaboration at JLab [656].
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Sec. 8.4.3 DVCS off Helium
The Orsay-Perugia event generator (TOPEG)
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large acceptance effects in far forward detector

Figure 8.66: Kinematic distribution of the photons produced in coherent DVCS on helium-4
as generated with TOPEG for the three energy configurations envisioned for the EIC.

Sec. 7.3.8 Structure of light nuclei
Coherent scattering off lightest nuclei
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Figure 7.61: “He azimuthal beam-spin asymmetry Ary;(¢), for ¢ = 90°: results of Ref. [672]
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dPDFs in multi-parton interactions
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modeling structure and decays of heavy exotic mesons and baryons

- Diquark model — spectrum of fully heavy tetraquarks ccéz, bbbb, bebé, bbe, ...
and of fully-heavy baryons Bedolla et al., arXiv:1911.00960

Tetraquarks

-decay ccéc = 4u and DD — ey in JPC= 0++, 2++

can be detected at LHCb Becchi et al., arXiv:2006.14388

- relativized 4-body Hamiltonian — spectrum of triply-heavy tetraquarks cceg, bbeg, ...

decay in heavy quarkonium plus
heavy-light meson

Lii et al., arXiv:2107.13930

Pentaquarks
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- hidden-charm pentaquark as
uudcé coupled to superposition of A_D™ and D)
spectrum and decays of P (4312), P (4440), P (4457)

Yamaguchi et al., arXiv:1907.04684




NINPHA contributions to ATHENA proposal

ATHENA Detector Proposal

A Totally Hermetic
Electron Nucleus Apparatus
proposed for IP6 at the Electron-lon Collider

Sec. 3.2 Origin of Spin and 3D Nucleon imaging

Sec. 3.2.2 3D parton imaging with hadrons
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