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= Some history and facts about NINPHA

= Main research topics and interests

= Sinergies and complementarity

= Recent achievements and future prospects

National INitiative on the Physics of HAdrons
https://web.infn.it/CSN4/index.php/it/17-esperimenti/135-ninpha-home
Many thanks, in particular, to: M. Boglione, E. Santopinto, M. Radici, M. Rinaldi
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Main research topics and motivations

= Development of a full three-dimensional (3D) tomographic

picture of the nucleon and hadrons (Mainly CA, PV, TO, also PG)
TMDs, IFFs, GPDs, GTMDs, Wigner functions, proton spin, Lambda polarization, nucleon
polarizabilities, TMDs & GPDs for light nuclei, double parton scattering, pion TMDs,...

= QCD spectroscopy and nonperturbative models for (excited)
heavy and light hadrons (Mainly GE, also PG and PV)

Exotics, hybrids, diquark models, tetra&pentaquarks, molecules, nonperturbative
models, light front wavefunctions, holographic models, glueballs, ...

= Relativistic nonperturbative description of light nuclei and
hadron dynamics (Mainly PG, also GE and PV)

Hadron dynamics in Minkowsky space, BS equation, pion PDFs & Form Factors, quantum
computing techniques, EMC effect for light nuclei,...
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A (partial) selection of recent achievements
and future prospects

See also next talks on
EMC effect for light nuclei [ M. Rinaldi ]
Global fits of unpol. TMD PDFs at N3LO [ G. Bozzi ]
Heavy Baryons & new IBFFM results [ H.G. Tecocoatzi ]
Homogeneous BS eq. & quantum annealer [ F. Fornetti ]

3He struct. Functions & LF Hamiltonian dynamics [ E. Proietti ]
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Slide by M. Radici

TMD(x,k1) * COMPASS
First extraction of TMD of at Q=2 GeV - B,
VTR T onpdianzea 'quark in protorn / A A :
VRN at top NSLL accuracy from ! SR
global fit of ~ 2000 data from H : :
Drell-Yan, Z-boson production, SIDIS : I CMS
A .“"""“"""" "Ai‘béOGﬂELC’oL‘QG‘Eﬁ"\’l\?ﬁﬂf.i\wuua,uiuf 10 ky G - I%.H;HNHH -
JHEP 10 (22) 127, arXiv:2206.07598 el D
) tomography of up quark in proton

TMD(x,k1)
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T EXtraction ot 1 MD ot - N ull
0 unpolarized quark in pion i : @ %ZZ 1 ES
- at N3LL accuracy from Drell-Yan I S A
= ° 3
M. Cerutti et al. (MAP Collaboration) e E615 P
PR.D 107 (23) 014014, arXiv:2210.01733 it == swes¥ ot fii ]
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tomography of up quark in pion
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Light-Front Wave Functions of pionl parameters [
=TI fiten (0 pionTorT RIGIOF dtrr Fur (xritte
o can consistently build pion PDFs, TMDs
for valence/sea quarks and gluons

B. Pasquini, S. Rodini, S. Venturini (MAP Coll
PR.D 107 (23) 114023, arXiv:2303.01789
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Slide by M. Radici

(continued)

Unexpected behavior of proton R S S| TR
electrlc generalized polarizability AT ia e 3 -
51 YA ) [ ~— 7 S
at RN AN

e T oM VINUAr GOTpTon SCATE. E ’V ‘
-0.1 | 4
0.2 ] T '

ag (107 fm?)

R. Li,.., B. Pasquini et al. o - :

Nature 611 (22) 7935, 265, / 02 0% 06 0182 K A -0.5 0 | 05 (fm}

arXiv:2210.11461 aeen '
.25-0.35 fm not predicted by theory; new structure in induced polarization at 0
| properties NINPHA-PV at the forefront in many fields : general
’asquini, S. Rodini - Gravitational form factors of electron in QED at one loop:  A. Freese, A. Metz, B. I
3, arXiv:221L.12197 enerav. anaular mgmentym and mass radius ~ PL.B839 (23) 13776¢

- Formal analogies between di-hadron and hadron-in-jet
fragmentation functions: new possibilities for the latter

A. Bacchetta, M. Radici, L. Rossi
P.R.D 108 (23) 014005, arXiv:2303.04314

modeling .

| First tomography of T-odd gluon TMDsglin "B
spectator model with mass spectral dens
and applications to heavy-flavor producti

A. Bacchetta, F.G. Celiberto, M. Radici

linearly polarized in L plane arXiv:2206.07815, 2208.06252
in unpolarized proton 5

probability density of gluons

i (GeV)
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NINPHA - TORINO
main objectives

The activity of the Torino group focus on several aspects related to the study of the
inner structure of hadronic matter, in the framework of QCD

State of the art accuracy of collinear parton distribution functions (PDFs) of the proton. We produce unpolarized
and longitudinally polarized PDF sets accurate to (approximate) N3LO and NNLO, respectively. Extractions include
uncertainty estimates of missing higher-order corrections

Quark-flavor dependence and intrinsic transverse momentum. Global analyses of SIDIS and DY data are performed,
to determine transverse-momentum dependent functions (TMDs) and their flavor dependence. Higher-twist contributions
and mass corrections are also being explored

Consistency of factorization theorems and phenomenological applications. Concrete recipes that exploit the relation
of collinear and TMD factorization theorems are implemented into phenomenological analyses aiming at describing the
entire transverse momentum spectrum of observables

Phenomenology of hadronization. We study the factorization properties of single inclusive hadron production in e+e-
annihilation e+ e—- —#» X data, which allow the direct extraction of one isolated TMD fragmentation function and the
separation of its soft content from the collinear part of the TMD.

Partonic interpretations in proton-proton collisions. We study the consistency of a partonic interpretation of pion
production in pp scattering. We explore new reweighting techniques for the estimate of reliable theoretical uncertainties in
the study of universality in SIDIS, e+e— annihilations and pp collisions processes. This allows us to assess factorization
breaking effects from a phenomenological perspective.

F. Murgia - INFN Cagliari TNPI 2023 - Cortona 9




Slide by M. Boglione

A closer Iook to the 3D nucleon structure: some examples
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NINPHA —CA : TMDs, Polarization, Quarkonium, Lambda, global fits,...

Transverse Lambda polarisation in pp, e+e- and SIDIS collisions — polarizing TMD FF
Two almost back-to-back hadron production in e+e- annihilations and TMD FFs

0.2<z,<0.3 ‘ 0.3<z)<0.4 0.4<z5,<0.5 0.5<z,<0.9
Produey; === NOSU2 - noCharm - Cut z,
" Plane 0.05 = noSU2 - charm - Cut z;
= = noSU2 - charm - noCut
o SU2 7 charm - nocut U. D’Alesio, FM, M. Zaccheddu
g 0.00 s PRD 102, 054001 (2020);
B \\ N JHEP 10, 078 (2021)
N _0.05 *‘4}:\ » A U. D’Alesio, L. Gamberg, FM, M. Zaccheddu
o ¢ O3 NN
n? \\ N \ \\ ) JHEP 12, 074, (2022), PRD accepted (2023)
-0.10 3 . 1 %—A—. %ﬁ
%—\ N R R
\\ \
-0.15 \ \ \‘-
0.25 0.50 0. 75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
Zk

Two hadron production in photon-photon collisions:
future lepton circular and linear colliders as effective gamma-gamma colliders
Ultra-peripheral collisions

Leptonic plan - u .

AR Ay ANy sAhy
do o Z Z le,x P, X Mg xqi 00 MA' AGALA Do, DAq,A'
a {A}

...many many calculations later...

do o<y 4| A(AO)Dh, gDy g + BIAG, DY)ANDy, gt AVD,, 1

A 3 4 S. Anedda, G. Bozzi, U. D’Alesio, FM, C. Pisano, work in progress
A

«‘\‘“9\
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Slide by C. Pisan

Smearing effects in quarkonium production are encoded in the shape functions

Al (TMD generalizations of NRQCD LDMEs)

Echevarria, JHEP 10 (2019)
Fleming, Makris, Mehen, JHEP 04 (2020)

TMD Collinear

g7 < Q° Naco < a7

Its perturbative tail is obtained by Imposing the matching of the TMD and
collinear results in the overlapping region /\%CD < q7 < Q%

Boer, D'Alesio, Murgia, Pisano, Taels, JHEP 09 (2020)
D'Alesio, Maxia, Murgia, Pisano, Rajesh, JHEP 037 (2022)
Boer, Bor, Maxia, Pisano, Yuan, JHEP 08 (2023)

Independent of J /v polarization and CO quantum numbers
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I|de by C Plsano

C-even quarkonium production

NQ, XQ0,» XQ2

Structure of the cross section for the doubly polarized process p(Sa) + p(Sg) = @ X

do[Q]
dy d2qr

Q,sin ¢ Q,si .
— FS +FS Sau+ FS Sa+ Fup "% |Sarlsin s, + Froy o |Sar|sin ¢s,
Q,cos ¢ Q,cos ¢
+FLQL Sac S+ F ¢ °B S, |Sgr|cosps, + Fpy A |Sar| S cos és,

Q COS(¢SA $sg) Q c05(¢sA+¢sB

+|Sarl|Ser| | F cos(ps, — ¢sg) + cos(¢s, +bsg)

Kato, Maxia, Pisano, Pitzalis (in preparation)

Single spin asymmetries for different quarkonia are sensitive to different TMDs

1Q,sin ¢s 1 1 1 1
FUT B _ﬂg®fg+hg®hg_hg®hg
Froo" 56 o0 8 @ £18 — 18 @ K + hiE @ b
XQ2,Sin ¢s 1

UT Boc—flg®f17_g

Such observables are in principle measurable at the planned LHCspin experiment

The distributions flg and hng can be extracted separately by looking at the same
process, where both protons are unpolarized

Boer, Pisano, PRD 86 (2012)
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Multiquark States ( pentaquarks and tetraquarks)

Heavy baryons for LHC

A ;ca:lculatton for NUMEN ( see talk by Hugo Garcia Tecocoatzi)
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XYZ at. LHC

Predictions of exotic strange hidden charm tetraquark and pentaquarks
published on Science Bulletin July 2022, just confirmed by LHC

Science
Bulletin

F. Murgia - INFN Cagliari

The new Pcs.4459.; Z¢s.3985.; Z¢cs.4000. and Zcs.4220. and the possible
emergence of flavor pentaquark octets and tetraquark nonets

J. Ferretti, E. Santopinto ( July 2022)
Science Bulletin 67 (2022) 1209-1212 . ®) 4oz

Pl(4312) P}(4440) or P}(4457)

doi.org/10.1016/j.scib.2022.04.010 D > ©

[4440] (4522

4510] 14510] [4548] 4548

Fig. 2. (Color online) J" = 1 pentaquark octet, made up of the bound states of octet
baryons plus the y.,(1P) (a),and J* = ] or)’ = 3 pentaquark octet, made up of the
bound states of octet baryons plus the (2S) (b). The predicted hadro-charmonium
masses are reported inside square brackets, the experimental ones are inside round

brackets. See the Supplementary materials for more details.

TNPI 2023 - Cortona




In [1] a coupled-channel model was constructed for the hidden-charm pentaquarks with strangeness whose quark content is

udscc, P, described as A, D( ) "(' D™ molecules coupled to the five-quark states. The meson baryon interactions satisfy heavy
quark and chiral symmetries. It reproduces the experimental mass and quantum numbers J* of Pcs(4338) for which LHCb has just
announced the discovery. We make other predictions for new Pcs states as molecular states near threshold regions that can be

studied by LHCb.

Comparing EXP with the predicted masses

[MeV]
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4200

[1] A. Giachino, A. Hosaka, E. Santopinto, S. Takeuchi,

EXP Our predictions

12~
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— P S—
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. —
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P.s(4338)
s

M. Takizawa, Y.Y, arXiv:2209.10413 [hep-ph]
accepted by PRD2023, in press

, P.<(4468) and
P.;(4455)

Enialal

>
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ﬂlide bny.fantopinto

Lineshape studies

The nature of the states can be determined from detailed studies of the lineshape
Esposito, Maiani, Pilloni, Polosa, Riquer, PRD 105 (2022) 3, L031503

Candidates /(2 MeV)

1-0.05

—=— b|2 —— V|2

12 DO|thr. —— v|4 {=0.10

LHCb H{Jﬁ
JZE L HWW ﬁ’

4250 4275 4300 4325 4350 4375
VE [MeV]

cos Bp -weighted dataset

Model discrimination can be done with Neural Networks
Ng, et al. (JPAC), PRD 105, L091501

1 1 1 1
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slide by M. Rinaldil

We calculated the single and double parton scattering contributions to:

1) photo-production of 4 jets. M. R. and F. A. Ceccopieri PRD 105 (2022) 1, L011501

S—

Opps > 30 % ot ' __‘,___M}From ZEUS coll. from HERA data
Nucl. Phys B 792 1 (2008)

we prove that an experimental observable is related to the mean transverse distance between two partons
inside the proton (unknown and extremely important to unveil new information on the non-perturbative structure
of the proton):

[Ge}’;(Q2)]—1 — Z Cn(Q21<an>£ Mean value of the 102

transverse distance

T T
\/svp =100 GeV EIC

SPS Unresolved CS 75230
SPS Resolved CS 220

1 1
HELAC-ONIA

e
&
2) photo-production fo double J/y R S00Rorororororost AN o s oy ]
">C<J 101 ’, '/,/,/. /
DTN 9.9.9.9, VeV SR
R. Sangem, F. A. Ceccopieri, J.P. Lansberg, M. R. and H. S. Shao, in prep. = CUTTTIRAZRS R ;
Nz
R
10-3 1 L 1
0 05 1 15 2 25 3
|Ay| between
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A holographic model for glueballs and mesons

We proposed that duals to mesons and glueballs could be fields and graviton propagating in deformed AdS space:

R? .22 .
ds? = _260‘"’ “(dz? + nudztdz”) . only 2 fixed parameters for all observables
z
¢ 2500 0 1 2 3 4 5 6 ? 8
20001 ’7
% 1500} 3/
= e
< 1000} A
= /
500 /5
° 0 1 2 3 4 5 6 7 8
n

M.R. and V. Vento, EPJA 54 (2018) 151
! al M.R. and V. Vento, J. Phys. G 47 (2020) 5, 055104

M, [GeV]

M.R. and V. Vento, J. Phys. G 47 (2020) 12, 125003

P
2

; / M.R. and V. Vento, PRD 104 (2021) 3, 034016
|

M.R., F. A. Ceccopieri and V. Vento, EPJC 82 (2022) 7,636 ——— PION

. M.R. and V. Vento, ArXiv:2304.01793 Temperature dependence of the
M.R. and V. Vento, EPJC 82 (2022), 2 140 glueball spectrum
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Slide by M. Rinaldi

Insights into the Pion Minkowskian dynamics via the Bethe-Salpeter Equation

Pion Parton Distribution.
Solid line & squares

Twist-2  unpolar-

05+
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1 # UU* | 3 distribution
gost /PP T " (uTMD)  £5(7,),
oot [/ AN +++,++ with v = k3 and
)/ SN e ]
0.1/ \\\ e
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Giovanni Salmé (INFN-Rome) Insights into the pion dynamics in Minkowsk 1 ‘ 1
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Many thanks for your attention!
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Bslide by E. Santopinto
P

XYZ at JLab ( solving of theoretical problems for the
analysis ) and EIC ( planning of future experiments)

Predictions based on VMD for semi-inclusive Z production Winney et al. (JPAC) PRD106, 094009
VMD and factorization tests at GlueX (Jlab) need further scrutiny Winney et al. (JPAC) PRD108,

054018

T T T T
JPA C
= total Z (3900)"

= total Z,(10610)"
—— total Z,(10650)"

| N I =

IllIIIII

o GlueX (2023)
Single channel (1C)
Two channels (2C)

o(y p — J/y p) [nb]
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