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finanziamenti PRIN 2022
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Paolo Perinotti

Claudio Dappiaggi

Marco Radici

Carlo Carloni Calame

Andrea Tiengo

Marco Radici

Resposabile Nazionale

Angelo Bassi (TS)

Francesco Bonechi (FI)

Mariaelena Boglione (TO)

Gian Paolo Vacca (BO)

Fiorenza Donato (TO)

Francesco Vissani (LNGS)
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[1] Teoria dei Campi e Stringhe, [2] Fenomenologia delle particelle elementari,
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Paolo Perinotti

Gruppo IV

BELL

Generalized Shannon theory

Incompatibility of quantum devices as a resource

Published in Physical Review A 105 (5), 052222 (2022) & The Quantum-Like Revolution, Springer Book (2023)

We introduced the information content as generalization of Shannon entropy to 

every physical system encoding information. As case of study we have proved 

the fermionic systems source coding theorem. 

We found two inequivalent notions of incompatibility of 

quantum devices, based on parallel and sequential simulability, 

respectively. We unified them into one hierarchy of resource 

theories of communication between separated parties.

source

compress correlations ?

post-

proc.CC

J. Phys. A 55, 394006 (2022)  &  To appear in Quantum (2023)

No-signalling constrains quantum computation with indefinite causal structure 

Quantum processes with indefinite causal structure are described within 

the framework of higher-order quantum theory (maps from 

transformations to transformations …. hierarchy of maps of increasingly 

higher order). We show that the composition rules for arbitrary higher 

order maps are determined by the physical notion of signalling.



Chiara Macchiavello

Gruppo IV

BELL

Entanglement properties of hypergraph states
Published in J. Phys. A 55, 415301 (2022) 

Multipartite entanglement properties of hypergraph states in finite dimension have been 

studied, highlighting interesting differences between prime and non-prime dimension.

Quantum computation and machine learning
Published in Quantum Machine Intelligence 4, 13 (2022)

We proposed a quantum pipeline, comprising a quantum autoencoder followed by a 

quantum classifier, which are used to first compress and then label classical data coming 

from a separator, i.e., a machine used in one of Eni’s Oil Treatment Plants. This work 

represents one of the first attempts to integrate quantum computing procedures in a real-

case scenario of an industrial pipeline, in particular using actual data coming from 

physical machines. 

Quantum education
Published in Physics 4, 1150 (2022);  J. Phys. Conf. Series 2297, 012018 (2022)

We presented an educational path for teacher professional development whose 

primary purpose is to enhance physics teachers’ knowledge and awareness of topics 

related to quantum computation and quantum information, and an extracurricular 

course on quantum physics concepts and quantum technologies for high school 

students. 





GEOSYM_QFT
Linea 4

Fondamenti & Metodi Matematici
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Geometry and Symmetry in Quantum Field Theory

Consuntivo PV 2022

Staff:

Mauro Carfora

Claudio Dappiaggi

Giancarlo Jug

Annalisa Marzuoli

Michele Schiavina (da 1/1/2023)

Francesca Familiari 

(postdoc fino a 31/12/23)

Alberto Bonicelli 

Luca Sinibaldi

(2° anno Dottorato in Fisica )



➢ Algebraic, topological and geometric methods in Quantum Field 

Theory and Relativistic Cosmology  

➢ Applications to condensed matter systems and optics

• Algebraic Quantum Field Theory

During the calendar year 2022, Claudio Dappiaggi and various collaborators have 

focused their attention on two problems. On the one hand we have shown how to 

implement dynamical boundary conditions on anti-de-Sitter spacetime, studying in 

addition the response of an Unruh-De Witt detector on a Bertotti-Robinson spacetime. 

In this context we have also discussed the existence of a previously ignored freedom in 

the construction of ground states for Bosonic free field theories on static background 

with a timelike boundary. On the other hand, we have continued our efforts aimed at 

investigating how to apply microlocal techniques to the analysis of stochastic PDEs 

developing a notion of wavefront set tailored to Besov spaces (in collaboration with P. 

Rinaldi and F. Sclavi).  

(Several papers and preprints for this line of research)



• Geometric analysis, mathematical cosmology and Ricci Flow

✓ Cosmography and analysis of the physical past lightcone. We have extended the 
analysis of the distance functional recently introduced by us for what concerns a 
detailed analysis of the observational past lightcone and a careful comparison 
with the standard  Friedman-Lemaitre-Robinson-Walker model past lightcone. (M. 
Carfora and F. Familiari)

✓ Applications of the Ricci-Perelman flow in General Relativity 
Research monography: M Carfora, A Marzuoli “Einstein constraints and Ricci flow: a       
geometrical averaging of initial data sets” pp.XII+173, Mathematical Physics Studies, Springer 
ISBN 978-981-19-8539-311 - January 2023



• Topological structures in optical fields

There have been proposed novel topological and geometrical characterizations to handle 
‘structured light’, namely optical fields with shaped spatial and temporal features –such 
as knotted and braided configurations- recently observed in experiments. (A Marzuoli 
and N Sanna)

• Theory and phenomenology of amorphous solids

Research work has been carried out along these directions by G. Jug and collaborators:

1) The theoretical analysis of experimental data for the magnetization of glasses to 

extract information on their heterogeneous structure. 2) The development of a 

topological theory for the melting of glasses based on the established heterogeneous 

structure. 3) An improvement of the microscopic quantum theory for the explanation of 

the intrinsic magnetism of glasses.



NINPHA
Linea 3

Fisica Adronica e Nucleare
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Fields and String Theory

Phenomenology of Elementary Particles

Nuclear and Hadronic Physics 
Mathematical Methods

Astroparticle Physics

Statistical Physics and Applied Field Theory

NINPHA
National INitiative 

in Physics of HAdrons

5 sedi: Torino, Pavia, Genova, Perugia, Cagliari
2022 performance:  ~25 FTE, 28 pubblicazioni, 52 talks, 16 tesi (undergr. & PhD) 

Coordinatore nazionale: M. Boglione (Torino)

Coordinatore locale: M. RadiciPavia 

INFN
- M. Radici (Primo Ric.) 

Univ.
- A. Bacchetta (P.O.), B. Pasquini (P.O.)

- A. Signori assegnista (borsa Marie-Curie internazionale), dal 01-07-2022 RTD-B 

presso Dip. Fisica - Università di Torino

- F.G. Celiberto (assegnista al 50% con TIFPA-Dot4)

- M. Cerutti, S. Venturini, L. Rossi (studenti Dottorato)
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Understand the mechanisms 

of QCD confinement

by mapping in detail 


the non-linear dynamics of 

partons  inside  hadrons

Main goal

New tools : 
•  TMDs  →  3D maps in mom. space
•  GPDs  →  3D maps in position space

•  GTMDs  (Wigner distrib.) →  maximum info

properties 
evolution eqs., universality, etc..

renormalisation, scheme dependence, 

operator mixing, etc..

modeling 
support to experiments

phenomenology 
extraction of TMDs (GPDs) from 

(global) fits of exp. data

•  QCD Energy-momentum tensor Tμν → N mass
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NINPHA-PV at the forefront in many fields : examples  

phenomenology  
First extraction of TMD of 

unpolarized quark in proton 

at top N3LL accuracy from global fit of 

~ 2K data from Drell-Yan, Z-boson production 
and SIDIS data
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Figure 9. Upper panels: comparison between experimental data and theoretical predictions for
the cross section differential in |qT | for Z bosons produced in pp̄ collisions at the Tevatron from
CDF Run I (left panel) and run II (right panel); uncertainty bands correspond to the 68% CL.
Lower panel: ratio between experimental data and theoretical results.

the uncertainty band is larger for lower Q bins; this trend is induced by larger correlated
uncertainties for smaller invariant masses of the lepton pair.

In figure 9, we compare the theoretical results for the cross section for DY in pp̄

collisions at the Tevatron. Black data points in the left panel correspond to the results of
Run I of the CDF experiment, while in the right panel the results for Run II are reported.
The lower panels show the corresponding ratio of experimental data to theoretical results.
The latter are displayed as light-blue rectangles, each one corresponding to the integral of
the cross section within the corresponding bin limits. The size of the rectangle is given by
the 68% CL. The quality of the fit for CDF data is comparable to the one in ref. [7].

In figure 10, we compare the theoretical results for the DY cross section in pp collisions
at the LHC. From left to right, the black data points refer to the measurements by the
CMS Collaboration at increasing

√
s = 7, 8, 13 TeV. For

√
s = 7, 8TeV, the results are

normalized to the fiducial cross section. As in previous figures, the lower panels display
the ratio of experimental data to the 68% CL theoretical results. For

√
s = 7, 8TeV, the

quality of the fit is comparable to that in ref. [7]. For the new dataset at
√
s = 13TeV, the

agreement in the displayed rapidity bin is excellent, but remains very good also for higher
rapidities.

In figure 11, we compare the theoretical results for the DY cross section in pp collisions
normalized to the fiducial cross section for the ATLAS data at

√
s = 7TeV. From left to

right, we consider three representative bins at increasing rapidity |y|. The leftmost one
corresponds to the worst described bin in our global fit, with χ2/Ndata = 13.5. As in
previous figures, the lower part of each panel displays the ratio of experimental data to the
68% CL theoretical results. The quality of the fit increases at more forward rapidities (from
left to right). The same trend is observed at

√
s = 8TeV, but not for CMS at 13 TeV.

4.2 TMD distributions

We now discuss the TMD distributions extracted from our baseline fit with N3LL− ac-
curacy. Table 5 displays the list of our 21 fitting parameters with their mean value and
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Figure 10. Same as in previous figure but for Z boson production in pp collisions measured by
the CMS Collaboration. From left to right: increasing

√
s = 7, 8, 13TeV, respectively. For

√
s =

7, 8 TeV, the results are normalized to the fiducial cross section.

Figure 11. Same as in the left and central panels of previous figure, but for ATLAS kinematics
at
√
s = 7TeV. From left to right, results at increasing rapidity.

standard deviation. The majority of the parameters is well constrained. The only param-
eter that is compatible with zero is γ2.

The λ parameter measures the relative weight of the first Gaussian and the weighted-
Gaussian in the nonperturbative part of the TMD PDF in eq. (2.38). The value of this
parameter is close to 2, indicating that the contribution of the weighted-Gaussian compo-
nent is important. In eq. (2.38), the parameter λ2 measures the relative weight of the first
Gaussian and the third Gaussian; this parameter is small but not compatible with zero,
which means that also this component of the TMD PDF is important to reach a good
description of experimental data.

Our parametrization of the nonperturbative part of TMD FFs in eq. (2.39) contains
just the combination of a Gaussian and a weighted Gaussian: this is sufficient to describe
the data in an accurate way.
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Figure 10. Same as in previous figure but for Z boson production in pp collisions measured by
the CMS Collaboration. From left to right: increasing

√
s = 7, 8, 13TeV, respectively. For

√
s =

7, 8 TeV, the results are normalized to the fiducial cross section.
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Figure 11. Same as in the left and central panels of previous figure, but for ATLAS kinematics
at
√
s = 7TeV. From left to right, results at increasing rapidity.

standard deviation. The majority of the parameters is well constrained. The only param-
eter that is compatible with zero is γ2.

The λ parameter measures the relative weight of the first Gaussian and the weighted-
Gaussian in the nonperturbative part of the TMD PDF in eq. (2.38). The value of this
parameter is close to 2, indicating that the contribution of the weighted-Gaussian compo-
nent is important. In eq. (2.38), the parameter λ2 measures the relative weight of the first
Gaussian and the third Gaussian; this parameter is small but not compatible with zero,
which means that also this component of the TMD PDF is important to reach a good
description of experimental data.

Our parametrization of the nonperturbative part of TMD FFs in eq. (2.39) contains
just the combination of a Gaussian and a weighted Gaussian: this is sufficient to describe
the data in an accurate way.
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Figure 12. Graphical representation of the correlation matrix for the fitted parameters.
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Figure 13. The TMD PDF of the up quark in a proton at µ =
√
ζ = Q = 2GeV (left panel) and

10 GeV (right panel) as a function of the partonic transverse momentum |k⊥| for x = 0.001, 0.01
and 0.1. The uncertainty bands represent the 68% CL.

transverse momentum |k⊥| for three different values of x, namely x = 0.001, 0.01, and 0.1.
The bands correspond to the 68% CL.

The TMD seems to be wider at intermediate x = 0.01, but has also a high tail at
x = 0.001. As already mentioned, a significant role is played by the weighted Gaussian and
by the second Gaussian in eq. (2.38). This may be a sign of the presence of contributions
from different quark flavors and/or from different spin configurations (see section 2.3).

It is worth noticing that in both left and right panels the TMD PDF at x = 0.001 shows
the largest error band, particularly at low |k⊥|. This is due to the lack of experimental
points in that kinematic region (see figure 3). Future data from the Electron-Ion Collider
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A. Bacchetta et al. (MAP Collaboration)

JHEP 10 (22) 127, arXiv:2206.07598

Extraction of TMD of 

unpolarized quark in pion 

at N3LL accuracy from Drell-Yan

280 χ2λ is less than half of the E615 one. Indeed, the correlated
281 systematic uncertainties of the E537 dataset are much
282 smaller and signal that the normalization problem between
283 theory and data is less strong. This is reflected in much
284 smaller uncertainty bands of the fit results, as shown
285 in Fig. 3.
286 We also explored the behavior of our fit when reducing
287 the accuracy of the theoretical description. As expected,
288 the χ20 worsens (at N2LL, χ20=Ncut ¼ 1.72, at NLL,
289 χ20=Ncut ¼ 2.00) but it shows a nice convergence to the

290N3LL result in Table II, when reading in reverse order.
291Moreover, the best values of free parameters remain always
292within the uncertainty bands, indicating that our fit results
293are stable.

294B. TMD distributions

295We now discuss the quark TMD PDFs in the pion
296extracted from our fit at N3LL−. In Table III, we list the
297resulting average values and standard deviations of the

F3:1 FIG. 3. Upper panels: comparison between data and theoretical predictions for the DY cross section differential in q2T for the E537
F3:2 dataset for differentQ bins; uncertainty bands correspond to the 68% C.L. Lower panels: ratio between experimental data and theoretical
F3:3 cross section.

F2:1 FIG. 2. Comparison between data (black points) and our fit (colored band) for two different Q bins of the E615 dataset. Upper panels:
F2:2 DY cross section differential in jqT j; lower panels: ratio between data and results of the fit. Uncertainty bands correspond to
F2:3 the 68% C.L.

EXTRACTION OF PION TRANSVERSE MOMENTUM … PHYS. REV. D XX, 000000 (XXXX)

5

280 χ2λ is less than half of the E615 one. Indeed, the correlated
281 systematic uncertainties of the E537 dataset are much
282 smaller and signal that the normalization problem between
283 theory and data is less strong. This is reflected in much
284 smaller uncertainty bands of the fit results, as shown
285 in Fig. 3.
286 We also explored the behavior of our fit when reducing
287 the accuracy of the theoretical description. As expected,
288 the χ20 worsens (at N2LL, χ20=Ncut ¼ 1.72, at NLL,
289 χ20=Ncut ¼ 2.00) but it shows a nice convergence to the

290N3LL result in Table II, when reading in reverse order.
291Moreover, the best values of free parameters remain always
292within the uncertainty bands, indicating that our fit results
293are stable.

294B. TMD distributions

295We now discuss the quark TMD PDFs in the pion
296extracted from our fit at N3LL−. In Table III, we list the
297resulting average values and standard deviations of the

F3:1 FIG. 3. Upper panels: comparison between data and theoretical predictions for the DY cross section differential in q2T for the E537
F3:2 dataset for differentQ bins; uncertainty bands correspond to the 68% C.L. Lower panels: ratio between experimental data and theoretical
F3:3 cross section.

F2:1 FIG. 2. Comparison between data (black points) and our fit (colored band) for two different Q bins of the E615 dataset. Upper panels:
F2:2 DY cross section differential in jqT j; lower panels: ratio between data and results of the fit. Uncertainty bands correspond to
F2:3 the 68% C.L.

EXTRACTION OF PION TRANSVERSE MOMENTUM … PHYS. REV. D XX, 000000 (XXXX)

5

E615

E537

298 three fitting parameters that describe the arbitrary non-
299 perturbative part of the TMD PDF in Eqs. (8) and (9). The
300 errors are very large and the parameters are not very well
301 constrained. As mentioned above, the same quality of
302 results is obtained by testing different models of non-
303 perturbative parametrizations. Hence, we conclude that the
304 current set of experimental data is not very sensitive to
305 these degrees of freedom and more data are needed to better
306 constrain them.
307 In agreement with Ref. [30], we also find that there are
308 strong correlations among the three different parameters.
309 This feature points again toward the need for new exper-
310 imental data to better constrain the quark TMDs in the pion.
311 In Fig. 4, we show the unpolarized TMD PDF for a d
312 quark in π− at μ ¼

ffiffiffi
ζ

p
¼ Q ¼ 2 GeV (left panel) and

313 10 GeV (right panel) as a function of the quark transverse
314 momentum jk⊥j for three different values of x ¼ 0.05, 0.1,
315 and 0.2. We select these three values of x in order to show
316 the TMD PDF in the region covered by the experimental
317 measurements (see Fig. 1). The error bands correspond to
318 the 68% C.L. They reflect the uncertainty on the fitting
319 parameters of Eq. (8) that are determined by propagating
320 the error in the collinear PDFs of both the pion and the
321 proton. However, since we used only the central member of
322 the set of collinear PDFs to perform the fit, the integral in
323 k⊥ of all TMD replicas is fixed, i.e., their value at bT ¼ 0 is
324 the same. As a consequence, the uncertainty related to
325 collinear PDFs is only partially accounted in the plots.

326We notice that in both the left and right panels of
327Fig. 4 the TMD PDF at x ¼ 0.05 shows the largest error
328band, particularly at small values of jk⊥j. This kinematic
329region is at the boundary of the phase space covered by the
330considered experiments. Future data from the COMPASS
331Collaboration are expected to play an important role in
332improving this picture.
333The mean squared transverse momentum of quarks
334in the pion at Q ¼ 1 GeV and x ¼ 0.1 corresponds to
335the parameter N1π of our fit and turns out to be
336hk2⊥i ¼ 0.47" 0.12, somewhat larger than the correspond-
337ing quantity for the proton (see Fig. 16 or Ref. [28]).
338Therefore, our analysis indicates that the TMD of quarks in
339the pion is wider than that in the proton.
340We stress that the nonperturbative model for the jk⊥j-
341dependence of the extracted TMDs is flavor-independent.
342The only difference between two flavors arises from
343collinear PDFs [see Eq. (7)].

344C. Predictions at COMPASS kinematics

345The COMPASS Collaboration has recently released data
346for (un)polarized azimuthal asymmetries in the (polarized)
347pion–induced Drell–Yan processes [34,35], and will prob-
348ably release in the near future also data for the unpolarized
349cross section.
350In Fig. 5, we show theoretical predictions based on our fit
351for the unpolarized pion–nucleus DY cross section as
352function of the virtual vector boson transverse momentum
353jqT j. The left panel refers to the tungsten (W) nucleus, while
354the right panel to the ammonia molecule (NH3). The
355kinematics is the same of Ref. [35] and is similar to the
356one covered in Fig. 1 by the experimental data analyzed in
357our fit. The uncertainty bands at 68% C.L. are evidently
358large, indicating that the available information we have
359on the internal structure of the pion is not sufficient to
360make accurate predictions. Hopefully, the upcoming
361COMPASS data for the pion–nucleus DY process will

F4:1 FIG. 4. The TMD PDF of the down quark in π− at μ ¼
ffiffiffi
ζ

p
¼ Q ¼ 2 GeV (left panel) and 10 GeV (right panel) as a function of the

F4:2 partonic transverse momentum jk⊥j for x ¼ 0.05, 0.1 and 0.2. The uncertainty bands correspond to the 68% C.L.

TABLE III. Average and one standard deviation over the
Monte Carlo replicas of the fitting parameters in the nonpertur-
bative part of the quark TMD PDFs in a pion.

Parameter Average" σ

N1π ½GeV2$ 0.47" 0.12
σπ 4.50" 2.25
απ 4.40" 1.34
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325 collinear PDFs is only partially accounted in the plots.

326We notice that in both the left and right panels of
327Fig. 4 the TMD PDF at x ¼ 0.05 shows the largest error
328band, particularly at small values of jk⊥j. This kinematic
329region is at the boundary of the phase space covered by the
330considered experiments. Future data from the COMPASS
331Collaboration are expected to play an important role in
332improving this picture.
333The mean squared transverse momentum of quarks
334in the pion at Q ¼ 1 GeV and x ¼ 0.1 corresponds to
335the parameter N1π of our fit and turns out to be
336hk2⊥i ¼ 0.47" 0.12, somewhat larger than the correspond-
337ing quantity for the proton (see Fig. 16 or Ref. [28]).
338Therefore, our analysis indicates that the TMD of quarks in
339the pion is wider than that in the proton.
340We stress that the nonperturbative model for the jk⊥j-
341dependence of the extracted TMDs is flavor-independent.
342The only difference between two flavors arises from
343collinear PDFs [see Eq. (7)].

344C. Predictions at COMPASS kinematics

345The COMPASS Collaboration has recently released data
346for (un)polarized azimuthal asymmetries in the (polarized)
347pion–induced Drell–Yan processes [34,35], and will prob-
348ably release in the near future also data for the unpolarized
349cross section.
350In Fig. 5, we show theoretical predictions based on our fit
351for the unpolarized pion–nucleus DY cross section as
352function of the virtual vector boson transverse momentum
353jqT j. The left panel refers to the tungsten (W) nucleus, while
354the right panel to the ammonia molecule (NH3). The
355kinematics is the same of Ref. [35] and is similar to the
356one covered in Fig. 1 by the experimental data analyzed in
357our fit. The uncertainty bands at 68% C.L. are evidently
358large, indicating that the available information we have
359on the internal structure of the pion is not sufficient to
360make accurate predictions. Hopefully, the upcoming
361COMPASS data for the pion–nucleus DY process will

F4:1 FIG. 4. The TMD PDF of the down quark in π− at μ ¼
ffiffiffi
ζ

p
¼ Q ¼ 2 GeV (left panel) and 10 GeV (right panel) as a function of the

F4:2 partonic transverse momentum jk⊥j for x ¼ 0.05, 0.1 and 0.2. The uncertainty bands correspond to the 68% C.L.

TABLE III. Average and one standard deviation over the
Monte Carlo replicas of the fitting parameters in the nonpertur-
bative part of the quark TMD PDFs in a pion.

Parameter Average" σ

N1π ½GeV2$ 0.47" 0.12
σπ 4.50" 2.25
απ 4.40" 1.34
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Figure 4. The generalized polarizabilities of the proton
a) The electric generalized polarizability measured in this experiment (red circles). The world data8–13, 30–33 (open-symbols)
are shown for results that involve the Dispersion-Relations (circle) and Low-Energy-Expansion analysis (box). The theoretical
calculations of BChPT17, NRQCM28, LSM23, ELM25 and DR14–16 are also shown. The experimental fit that includes all the
world data is also shown. b) The magnetic generalized polarizability. The definition of symbols and curves are the same as in
(a). c) Induced polarization in the proton when submitted to an EM field as a function of the transverse position with photon
polarization along the x axis for by = 0. The x-y defines the transverse plane, with the z axis being the direction of the fast

moving protons. d) The proton electric polarizability radius raE ⌘
q

hr2
aE
i derived from this work (red point). The

measurements of the proton charge radius rE
34–41 (blue points) are shown for comparison. The error bars and the uncertainty

bands correspond to the total (statistical+systematic) uncertainty, at the 1s or 68% confidence level.

of the measured cross sections is included in the Extended
Data tables.

The cross section of the ep ! epg process observes the
photon that is emitted by either the lepton, known as the
Bethe-Heitler (BH) process, or by the proton, the fully vir-
tual Compton scattering (FVCS) process, as shown in Fig. 2.
The FVCS amplitude can in-turn be decomposed into a Born
contribution, with the intermediate state being the nucleon,
and a non-Born contribution, that carries the physics of inter-
est and allows for excited intermediate states of the nucleon,
that is parametrized by the GPs. The BH and the Born-VCS
contributions are well known, calculable in terms of the pro-
ton electromagnetic form factors that are precisely measured
from elastic electron scattering. We extract the GPs from the
measured cross sections through a fit that employs the disper-

sion relation (DR) model14–16 for VCS. In the DR formalism,
the two scalar GPs enter unconstrained and can be adjusted
as free parameters, while the proton electromagnetic form
factors are introduced as an input. The experimental cross
sections are compared to the DR model predictions for all
possible values for the two GPs, and the aE(Q2) and bM(Q2)
are fitted by a c2 minimization. The extracted electric and
magnetic GPs are shown in Fig. 4. We observe evidence of a
local enhancement of aE(Q2) in the measured region, at the
same Q2 as previously reported in8, 9, but we find a smaller
magnitude and measure it with a significantly improved pre-
cision. The world-data at this Q2 reconcile at the ⇠ 2s level.
The Q2-dependence of the electric GP is explored using two
methods, one that employs traditional fits to the data using
predefined functional forms and another one that is based on
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a) The electric generalized polarizability measured in this experiment (red circles). The world data8–13, 30–33 (open-symbols)
are shown for results that involve the Dispersion-Relations (circle) and Low-Energy-Expansion analysis (box). The theoretical
calculations of BChPT17, NRQCM28, LSM23, ELM25 and DR14–16 are also shown. The experimental fit that includes all the
world data is also shown. b) The magnetic generalized polarizability. The definition of symbols and curves are the same as in
(a). c) Induced polarization in the proton when submitted to an EM field as a function of the transverse position with photon
polarization along the x axis for by = 0. The x-y defines the transverse plane, with the z axis being the direction of the fast

moving protons. d) The proton electric polarizability radius raE ⌘
q

hr2
aE
i derived from this work (red point). The

measurements of the proton charge radius rE
34–41 (blue points) are shown for comparison. The error bars and the uncertainty

bands correspond to the total (statistical+systematic) uncertainty, at the 1s or 68% confidence level.

of the measured cross sections is included in the Extended
Data tables.

The cross section of the ep ! epg process observes the
photon that is emitted by either the lepton, known as the
Bethe-Heitler (BH) process, or by the proton, the fully vir-
tual Compton scattering (FVCS) process, as shown in Fig. 2.
The FVCS amplitude can in-turn be decomposed into a Born
contribution, with the intermediate state being the nucleon,
and a non-Born contribution, that carries the physics of inter-
est and allows for excited intermediate states of the nucleon,
that is parametrized by the GPs. The BH and the Born-VCS
contributions are well known, calculable in terms of the pro-
ton electromagnetic form factors that are precisely measured
from elastic electron scattering. We extract the GPs from the
measured cross sections through a fit that employs the disper-

sion relation (DR) model14–16 for VCS. In the DR formalism,
the two scalar GPs enter unconstrained and can be adjusted
as free parameters, while the proton electromagnetic form
factors are introduced as an input. The experimental cross
sections are compared to the DR model predictions for all
possible values for the two GPs, and the aE(Q2) and bM(Q2)
are fitted by a c2 minimization. The extracted electric and
magnetic GPs are shown in Fig. 4. We observe evidence of a
local enhancement of aE(Q2) in the measured region, at the
same Q2 as previously reported in8, 9, but we find a smaller
magnitude and measure it with a significantly improved pre-
cision. The world-data at this Q2 reconcile at the ⇠ 2s level.
The Q2-dependence of the electric GP is explored using two
methods, one that employs traditional fits to the data using
predefined functional forms and another one that is based on
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NINPHA-PV at the forefront in many fields : examples  

properties and exploratory studies 

modeling 

- Gravitational form factors of electron in QED: 
energy, angular momentum and mass structure 

- Light-Front wave functions of pion, parameters 
fitted to pion form factor and PDF (xFitter); can 
consistently build pion PDFs, TMDs, GPDs for 
valence/sea quarks and gluons

- First tomography of T-odd gluon TMDs in 
spectator model with mass spectral density, 
and applications to heavy-flavor production
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in unpolarized proton 
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- formal analogies between di-hadron and 
hadron-in-jet fragmentation functions

A. Bacchetta, M. Radici, L. Rossi

arXiv:2303.04314

A. Freese, A. Metz, B. Pasquini, S. Rodini
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FIG. 2. xf1 as function of x for the valence u quark (upper panel), total sea (left panel in the bottom) and gluon (right
panel in the bottom) contributions at µ2 = 27 GeV2. The light (dark) red bands show the results of this work with the 3�
(1�) uncertainty in comparison with the the BSWF results from Ref. [112] (blue bands) and the analysis from the BFLQ
collaboration [21] (green bands). For the valence u quark contribution we show also the ASV parametrization of Ref. [110]
(cyan solid curve), and the results within the LFCQM of Ref. [8] (green dashed-dotted curve), while the data are from the
E615 experiment [107].

the results of the basis light-front quantization (BLFQ) collaboration [21] within a light-front model including the qq̄
and qq̄g Fock components and the study of Ref. [111] with Bethe-Salpeter wavefunctions (BSWF) for the qq̄ state are
consistent with the behavior at large x inferred from the analyses with the threshold resummation. In Fig. 2, we also
compare the outcome of our study for the sea and gluon contributions with the BLFQ and BSWF results. While our
PDF parametrizations take into account non-perturbative sea and gluon contributions at the initial hadronic scale,
the BSWF approach generates both the sea and gluon contributions solely from the scale evolution, and the BLFQ
model includes only a dynamical gluon contribution at the initial scale and generates the sea PDF perturbatively.
One can clearly appreciate the e↵ects of non-perturbative sea and gluon contributions that result at x � 0.1 in larger
sea PDF in our analysis, and larger gluon PDF in our and BLFQ analyses. We also observe a steeper rise at lower
values of x in the BLFQ and BSWF models than in our results for the gluon and sea PDFs. Despite the di↵erent
shapes of the PDFs in our fit and the BSWF and BLFQ analyses, the first moments of the PDFs, defined as

R
dx x f1,

are well compatible within the error bars, as shown in Table I. In the same table, we also collect the results of other
studies at di↵erent scales. We observe that at the initial scale µ2 = 1.69 GeV2 of the xFitter and JAM analyses,
the values for the gluon are larger in our model and JAM input than in xFitter, although they are still consistent
within the error bar. The same trend remains at higher scales after evolution. Comparing our results with the recent
BCP extractions, we find a remarkable agreement for the valence moments, while our values for the sea contribution
are smaller, mainly because of the di↵erent behavior of the sea PDFs at x . 0.1 as shown, for example, in Fig. 1
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FIG. 1. xf1 as function of x for the total valence (upper panel), total sea (left panel in the bottom) and gluon (right panel in the
bottom) contributions at µ2 = 5 GeV2. The light (dark) red bands show the results of this work with the 3� (1�) uncertainty
in comparison with the results from the JAM collaboration [49] (light blue bands), the analysis of xFitter collaboration [98]
(grey bands), the BCP fit of Ref. [44] (yellow bands) and the GRVPI1 fit [42] (solid black curves).

work [45] to include J/ production data. Overall, the modern analyses give compatible results within the relative
error bands. The agreement is better for the valence and sea contributions at larger x and for the gluon PDF in
the small x region. The di↵erence in shape of our results for the valence PDF in the region 0.05 < x < 0.2, can be
ascribed to a strong correlations between the valence PDF at small x and the gluon PDF at large x. This is peculiar
to the LFWF approach. From the explicit expressions for the PDFs in Eqs. (40)-(42), we notice that the valence
PDF receives contributions from all Fock states. In particular, the low-x behavior of the valence PDF is influenced
by the high-x behavior of the other PDFs. These spurious correlations tend to lessen when the expansion in the
Fock space spans a large number of Fock components. However, one has to admit that the extension of the present
formalism at higher-order Fock components may become quite cumbersome. In Fig. 2, we show our results at µ2 = 27
GeV2 with light (dark) red bands corresponding to 3� (1�) CL. The u-quark valence PDF is in very good agreement
with the extraction of the E615 experiment [107] which neglected threshold resummation e↵ects as we did in our
fit procedure. However, in a seminal paper Aicher, Schäfer, and Vogelsang (ASV) [110] found that corrections from
threshold resummation can significantly modify the large-x asymptotic behavior of the valence quark contribution,
as shown by the solid cyan curve in Fig. 21. This large-x behavior is reproduced very well from the light-front
constituent quark model (LFQCM) predictions of Ref. [8] (green dashed-dotted curve), which considered only the qq̄
Fock component at the hadronic scale and applied NLO evolution to the relevant experimental scale. Analogously,

1 The ASV analysis focused mainly on the fit of the valence PDF, using parametrizations for the gluon and sea contribution from other
works [43] which are not shown here.

uval

gluon

B. Pasquini, S. Rodini, S. Venturini (MAP Coll.)

arXiv:2303.01789

A. Bacchetta, F.G. Celiberto, M. Radici
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LHC physics
High-precision Monte Carlo event generator for Drell-Yan
Z_ew-BMNNPV code available at https://powhegbox.mib.infn.it/
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Figure 2: The scale dependence of the EW mixing angle in the SM (blue line), compared to
the combined experimental measurement at µ = mZ (violet point). The expected results
obtained in this work are shown in black crosses (black squares) for the LHC Run 3
(HL-LHC). For clarity, the Run 3 and HL-LHC points are shifted to the left and right,

respectively. The outer error bars represent the total expected uncertainty on sin2 θMS
W (µ),

while the inner error bars include only statistical and experimental uncertainties (excluding
PDFs, QCD and EW higher-order uncertainties).

PDF set used, by up to 50% in the last m�� bin. When using sets that include
a PDF for the photon, we find a comparable PDF uncertainty as we do with
their non-QED counterparts.

5. Conclusions

In this work, the sensitivity of NCDY measurements at current and future
LHC runs to the MS running of the electroweak mixing angle is investigated.
A simulation featuring QCD and EW NLO accuracy matched to QCD parton
shower is used to generate NCDY events. In particular, the NLO EW correc-
tions are calculated using a hybrid EW scheme with (αMS

EM(µ), sin2 θMS
W (µ), mZ)

as input parameters, where αMS
EM(µ) and sin2 θMS

W (µ) are renormalized in the
MS scheme and mZ in the on-shell one. By using the triple differential NCDY
cross section in six bins in m��, six bins in |y��| and two bins in cos θCS for the

10

Implementation of MS scheme and sinMS
θ

sensitivity study at the LHC and HL-LHC

S. Amoroso, M. Chiesa, C. L. Del Pio, K. Lipka, F. Piccinini,
F. Vazzoler and A. Vicini: PoS ICHEP2022 890, arXiv:2302.10782
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High-precision Monte Carlo event generator for Higgsstrahlung
pp→HV , (H → bb) with production and decay at NNLO QCD accuracy
matched with parton shower

S. Zanoli, M. Chiesa, E. Re, M. Wiesemann and G. Zanderighi, JHEP 07 (2022), 008
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Figure 7. Comparison of MiNNLOPS predictions to ATLAS data [131].

advantageous. One should bear in mind, however, that such reshuffling is not completely
unambiguous and comes with some uncertainties on the bottom-quark kinematics. Thus,
ideally the bottom-quark kinematics should be described using massive bottom quarks at
amplitude level, i.e. a four-flavour scheme (4FS) calculation, but this is not always feasible
at high accuracy with current technology and also comes with other shortcomings [156].
Furthermore, it is important to be aware that in certain configurations a hard reconstructed
b-jet can come from a soft bottom quark and that the two selected b-jets may actually not
originate from the Higgs-boson decay. These occurrences are less likely when using the
flavour-kT algorithm.

4.5 Comparison to ATLAS data

Figure 7 compares our MiNNLOPS predictions to recent ATLAS data [131]. The respective
cross sections are reported in table 4. The results correspond to W±H and ZH production
with all leptonic final states, i.e. �±ν�bb̄, �+�−bb̄ and ν�ν̄�bb̄ with � ∈ {e, µ, τ}. For this
comparison we have included hadronization effects through Pythia8, which however have
a negligible impact. It is clear that the measured V H cross sections are fully compatible
with our predictions within uncertainties. However, one must bear in mind that this
measurement requires relatively large lower cuts on the transverse momentum of the vector
boson. Therefore, the experimental error is quite large, being dominated mostly by the
limited statistics. In fact, within the current experimental uncertainties the measured cross
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Figure 1. Sample Feynman diagrams for V H production in the H → bb̄ decay channel with (a,c)
V = Z and Z → �+�− and (b) V = W± and W± → �±ν�, where by ν� we indicate generally a
neutrino or anti-neutrino. Panels (a) and (b) are tree-level diagrams in the quark-annihilation
(qq̄) channel at LO, while panel (c) shows a loop-induced diagram in the gluon-fusion (gg) channel
entering at NNLO QCD.

Z → ν�ν̄� decay modes, but, without loss of generality, we focus on the decay to charged
leptons throughout this paper. For simplicity, we will refer to the �+�−bb̄ and �±ν�bb̄ final
states as ZH and W±H production in the following.

Sample LO diagrams of the two processes are shown in figure 1 (a) and (b). They are
qq̄-initiated with an s-channel vector boson emitting a Higgs boson and subsequent decays
of the two bosons. Figure 1 (c) shows a diagram for the loop-induced process in the gg

channel that due to charge conservation exists only for ZH , but not for W±H production.
This process enters the ZH cross section at O(α2

s) and is therefore a NNLO contribution
relative to the qq̄-initiated process. Its dominant contribution proceeds via a top-quark loop,
since all other quark loops are suppressed by their respective Yukawa couplings to the Higgs
boson. In this work, we focus on the accurate simulation of the qq̄-initiated processes. The
loop-induced gg process can be computed completely independently at LO+PS and added
to the qq̄-initiated cross section. We only include the loop-induced gg contribution when
presenting integrated cross sections in section 4.2 and when comparing to data in section 4.5.
In fact, we would like to stress that very recently the gg → ZH two-loop amplitude for an
on-shell Z boson has been calculated [54–56], which will enable NLO+PS predictions for the
loop-induced gg process in the near future (with the approximation of the Z boson being
on-shell in the two-loop contribution). Apart from the best predictions for the qq̄-initiated
ZH production presented here, this calculation will be crucial to reduce the theoretical
uncertainties in the experimental analyses of boosted ZH production at the LHC.

We note that there are other contributions to both W±H and ZH production that are
mediated by a closed top-quark loop radiating the Higgs boson, which were calculated in
ref. [45]. We adopt the approximation that the virtual diagrams denoted as VI and VII in
ref. [45] are neglected in our calculation, while the real contributions RI and RII, where the
latter only contributes to ZH production, are included. In order to facilitate the comparison
to previous results we have excluded those contributions to W±H production, but included
them for ZH production, as discussed below. We recall that the contribution of the RI/II
and VI/II terms to the total cross section is positive. Both RI/II and VI/II contribute to about
0.6%, giving a total positive correction of about 1.2% with respect to the total qq̄-initiated
NNLO result obtained neglecting these terms.

– 5 –

Full predictions for ZH and W±H with
H → bb including spin correlations and
off-shell effects
Accuracy at NNLO+PS in production and
decay achieved for the first time
Good agreement with recent
Higgsstrahlung cross section
measurements

Mauro Chiesa CdS Pavia, 14/06/23



Background simulation studies at the µ-coll (preliminary)
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MUonE

• |aSM, e+e− data
µ − aexp

µ | ≃ 4.2σ

• |aSM, lattice QCD
µ − aexp

µ | ≃ 1.5σ

• |aSM, new CMD3 π+π− data
µ − aexp

µ | < 1σ

✓ MUonE can shed light over this cumbersome

picture, by providing an independent

determination of aHLO
µ with space-like data, i.e. by

a high precision measurement of ∆αhad(q
2) in

µe → µe scattering

~3.7s

 ~3.3s

CMD-3

lattice calculations

Nature 593 (2020) 51

PRL 126 (2021) 141801

PhysRep 887 (2020)

2π only from CMD-3

PRD 73 (2006) 072003
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MUonE

• The Pavia HEP group is among the proponents of the experiment

• By scattering 160 GeV muons on at-rest electrons of a low-Z target, ∆αhad(q
2) can be measured and a

new and independent evaluation of aHLO
µ can be provided

• A test run with reduced apparatus is scheduled in August/September 2023

• The challenge is to measure the elastic µe → µe differential cross section with an unprecedented

accuracy, at the 10−5 level

• A high-precision Monte Carlo generator, including EWK NLO, QED NNLO and QED higher-order

corrections, is mandatory for data analysis. Also relevant backgrounds need to be precisely simulated.

The generator Mesmer is under constant development in Pavia and it is extensively used by the

collaboration for feasibility studies and current simulations

github.com/cm-cc/mesmer
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QFT@COLLIDERS

✓ Papers
⇝⇝⇝ Budassi et al., “Single π0 production in µe scattering at MUonE”, Phys. Lett. B 829 (2022) 137138
⇝⇝⇝ Zanoli et al., “NNLO event generator for VH production with H→ bb̄ decay”, JHEP 07 (2022) 008
⇝⇝⇝ Franzosi et al., “Vector boson scattering processes: Status and prospects”, Rev. Phys. 8 (2022) 100071
⇝⇝⇝ 7 contributions to Snowmass2021 activities: “Snowmass report: Theory of Collider Phenomena”, “Event

Generators for high-energy physics experiments”, “NNLO+PS with MiNNLOPS : status and prospects”, “Muon
Collider Physics Summary”, “The physics case of a 3 TeV muon collider stage”, “Prospects for precise predictions
of aµ in the Standard Model”, “Initial state QED radiation aspects for future e+e− colliders”

⇝⇝⇝ several proceedings of international conferences

✓ Coordination / Organization activities
⇝⇝⇝ Carloni Calame, co-organizer of the topical workshop “The Evaluation of the Leading Hadronic Contribution to the

Muon g-2: Toward the MUonE Experiment”, Mainz Institute for Theoretical Physics, Mainz, 14-18 November 2022
⇝⇝⇝ Piccinini, co-convener dell’ECFA WG2 (Physics and Analysis Methods) dell’ECFA “Study on Physics,

Experiments and Detectors at a future Higgs/EW/Top factory” (organization of topical meetings, talks, member of
the program committee of the First ECFA Workshop on e+e− Higgs/EW/Top factories, Hamburg, october 2022 )

✓ Several talks at international conferences, workshops and collaboration meetings by all the members
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TaSP
Linea 5

Fisica Astroparticellare

Iniziativa Specifica chiusa a Pavia nel 2023
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TaSP

⇝⇝⇝ Activity by Marco Roncadelli (INFN):

1) Explanation of the very high-energy emission of the Gamma-ray burst GRB221009A (observed by

LHAASO on October 11 up to 18 TeV and the day after by Carpet-2 up to 251 TeV) in terms of ALPs oscillation

into photons.

2) Moreover, ALPs induce a polarization effect on the radiation from far-away very high energy sources.

We have extensively investigated this topic.

G. Galanti, M. Roncadelli, F. Tavecchio, E. Costa, “ALP induced polarization effects on photons from galaxy clusters”, Phys. Rev. D 107, 103007 (2023)
G. Galanti, M. Roncadelli, F. Tavecchio “ALP induced polarization effects on photons from blazars”, arXiv:2301.08204
G. Galanti, M. Roncadelli, F. Tavecchio, “Assessment of ALP scenarios for GRB 221009A”, arXiv:2211.06935
G. Galanti, L. Nava, M. Roncadelli, F. Tavecchio, “Observability of the very-high-energy emission from GRB 221009A”, arXiv:2210.05659

G. Galanti, M. Roncadelli, “Axion-like Particles Implications for High-Energy Astrophysics”, Universe 8 (2022) no.5, 253, arXiv:2205.00940

⇝⇝⇝ Activity by Andrea De Luca (IASF & INAF) and Andrea Tiengo (IUSS & INAF):

Systematic analysis of the X-ray observations of the ultraluminous X-ray source XMMU

J122939.7+075333. The recurrence of flares together with the observation of the soft spectrum of the

X-ray flares would be strikingly similar to the quasiperiodic eruptions recently discovered in galactic nuclei.
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