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Quantum CromoDynamics (QCD)

But there are some features 
that cannot be proved from 

first principles! 

color confinement

chiral SSB



COLOR CONFINEMENT



COLOR CONFINEMENT

internal structure of hadrons

PDFs



COLOR CONFINEMENT

internal structure of hadrons hadronization

PDFs FFs



HOW TO STUDY THESE NON-PERTURBATIVE OBJECTS?



Factorization of the cross section

Example: Semi-Inclusive Deep Inelastic Scattering (SIDIS)

PDF

FF

lepton

photon

proton

} remnants

parton

observed hadron

l(`) +N(P ) ! �⇤(q) ! l(`0) + h(Ph) +X

<latexit sha1_base64="jl363nhlQihiiKTTHJ/JyFJm5sM="></latexit>

} remnantsd� = H⇥ PDF ⌦ FF

<latexit sha1_base64="2eHtAKikiE2AGNrHzI9cRjyoGBI="></latexit>

If Q2 � M2

<latexit sha1_base64="o8hcn1BNr2YBLfShWxYCNILaGls=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAInsJuiOgx6EUPQgLmAdkkzE5mN0NmH8z0imHNwV/x4kERr/6GN//GSbIHTSxoKKq66e5yY8EVWNa3sbS8srq2ntvIb25t7+yae/sNFSWSsjqNRCRbLlFM8JDVgYNgrVgyEriCNd3h1cRv3jOpeBTewShmnYD4Ifc4JaClnnnoAHuA9MbDY1zrlrDj+/i2W+qZBatoTYEXiZ2RAspQ7ZlfTj+iScBCoIIo1batGDopkcCpYOO8kygWEzokPmtrGpKAqU46vX+MT7TSx14kdYWAp+rviZQESo0CV3cGBAZq3puI/3ntBLyLTsrDOAEW0tkiLxEYIjwJA/e5ZBTESBNCJde3YjogklDQkeV1CPb8y4ukUSra5eJZrVyoXGZx5NAROkanyEbnqIKuURXVEUWP6Bm9ojfjyXgx3o2PWeuSkc0coD8wPn8A7BaUvw==</latexit>



Factorization of the cross section

Example: Semi-Inclusive Deep Inelastic Scattering (SIDIS) l(`) +N(P ) ! �⇤(q) ! l(`0) + h(Ph) +X
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partonic collision

(perturbative)



Factorization of the cross section

Example: Semi-Inclusive Deep Inelastic Scattering (SIDIS) l(`) +N(P ) ! �⇤(q) ! l(`0) + h(Ph) +X
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d� = H⇥ PDF ⌦ FF
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partonic collision

(perturbative)

hadron structure

(non-perturbative)

hadronization

(non-perturbative)



Factorization of the cross section

UNIVERSALITY: 

Same PDFs and FFs for a given hadron in different processes!

PDF

FF

PDF

PDF FF

FF

SIDIS Drell-Yan electron-positron

annihilation



HOW TO PROVE THAT THE FORMALISM IS VALID?





GLOBAL FITS



Collinear case - factorization

Pµ
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p+ = xP+
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P�
h = zk�
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Z
d⇠+

2⇡
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�ij(x, S) =

Z
d⇠�

2⇡
eip·⇠hPS| ̄j(0) i(⇠)|PSi⇠+=⇠T=0

<latexit sha1_base64="Q9FVajnSKA1Mq/Qkx1r1u1hJcs8="></latexit>



Collinear case - Global Fits of PDFs

Quite a lot determination available

See e.g. the LHAPDF library

https://lhapdf.hepforge.org

https://lhapdf.hepforge.org


Collinear case - Global Fits of FFs

- MAP Collaboration


- JAM Collaboration


- DEHSS


- Neural Network FF Collaboration

Extractions:

R. A. Khalek, V. Bertone and E. R. Nocera, [arXiv:2105.08725 [hep-ph]]

<latexit sha1_base64="BvdNnu1GYxv1G6ibwpFsXgXInQM="></latexit>



Collinear case - What does not work

- Single Spin Asymmetries (SSA)


- Violation of the Lam-Tung rule


- Results of the EMC, SMC, …, experiments

Evidences:

J. Adams et al., P.R.L. 92 (2004) 171801, . . .

<latexit sha1_base64="xynSQr0moOlCPkD9S9170kaPAVk="></latexit>

J. S. Conway et al. P.R. D39 (1989) 92-122, . . .

<latexit sha1_base64="GSYHIrk2Ph0EXYbdhF86+iRgdPk="></latexit>

J. Ashman et al., P.L. B206 (1988) 364, . . .

<latexit sha1_base64="vCidd+DRqmgyOjpM81RYfvwT1fg="></latexit>
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TMD case - factorization

Transverse Momentum Dependent parton densities

�ij(x,pT , S) =

Z
d⇠�d2⇠T

2⇡
eip·⇠hPS| ̄j(0) i(⇠)|PSi⇠+=0

<latexit sha1_base64="IEqFk8f3MdVHJTEiVSkPnOnFtPU="></latexit>

INTRINSIC

Da!h(z, k2T , µ, ⇣)

<latexit sha1_base64="b+VxdqWCJoA0AuF4wpQ8CXEDYYk=">AAACE3icbVDLTgJBEJz1ifhCPXqZSEzQGLJLMHok6sEjJoAkgKR3GGDC7CMzvRrY8A9e/BUvHjTGqxdv/o3D46BgJd2pVHVnpssNpdBo29/WwuLS8spqYi25vrG5tZ3a2a3oIFKMl1kgA1V1QXMpfF5GgZJXQ8XBcyW/dXuXI//2nistAr+E/ZA3POj4oi0YoJGaqeOruxhoXYlOF0Gp4IF2h5nBCe01S3e5E1r3ItMGHOEo2Uyl7aw9Bp0nzpSkyRTFZuqr3gpY5HEfmQSta44dYiMGhYJJPkzWI81DYD3o8JqhPnhcN+LxTUN6aJQWbQfKlI90rP7eiMHTuu+5ZtID7OpZbyT+59UibJ83YuGHEXKfTR5qR5JiQEcB0ZZQnKHsGwJMCfNXyrqggKGJcRSCM3vyPKnksk4+e3qTTxcupnEkyD45IBnikDNSINekSMqEkUfyTF7Jm/VkvVjv1sdkdMGa7uyRP7A+fwACD5xU</latexit>

Fa(x, p
2
T , µ, ⇣)

<latexit sha1_base64="cX90LhWcS3ZLip0WEWvFhWx45So=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQoZSZUtFlURCXFfqCdhwyaaYNTWaGJCPW0oUbf8WNC0Xc+hHu/Bsz7Sy09cC9HM65l+QeL2JUKsv6NjIrq2vrG9nN3Nb2zu6euX/QkmEsMGnikIWi4yFJGA1IU1HFSCcSBHGPkbY3ukz89h0RkoZBQ40j4nA0CKhPMVJacs38lYtg8b4EI7dxWynBHo91eyAKneRcs2CVrRngMrFTUgAp6q751euHOOYkUJghKbu2FSlngoSimJFprhdLEiE8QgPS1TRAnEhnMjtiCo+10od+KHQFCs7U3xsTxKUcc09PcqSGctFLxP+8bqz8c2dCgyhWJMDzh/yYQRXCJBHYp4JgxcaaICyo/ivEQyQQVjq3JAR78eRl0qqU7Wr59KZaqF2kcWRBHhyBIrDBGaiBa1AHTYDBI3gGr+DNeDJejHfjYz6aMdKdQ/AHxucPwQiVnw==</latexit>

~pT

<latexit sha1_base64="ahVmHO40erxsAjjIfonWoK5LwL0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4j5CXJEmYnnWTIzO4yMxsIS77CiwdFvPo53vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ihRDBssEpFqB1Sj4CE2DDcC27FCKgOBrWB8P/dbE1SaR2HdTGP0JR2GfMAZNVZ66k6QpfGsV+8VS27ZXYCsEy8jJchQ6xW/uv2IJRJDwwTVuuO5sfFTqgxnAmeFbqIxpmxMh9ixNKQStZ8uDp6RC6v0ySBStkJDFurviZRKracysJ2SmpFe9ebif14nMYNbP+VhnBgM2XLRIBHERGT+PelzhcyIqSWUKW5vJWxEFWXGZlSwIXirL6+T5lXZq5SvHyul6l0WRx7O4BwuwYMbqMID1KABDCQ8wyu8Ocp5cd6dj2VrzslmTuEPnM8fCAKQkQ==</latexit>

p+

<latexit sha1_base64="xVKNdQpPlfONx1tW8Z2cOS5GkXY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/HjWbdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR26oScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItO/SY8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0zstepXxxVylVr7M48nAEx3AKHlxCFW6hBnVgMIBneIU3RzgvzrvzMW/NOdnMIfyB8/kD92yNmQ==</latexit>

�ij(z,kT , S) =
X

X

Z
d⇠+d2⇠T

2⇡
eip·⇠h0| ̄i(⇠)|XPhShihXPhSh| j(0)|0i⇠�=0

<latexit sha1_base64="gTz1Hmp8ZS+CH662bg+5/ffSxEU="></latexit>



HOW TO PARAMETRIZE PDFS AND FFS?



TMD case - Parametrization

INTRINSIC

Fourier Transorm in bT space

<latexit sha1_base64="XRjqKY1EKRVgxbtIDe5NW89sj6I=">AAACHXicbVBNSwMxEM3W7/pV9eglWAVPZVcqehQF8VihH0JbSjadtqHZ7JLMimXZP+LFv+LFgyIevIj/xnTbg7Y+CDzezLyZPD+SwqDrfju5hcWl5ZXVtfz6xubWdmFnt27CWHOo8VCG+s5nBqRQUEOBEu4iDSzwJTT84dW43rgHbUSoqjiKoB2wvhI9wRlaqVMotxAeMGllTomGbppcW28BmlY1UybUARWKHvqd6iE1EeOQpvlOoeiW3Ax0nnhTUiRTVDqFz1Y35HEACrlkxjQ9N8J2wjQKLiHNt2ID1nvI+tC0VLEATDvJbkrpkVW6tBdq+xTSTP09kbDAmFHg286A4cDM1sbif7VmjL3zdiJUFCMoPlnUiyXFkI6jol2hgaMcWcK4FvZWygdMM4420HEI3uyX50n9pOSVS6e35eLF5TSOVbJPDsgx8cgZuSA3pEJqhJNH8kxeyZvz5Lw4787HpDXnTGf2yB84Xz8SGqJ2</latexit>

F̃a(x, b
2
T ;µ, ⇣) =

Z
d2kT
(2⇡)2

eibT ·kTFa(x, k
2
T ;µ, ⇣)

<latexit sha1_base64="FvCLGCKzKHPwRCCFuleDSsSOfbs="></latexit>

Collinear PDF

(previous fit) 

Evolution

(perturbative calc.) 

Evolution

(model-dependent) 

TMD part of the parton density

(model-dependent) 

How to model a TMD distribution?

<latexit sha1_base64="gt3ls4PiC/KYh0WEZfqEYUaWf5E=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4KjOi6E5RF90IFVoV2lIymVsNzUyG5I5ahvkSN/6KGxeKCK70b8zULrT1QOBw7iPnHj+WwqDrfjmFqemZ2bnifGlhcWl5pby6dmFUojk0uZJKX/nMgBQRNFGghKtYAwt9CZd+/ySvX96CNkJFDRzE0AnZdSR6gjO0Ure810a4x7Q93JRqCLK0pu4oKhqqACRltHF2SgNrRAs/yWcOs6zULVfcqjsEnSTeiFTICPVu+aMdKJ6EECGXzJiW58bYSZlGwSVkpXZiIGa8z66hZWnEQjCddGgqo1tWCWhPafsipEP190TKQmMGoW87Q4Y3ZryWi//VWgn2DjqpiOIEIeI/H/USmV+fZ2XP1sBRDixhXAvrlfIbphlHm2gegjd+8iS52Kl6u9W9893K0fEojiLZIJtkm3hknxyRGqmTJuHkgTyRF/LqPDrPzpvz/tNacEYz6+QPnM9v8fWi9Q==</latexit>

Matching coefficient

(Pertubative calc.) 

F̃a(x, b
2
T ;Q,Q2) = [Ca/b(x, b

2
T , µb)⌦ Fa(x;µb)]e

Spert(µ
2
b ,Q

2)eSNP(bT ,Q2;�)F̃a,NP (x, b
2
T ;�

0)

<latexit sha1_base64="f8wAxkJCuApb/hcGMZb+Gmjwocg="></latexit>



PAVIA RESULTS



PV17 global fit



Global Fit: PV17 Bacchetta, Delcarro, Pisano, Radici, Signori [arXiv:1703.10157]

<latexit sha1_base64="7vSgo7I2Txo7Qbhk5+vrI8W7uSg="></latexit>

Datasets:

SIDIS

Drell-Yan

COMPASS experiment
HERMES experiment

Number of data:

6252

1514

E288 experiment

E605 experiment

168

  35

CDF experiment

D0 experiment

  68

  22

8059

Z production

Pavia 2017

Nanga Parbat



Global Fit: PV17 Bacchetta, Delcarro, Pisano, Radici, Signori [arXiv:1703.10157]

<latexit sha1_base64="7vSgo7I2Txo7Qbhk5+vrI8W7uSg="></latexit>

TMD parametrization:

Gaussian + weighted Gaussian



Global Fit: PV17 Bacchetta, Delcarro, Pisano, Radici, Signori [arXiv:1703.10157]

<latexit sha1_base64="7vSgo7I2Txo7Qbhk5+vrI8W7uSg="></latexit>

TMD parametrization:

Gaussian widths:

g1(x) = N1
(1� x)↵x�

(1� x̂)↵x̂�

<latexit sha1_base64="p6/c/5ovvEEUPJBqB4tk8wPLNw8="></latexit>

g3,4(x) = N3,4
(z� + �)(1� z)�

(ẑ� + �)(1� ẑ)�

<latexit sha1_base64="RyJHJ/lNnoha81HKAA3sGGdJACA="></latexit>

Gaussian + weighted Gaussian



Global Fit: PV17 Bacchetta, Delcarro, Pisano, Radici, Signori [arXiv:1703.10157]
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<latexit sha1_base64="p6/c/5ovvEEUPJBqB4tk8wPLNw8="></latexit>

11 parameters to be fixed
 4  ->  TMD PDF
 6  ->  TMD FF
 1  ->  NP Evolution

g3,4(x) = N3,4
(z� + �)(1� z)�

(ẑ� + �)(1� ẑ)�

<latexit sha1_base64="RyJHJ/lNnoha81HKAA3sGGdJACA="></latexit>

Gaussian + weighted Gaussian



Global Fit: PV17 Bacchetta, Delcarro, Pisano, Radici, Signori [arXiv:1703.10157]

<latexit sha1_base64="7vSgo7I2Txo7Qbhk5+vrI8W7uSg="></latexit>

Accuracy of the simulation: Next to Leading Log (NLL)

resummation of log2n�1 Q2

q2T

<latexit sha1_base64="ZRfGa8lrWl9L4ND3GX5zXkWFZCE=">AAACHHicbVDLSgMxFM3UV62vqks3wSK4scxURZeiG5cVrBY6bcmkd9rQTDImGbEM8yFu/BU3LhRx40Lwb0wfC209EHI4516Sc4KYM21c99vJzc0vLC7llwsrq2vrG8XNrRstE0WhRiWXqh4QDZwJqBlmONRjBSQKONwG/Yuhf3sPSjMprs0ghmZEuoKFjBJjpXbx0DfwYFIFOomikYZliDOfy24rrYgDL8N+qAhNr1qVLL1rX9urXSy5ZXcEPEu8CSmhCart4qffkTSJQBjKidYNz41NMyXKMMohK/iJhpjQPulCw1JBItDNdBQuw3tW6eBQKnuEwSP190ZKIq0HUWAnbYCenvaG4n9eIzHhaTNlIk4MCDp+KEw4NhIPm8IdpoAaPrCEUMXsXzHtEduFsX0WbAnedORZclMpe0fl46uj0tn5pI482kG7aB956ASdoUtURTVE0SN6Rq/ozXlyXpx352M8mnMmO9voD5yvH1zUoiI=</latexit>



Global Fit: PV17 Bacchetta, Delcarro, Pisano, Radici, Signori [arXiv:1703.10157]

<latexit sha1_base64="7vSgo7I2Txo7Qbhk5+vrI8W7uSg="></latexit>

Accuracy of the simulation: Next to Leading Log (NLL)

Results of the fit:

resummation of log2n�1 Q2

q2T

<latexit sha1_base64="ZRfGa8lrWl9L4ND3GX5zXkWFZCE=">AAACHHicbVDLSgMxFM3UV62vqks3wSK4scxURZeiG5cVrBY6bcmkd9rQTDImGbEM8yFu/BU3LhRx40Lwb0wfC209EHI4516Sc4KYM21c99vJzc0vLC7llwsrq2vrG8XNrRstE0WhRiWXqh4QDZwJqBlmONRjBSQKONwG/Yuhf3sPSjMprs0ghmZEuoKFjBJjpXbx0DfwYFIFOomikYZliDOfy24rrYgDL8N+qAhNr1qVLL1rX9urXSy5ZXcEPEu8CSmhCart4qffkTSJQBjKidYNz41NMyXKMMohK/iJhpjQPulCw1JBItDNdBQuw3tW6eBQKnuEwSP190ZKIq0HUWAnbYCenvaG4n9eIzHhaTNlIk4MCDp+KEw4NhIPm8IdpoAaPrCEUMXsXzHtEduFsX0WbAnedORZclMpe0fl46uj0tn5pI482kG7aB956ASdoUtURTVE0SN6Rq/ozXlyXpx352M8mnMmO9voD5yvH1zUoiI=</latexit>



Global Fit: PV17 Bacchetta, Delcarro, Pisano, Radici, Signori [arXiv:1703.10157]

<latexit sha1_base64="7vSgo7I2Txo7Qbhk5+vrI8W7uSg="></latexit>

HERMES



PV19 global fit



Global Fit: PV19

Datasets: Total number of data:

Bacchetta, Bertone, Bissolotti, et al. [arXiv: 1912.07550]

<latexit sha1_base64="47zpI+GFp+yA3VH8CNVHy+YqtXs="></latexit>

only Drell-Yan 353

Not so “global” but 
useful to know if we are 
in the right direction!



Global Fit: PV19

TMD parametrization:

b*Gaussian + Gaussian

Bacchetta, Bertone, Bissolotti, et al. [arXiv: 1912.07550]

<latexit sha1_base64="47zpI+GFp+yA3VH8CNVHy+YqtXs="></latexit>

quadratic + quartic terms in b



Global Fit: PV19

TMD parametrization:

b*Gaussian + Gaussian

Gaussian widths:

Bacchetta, Bertone, Bissolotti, et al. [arXiv: 1912.07550]

<latexit sha1_base64="47zpI+GFp+yA3VH8CNVHy+YqtXs="></latexit>

quadratic + quartic terms in b



Global Fit: PV19

TMD parametrization:

b*Gaussian + Gaussian

Gaussian widths:

9 parameters to be fixed
 7  ->  TMD PDF
 2  ->  NP Evolution

Bacchetta, Bertone, Bissolotti, et al. [arXiv: 1912.07550]

<latexit sha1_base64="47zpI+GFp+yA3VH8CNVHy+YqtXs="></latexit>

quadratic + quartic terms in b



Global Fit: PV19

Computational part: Nanga-Parbat fitting framework

Bacchetta, Bertone, Bissolotti, et al. [arXiv: 1912.07550]

<latexit sha1_base64="47zpI+GFp+yA3VH8CNVHy+YqtXs="></latexit>



Global Fit: PV19

Accuracy of the simulation: Next to Next to Next to Leading Log (N3LL)

Results:

Bacchetta, Bertone, Bissolotti, et al. [arXiv: 1912.07550]

<latexit sha1_base64="47zpI+GFp+yA3VH8CNVHy+YqtXs="></latexit>

The higher the accuracy is, the 
better the fit is performed

�2
R = 1.02

<latexit sha1_base64="tRpbz94Oj/N12yimvnG4zIVpGsY=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0hKRS9C0YvHKvYD2hg22027dLMJuxuhlv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0w5U9p1v62V1bX1jc3CVnF7Z3evZO8fNFWSSUIbJOGJbIdYUc4EbWimOW2nkuI45LQVDq+nfuuRSsUSca9HKfVj3BcsYgRrIwV2qUsG7KES3KFL5DluJbDLruPOgJaJl5My5KgH9le3l5AspkITjpXqeG6q/TGWmhFOJ8VupmiKyRD3acdQgWOq/PHs8Ak6MUoPRYk0JTSaqb8nxjhWahSHpjPGeqAWvan4n9fJdHThj5lIM00FmS+KMo50gqYpoB6TlGg+MgQTycytiAywxESbrIomBG/x5WXSrDhe1Tm7rZZrV3kcBTiCYzgFD86hBjdQhwYQyOAZXuHNerJerHfrY966YuUzh/AH1ucP+K6RWA==</latexit>

resummation of log2n�3 Q2

q2T
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Global Fit: PV19

Results:

Bacchetta, Bertone, Bissolotti, et al. [arXiv: 1912.07550]

<latexit sha1_base64="47zpI+GFp+yA3VH8CNVHy+YqtXs="></latexit>



Global Fit: PV19

TMD PDF extraction:

Bacchetta, Bertone, Bissolotti, et al. [arXiv: 1912.07550]

<latexit sha1_base64="47zpI+GFp+yA3VH8CNVHy+YqtXs="></latexit>



New global fit?



Global Fit: PV202?

Work still in progress! Alessandro Bacchetta

http://www.hadronicphysics.it/hasqcd/




