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Nucleon internal structure

Nucleons are composite systems of three valence quarks

Sca�ering processes probe→
{at High Energy the physics of the single cons�tuents;
at Low Energy collec�ve response of internal structure;

Collec�ve proper�es: mass, spin, charge, polarizabili�es...
Polarizabili�es quan�fy the internal rearrangement of a body under an e.m. field.

1/24 Federico Castellani | Nucleon spin structure in Holographic QCD

federico.castellani@unifi.it


Polarizabili�es

• Real photon: Q2 = q2 = 0;
— Response described by two Compton sca�ering amplitudes

• Virtual photon: Q2 = q2 > 0;
— Polarizabili�es acquire a Q2 dependence→ generalized poalrizabili�es— Further polarizability appears: δLT(Q2)

Generalized spin polarizabili�es δLT(Q2) and γ0(Q2) describe the spin precession of the nucleonunder a probing external electromagne�c field.
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Generalized spin polarizabili�es
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• Hadronic tensor:
— Wµν = 1

4π

∑
X(2π)4δ4(pX − p− q)〈N|Jµ|X〉〈X|Jν |N〉;

— Wµν
pol = iεµνρσqρ

[
Sσ
p·q (g1 + g2)− q·S

(p·q)2 pσg2

]
;

• Generalized spin polarizabili�es:
— γ0(Q2) = 16αm2

Q6

∫ x0
0 dx x2

[
g1(x,Q2)− 4m2x2

Q2 g2(x,Q2)

]
;

— δLT(Q2) = 16αm2

Q6

∫ x0
0 dx x2

[
g1(x,Q2) + g2(x,Q2)

]
;

• Dynamical parameters:
— Bjorken parameter x = − q2

2p·q , Pion-produc�on threshold x0 = Q2

Q2+(mπ+m)2−m2 ;

σ ∝ lµνWµν

S nucleon spin polariza�on
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Recent experimental results

• Novel experimental results on the low energy behaviour of δLT(Q2) and γ0(Q2):
— 2021 - Jefferson Lab E97-110 - neutron;— 2022 - Jefferson Lab g2p - proton;

• Inelas�c sca�ering processes with polarized electrons and polarized nucleon targets;
• Low energy-momentum transfer squared Q2 . 0.2 GeV2
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Low energy regime

• Low Q2 regime→ pQCD can not be applied:
— QCD displays asympto�c freedom;— strong coupling constant g� 1 at low energy;— Perturba�ve approaches can not be used;

• Necessity of non-perturba�ve theore�cal approaches:
— La�ce QCD;— Chiral Effec�ve Field Theories χEFT;— Phenomenological models;
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Experimental results: Neutron

- Blue points: data from Jefferson Lab;
- Colored bands: theore�cal predic�ons from χEFTs;
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Experimental results: Proton

- Blue points: data from Jefferson Lab;
- Colored bands: theore�cal predic�ons from χEFTs;

- Blue and Red points: data from Jefferson Lab;
- Colored bands: theore�cal predic�ons for χEFTs;
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D. Ruth et al. Nature Phys. 18, no.12, 1441-1446 (2022) - Jefferson Lab Hall A g2p
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Goals

• Analyze generalized nucleon spin polarizabili�es at low energies using theholographic correspondence;
• Account for low-lying resonance contribu�ons to nucleon spin polarizabili�es;
• Compare our theore�cal predic�ons with JLab experimental data through numericalanalysis;
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Holographic Correspondence

• Conjecture based on the duality between gaugetheories and gravity theories in higherdimensions;
• “Weak/strong duality”;
• Countless checks of its validity;
• Applied in various physics research areas→QCD-like models;
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Wi�en Sakai Sugimoto model

Gauge theory
• QCD-like SU(Nc) + Adjoint SU(Nc)massive modes (N ∼ ΛQCD);
• Nc � 1;
• Strongly coupled λ = g2Nc � 1;
• Confinement;
• Nf � Nc massless quarks (Nf = 2);
• χSB : U(Nf )L × U(Nf )R → U(Nf )V ;

Gravity theory
• Classical gravity limit of a type IIA stringtheory;
• Specific curved background;

• Nf extended sources (D8-branes);
• Sources’ minimal energy configura�on;
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Hadrons in the WSS model

Low energy theory of the hadron sectory
U(Nf ) Yang-Mills Chern-Simons theory in 5-dim curved background

S = − λNc
216π3

∫
d4xdz Tr

[
1
2(1 + z2)−1/3F2

µν + (1 + z2)F2
µz

]
+ Nc

24π2

∫
M4×R ω5(A)

• Pions, vector and axial mesons: modes of the gauge fieldA(x, z);
• Barions: solitonic solu�ons of the 5-dim gauge theory;
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Nucleon spin structure in the WSS model

• Evaluate e.m. current one-point func�ons 〈X|Jµ|N〉:
— e.m. current holographically evaluated in the WSS model;— one point func�ons between quan�zed baryons solu�ons;— Iden�fy 〈N|Jµ|X〉 = 〈N|Jµ|X〉WSS;

• Build up the polarized hadronic tensor Wµνpol;
• Extract polarized structure func�ons g1(x,Q2) and g2(x,Q2);
• Obtain expressions for the generalized spin polarizabili�es;
• Extrapola�ng WSS model parameters to real QCD...
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Our results: Neutron

δLT(Q2)
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• Quan�ta�ve gap: our results are mul�plied by a factor 20;
• Main contribu�on from the N(1535) resonance;
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• Be�er quan�ta�ve and qualita�ve agreement;
• Main contribu�on from the ∆(1232) resonance;
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Our results: Proton

δLT(Q2)
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• Quan�ta�ve gap: our results are mul�plied by a factor 10;
• Qualita�ve disagreement with the data;

γ0(Q2)
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• Be�er quan�ta�ve and qualita�ve agreement;
• Main contribu�on from the ∆(1232) resonance;
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Resonance contribu�ons: data interpola�on
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- Green line: data interpola�on from only resonance contribu�ons- Qualita�ve agreement between our results and data interpola�on curves
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Conclusions and future perspec�ves

• Holographic results match qualita�vely with experimental data extrapola�ons ofresonance contribu�ons only, sugges�ng that the WSS model is qualita�vely reliablealso on this set of observables;
• Both nucleon analyses show that resonances alone are not enough to explainexperimental results;
• This suggests us to explore other contribu�ons that could be captured by an analysisof the holographic two-point func�ons:

Wµν = 1
4π

∫
d4x eiq·x〈N|[Jµ(x), Jν(0)]|N〉
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Thank you for listening!

17/24 Federico Castellani | Nucleon spin structure in Holographic QCD

federico.castellani@unifi.it


Not-sharp resonances: Neutron

δLT(Q2)
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Not-sharp resonances: Proton

δLT(Q2)
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Comments on WSS model

• At high energy WSS model is very different from QCD: there is no asympto�cfreedom;
• λ ∼ 1/(l2

s M2
KK) parameter is not present in QCD;

• Probe approxima�on Nf � Nc: we are neglec�ng quark dynamics;
• Infinite tower of adjoint massive modes which are not decoupled in classical gravitylimit;
• Extrapola�on to Nc = 3, Nf = 2, MKK = 488 MeV and λ ∼ 54;
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Our Results: parameters dependence

• “Resonance choice”: MKK = 0.488 MeV and λ ∼ 54→mn(p) = 940 MeV and m∆(1232) = 1232 MeV;
• “Meson choice”: MKK = 0.949 MeV and λ ∼ 16→mρ ' 776 MeV and fπ ' 92.4 MeV;
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Results mul�plied by a factor of 2× 102;
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Results mul�plied by a factor of 10;
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Some details on the WSS model

• Type IIA string theory on a curved background, sourced by Nc D4-Branes wrappedalong a S1 circle of radius 1/MKK;
• Susy breaking b.c. condi�ons on the compac�fica�on S1;
• Background metric solu�on:

ds2 =

(
U
R

)3/2(
ηµνdxµdxν + f (U)dx2

4

)
+

(
R
U

)3/2(
dU2

f(U)
+ U2dΩ2

4

)
,

f (U) = 1− U3
KK

U3 , eφ = gs

(
U
R

)3/4

, F4 = dC3 = 2πNc
V4
ε4 , R3 = πgsNcl3

s , V4 = 8π2/3;
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Some details on the WSS model

• Nf � Nc D8/D8-Branes orthogonally posed along S1;
• D8/D8-Branes join in the transverse direc�on respect with S1, geometricallyrealizing χSB;

• Classic gravity limit: λ ∼ 1
l2
s M2

KK
� 1;
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Some details on JLab experiments

Neutron - Jefferson Lab E97-110
• Longitudinal polarized electron beam;
• Polarized neutrons in 3He nuclei target;
• Beam energies ranged from 1.1 GeV2 to 4.4 GeV2;
• Sca�ered electrons detected by a High Resolu�on

Spectrometer;

Proton - Jefferson Lab Hall A g2p

• Longitudinal polarized electron beam;
• Polarized protons in solid NH3 target:
• Beam energies ranged from 1.2 GeV2 to 3.4 GeV2;
• Sca�ered electrons detected by a High Resolu�on

Spectrometer;
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