Superstrings and the proton structure

Martin Schvellinger

Instituto de Fisica La Plata-CONICET &
Departamento de Fisica-UNLP

La Plata, Buenos Aires, Argentina

Seminar at the Jefferson Lab

March 25, 2024



A brief historical review

* 1960's: Hadron bootstrap models based on the S-matrix theory were
developed, describing the hadron spectrum and hadron interactions.

 1968: Veneziano's open string scattering amplitude for 2 to 2 mesons
In Minkowski 4 dimensional spacetime:

It leads to a soft behavior at high energy s>>|f]
cross section ~ sa(t)

with the linear Regge trajectory: a(f) =a,t+a,



A brief historical review

* 1968: first experiment of e+P DIS at SLAC led to:
the discovery of the Bjorken scaling & the Feynman's parton model.
« 1973: QCD Lagrangian by Fritz, Gell-Mann & Leutwyller.

 1974: Gross, Politzer & Wilzcek: asymptotic freedom.



A brief historical review

1974 Scherk & Schwarz: The Virasoro-Shapiro model, interpreted
the massless spin-2 state of the model as a graviton, and also
changed the Regge slope from 1 GeV-2 to the (Planck Mass)-2.

Birth of string theory as the theory of Quantum Gravity!!
Thus, QCD and string theory describe very different physics!!!

1997: Maldacena: AdS/CFT correspondence which relates strongly
coupled non-Abelian gauge theories to pertubative superstring theory.

2001: Polchinski & Strassler: hard scattering & DIS from string theory
in terms of the AdS/CFT correspondence, obtaning the hard

scattering behavior expected in QCD!! The crucial aspect is the

propagation of strings in curved spacetime!! We will see that
later in this talk.

2006: Brower, Polchinski, Strassler, Tan: BPST Pomeron (for F»
Brower,Djuric, Minic, Tan)

2018: Kovensky, Michalski, Schvellinger: Holographic-A Pomeron for
the proton helicity function g+



Proton structure

1968: SLAC e+P DIS experiments.

1970's: DGLAP evolution equations from pQCD.

1977: The BFKL Pomeron.

1992-2007: HERA experiment testing F, with very high precisition.

Testing QCD at LO, NLO, and currently at NNLO and beyond.

On the other hand, since DGLAP approach is based on pQCD, at
some point it becomes inadequate.

Next generation Electron lon Collider will extend the precision
measurement to polarized proton structure, which requires to explore
alternatives to DGLAP...

This is where the present work begins.



The general idea of this work

« Explore the BPST Pomeron for F, and compare its predictions with

experimental data and DGLAP predictions at LO, NLO and NNLO
pQCD.

« Confront the new Holographic A Pomeron with the antisymmetric
structure function g1

« Give sharp predictions for g4 in the range where the Electron
lon Collider will measure g4 with very high precision ~ 2030



Deep inelastic scattering

F £
(a) (b)

Figure 1: Schematic representation of DIS (a) and FCS (b) processes. k and k' denote the four-
momenta of the incoming and outgoing leptons in DIS.
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Perturbative QCD

Using DGLAP approximation F» can be written as a convolution of

coefficient functions which can be calculated to a given order n in
pQCD for each parton type i and nonperturbative but universal PDFs

F2(x. 0%) /“'_‘c(” ( )ﬂ”(.QZ)-

The PDFs cannot be obtaind from first principles in pQCD, but their

virtuality dependence is driven by the DGLAP equations, where their
kernels are calculated from pQCD:
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BPST Pomeron

We will later discuss on the derivation of the BPST-Pomeron equation
for F2 (BPST=Brower-Poichinski-Strassler-Tan, 2006)
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Statistics Minimum

Given a set of parameters & — {0617 ey OKM} on which depends the function to fit, and

a set of experimental data i/ = {¥1, ..., YN | measured at the points 1 = {xy, ...,xn}

g i = Fh(wy, Q%)
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Jorrin, Schvellinger, PRD 2022 & Borsa, Jorrin, Sasgat_Schvellinger 2023
p = 0.7729 £+ 0.0014, g2 = 103.73 + 0.757,
BPST-Pomeron for F2

Y| % =4894£0061GeV™!, @ =0.4715 =+ 0.0093 GeV.

Onl arameters to fit 280 exp. data
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The proton F. Ep structure function using a single BPST Pomeron exchange against data
from H1-ZEUS, BCDMS, NMC, E665 and SLAC collaborations within the ranges 0.1 GeV? <
Q? < 400 GeV? and 2.43 x 1078 < 2 < 0.01. The number of data points depicted has been limited
for a better visualization. Error bands are included in both figures. Due to the logarithmic vertical

scale in the right hand side plot, though the error bands are present, they are very narrow and
cannot be distinguished from their central values.



Jorrin, Schvellinger, PRD 2022 & Borsa, Jorrin, Sassot, Schvellinger, 2023
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From these parameters

p =0.7729 = 0.0014,

Zo = 4.894 £0.061 GeV~!,

This one:

For N.=3 leads to:

a':~‘.tn;}ng(Q2) =0.1776

p=0.7729 =0.0014,

g = 103.73 £0.757,
Q' =0.4715+0.0093 GeV
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Perturbative QCD for polarized proton

In DGLAP approximation g4 is written as a convolution of coefficient

functions which can be calculated to a given order n in pQCD for
each parton type / and nonperturbative but universal PDFs

7 (x.0) = /d—‘ac”( )Af”( . 0%)

'

Afi(x. Q%) = f1(x. Q%) = £} (x. 0.

dAf" (x,0%)
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Holographic-A Pomeron

We will later discuss on the derivation of the Holographic-A Pomeron

equat“ A Pomerongy ( X, QZ)
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Experimental data from COMPASS 2015-2017 at
SPS-CERN (Super Proton Synchrotron)
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Fitting data, only one parameter, chi2 per degree
of freedom = 1.074, only 30 experimental data
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Kovensky, Michalski, Schvellinger, arXiv:1807.11540 [hep-th]



o =0.7720 + 0.0014, ge = 103.73 = 0.757,

HO|Og r'aph ic-Ad-Pomeron for g‘1 = 4804 £ 0.061 GeV !, @ = 047154 0.0003CeV,

Onl@arameter to fit 56 experimental data, C=0.145 +/- 0.0015
Jorrin, Schvellinger, PRD 2022
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Best fit of the antisymmetric structure funetion H{i[‘}i'l'[[w (. Q!:I from expression (2.54)
in the ranges 0 < x < 0.01 and 0.1 GeV? < @? < 400 GeV? to data from SMC [61]. E143 [62],
COMPASS [24, 25, 26] and HERMES [63] collaborations. The parameters p, zyp and Q" have heen
obtained from the F3" " THW (4 Q) fir. Thus, there is only one free parameter C' to fit to a set
of 56 points in total from these collaborations. Notice that for each valne of x we add a constant

;=121 —0.7Ti to the _i,rfn. which goes from 0 (@ = 0.0036) to 4 (& = 0.009).



Holographic-A4-Pomeron for g1

Onlv 1 parameter to fit experimental data. Kovenskv. Michalski. Schvellinaer. JHEP 2018
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Our predictions for the Electron lon Collider for 2030:
using the Holographic-A4-Pomeron for g1

Using only 1 parameter to fit 56 present experimental data
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g1 struecture funection using a single Holographic- A Pomeron exchange to fit experimental

data within the range 0.0036 < z < 0.009 at Q% = 10 GeV? against the one obtained in DSSV14
DGLAP NLO analysis.



Global analysis of polarized DIS & SIDIS data with improved small-r helicity evolution

Daniel Adamiak.'>? Nicholas Baldonado,? Yuri V. Kovchegov,! W. Melnitchouk.? Daniel Pitonyak,®
Nobuo Sato,” Matthew D. Sievert,? Andrey Tarssov,™"% and Yossathorn Tawabutr’®
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The BPST and Holographic-A Pomerons



Introduction to the AdS/CFT correspondence:
The superstring theory side

Consider |IB superstring theory, a D3-brane in Minkowski 10d=0123456789

0123




A D3-brane picture

For N coincident D3 branes the induced background metric is

ds® = f_l’fz(r)d;fz + flﬂ(r)(dr? + ?‘Qdﬁg)
. L*
flr) = (1'+';z)

Lt = 47?951\?(&!)2 a = lf

which is a solution of type |IB supergravity.

Regimes v

o r >> L — 10d Minkowski

e 7 < [ — 10d throat /
o r << [ — AdS; x g5 ﬁ




2

After changing variables r — z = LT and taking the decoupling
limit
‘ ‘ LQ
lim =z = lim — = const
a’ =0, r—o0 a/ =0, r—0 T

5

the metric becomes AdSs X S

2

S %((l;fg -+ dz> -+ 3‘%{3(2?)

ds

Ad Sy has a boundary which is 4d Minkowski spacetime.



Gauge/strings duality minimum

From type |IB superstring theory, we have a solution which is the near horizon limit

a stack of N D3-branes: 5
, , & AdSsx § ~a
- R

/ - ”2y1/4
ds* = andx“dx” + r—za’rz + deﬁg. R = (4H)L’t Hooft* ) /

with constant dilaton and N units of the flux of F5 on the 5 sphere. The rest of the
fields are set to zero.

We need to introduce a confinement scale —#» A = f"[}/RZ

This is of the order of the glueball mass

The conserved four-momentum in the dual gauge theory is pjd = —id/ ox,

This is related to the 10-momentum through:

This implies that a string theory scattering process [Gesdi@eedt position
in AdS: x §° corresponds to a particle scattering with four-momentum pﬁd

IR deformed N = 4 SYM theory AtHooft = 9ymN ¢



BPST and Holographic-A Pomerons

The 10D space where the closed string propagates can be written as
X"(01.05) = x" + XM (0. 0,)

Taking the Gaussian integral over X' s, the 10D S-matrix as seen by a local observer is

= /fﬁff /dﬁ}‘ \% _GAlucul(fru"")

This is a local approximation that can be written in terms of the flat 10D amplitude

/

Alncul (“L "’) S r]f}(p) H €”}FIHP(:"1E)
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BPST and Holographic-A Pomerons

Then = .
S = i(2z)*6® (Z m) d®y\/=Gear1o(P) | [ (1)
i=1 :

=
From the metric warp factor we have an IR red-shift!!!
R 3 R? By R?

DH —_— JH > — ! ' —
Plf}d — p Pad 510d rz s and I10d rz I.

On the other hand, from superstring theory:
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BPST and Holographic-A Pomerons

- s - I'(—a't/4 "
Then, for |7| <5, F, (P -\f(;r’) ~K(PVd) (=a'1/4) (o 5)2+T/2
| ['(1 4 a'f))
= f(oD)(/5)2H112,

The 4D amplitude becomes
T4(5,1)

= / Oy =G5 (y) P4 () f (D) (o 3) T2 ()W, ().

Thus, the relevant exponentis j = 2 + a'1/2 = 2 + &' tR*/(21?)
The maximum contribution for t>0 is
IMax = 2+ d'1/2 =2+ a’rRz/(Zr%)

This leads to the Regge behavior for t>0



BPST and Holographic-A Pomerons

when ¢ < 0 the maximumn value of the exponent is:
jl-Iax = 2

this is the UV region of the gauge theory

the hard and sof Pomerons become unified




BPST Pomeron

At low x: the following diagrams_contribute

A3 A3

Yin Yout

(b)
Which come from the effective 5d action on AdSg from dimensional reduction of the
type 1B superstring low energy action on S°

1

T ' 1 4 2
5= ooz [ v/ Zaaas, (R— 0" Doir— 5 (E2)"++-)

U(z™, Q) = Z VA (™) @A (), ™ = Z AP (™) Y4(Q)

A k

This contributes to F2



Holographic-A Pomeron

At low x: the following diagrams contribute

I

Paut

a

In addition, from 5 dimensional SU(4) SUGRA on AdS5 there are the Chern-Simons
and the Pauli terms:

. 5, A B A R
SCS 9161 d4BCf E5ECm?IOpq A;i anAf OPAQC bp — ‘f /d X v —gAdS an 15 [J, i } Y

U™ Q) =) vala™) @nal(9),

hima = Z Br(rff) (z™) Ya.(kj(ﬂ) » (mabe = Z ﬁ?(::) (™) fa.bcde Vd};(k) (€2)
. k

These contribute to g1




BPST and Holographic-A Pomerons
The corrections to that exponent  j = 2 + d'7/2 = 2 + & tR*/(217)

can be obtained by replacing R2
di—= dVi=d —=1t+ od'V?
P 72 1

2 . . / 2 '1_]/2
V2 s proportional to a /R = AtHooft

In the light cone this operator acting on a fluctuation of a bulk field becomes

; ([ (R? |
Vi®,, = R_QVE(Q_,;) (I’++) ! ERi



: 2
Ji = 2 - 21/2
EHPoR Consistent
/.,-—~ treatment of
) . sl B8 Ja% ;- ) <gume 1 N€ 10D t-channel
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Fy(z. %) ~ / —— Palz, @) Po(#) (274" —— ( RO+ Flgd Qe &

Pa(z,q%) = (¢2)* (Ki(g2) + K3 (g2)) , Py(2) = 27| f1 ()P ~ (Z/A)*
= —2log(z2).

7*) = (q2)* K1(g2) Ko(g2)

Kovensky, Michalski & MS, arXiv:1807.11540 [hep-th]




Holographic-A Pomeron

By introducing p = 2u = —21In(z/zef) we can rewrite Ay + 3 = 4(r)2 + J,).

Ka(p,p/yt=0,5=1) = (a/3)" 5 e300+
\1/2

2rT

X

[e—a—“’f{p—p’}ﬁ +F(p/2,0/2, «f‘-)f;--—s—"ftwﬂ

The Regge slope is now 1 —1/(2v/)\)

14 — pA
AA = pA _

This contributes to g1 and corresponds to the Reggeization of




Holographic-A Pomeron

By introducing p = 2u = —21In(z/zef) we can rewrite Ay + 3 = 4(r)2 + J,).

Ka(p,p/yt=0,5=1) = (a/3)" 5 e300+
\1/2

2rT

X

[e—a—“’f{p—p’}ﬁ +F(p/2,0/2, «f‘-)f;--—s—"ftwﬂ

The Regge slope is now 1 —1/(2v/)\)

14 — pA
AA = pA _

This contributes to g1 and corresponds to the Reggeization of




Conclusions

« Excellent fit for F2 and g1 for the proton

* Precise predictions for future spin proton
experiments at the EIC
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