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Abstract

We extend our investigation of resonance production in the Sakai-Sugimoto model to the
case of negative parity baryon resonances. Using holographic techniques we extract the
generalized Dirac and Pauli baryon form factors as well as the helicity amplitudes for these
baryonic states. Identifying the first negative parity resonance with the experimentally
observed S11(1535), we find reasonable agreement with experimental data from the JLab-
CLAS collaboration. We also estimate the contribution of negative parity baryons to the
proton structure functions.
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1. Introduction

In the past decade, gauge/gravity dualities inspired by the original Maldacena conjecture
[1] have been successfully applied to a wide range of problems in Quantum Chromodynam-
ics (QCD) as well as condensed matter theory. For QCD, two classes of models are of
particular interest: The phenomenological bottom-up approach based on five-dimensional
effective actions, and the more stringent top-down models based on compactifications of
ten-dimensional string theoried'] A prominent and widely studied model of the latter class
clearly is the Sakai-Sugimoto model [I0JIT]. Its popularity can be attributed to its close
resemblance to large-N. QCD, its computational simplicity and the fact that it provides a
geometric model that allows to study both the confinement/deconfinement transition (at
finite temperature) and chiral symmetry breaking in the same unified framework.

Holographic techniques have also emerged as a very fruitful complementary tool for study-
ing hadronic scattering in QCD where non-perturbative effects become important, namely
in the regime of low momentum transfer (y/¢? lower than a few GeVs). In this paper we
investigate the production of negative parity baryon resonances in proton electromagnetic
scattering within the framework of the Sakai-Sugimoto model. This is a natural continuation
of our previous work on positive parity baryonic resonances [12]. Production of baryonic res-
onances is a very important and timely problem in hadronic physics for the following reasons:
i) Many baryonic resonances are excited nucleon states (N*) and their structure is relevant
to understand the physics of quark confinement, ii) there is a huge experimental effort at
JLab [13] to extract the electromagnetic form factors and helicity amplitudes of baryonic
resonances in the regime where non-perturbative effects are dominant and perturbative QCD
predictions fail.

The paper is organized as follows: In section 2 we introduce the current matrix de-
composition for resonance production in proton electromagnetic scattering and present our
theoretical results for electromagnetic form factors and helicity amplitudes in the Breit frame.
Moreover, we study the contributions of resonance production to the proton structure func-
tions defined in Deep Inelastic Scattering (DIS). Here, we focus on the production of negative
parity baryonic resonances and their contributions, but for completeness, we also provide a
review of our previous results for positive parity baryon resonances. Section 3 contains a de-
tailed computation of the electromagnetic currents in the holographic Sakai-Sugimoto model
and a subsequent calculation of Dirac and Pauli form factors in the holographic setup. This
is done in a unified manner for both positive and negative parity baryon resonances. In sec-
tion 4 we present our numerical results for the generalized form factors, helicity amplitudes
and proton structure functions for the special case of negative parity baryon resonances and
compare them to experimental results. Section 5 offers some conclusions and an outlook.
Appendix A reviews different frames utilized in this article while appendix B gives technical
details on the limits relevant to the model at hand.

Previous holographic calculations on electromagnetic form factors of baryons can be found
in [T415016/17I18[20]. DIS structure functions from holography were first obtained in [21].
Further developments include the large x regime [22l23]24)25] as well as the small x regime

'Recommended reviews are [2J3J45] for the bottom-up approach and [6/7U8/9] for the top-down approach.



[26272829]30)31]; DIS structure functions have also been calculated for strongly coupled
plasmas [32/33/34135].

2. Form factors and helicity amplitudes

2.1. Dirac and Pauli form factors

We want to describe the electromagnetic interaction of a spin 1/2 baryon in the case where,
as a result of the interaction, a spin 1/2 baryonic resonance is produced. This baryonic
transition is described by an electromagnetic current evaluated between the initial and final
states. In our approach, we embed the electromagnetic current in a vectorial U(2) symmetry
present in any effective description of large- N, QCD with chiral symmetry breaking. Then
we define the electromagnetic current as a linear combination of flavour currents:

j“:anJ{}ﬂ co=1/Neyes=1,¢1=0c,=0. (2.1)

Now we evaluate the flavour currents J{/* between the initial and final baryonic states.
Positive parity resonances

When the final baryonic state has positive parity we can expand the current matrix element
as

a i a 4" a
<vaBX75X|JX!;7 (0)|p,B,S> = W(T )13?([3 (nu - q2 )u(anSX) [/YVFBDBX(QQ)

+ RBUVAQAF§§X<Q2)]U(]),S>, (2.2)
where
¢ = (px —p)" KJB:;
) mp +mBX )
(TO)I§13 = 51§<13 , (Ta)lgflg = (0a>13xlg a=(1,2,3), (2.3)

and o are the Pauli matrices. Here we are using the metric n** = diag(—, +,+, +) and we
adopt the following convention for spinors and gamma matrices:

o (10 i (0 o
Y - ? 0 —1 = ¢ _O_i 0 )

) ) . 01
o = S, m=iyt = ( Lo ) , (2.4)

where



In this article we are interested in the case where I3 = I3 = 1/2. In this case the baryonic
states satisfy the relation [12] :

<pX,BX,SX|]7,B,5> = 63(17)(_]7)63;(353){3' (26)

The spinors xs(p) are defined as the eigenstates of the helicity equation of the initial
state:

P axs(p) = slplxs(p), s =(+.—), (2.7)
Similary, the spinors y;, (Px) are defined by the helicity equation for the final state:
Px - 0Xsx (Dx) = Sx|Px |Xsx (Px) - (2.8)
Using the helicity equations we can obtain the following spinor relations:

[ 2, Sxs|Px||pl] -
f)2( + N fQX Xlx(px>xs(ﬁ>7

W(px, sx)7"ulp,s) = _2\/27 (fix>
. © /
ﬂ(px,Sx)Viu(p,S) = _2\/£Z?T (%{) %S|ﬁ1+sx|ﬁx| Xix(ﬁx)ﬁixs(ﬁj,
)

[ £2
s aups) = 5 () sl = sulil] a0t

. 2
Wnsn)e®nlps) = 5t (L) s = sulid| o',
Wns)eagulps) = —5 e () 72 = R g o,

Finally, in order to get the standard relativistic normalizations
a<p7 S)u<p7 S) - 2mB ’ <pX7BX7SX‘p7B7S> =2 EEX(27T>363<]7X _@55)(57 (29>

we need to transform the spinors and baryon states as

u(p, s) — \/;_Eu(p,s) . |p,B,s) — mmB,s). (2.10)
Using (2.1)), and we obtain for I3 = I¥ = 1/2,
(bx, By, sx|T"O)lp, B.s) = i (77“” - ngy) a(px, 53) [ F By ()
+1pTAG iy (69 ulp, ). (2.11)
where
P () = 5 S el B (@) Flo (@) = 5 cFio (@), (212
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are the generalized Dirac and Pauli form factors that describe the production of positive
parity baryons.

Negative parity resonances

A good expansion for the flavor current matrix element in the case when the final baryonic
state has negative parity is given by

a i a v qﬂq’/ = D,a
o Besxl B Ol Bos) = g ()i, (1 = T ) alow, 50 [0 Fi, (0)
2(2m) 3 q
+ kpond FES, () vsup. ). (2.13)

Alternatively, if we want to associate the chirality matrix 5 with the final state (which is
the non-trivial state) we can write the current matrix element as

i w4
2(27r)3<T Jixag T2 U(px, $x)7s

<[ = WL (@) + rpond P (¢)|ulp, ) (2.14)

5<Px, By, S}(’J(}@(o)‘p’ B, 5> =

Transforming the spinors and states as (2.10)), we get for I3 = I;X = 1/2,

. L, 4'qT\ =
5(px, Bx,sx|T"(0)|p, B,s) = 2(77’“‘ - )U(px,s;c)[%Fé’BX(qQ)

e
+/{BO-V)\q>\F’§BX (QQ)] 75u(p7 S) ) (215)
where
~ 1 ~D.a ~ 1 P,a
FEn(a*) =5 ) eafpi () Fp (@) =5 ) cals (@), (2.16)

are the generalized Dirac and Pauli form factors that describe the production of negative
parity baryons.

2.2. The Breit frame
It is usually convenient to work in the Breit frame where
' =(FE0,0,p) , ¢ =(000—2zxp) , ph=(F00npl-2z)). (2.17)

The details of this frame are given in the Appendix. In the Breit frame, we obtain the
following helicity equation:

—

Dx - EXSX (@ = (1 - 2I)p0’3XSX (ﬁ)
= sx(l - 23:)‘17‘)(8)( (ﬁ) ) (218)

Using the relation [py| = |1 — 2z||p] and (2.8]), we identify two situations:
IF1-22>0 — Xo(Px) = Xsx (D),
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If1-22<0 — xs(Px) = X-sx(D)- (2.19)

Positive parity resonances

Using the spinor relations of the previous subsection we can calculate the current matrix
elements in the Breit frame. For the time component, we get

(px: By, sx| 1y (0)|p, B, s)
- ﬁw)m (35) (L) { |72+ ssstt 20| ri

3 |
(50 ) [ = sl 2al| rnrfs (o >}xsx<px>xs<m, (220)
where we have used the helicity equation po®y, = s|plxs. If we consider the two cases
in (2.19) and the orthogonality property X' (7)xs(5) = 0, we can easily get rid of the
dependence on the helicity indices and the absolute value at the same time. We obtain

a 1 a —
(px, Bx, sx| Iy (0)|p. B.s) = W(T )1%13Xix(px)xs(ﬁ)
x [OCFBD&(QQ) —5q2mBF§§X(q2)] , (2.21)

where

@] e
DDA e

Similarly, for the spatial components of the current, we obtain:

?

(px, Bx, sx[Jy*(0)|p, B, s) = —W(TG)IgfIgEiijlex (Px)orxs(P)
x| BFs (6 + ars PR (6], (2.24)
where we used ¢! = —ic?03, 0% = ic'o?® and pody, = s|plx,. We have also used some

properties of x!_(p)aaxs(p) and x{, (P)orxs (D).

Negative parity resonances

Note that
_ 1 () 1 [ [
i) = = (1) = m—(—xs(m) (229)
where
f::@. (2.26)



Therefore, we can recycle the spinor identities obtained in the positive parity case by substi-
tuting f by f in all the calculations. Then it is not difficult to check that in the Breit frame
the current matrix element takes the form

1

5(px; By, sx| " (0)|p, B, s) = W(TQ)Ig(IgXlx(ﬁX)XS(@
< |aFgi (e - BatnFys (a)] (2.27)
1,0 4 a i —
5<vaBX73X‘JV7 (O)’p7Ba8> = _2(271')3 (7_ )I?I;;ejkqulX(pX)o—k‘Xs(ﬁ)
x| BERs (@) + ansFEg (6],
(2.28)
where
(AN (SN o1
a (QE’) (fx) [fx+(1 2r) =
— it (L) () [ &+ 1-20] = sia (2.20)
= s|p 1 25 ) |2 x| =: s|pla, .
. 1 f 1 2
7= (a8) (7) (2:) [zt
S / 1 1 2 ’]312 5
- 2| L — _ — (1 =22)=| = . 2.
(D) () () 2 - a- 20| = sims (2.30)
Using the helicity equation
Lo L,
slplxs() = 7+ xs(P) = =54~ Fxs(P) (2.31)
and the identity
ool =69 4 iegy, (2.32)
we get
0,a 1 1 a it (=
5<anBX’3X‘JX/ (0)‘p,B,$> = - g W(T )1§13QXSX(Px)UiXs(Z7)
x|aFgs(a®) - Ba*pFys (d)] (2.33)
i,a _ 1 q_Q a ij qiqj b=
s Brossl Ol B} = (57 g, (09 = ) (o)
x [5F§5X(q2)+@@F§§X(q2)]. (2.34)



2.3. Helicity amplitudes

In order to establish a simple connection between the Dirac and Pauli form factors and the
more commonly used helicity amplitudes, we first need to review some Gordon identities.
We start with a generalized Gordon identity

v v 1 v 1 v 1 v 1 v
prrtmatr = o (300 gbtr]) o (500 + 50
= py (1" +ic") +py, (B —ic"")
= (px+p)" +ic"g,. (2.35)
Evaluating (2.35]) on the initial and final spinor and recalling the Dirac equation

" u(p, s) = impulp,s) , alpx,sx)p, V" = imp,u(px, sx) (2.36)
we get the Gordon decomposition for positive parity resonances:

_ i _ o
U(px, sx)y u(p, s) = —mu(px, sx) [(px +p)" +ic™ ¢ ] u(p, ), (2.37)
X

On the other hand, if we multiply (2.35]) by 5 on the right, and evaluate it on the initial and
final spinors, and finally use the Dirac equation (2.36]), we get the Gordon decomposition for
the negative parity case,

7

u(px, sx)V*vsulp, 8) = —————a(px, sx) [(px + )" +ic™ @] vsulp,s).  (2.38)
mp, —Mp

Here we used the fact that {7°,+*} = 0. Another useful spinor identity is
a<pX7 3X)Qu7y75u(pa S) = i(me + mB>a(pX’ 3X)'75u<pa 3) . (2'39>

This identity was obtained from the Dirac equation ([2.36]).
Positive parity resonances
First we define the G1(¢?) and Go(¢?) form factors through the vector current decomposition

[36]

w v
(b B, 5T (0)|p, B,s) = z'a(px,sX){{nW—%} WG (a?)

1
+5 (0% =" — 7" (px +1)"] Ga(ef)}%(p, 5).
(2.40)
Using the Gordon identity (2.37]) and the Dirac equation ([2.36]), we obtain
o : N2z quV — 2 2
(s, B sxlT*O)lp, Bos) =i (1 = 5 ) alps,59) [5G ()
1

- §(mBX - mB)O-ll/\q/\G2(q2>:|u<p7 s). (2.41)

8



Recalling the current decomposition (2.11]), we get the Dirac and Pauli form factors in terms
of the Gy(¢?) and Go(g?) form factors:

Fis (@) = ¢Gi(dd)
1

Flhad@) = —5(mh, —m3)Gale?). (242)

According to [36], the transverse helicity amplitude A; ;2(¢?) is defined by

Er—m 1
Aple?) = | B2 Gula?) — (o, — m)Ga(e)

Er —mp

=\ omak [FEs (@) + Fhp (0] (2.43)
where
2 2
K — mE;);nB -y (2.44)
X

and Eg is the proton energy in the resonance rest frame, i.e.

1
N 2mBX

Er (M, +mp+q°). (2.45)

Details of the resonance rest frame are given in appendix A.2.
The helicity amplitude A, 5(¢*) can be rewritten as [37]

O Iy L —T N e 2.4
A1/2(Q) m%X —m2BGBBX(q )7 ( : 6)

G () = = [P, () + FL, ()] (247

where

and

1/2

(= /mpy(BEg —mp) = mpy —mp)* + ¢’ (2.48)

1
E[(

The longitudinal helicity amplitude S;/5(¢?) is given by [36],

Er—mpglad 1
Sipld®) = \/ ﬁ@ [(mBX +mp)Gi(q®) + 5(may — mB)Gz(qz)]
Er—mg|qr| [mex +mp . p 5 1 P2
\ F - —F 2.49
mpK 9 ¢ BBX(q ) Moy + My BBX(q ) ) ( )

where ¢g is the spatial momentum of the virtual photon in the resonance rest frame. Ac-
cording to [38], this amplitude can be rewritten as

mpg |67R|
mQBX —my /¢

9

S1/2(¢%) =

Gy (1), (2.50)



where

2 C mp, +mp 1
GO 2 :Hq__ —Bx o pb N____ - FP 2y 2.51
BBX(q ) 2 mpg 7 BBX(q ) Mp, + Mg BBX(q ) ( )
Negative parity resonances

In analogy with the previous case we define the G1(¢?) and G5(¢?) negative parity form
factors through the vector current decomposition as in [36],

s s
s B ssl 7Ol B = =iatoss{ (1 = L) i Gula?)
1 ~
+5 [ = 27" = 07" (s + P)] Cala) prsulp. ).
(2.52)
Using the Gordon identity (2.38)) and the spinor identity (2.39) in (2.52)), we find
o _ . nv q#qy 2 A 2
5<pX7BX7SX|\7 (0)|po73> - _Zu(pXusX) no—- q2 Tq Gl(q )
1 _
—  —(mpy + Mo Ga(¢*) | vsu(p, s) . (2.53)
2
Using ([2.15)) we obtain the relations
Fng(qz) = Iq2él(q2)
FgBX(QQ) = §(mBX +mp)°Ga(q?). (2.54)

Now let us write the expressions for the helicity amplitudes. According to [36], the helicity
amplitudes A; 5(¢*) are given by

~ Erp+m ~ 1 ~
Aule?) = \JEELIE | 2 ?) — Jond, — i)t
Er+mp | zp oy MBx —MBzp 9
= —/—F|F ——F 2.55
VR i+ R ()] e

where K and FEg are given by (2.44) and (2.45)), respectively.
Using the analog of (2.46)), we get

N+ 2\ 5 D 2 mpy —MB ~p 2
Ghp (1) = . [FBBX(Q )+ mFBBX(q )] : (2.56)

where

¢ = /mpy(Eg+mp) = [(mpy +mp)* +¢*] s (2.57)

1
V2

10



The helicity amplitude S, »(q?) is given by [30]

« Er+mp|q) ~ 1 ~
Sial) = [P I g — )G + 5 + )Gl
[Er +mp|qr| [mpy —mB =p 5 1 =P o
F - F 2.58
mpk 9 e BBX(q ) Mp, + Mg BBX<q ) ) ( )

where ¢ is the spatial momentum of the virtual photon in the resonance rest frame. Using
the negative parity analog of (2.50)) we get

2 mp mB 1 ~
BBX \/ 2 mp { 2 FBBX(QQ) - mFng(QQ)} . (2.59)

2.4. The proton structure functions

A typical deep inelastic scattering (DIS) process is illustrated in figure 1. The corresponding
differential cross section is determined by the hadronic tensor,

= X [ sl [0, 770 ), 260

where J#(x) is the electromagnetic current, ¢* and p* are the momenta of the virtual photon
and the initial hadron, respectively. Inserting the sum of the final states X with momentum
py we can rewrite the hadronic tensor as

W= 8% NN @) (0 + g — px) 0. sITHO)X)(X|T(0)|p. ) (2.61)

One usually parametrizes DIS using as dynamical variables the Bjorken parameter x = —%q
and the photon virtuality ¢?. The hadronic tensor can be decomposed in terms of the Lorentz

invariant scalar structure functions JF(z,¢*) and Fa(z, ¢*):

W = fl(%q?)(n“” - q;? ) + —fg(w q )(p + %)(p” + %) (2.62)

The standard limit of DIS corresponds to the Bjorken limit of large ¢ and fixed z. In this
paper we are interested in the regime of small ¢ where non-perturbative contributions are
relevant (for a review of DIS, see e.g., [39]).

The baryonic tensor for a spin 1/2 baryon, in the case where one particle is produced in
the final state, can be written as

W — _ZZ/de —|—m2BX)(27T)454(p+q—pX)

8,8X MBy

<[ (p, B, 5|7(0)lpx, Bx. 5x)(bx, Bx, 5x17"(0) p, B)
+(p, B, s|J"(0)|px, Bx, sx)5 5(px, Bx, sx|7"(0)|p, B>]

11



P X

Figure 1: Diagram for a deep inelastic scattering process. A lepton ¢ exchanges a
virtual photon with a hadron of momentum p.

= 1Sl a +mb] [ B sITHO)lox, By sx)lpx, By, 51T O)lp. B, s)

8,8X MBy

+(p, B, s|J"(0)|px, Bx, sx )5 5(px, Bx, sx|T"(0)|p, B>] : (2.63)

Note that we are including the contribution from positive parity resonances as well as negative

parity resonances. Substituting (2.11)) and ( into - we obtain
, 1 2 2 q"q’ vo 40
W= =3 0+ 0+ m,] (n’“‘p— AU
mBy

x{ PB4V F B, () Aps + P, (6°) F
+ FJIBDBX(Q2)FBDBX( )Cpo + FBBX(CI2)
+F£BX (‘12)F£BX<‘12)AM + FgB (¢*)F
+F§BX (QZ)FgBX(q )Cpa + FBB (¢*) gBX(q2)Dpa } ) (2.64)

P
P
P

where

2

q
Ay = 4{ [mBmBX +p* — %] oo — 2PpPo — Ppls — paqp} : (2.65)

2
q 1
Bpa = 4H2Bq2{ |:—mBmBX —I—p2 + % (1 - _):| Moo — 2ppp0'

12



1 7| 440
— (4P + dop) + [mBmBX —p* - —] £ } , (2.66)

2x | ¢?
1 I
Coo = 4/<Bq2{ — {mB + g(mBX — mB)] Npo + [MBG, + (M — M), Z—Q} ,(2.67)
'Dpa = Cap, (2.68)
2
i q
Apa = 4{ |:_mBmBX +p2 - g:| Moo — 2pppa — Ppldo — pUQp} ) (269)
B — 4xZq? | 2 ¢ 1
po = 4KBq { _mBmBX TPt o 1- ~ )| Moo — 2ppPo
1 o 4 qpqa}
_ - o > _ . , 2.70
—(@pPs + 4opp) [mBme 7+ Zx] 7 (2.70)
- [ 1 o
Coo = 4“Bq2{ mp — %(mB + me)} Npoe — [MBay + (Mp + mp, )p)] %} , (2.7
Dy = Cop, (2.72)
and we used the sum over spin formula
Z u(p, s)u(p, s) = —iy"'p, + mg, (2.73)
and the gamma trace identities
tr(vuw) = +4nu, )
tr(”V,u'YV’Yp/yU) = +4(77uu7790 = Nupve + nuonup) = 477qu0 )
tr(’)/u’}/u’)/p")/aﬁ)/)\ﬁ)/f) +4 [nw/ﬁpa)n' - nupﬁuo')\‘r + nuoﬁyp)n' - nuAﬁupU‘r + nuTﬁupa)\ )
tr(awfyp’ya) = - tr(a,ul/’)/aﬁ)/p) = 4i(_77up771/0 + nuanup) )
tr(a;wapa) = _4(_77up77ua + 77#0771/;)) )
tr(JuV’YpUUAUFJ = _4|: - nyp(nyon)\’r - 771/)\7]07') + nyoﬁup)\ﬂ- - nu)\ﬁupcm'
+77/u—<_771/077p)\ + nuAnpa)] . (274)

Note that the terms with ¢, or g, will vanish when contracting with the transverse tensors.

Using ([2.65)),(2.66)),(2.67),(2.68) in (2.64) and comparing to (2.62)), we obtain the proton

structure functions

Fi(g’ ) = Fi(¢,7) + Fi(d o), (2.75)
‘FQ(q27$) = FQ((_]Q,JT)—FFQ((]Q,&T), (276)
where
R ) = 35[0+ 07 +mb,] C[Fhu ) + Fly (¢ 0)]
= Y 0+ +mp ] mp(Ghp, (), (2.77)
Fy(q’,x) = (%) > o[(p+q) +mp,]

13



x| (B (¢0) + Kha*(Ffny (6))’]

x [(Ghp, (@) + 2(Grpy ()] (2.78)

are the positive parity contributions to the proton structure functions and

2
~ ~ ~ mp, — Mp ~
Fi(g?x) = > 6[llp+q?+mp] ¢ {Fng(q2, )+ Mﬂ%x (¢, I)}
= Y 0+ )+ mp ] mp(Ghp, (@) (2.79)

(¢, x) = (%) > olp+9)* +mp,]
x [<F£ZX<q2>>2 + 15 (Fhp, (¢)?]
= Z 0 [(p + Q)2 + mQBX} (%) 1+ 47nq£x2)

x| (Gl (69) + 2(Ch, ()] (2.80)

are the negative parity contributions to the proton structure functions. Here ¢, G BX(QQ)
and G% 5, (¢%) were defined in (2.48), (2.47) and (2.51)) respectively while {, G5, (¢%) and

G% 5, (¢?) were given in (2.57), (2.56) and (2.59) respectively.

3. Dirac and Pauli form factors from holography

3.1. Review of the Sakai-Sugimoto model
3.1.1. Generalities and meson effective action

The Sakai-Sugimoto model [10/11] is the most widely studied string-theoretic model of large-
N, QCD and has been successfully applied to investigate many of its phenomenological
aspects. Its holographic limit describes a stable configuration of D8 — D8 branes embedded
into Witten’s D4 model [40]. In the following section we will briefly review those features
of this model which are important for the investigations carried out in this article. The
geometry of Witten’s model is generated by N, coincident D4 branes with a compact spatial
direction 7 in type ITA supergravity with the following metric, dilaton and four-form,

ud/? , R3/2 du?
ds* = o (Muda'da” + f()dr®) + Tom o + BPull2d0, (3.1)
ul u3/t (27l,)2 N,
flu)=1= =55 ¢ = gopgm, Fi= 77 —eu,

Vga
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where uk g is the radial position of the tip of the cigar geometry generated by the D4 branes
and R = (mg,N,)"* Va/. To incorporate fundamental (quark and anti-quark) degrees of
freedom, one needs to introduce two stacks of Ny coincident D8 and D8 flavor branes into
the background generated by the N. D4 branes. The probe condition Ny < N, ensures that
the back reaction of the flavor branes on the geometry can be safely neglected. It turns out
that the solution to the DBI equations merges the two stacks of D8 and D8 branes in the
infrared region (small u), resulting in a geometrical realization of chiral symmetry breaking
U(Nf)XU(Nf)—)U(Nf) L

The dynamics of the gauge field fluctuations on the D8/D8 brane embedding is also
described by the Dirac-Born-Infeld action, which yields a vector meson effective field theory
given by a five dimensional U(Ny) Yang-Mills-Chern-Simons theory in a curved background.
Its effective action reads [11]

Sest = Sym + Scs, (3.2)

Syy = /d4 /dz tr {— 77“’\77”'0.7:,\,,}"”,,+M§Kk(z)7]“”]:uz}"yz ,

SCS = Ws, (33)

247T MA4AXR

where z is a dimensionless variable with domain (—oo, +00) that combines the original left
and right chiral sectors (D8 and D8 branes), ws = tr (AF? — LA3F — - A°), and the two
'warp factors’ are

AN,

h(z)i= (k)P = (14 2) 7 k() =142 = s

(3.4)

where A = ¢g2,,N, is the t'Hooft coupling and M, is a mass parameter related to the D4-
brane background. The quantity A = A,dx® A dzt + A.dz (a=0,1,2,3, z) represents
the five-dimensional U(Ny) gauge field and F = .7-' apdz® A dzP = dA + ZA A A s its field
strength. Expanding the gauge fields in the A, = O gauge as in [I1]:

A,u(xaz) = vﬂ(x) + + ZU wQTL 1 + ZCL wZn ) (35>

where 1y(z) := (2/7) arctan z and

~ 1 zn<z> ill(z) 1 o —iTI(x)
Vu(x) = 5 [ALM( )+ au] e fm + 56 In [ARu<$) + au] e Jr
~ 1 7,1_[ a:) Il(x) 1 Il(x) —ill(x)
AM(I) = 5 [AL,U»< )"'_8#] e Jm = 56 I [ARM( )+ au] e Jr . (3.6)

The field II(x) is interpreted as the pion field. The modes v, satisfy the following conditions

R/QMQWMQWA@ — e (3.7)
—h(2)0, [k(2)0:0n(2)] = Aptbn(2), (3.8)
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where n, m are positive integers.
In order to represent vector and axial-vector mesons, one performs the following field
redefinitions

o= ot AZL"V# A= a4 %AM, (3.9)
1 1
Ve = Q(AL;L"‘AR;L) ) -Au = §(AL/L _ARH)’ (3.10)
introducing the constants
M2, = Ay 1 MZ, . MZo= MM, (3.11)
g = KM?2 /dz k(2) Y399, _1(2), (3.12)
Jan = KM?2 /dz k(2) Y39, (2)10(2) - (3.13)
This way, one obtains the 4d effective Lagrangian
1 1
£y = w04 —0,5)" + St (9.aL - 0,a)" + tr (i9,11 + frA,)°

2 2
+ Mz tr (ﬁjj - %Vu) + M2 tr (az - %AH) + > L (3.14)

>3

where £; represents the interaction terms of order j in the fields and divergent terms were
disregarded. The massive fields vy, aj; represent vector and axial-vector mesons, respectively.
The decay constant g,» describes the coupling of the vector mesons vy, to an external massless
vectorial field V,, (the photon), while the decay constant g,» couples the axial-vector meson
aj, to an external massless axial vector field A,,. Note that g,» is the only interaction between
photons and mesons, which implies that vector meson dominance is realized in the Sakai-
Sugimoto model.

It is important to remark that in , the terms that depend only on the pion field
and external fields join to form the Skyrme and Wess-Zumino-Witten terms, as expected in
any effective description of non-perturbative QCD in the large- N, limit.

3.1.2.  Baryons in the Sakai-Sugimoto model

Let us describe the ideas behind the construction of holographic baryons. Recall that, in the
confined phase, the Sakai-Sugimoto model reduces to a five-dimensional U(Ny) Yang Mills-
Chern Simons (YM-CS) theory with an action given by (3.2). In this article, we restrict
ourselves to the Ny = 2 case. Then, the U(2) gauge field A can be decomposed as

; 3
~15 T T¢
pr— —_— — ¢ _— a '1
A A+A2 A—2+A— E A 5 (3.15)

a=0
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where 7% (i = 1,2,3) are Pauli matrices and 7° = 15 is a unit matrix of dimension 2. Thus,
the equations of motion are given by

~ ~ N,
—K (h(z)ayp;w + az(k(Z)Fuz>) + & Ho2as (Fa P + a2a3Fa4a5> _ 0’

12872 aza Tasas
—k (h(2)V,F* + V,(k(z)FF*))" + %e“ag“‘af’ﬁ&%ﬁw% =0,
—kk(2)0,F* + %EZW% (Pt P+ PP ) = 0,
—kk(z) (V,F*)* + %ezm'“%ﬁz%ﬁw% =0, (3.16)

where V, = 0, + 1A, is the covariant derivative. The baryon in the Sakai-Sugimoto holo-
graphic model is represented by a soliton with nontrivial instanton number in the four-
dimensional space parameterized by 2™ (M = 1,2,3, z). Consequently, the instanton num-
ber is interpreted as the baryon number Np, and reads

B 1
6472

The equations of motion (3.16]) are complicated nonlinear differential equations in a curved
space-time. In general, it will be too difficult to find an analytic solution corresponding to
baryons. However, working in the large A regime, one can utilize a 1/\-expansion. Note that
in this limit Scg will be subleading compared to Syy, and therefore the leading contribution
for the instanton mass comes from the YM action. As discussed in [4I], one can work with
a small instanton ansatz where the instanton is localized at z = 0 (because the instanton
size scales as A™'/2) and the warp factors h(z),k(z) are approximately one. Thus, the
corresponding field equations will be solved by a BPST instanton with infinitesimal size
p — 0. Including the contributions to the field equations of the CS term induces a U(1)
electric field ﬁo and will stabilize the size of the instanton at a finite value. The complete
classical solution,

Np

/d?’xdz €M1M2M3M4F](\141M2FJC\L43M4 . (317)

~ N. 1 p4 —~
ASp =~ omgt, Al = ———= |1 - ———= Ag= Ay =0. 3.18
M Zf(é)g MY ) 0 871'2:%52 ()02 n 52)2 s 0 M ( )

thus corresponds to a static baryon configuration with

% (2= 2)—i(@—X)-7
=a o @)=

& +p §

where XM = (X1 X2 X3, 7) = ()Z', Z) gives the position in the spatial R* direction. The
effective potential for p and Z reads

£(6) C =2 -Xp (319)

2 2 2
2 N2 1 Z
Vig(p, Z) = My (1+ 5+ e — 4+ 2 ) 3.20
w(p, Z) 0( 6 5Mgp2+3) (3:20)

where My = 872k Mgy is the minimal, i.e. ground state, mass of the baryons. The effective
potential is minimized at

N, [6
2 Zi=0. 3.21
M, V50 7 (3:21)

2 __
Pel =
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The quantization of the solitons is facilitated by utilizing the moduli space approximation
method to study a quantum mechanical problem on the instanton moduli space. For a more
detailled discussion of the quantization and on how to extend the solution to the large z
region, the interested reader is referred to refs. [I2II541]. The resulting baryon eigenstates
are characterized by quantum numbers B = (I, I5,n,,n,) in addition to their spin s. For
example, the baryon wave functions with quantum numbers B,, = (1,+1/2,0,n) are given
by

|B, 1) < R(p)vs,(Z)(ar + iaz), (3.22)
where
R(p) = p71+2\/1+N2/5e*%p2’ (3.23)
_ (2Mp) "/ —1/4 -0 72
VU, (Z) = (61/87T1/42n/2m H, <\/2M06 Z>e NG

The mass formula for the baryonic eigenstates (obtained from the quantized Hamiltonian of
the system) reads

(C+1)2 2 2(n, +n,) +2 - 2n,
M—M+\/ + —N2+ = My+ —. 3.24
0 6 15 V6 °T 6 (3:24)

The classical solution is valid only near z = 0. This solution can be extended to
large z as long as we require p < ¢ which is the condition of small size for the skyrmion.
Under this condition the equations of motion linearize and the solutions can be found by
defining Green’s functions corresponding to the curved space generated by k(z) :

G(#,2,X.2) = £ _tu(2)0u(2)Ya(7 — X]|)
H(#,2,X,2) = £Y_ ¢u(2)0a(2)Ya(|E - X)), (3.25)

where 1,,(z) is the complete set of vector meson eigenfunctions, and ¢,(z) is another set
defined by

1 1
QbO(Z) = m ’ ¢n(z) = \/_)\—nazwn(z) (n =12,... ) ) (326>

and Y,,(r) is the Yukawa potential
1 e~ VAnr
Y (r) = ——° . (3.27)

Cdmor

The gauge field solutions found in [I5] for the case p < £ can be written as
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.. 2 a .. . ; b d
Ai _ Nc {XZ+% |:X_ <€Za] 8 : _52&&) +£ a :|}G(f,Z7X,Z);

2K 212 0X 0z ) " poxi
A, = % {Z‘+ % (X?aaf(a + gaiz)} H(7, 2, X, 7),
ALY = 2% {22 aa ' +2r%pfara! {XZ (ewjaf(j - (5”8%) + Z'af(a} }G(f, 2, X,2),
AN = —2n?p*arta”! (emja)a(j — 5“%) G, 2,X,7),
AN = —2W2p2a7“a_l%H(f,z,X,Z), (3.28)
where
AN = NANT —iNON , A=ag 'V (3.29)

3.2. Electromagnetic currents in the Sakai-Sugimoto model
The holographic currents in the Sakai-Sugimoto model, denoted here by J“j’(‘;s), can be

obtained using the holographic relations [15] :

Hitssy = —rf{ Jim K] + tim [K.F] }, (3.30)

V(SS Z—00 Z—>—00

where F. is the field strength associated with the classical field (3.28). From (3.28) and
(3.30]), one gets [15] :

N,
‘]\()/’?SS)(x) = 7GV7

. N.¢. » S, . 3
2,0 4 7 7 i Na ia ija
Mo @) = —5{z0m - X'6v - 25 [(a? — §°O) Hy + €70,Gy] |
Jg’(css)(x) = 2W2m{p2tr[Tcao(aTaa_l)]ﬁaHV—i— 27r2/<GV
— pPulrtarta X7 [(0,0; — 010?) Hy + €7°0;Gy/] } ,
Tiss) (@) = —2mkp” tr[rtar,a™] [(0'0" — 6°0°) Hy + €7°0,Gv] (3.31)
where
Gy = — ng"d}anl(Z)Yénfqu_ )?D ’
Hy = =3 32 0ptm01(2)Yan (17 - X)),
2n—1
: i Py » i 0 P
7 = — ‘o, =2  xi=_t 9 _ - 32
M%7 T W, MydXi — My’ (3.32)
and
S = An’kp’x, = —idmikp  tr(tata) 1% = —idnlkp? tr(t%aa ), (3.33)
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are the spin and isospin operators. Note that
. . .. 1 ) .
Z(0'Hy) = X'Gy = [(8’HV)PZ —GyP|, (3.34)
0

where we used the relation 0, Hy = —GYy,.
Defining the Fourier transform as

Tt ® = [ @5 F 50 o), (3.35)
and using the identity
3 —ika ¥ e kX
/d re " Yo 1 (|7 — X) = T (3.36)
we find
Tty () = Seer Xy gka (Zl) | (3:37)

ji’o (E) _ NC e-il?-)?{ Z M |:£ + ! €Z]akjsa:|

V(SS) 2 B2+ Ay LMo 1672k
'Una n— Z k‘z 1 . —, .
g Z_'fDQ 1( ) |: 82 + 5 (klka . k25za)5a:| } : (338)
n /\271—1(]€2 + )‘Qn—l) MO 167K

70,c 7 —ik-X gU",lvz)Qn 1 I° i ija 2 c -1
JV(SS)(k:) = 2r’ke {Z s ™ [2712/1 — ME” Pk;p* tr(r°ar,a )]

9o O m-1(2) [z’kip tr[r°dp(ar’a™ )]
— Xon—1(k? 4+ Xop1)

1 o - . .
TR tr[Tcaﬁafﬂ } , (3.39)

~Z',C ¢ gUnIan 1 7,‘0,
JV(SS)(k) = 2mke” [ zz T Ik
n 2n—1

90z %2n-1(Z) (kﬂ‘ka—k25w)]p2tr(76araa—1). (3.40)
— Xon—1(k? 4+ Xop1)

Note that one term arising from Z cancels with another from X and we have used the
relation 0%9,(Z) ~ =\, (Z). Now we calculate the expectation values of the Sakai-
Sugimoto currents:

Bk a o
<pX7BX78X| V(SS( )|p7B78> :/WQ?X:BX73X|J\I;7(SS)(k)|p7B78>' (341)
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We define the baryon states as
1

D, B, s, I3) = (2w)3/26iﬁx|n3>|np>|s,]3>R
— ]' DX - e
Px, Bx,sx, I3 ) = We XX g Ynp)lsx, I3 )k (3.42)

Here we make use of the results and definitions of a recent publication [42], in which a
relativistic generalization of baryon states and wave functions was discussed in detail. In
particular, the spin and isospin part was defined as

T BB\ s L) )

1 sx|p’
Gt = = (Aot = 2P o). (343

where |s, I3) and (sx, I3*| are the non-relativistic initial and final states associated with the
spin and isospin operators. Evaluating the currents in these states, we find

_c<5Xa I?'S, ]3>RFEBX ((‘jg) ) (344)

4,0 o X 1 ) P’ L ija
<Jv(ss)(0)> = (27r)3 7<3X>I3 |R{FBBX(q ) {ﬁo - mﬁj qua:|

qi ]' 1_a a
+ _FgBX((jQ) - mFéBX(f)(qq - 525 )Sa}|57[3>Ra (3-45>

¢ I '
<J37(SS)(O)> = 271—2’% <n,0|<SX7]3X|R{FéBX(gQ) |: +_€ pijp tl”(T aT,a 1>:|

27) 22k My

3
+ FIZB’BX () [ —igqip? tr[T°0p(at'a™t)]

v (P g — EP)p? tr[fcmia—l]} }|np)|s, jAYS (3.46)

ﬂ

,C 1 : ija e ia
(o0 = 2% o5 [ iFb (@) + Fhp, (a°) /g = 0°0")
x {n,|p*In,)(sx, I | rtr(téar,a™)|s, L)k . (3.47)

where

Fhp (@) = Zg”*”Bx’f?;Q:(l )Ins)

2 ) Gomn nBX|aZ¢2n 1( )|7”LB>
FBBx<q ) = Z q +)\2n 1)

21



ngn nBX|aZ¢2n 1( )5Z|HB>

F3
BBX )\Qn 1 q +)\2n 1)

Y

the momentum ¢ is the photon momentum defined by ¢ = px — p and we have used

(Fx|e” X |p) = 3*(k — 7+ ).

(3.48)

(3.49)

In order to calculate the expectation values of the holographic currents we need the following

identities:
x 1 ssx |Allfx | 7
(sx, I3 |s, Is)r = Nﬁ(ff)( — ) Opx X, (%) Xs(D)
(6 a.— 1 SS
(sx, I3 [ptr(rar®a™)|s, b)r = —ﬁ(ffx - %) TIX1y XsX(PX)U Xs(P)
1 ss p c —
(sx. B |p 1|5 )n = - m(ff — =] (7)ol (%) X ()
<SX>I£’)X‘R Sa ‘S>I3>R = ( f - %) 5I§IJXZX<p}) OaXs<ﬁ>7

4\/EXE

(sx, ' |rtr(T?00(ar’a™))|s, L)p = —( Jx — —Ssxf‘ﬂﬁx‘)

M()pQ\/ EXE

X (%) ey xby (%) "X (P)

The last identity can be obtained by first noticing that

, 2i 0 0 , 0 0
t c to—1 - I ic o .
r(7°0p(ar’a™)) M0p2{ (a4 9a; aq 8%) 0 + a; 2a. + a. 9a.
B )
a8a4 48% )
Using (3.50]), we get in the Breit frame
N,
<J3?55)(0)> = 2(27)3 575350 X IXsX(pX)Xs(ﬁ)FBBX((jQ)7
N, , 1
ZO — 7
Uil O) = sz o e 030{d | o, @) - 5. Fha ()] €
i ija
- gae” qyaaFBBX(iz)}xs(@,
C 5 c N
(T (s9)(0)) W(T )1x X (05X (P) F i, (2%)
i,C . «@ MO c
o) = =igeamss (5 ) (ulelng) (g,
x et (%) ouxs(P) Fpp, (0°)
when the final state is a positive parity resonance, and
5<J8’(Oss)(0)> = 0, '
% Nc ia Z a
5<Jx}(()ss)<0)> = 8(27T—)3]\/[0672 (5 - 72 )51X1X5X(px) UaXs<4)aFBBX(q42)>

(3.50)

(3.51)

(3.52)



1

U O = s (i 0k, () 0009 €, (@),
(s O = 5 () el
< (0 - L) L ko Pa P, (), (3.59)

when the final state has negative parity. In (3.52)) and (3.53)) we used the definitions

¢ = (o) () 5 o).

Mo 2 1 NCQ gr=1
( ! ) o) = 114 | = 22 (3.54)

and « was defined in (2.22)).

3.3. Dirac and Pauli form factors in the Sakai-Sugimoto model

We are going to use the holographic prescription
nu{px, Bx, sx|Jy*(0)|p, B, s) = nu(px, Bx, sx|Ji{s5)(0)[p, B, s) (3.55)

where 1, = (1o, 7) is the polarization of the photon and we choose to work with transverse

photons satisfying the relation 1,¢" = 0 in order to avoid the discussion of current anomalies.
Using we can compare, the kinematic currents (2.21)), (2.24), (2.33) and

with the Sakai-Sugimoto currents and . For positive parity resonances we get

ran ) - [SE2dm] vy ),

P — —L 5 0e v @)

i) = |l ),

) = o | E L @) 3.56)

where o and § are given in (2.22), (2.23) and & is given in (3.54]). For negative parity
resonances, we can write

9 ~
~DO 2\ q Ba
FBBX (q ) = 7 (2M0> [@2 + /32(]2

- 1 Qo
FP’O 2y F2 2
ponl0) = @ (2Mm) L n quJ Nelloox (@),
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FL3 () = 2x[?<a2>f‘“; — ) B ),
” 1Y [ M (7)aa s e
P = 2 (o) [ e P (@), (357

where & and B are given in 1) and lb respectively. We relegate the details of the
large A\ expansions relevant to get the dominant contribution to the form factors in the non-
elastic case to appendix B. The large A limit in the elastic case, corresponding to ny = 0,

mp, = mp was already considered in [I5]. In the non-elastic case, the positive parity
resonances correspond to np, = 2,4,6,.... In this case, we get in the large A limit [12] :
DO [ 2y __ [mp 1 1 2
FBBx(Q) - _F+O(>\Nc):| NCFBBx(Q)a
PO o2y _ |91=0 mp 1 | 2
FBBX(Q) = =T_f+O<ANc)} NeFpp, (q°),
D, mpg 1
FBBSX (q2> = B +0 <X>} FEl}BX(QQ) )
P3 2 o gr=1 1 1 2
Fpp (7)) = Tu {14—(’)()\—]\/6)} Fgp. (q7). (3.58)
For negative parity resonances, we have ng, = 1,3,5,.... Using the expansions in appendix

B is not difficult to show that in the large A limit the form factors reduce to

- 2 1

FES) = o140 ()] MerBa (), (3.5

FEY (%) = AN 140 ()| N () 3.60
BBy (@) = 15910 N Fpp, (@), (3.60)
~D,3 [ 2 q2 1 2 2

Fpp (q°) = B9 1+0 A Fep, (q7), (3.61)

- 1 2 1
Fpp (%) = ( )ngI ! 1+0<F)]F§Bx(q2). (3.62)

4. Numerical results for negative parity baryons

We present in this section our numerical results for the negative parity baryons. These include
the wave functions, Dirac and Pauli form factors, helicity amplitudes and their contribution
to the proton structure function. We are using the Sakai-Sugimoto parameters Mgyx =
949MeV and k = 7.45 x 1073 [I1]. We also choose My = 940MeV, for phenomenological
reasons.

4.1. Baryon wave functions

First we present in fig. [2| the results for the wave functions of the first excited baryons
with negative parity. These wave functions have quantum numbers B, = (1,+1/2,0,n)
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with n = 2k — 1 and are odd functions in the radial coordinate z. Table [1| shows the mass
spectrum of the first negative parity baryonic resonances. The spectrum of positive parity
baryonic resonances can be found in [12].

Ug,(2) UB,(2)

04

02 o3

L
-10

L I L5 I
-10 -5 5 10 -10 -5 5 10

-041

U, (2)

Figure 2: (Normalized) wave functions Wg,, ,(2) for the first six parity odd baryon states.

4.2. Dirac and Pauli Form factors

In the previous section we extracted from holography the Dirac and Pauli form factors that
describe the production of negative parity baryons. Interestingly, our results show
that the Dirac and Pauli form factors depend on only one form factor Fjp (%) defined
by . This is a feature that has also appeared in previous holographic approaches to
electromagnetic scatteringﬂ The form factor Fzp (¢*) in can be written as

GuvrGun By B
Fip (@) = P )\22;1( (4.1)

2See [43J44] for a similar result for vector meson form factors in the holographic approach.
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n 1 3 ) 7 9 11 13 15
mp,/GeV | 1.715 | 3.265 | 4.814 | 6.364 | 7.914 | 9.463 | 11.013 | 12.563

Table 1: Some numerical values for the masses of negative parity baryon states

where

1
g’U"BoBX = )\2 . <nBX’aZ¢2n71(Z)’nB>a (42>

are the effective couplings between a vector meson, a negative parity baryon and the proton.
We show in table [2| our numerical results for these effective couplings. Identifying the first
negative parity resonance with the experimentally observed S11(1535), our numerical result
for the coupling constant g,1 5,5, = —1.889 should be useful to describe the decay of S1;(1535)
into a p meson and a proton. This result is compatible with recent analysis from experimental
data [45] where 0.79 < |gu1p,5,| < 2.63. The vector meson squared masses Ag,_1 and decay
contants g,» are also shown in table 2] .

oo v 12 |03 | 4 [ 5 [ 6 | 7T [ 8 |
N1 | 0.6603 | 2874 | 6591 | 1180 | 1849 | 26.67 | 3634 | 47.49
An— | 2100 | 9108 | 2080 | 3715 | 5817 | 8383 | 1142 | 1491

gunBen, || -1.889 | 1.182 | -0.562 | 0.1381 | 0.04057 | -0.05213 | 0.01239 | 0.009893
gunBens || 1.038 | -0.841 | 0.6132 | -0.3325 | 0.08703 | 0.04209 | -0.05382 | 0.01409
gunBeBs || -0.6432 | 0.5892 | -0.5217 | 0.3802 | -0.1907 | 0.02706 | 0.05097 | -0.04458
gy, || 0.429 | -0.4239 | 0.4223 | -0.3644 | 0.2416 | -0.09421 | -0.01629 | 0.05276
JunByB, || -0.3005 | 0.3132 | -0.3386 | 0.3273 | -0.2571 | 0.1417 | -0.0266 | -0.0404

Table 2: Coupling constants between vector mesons and baryons when the initial state is
the proton and the final state has negative parity.

The Dirac and Pauli form factors depend on the magnetic g; factors whose numerical
values in the Sakai-Sugimoto model are given by

gr=o ~ 1.684, gr—1 ~ 7.031. (4.3)

Using and our results for the couplings, masses and decay constants (shown in table
we can calculate the Dirac and Pauli form factors describing the production of negative
parity baryon states. We show our results for the first three excited states in figure 3] As a
general feature, the form factors go to zero as ¢> — 0, reach a maximum and then decay for
large ¢®. Note that some of the form factors are non-positive.
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Figure 3: Dirac and Pauli form factors F' g) ’1;2],71 (¢*) for the first three negative parity baryon
states. The momentum transfer ¢* is given in (GeV)?2.

4.3. Helicity amplitudes: comparison with JLab-CLAS data

In the large A limit, the transverse helicity amplitudes take the form

~ ~ mp, —mp ~

GEBX(QQ) ~ V2 FgBX((f) + ;Tn—BF]]BDBX(‘f) )

~1 2 6 ~

Agp () =~ Ghp (), (4.4)

2(mBX — mB)

In figure 4| we show our results for the transverse helicity amplitudes C?EBX (¢*) and

A}B/;X (¢%) for the first negative parity resonance. As stated above, this resonance can be
identified with the experimentally observed Si1(1535). In the right panel of figure {4l we

compare our results for flgéx(qQ) with recent experimental data from the JLAB-CLAS
collaboration [46]. In spite of the model limitations (the large A limit), we find reasonable
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agreement with experimental data. This is a very encouraging result for our long-term
project of investigating resonance production in holographic models.

Unfortunately, in the large A limit we cannot say too much about the longitudinal helicity
amplitudes because we obtain

~ mp, —Mp ~ 1 -
Gyp (¢*) =~ V¢ [XTFgBX(q2> — mFng(QQ) ~ 0,

~ mnr ~
S (@) =~ e,/q—fG%BXm?) ~0. (4.5)

This result seems to be consistent with the fact that the experimental data available for
these helicity amplitudes indicate a strong contribution from meson clouds [46]. These kinds
of effects would require the investigation of loop corrections in electromagnetic scattering.
The 1/X corrections would not only modify our results but also the standard results on the
elastic electromagnetic form factorsﬂ We leave this interesting issue for future work.

~ %12

Gays, (@ Ag,5,(0P)
020
140

120[

100

Figure 4: Helicity amplitudes G}, 5, (¢%) and A}B/;X(qQ) (in units 1073(GeV)~/2) plotted
versus ¢* in (GeV)?. The experimental data was taken from ref. [46].

4.4. The proton structure function
4.4.1. A first approzimation

Assuming approximate continuity of the mass distribution, we can now approximate the
delta distributions in the following way:

S ol o] = ;a[mi—mﬂ:/dn{
|

s:=—(p+q)° = mp, +¢*(

2
om;

on

]_lé(n—ﬁ)

om?
on

}1 — f(n), (46)

n=n

with the definition
1

T

1). (4.7)

3See [47] for a discussion regarding pion loop corrections in baryon electromagnetic form factors.
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3.24

. We find from

om?
on

om?2
on

calculate

where ]\% can be chosen to match, e.g. the proton mass mpg, and n :=n..
Using the approximation (4.6) we get in the large A limit the structure functions

V6

2 (¢

4 — 4
M()MKK + g’l’L

_(_

GEB,-L(Q2))2
F 2
2(q ,ZL‘) + 4m2B$2
We plot in figures [§| and [f] the structure functions obtained from ([4.9) as a function of

Therefore we have to evaluate the Regge trajectory of the baryon spectrum in order to

MIQ(K) )

q2

) e

(4.8)

(4.9)

q*> and . We also demonstrate the violation of the Callan-Gross relation at intermediate

5 d

values of z in
2 -
F1(0° %) Fa(e? X)
0005 0.0010 -
A
[AY
N N
0.004 - A 0.0008 - :’ N
[ 1\
Ay
[N [
1 \ 1 \\
ooo3f it \ ooo6F |/ \
] \ ] Ay
i \ ! \
] \ ! \
0002f: [ \ ooo0af | \
] \ 1 \
] \ ] \
1 \ I \
ooo1 -t N\ 0.0002(-/ \
] \ ] \
i ‘\.____ ! N
0.000 T il LT ~ = g 00000 L L ST -~
1 2 3 4 5 0 1 2 3 4

x = 0.01 (green, dotted).

Figure 5: Structure functions Fj 5(¢?) for x = 0.3 (orange, solid), z = 0.1 (red, dashed) and
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Figure 6: Structure functions F} (z) for ¢> = 3(GeV)? (purple, solid), ¢> = 2(GeV)? (blue,

dotdashed), ¢* = 1(GeV)? (green, dotted) and ¢* = 0.5(GeV)? (red, dashed).
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Figure 8: Structure functions F o(z) for ¢> = 3(GeV)? (purple, solid), ¢* = 2(GeV)? (blue,
dotdashed), ¢* = 1(GeV)? (green, dotted) near the first negative parity resonance By

4.4.2. A realistic approach near a resonance peak

The results shown in figures [f] and [6] were obtained using a the naive approximation (4.6).
Alternatively, if we are only interested in the region of ¢> where a resonance is produced we
can approximate the Delta distribution by a Lorentzian function [37] :

5lm2 —~ FBX \/— 2 F213){ - 4.10
[mBX_S]NM ( S—mBX)+T ; (4.10)
where I'p, is the decay width of the resonance Bx. Identifying the first negative parity
baryonic resonance B; with the experimentally observed Sj;(1535) and using the decay
width I'g, = 150 Mev, estimated from experimental data in [48], we obtain the results for
the structure functions shown in Figure [§ Note that the structure functions have improved
by an order of magnitude. Unfortunately, we cannot follow this procedure for the higher
resonances because there are no experimental results available for the decay widths.
The results for the proton structure functions obtained in this paper represent only a
small fraction of possible final states, namely single final states with spin 1/2 and negative
parity. If we include the contribution from final states with positive parity [12] as well as
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final states with higher spinF_f] and pion production relevant in this kinematical regime, we
should get a better/more complete picture of the proton structure functions and significantly
improve the comparison with experimental data.

5. Conclusions and Outlook

In this article we have presented a treatment of non-elastic proton electromagnetic scattering
for the special case when baryonic resonances of negative parity are produced as the single-
particle final state of the scattering process. We have in turn applied the Sakai-Sugimoto
model of holographic baryons in the large A limit to compute the relevant form factors
and proton structure functions. Our numerical results show good agreement with available
experimental data. One should, however, keep in mind the limitations of the (holographic)
description of baryons in large- N, QCD [49], which fully apply to the non-relativistic (large
A) model discussed herein as well. It would be very interesting to calculate 1/\- and other
corrections to the current model and to study other scattering processes within the Sakai-
Sugimoto model. Finally, it would be fruitful to investigate baryons and their resonance
production in more recent holographic models, e.g., [BO/5152]. We leave this for future
work.
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A. Some frames in inelastic scattering

A.1. The Breit frame

Consider the scattering between a virtual photon and a hadron in the hadron rest frame.
After two rotations we can set the spatial momentum of the photon to the 2 direction so

pM = (mB707070)
qN = (QO7070a93)> (Al)

and we choose g3 > 0. The virtuality and Bjorken variable are in this frame given by

Q2

2mpqo

Q=¢G-q , v=- (A.2)

Now we perform a boost in the 23 direction so that

p/‘u = (ryva 07 07 _6/77”3)

4Usually one expects a high contribution coming from the production of A resonances. See [I8] for A
resonances in the Sakai-Sugimoto model and [I9] for higher spin resonances.
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" = (vq — F743,0,0, —Bvq0 + vg3) . (A.3)

The Breit Frame is defined by the condition ¢ = 0 so that

o 9o V@ + Q* /
’ qs @+Qr ! Q  B=6 (44)

and we arrive to

p* = (y/m%+p%0,0,p)

" = (0,0,0,Q), (A.5)
with
. Q
p= ~5r (A.6)

A.2. The resonant rest frame
In the resonant frame we have
p,u = (ER7 _®7

¢" = (mpy — Er, qr),
P+t = (mspy,0). (A7)

We can write the energy and the momentum squared in terms of the squared masses and
virtuality

1
Er = G [¢° +my, +mE]
Gr|> = (Er—mp)(Egr+mp). (A.8)

B. Expansions at large A
The relevant large A expansions for the non-elastic case are given by

¢ ~ 0@1) , mBNO(ANC)
2
mp, = mB—|— [

\/_

()]
x=<@> 1+o< )] -0 (5%
RO A 11
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- o ()] -o().
2
o= (7)) [ 2] -5 o ()|
. 2a,  (2\mgp 1\ _ 1
- e () o lw)] o ()
£ = %+O<M1V) , a2+62q2=1+0(M1V ,
2
5044—50443]\4 = %+O<A]1V)’
0 c
1 a? _ gi—o mp 1
—5(55—4%) - T‘f*o(wc
M, 1
g+ fag’ (7) W) = 2 0(X>,

B 7
2 2
q 5, — T
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