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TALK OUTLINE

Motivation: Bridging QCD and low energy hadronic properties.
Introduction to Form Factors
Chiral Corrections to Baryon Electromagnetic Form Factors,
arXiv:1703.01032

» Model Dependence of the Pion Form Factor Extracted from Pion
Electro-production, arXiv:1811.09356

» Conclusion.
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THE QCD LAGRANGIAN

» Lagrangian useful for understanding symmetries etc

| 1y
Laco = (i — m)q — 7 G}, GY

v

Non-abelian, SU(3) gauge field theory.

» Many questions remain.

Masses of light quarks O(5 MeV)

Lightest baryon ~ 1 GeV (approx. 2 orders of magnitude larger!)

v

v

Where does this nucleon mass come from?
» Emergent property of QCD.
» Dynamical generation of mass contributes more than 95 percent of
hadronic mass.

v



STRONGLY COUPLED PHYSICS

> In low energy region,
QCD coupling runs, and
theory becomes
non-perturbative.

» Strongly coupled theory
leads to emergent
behavior.

» Dynamical chiral
symmetry breaking
and mass generation.

» Confinement.
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Figure 1: PDG, 2015




OPEN QUESTIONS REMAIN
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The Central Goal of Hadronic Physics

» Central Goal of theoretical hadronic physics: Bridging the gap
between Lqcp and observed hadronic properties.

— T Hadronic Physics

Lqcp

Q*FQY)

Figure 2: Image of gauge field configuration taken from J. Charvetto.

» Quark models, Chiral EFT, Lattice QCD, Schwinger-Dyson Equations.



ELECTROMAGNETIC FORM FACTORS




HISTORICAL PERSPECTIVE
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Figure 3: Figure taken from R. Hofstadter et al.
(1958))



BARYON ELECTROMAGNETIC FORM FACTORS

» Contain information about the structure of the baryon.

é — 5 ), p)ulp) = (') [wa(q% 17 G Fz(q2>] u(p)

2m




BARYON ELECTROMAGNETIC FORM FACTORS

» Contain information about the structure of the baryon.

é — a5 pJulp) = a(6) [ Fu() + %5 ) (o)

| 2 QZZ—

» Common to use the Sachs Parametrisation.
Ge(@?) =F1(Q?) — Q iz @)
Gm(Q@%) =F1(Q?) + Fz(o2)

» 3D charge Radius for i = E, M » Magnetic moment for i = p, n
y (units of uy)

2\ _ 2 .
() = Gi(0) dQ? Gl@) Q2=0 i = Gy (0)



CALCULATING ELECTROMAGNETIC
FORM FACTORS IN THE

NAMBU—-JONA-LASINIO (NJL)
MODEL




THE NAMBU—JONA-LASINIO (NJL) MODEL

» Low energy approximation of QCD: 4 fermion contact interaction
_ R 1 _ - 1.
L=(id = M) + 5 G [(P9)* = (P1s79)] = 5 Gu(r"y)?

B %Gp (@A) + (py s i)

S . . .
0 —1my = 0.0 GeV
- ——mg = 0.005 GeV
031 —mg = 0.01 GeV
' 1o = 0.015 GeV
@ P —mg = 0.02 GeV
~ 0.2
g
0.1
0

G?T/GC



CONFINEMENT

» Confinement failure of basic model, but imposed via Proper Time
Regularisation & infra-red cutoff.

2
i = —1 /I/AIR drr"le X
X (n=1)"Jyn,

» Prevents singularities in the spectrum from on-shell quarks =
confinement

» Calculate BSE equation

XX



CHIRAL CORRECTIONS TO BARYON
ELECTROMAGNETIC FORM FACTORS

ARX1V:1703.01032




Pronic CORRECTIONS

Long known that pion required dof in quark model calculations.

v

v

Modern understanding of the pion as a pseudo-Goldstone Boson.
> Result of dynamical chiral symmetry breaking.

v

Formalized framework: yPT.

v

Long distance (IR) properties are same as UV theory.
» Must be respected in any model of QCD.
A variety of ways to incorporate their effects.

> Previously calculated in the NJL Model as a dressing on quark
propagator.

v



INCORPORATING PI1ON EFFECTS

QUARK LEVEL HADRON LEVEL
» Calculate pion effects from » Calculate pion loop corrections
quark-pion coupling in (chiral) nucleon-pion EFT.

» |dea goes back to Manohar and
Georgi: Chiral Quarks and the
Non-Relativistic Quark Model

1985
ases) .
//’-\‘ //’-\‘
/ Y / Y
— —_—l
u d u N N N

» Take guidance from xPT

» Correct LNA behvaior of nucleon mass only obtained in hadron level
approach. (Model independent)

» We can examine the differences between the two approaches.



P1oON-NUCLEON EFFECTIVE FIELD THEORY

» Use chiral EFT.

» Work with a pseudoscalar pion-nucleon interaction:

Lz = —iganUnYsT - TN

» After minimal substitution, one has three diagrams at first loop order.

g + g + ,g.\
——
N N SN N N

N N

F(Q%) = Z[F/L(Q%) + FL(Q%) + F/L(@%)]



BARYON SELF ENERGY

Bare Calculation Dressed State

Calculate bare (pionless)

) Calculate chiral loops
form factors in NJL Model

=

- i ’ > —_ iZ
p—mg\?)—l-ie p—mn+tie

» Must fit NJL model parameters to Bare Mass
» Related to physical mass via

my = mg\(l)) + Z(p)‘}t:m,\’



BARYON SELF ENERGY
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BARYON SELF ENERGY

Bare Calculation Dressed State

Calculate bare (pionless)

) Calculate chiral loops
form factors in NJL Model

=

— i S iz
p—mg\?)—l-ie

» Must fit NJL model parameters to Bare Mass
» Related to physical mass via

my = mg\(l)) + Z(p)‘}t:m,\’



NUCLEON RESULTS
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Figure 5: GE and Gj;. Data from lattice studies

» Similar!



NUCLEON RESULTS
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Figure 6: G¢ and Gp,. Data from lattice studies

» Similar!



COMPARISON

()

p n Prev. NJL Calc. & i0 (5]
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This Work 0.89 0.41 This Work E ) °
Exp. 0.84 [3] 0.335 =
0.80 0.85 0.90 095 0.2 03 04 05 0.6 0.7
(e (o)
M Prev. NJL Calc. (6 [5)
p n
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(GENERALIZING RESULTS TO

HYPERONS



(GENERALIZATION TO HYPERONS

» Due to approximate SU(3)r symmetry, one has relations between
nucleon-pion and hyperon-pion couplings.

2
8A\yr = %(1 — Q)gNNx  8Eyr = 208NN

» Although the particles themselves are different, topology of
contributing diagrams are the same.

:I: Z:I:\ - z:l: :I:

» Simple replacements in equations allows generalization of the
equations to consider the hyperons.



HyPERON RESULTS
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Figure 7: GE_-:+ and G,\);, data from lattice studies.



HyPERON RESULTS
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COMPARISON
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QUARK MODEL

» Large contribution comes from 7~ cloud on d quark (e,- = —1,
e = —1/3).
» Sigma minus:

1
Y7 = ——[2|drdrs)) + perm. — |did + perm.
=) \/1—8[|TT¢> p |drdyst) + perm.]

» Leads to coherent enhancement.



QUARK MODEL

» Large contribution comes from 7~ cloud on d quark (e,- = —1,
e = —1/3).
» Sigma minus:

1
Y)Y = ——[2|d+d+s)) + perm. — |dyd + perm.
=) \/1—8[|TTL> perm. — |dyd,sp) + perm ]

» Leads to coherent enhancement.



SUMMARY

To summarize...

» xPT gives model independent information on IR physics.

» Calculated chiral loop corrections to the NJL model at the Hadron
Level.

» Nucleon system insensitive to approach, but

» Hyperon system sensitive to implementation of pion loops:
improvement of X~ magnetic moment.



THE PION ELECTROMAGNETIC

ForM FACTOR

@ Extracted F,(Q*), W=1.95 GeV
© Extracted F,(Q?), W=2.2 GeV
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Figure 9: F; extracted from simple model of pion electro-production.



THE PION IS SPECIAL

» xPT = important for low energy hadronic physics.

Simplest QCD system: ‘Hydrogen Atom of QCD’: Excellent testing
ground.

v

v

Form factor spans large energy range: forces us to use a number of
approaches.
Must understand the model used to extract the form factor well.

» Based on some theoretical arguments, we wanted to check the model
dependence of the extracted pion form factor.

v



THEORETICAL APPROACHES

Low ENERGY HiGH ENERGY
Lepage and Brodsky:

0 o
AAAAA Q*F, 2 2 2 2y 2 2 2

cos g - Q°Fr(Q7) = 167f; as( Q7 )wy, for Q% > Qg
E B
Sosl . :
;:"2 4t Historically, wg = 1.

% 1 2 3 4 5 6 lim ¢ﬂ(X):6X(1—X)
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Figure 10: Cloét et al. (2014) More recently (Chang et al., 2013):

#Exp. (Lab)
§FH

1 /1
w¢:§/0 dx;d),r(x)

Q*F,[GeV?)
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Figure 11: FH approach, m; = 470 MeV,
Chambers et al. (2017)



MEASURING THE PION FORM

FACTOR



EXPERIMENTAL MEASUREMENTS

» At low energy (~ 0.3 GeV?), scatter pion beam from electrons in
liquid hydrogen target.
» Measure recoiling pion and electron.
e e

-
- TS
- ~
~

=77 (@) \W,

» Differential cross section is

do 1 q>
— x |FP= (1 - —2—
dgz I+ q4< q?nax)



PioN ELECTRO-PRODUCTION

» Scatter electron off liquid
hydrogen target.

» Knock pion out of nucleon’s
virtual meson cloud.

» Measure recoiling electron and
produced pion.

» Two theoretical questions:
1. How does F, enter cross
section?
2. How does the ‘off-shellness’
effect the measurement of F,?
» Must understand how extraction /\\

is currently performed.



THE STATE OF THE ART

0.8

— (1+Q*/ANT, AL =6/(r2)
0.7H — F,.(Q?—00) (Asymp. Limit)
0.6l — Fx(Q@*—00) (Asymp. Limit, Asymp. PDA)

I 1 Amendolia et al. (1986)

Q* (GeV?)



NDERSTANDING THE F.

EASUREMENT

PHYSICAL REVIEW C78, 045202 (008)

Charged pion form Ilclnr between 07 = 0.60 and 2.45 GeV?. L Measurements of the
section for the 'H(e, ¢'x*)n reaction
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PHYSICAL REVIEW C 75, 045203 (2008)

Charged pion form factor between 0% = 0.60 and 2.45 GeV2. IL Determination of, and results for,

the pion form factor
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SRkt W Vit B Wames S A ool . Yo Yo WX, s S X, g . 2o
(efferson Lab F Collaboration)




DECOMPOSING THE CROSS SECTION

» Cross section described in terms of
» Q?: photon virtuality.
» W: Invariant mass of virtual photon proton system.
» t = (p, — q)°: Expresses virtuality of pion.

» Cross section may be decomposed into 4 structure functions.

d%o doT do; doiT doTtT
2 = 2 1 20.
(2m) o p” +e ™ +v/2e(e+1) it cos ¢ + € s o

€ is a measure of the virtual photon polarization

» Important, as is known that Longitudinal cross section dominated by
t-channel pion exchange.

» A good reconstruction of this structure function gives us a good
change of extracting the pion form factor.

» The modern extraction uses the Vanderhaeghen Guidal and Laget
(VGL) Model.



BORN TERM MODEL OF ELECTRO-PRODUCTION

» VGL Model based on Born Term pion exchange diagram:

\.‘T/ .
A\

(a) t-channel pion (b) Required to restore gauge
exchange invariance

» Model is not gauge invariant, so one must include the s-channel
diagram and KR term (when using a PV coupling) to restore gauge
invariance.

» This is iM’éTM



GAUGE INVARIANCE IN BTM MODEL

» WTI requires g, Mgty =0

iqu Mgy “UN[%p P+ )527+ th i 527] o

TN [pw —(p, — ) — d|u

» Delicate cancellation required.

» Limits the ways we can modify this amplitude.



IMPROVING AGREEMENT WITH DATA: REGGEIZING

AMPLITUDE

» Agreement between the model and data may be improved by
Reggeizing the amplitude.
» Replace the Feynman Propagator for the t-channel pion exchange by
its Reggeized version

ol ¢(t)

sin(ma: (£)1 (1 + ax(t)))

» Unless the s-channel and contact terms are also modified, gauge
invariance will be broken again.

» This is done in the VGL Model by multiplying these terms by a factor
SEH(t)SR(1)

» One can also understand this Reggeization as multiplication of
iMbG+\ by this overall factor:

My = SEHD)SE() x [IMGry]

S(t) = i(an W)=




THE VGL MODEL

» The pion structure is incorporated my multiplying this amplitude by a
factor of the pion form factor.

» To summarize:
iM{gL =Fr(Q%) x [iME]
=Fx(Q%) x SE(t)SR(1) x [iMpy]

> In theory, one would expect s-channel diagram to be proportional to
FP(Q?), but this breaks gauge invariance.

» Only possible to have single form factor. Amounts to

FE(Q?) ~ Fr(@?).



EXTRACTING PION FORM FACTOR FROM DATA

» Measure cross section at a range
Q?=0.60 GeV?, W=1.95 GeV

of t values for fixed Q2 and W. * - ST
35
» Longitudinal cross section is g
RES /i//
3
d £ —F
UL |F |2 EIS — 1
dt g !
5
> (QZ) (1 + 02//\2) _%mw———_omm
» Fit model to cross section. N Q?=0.60 GeV?, W=1.95 GeV
> If required...

» Fit each data point.
» Extrapolate these points to
t = tmin, Where there is least

contamination from :
interfering backgrounds not "HE T o
—tmin (G€

included in the VGL model.



SANITY CHECKS OF EXTRACTION

» Clearly some simplifications in this model.
» How do we know we are extracting the pion form factor?

Q?=0.35 GeV2 W=2.10 GeV Q2=0.70 GeV? W=2.19 GeV
075 L L 050 L L

070 P :&;ﬁ

1 0404 * L
0651 F

. | =5 035 r
0.60 F
0.30 F
0.55 025 L
0.50 T T 0.20 T 1
000 002 004 006 000 009 01 027
-t (Gev?) -t (Gev?)
Q?=160 GeVZ W=2.22 GeV Q?=2.45 GeV2 W=222 GeV
0.27 L L 0.19 L L
0.26 | F
0.18| F
0.25 F
o= i
0.24 - 0174 I [

54 5
0.23 F oonsd L
0.22 F
0.154 F

0.21- o

020 T T T T
006 0.12 018 024 01 02 03 04

~t (GeV?) —t (GeV?)



KEY QUESTIONS

1. Currently, FY = F,: can we do better?
2. Can we incorporate the ‘off-shellness’ of particles?
3. What are the implications for the current measured data points?

1.0 :
— K@)
0.8} — F(Q% ||
— K@
0.6}
—
04}
<8
0.2}
0.0
035 0.5 1.0 1.5 2.0 2.5 3.0

Q% (GeV?)



MODEL DEPENDENCE OF THE PION
FOrRM FACTOR EXTRACTED FROM

PioN ELECTRO-PRODUCTION DATA

ARXIV:1811.09356




OUR APPROACH

1. Currently—form-factors—areal-the same—can-we-do-better?
U Canwe-incorporate-the—off-shellness—of-partieles?

3. What are the implications for the current measured data points?

Current Extraction This Analysis

Model | iMe, = Fr(@)SESR(E)[iMbry] | iMP = Fr(@)[iMbry]
1 fit to... | 1 fit to... |

Data H(e, e'7)n Pseudodata




OUR APPROACH

| Currently—formfactors-areal-the same—canwe-do-better?
U Canwe-incorporate-the—off-shellness—of-partieles?
3. What are the implications for the current measured data points?
» Generate cross section in model (pseudodata), and then attempt to
extract form factor using VGL-like Model.

Current Extraction This Analysis

Model | iMe, = Fr(@)SESR(E)[iMbry] | iMP = Fr(@)[iMbry]
1 fit to... | 1 fit to... |

Data H(e, e'7)n Pseudodata




OUR APPROACH

| Currently—formfactors-areal-the same—canwe-do-better?
U Canwe-incorporate-the—off-shellness—of-partieles?
3. What are the implications for the current measured data points?
» Generate cross section in model (pseudodata), and then attempt to
extract form factor using VGL-like Model.

Current Extraction This Analysis

Model | Ml = Fe(Q2)SETSR(E)iMbpy] | iMP = Fr(Q?)[iMpsry]
L fitto.. | | fitto... |

Data H(e, e'7)n Pseudodata




A BosoNIC MODEL OF PION ELECTRO-PRODUCTION

> Inspired by a simple model due to Miller.

PHYSICAL REVIEW C 80, 045210 (2009)
Electromagnetic form factors and charge densities from hadrons to nuclei
Gerald A. Miller

Department of Physics, University of Washi , Seattle, Washis 98195-1560, USA
(Received 18 August 2009; published 22 October 2009)

A simple exact covariant model in which a scalar particle W is modeled as a bound state of two different
particles is used to elucidate relativistic aspects of electromagnetic form factors F(Q?). The model form
factor is computed using an exact covariant calculation of the lowest order triangle diagram. The light-front

1 1 1 1
L zz(aucb,\,f = Emf\,\ll%, + §(au7r)2 = §m$r7r2

— gFN\II;rVT Wy



FOrRM FACTORS IN SIMPLE MODEL

1.0

— 5(QY
— F(QY
+ A2=5.56 GeV? |
Nucleon Exp.
Pion Exp.

—=—

0'%.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Q*? (GeV?)

» F. well described by monopole.



OUR APPROACH

| Currently—formfactors-areal-the same—canwe-do-better?
U Canwe-incorporate-the—off-shellness—of-partieles?
3. What are the implications for the current measured data points?
» Generate cross section in model (pseudodata), and then attempt to
extract form factor using VGL-like Model.

Current Extraction This Analysis

Model | iMg, = Fr(@?)SESR(E)[iMbry] | iMP = Fo(Q)[iMry]

Lfitto.. | Lfitto.. |
Data H(e, 't )n iMY L oop




Pros AND CONS

Pros Cons

» Perturbative calculation: gauge » Perturbative calculation doesn’t

invariant. generally give form factors
2

» Calculate to 1-loop order: enough g dependence.
obtain (different) form factors > Connection to QCD is tenuous
at vertices. » Prevents quantitative

conclusions.

» Simple.



L L ol ol
1 F1 P -
L

Y O

| |

<5 I




KINEMATIC POINTS
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PSEUDODATA: A SPECIFIC EXAMPLE

Q2=0.75 GeV2, W=1.95 GeV

45
. fa — A2=7.65GeV?
» Pseudodata: iM* R 20N T porn Torm Model
1-Loop @ 35 Pseudodat:
- 'seudodata
» Model: % 3
. _ 2N1: A =
IMF = Fr(Q)[iMpryl =
s

Fr(@) = (1+Q@/A) 7

» t range chosen to be
same as experiment.

-0.05 —0.04

-0.09 -0.08 -0.07 -0.06
t (GeV?)



CROSS SECTION
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RESuULTS
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» Apart from possibly point at (Q2, W) = (1.6,1.95), results look ok.



SYSTEMATIC OVERESTIMATE?
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SYSTEMATIC OVERESTIMATE?

s0l| @ Extracted F,(Q?), W=1.95 GeV
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» Fit first 5% of allowed t.



How Do WE UNDERSTAND THE W DEPENDENCE?

» A kinematic argument. ldeally, we would measure this process at
2
t=m

T

» t < 0 for electro-production.
> tmin More negative for increasing Q?
> tmin More negative for decreasing W
> Larger W at the same Q2 will allow a smaller (negative) |tmin|
» Closer to the pion pole. So interpretation of F, as pion form factor
better.
FW=1.95 w=22 t=0 F— m2 t
min min ™

!
!
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Larger Extrapolation Distance



CONCLUSION

» Pion electro-production allows us to measure the pion form factor at
higher Q2.
» We tested extraction method in simple model.

> Results seem to imply a reasonably accurate extraction is possible,
except at certain kinematics.

» Important to choose kinematics wisely to minimize extrapolation to
pion pole.



FURTHER WORK

» Model extremely simple. A more complicated calculation including
fermions is underway.

» Lattice QCD:
(N(p")m(px)| J*(q) IN(p))

(m(K)| (@) [7(K)) = (k + K')F=(Q%)
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