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The Roper Resonance

* Nucleon Resonance of mass M =~ 1440 and width I" ~ 300 MeV/c?
* Total Spin-Parity | = 1/2+
* [sospin I = 1/,

Can be decomposed as

P,,(1440)) = aluud) + B|Nm) + -
— ~

radially-excited three-quark state molecule-like bound state of a
n = 2 (radial quantum no.) nucleon and a pion SUBAT@iMIC
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lattice calculations
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Xi—X X
skewness: § = le - ﬁ
—AB

forwardness: A2 = (p' —p)? =t
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final state N + m can be achieved by

* N(p) » N(p;) + n(k,) before the lepton scattering,

OR

* R(pr) » N(p') + n(k,) after the lepton scattering

N(p - pn)

wherep' + p,; = pi NGD)
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Must also include Bethe-Heitler
versions of both topologies
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Transition DVCS Amplitude University

Jirans. ~ W(ps) Lanne (PR, kx, pr) Sr(pr) €,(0) TN, N+ (P, PR, A) u(p),
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Transition DVCS Tensor H ,’fé

1 1 1 1 d\ A An
Hyr = 2(_gf’)/1dm {m—£+z’e+m+£—z’e}/2w m:ze R(pR’SR)lq( ;)f}/ nq( )lN(p’SN))

: 1

b, 1 1 /d)\ N 9 B YD) AN

— d — LA E A : 5 e N ) ’
* 2(EL)/1 mlm—ﬁ—l—ie :r:—l—ﬁ—z'e} o e (PR, 7)1q o ) TR N, sn))

gl

An

/g’; “’““Ee (R(pr,sr)|q (—?)’}’ 'ﬂrq( )IN@’ SN))

n-A
= HP"(z,€,A%) R (pr, sr) (n —~ —N) oN (psn) + HE™ (2,6,A%) R (pr, sR) 37

1o, n” A"
r+ My

A2 N@:SN)‘

fg:r‘ MZEE(R PR, SR (—)‘—ﬂ) Y nYsq (An) [N (P, sn))

_ & n
= HPP' (2,€,A%) R (pR, sR) Y - 05N (p,8n) + HE? (2,€, A?) R (pR, SR)

N
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Need to model these GPDs: H,(x, é,A%), H,(x,¢, Az) H, (x,&,0%), Hy(x,& A0%). S"BM@%}
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Constructing GPDs

* Diagonal N — N GPDs are relatively well constrained.

 Transition N - N* GPDs are more difficult.

* Resonance electroproduction typically constrains FFs or Helicity
Amplitudes rather than quark-level distributions.

* Provides information on moments or projections of the transition
dynamics, not the direct x-, ¢-, and t-dependence.
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Constructing a GPD (parr 1)

POLYNOMIALITY

* Mellin Moments in x must be expressible in terms of local twist-2
operator matrix elements between the corresponding states.

* Implies that the n-th Mellin moment of a GPD must be polynomial in ¢
with coefficients given by generalised form factors.

* This forces a non-arbitrary interdependence between x and ¢ or risk
violating Lorentz symmetry at the local operator moment level.

use a Double Distribution

IIIIIIIIIIIIIII
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D O Ubl e D lstrlb utl ons f  “PDF-like” Parton Momentum Fraction

« Sharing of Longitudinal Momentum Transfer

t Invariant Momentum Transfer

* Introduce an auxiliary two-variable distribution,
F(B,a,t).

B [ ——— Integrate along the line x = f + éa to get the GPD.

/ 1Bl +la| <1 1 1-8
i HYz,6t) = [ d dad(z — B — €a) FY(B,a,t),
\ﬁ et @e=[ a8 [ ~ dade—p-ea) F(B 0

7

(04
A

t) /\\
—— —> 8 -/

1 e e 6,0) = [ 48 (8 + o) FI(B, 0,

1
= i (:) 5’“/ dBda " *a*F{(8,a,t).

k=0

lllllllllllllll
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the DD builds the required x-& correlation to ensure polynomiality 1:“”“@#5
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D O Ubl e D lstrlb utl ons f  “PDF-like” Parton Momentum Fraction

« Sharing of Longitudinal Momentum Transfer

ﬂq(ﬁ, o, t) — h(ﬁ, O{) ff (5, t) \ t Invariant Momentum Transfer

profile function

forward-like input

Profile Function

use the Radyushkin profile function with bpp = 1 and normalised to 1

bpD
hB.a) = — L@oo+2) [ [B]) — o]
) 22bpp+1 FQ(bDD + 1) (1 . |5|)21)DD-|—1
A2 2
L3 =pf-

4 (1-p8)3 §"i’1'é°ﬁ@iwcs
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Constructing a GPD (parr 2)

FORWARD LIMITS

Set ¢,t = 0 and recover
H1(x,0,0) = q(x),  H%(x,0,0) = Aq(x)

SUM RULES
1 1 ~
/ Az H(e,€,0) = Fi(t), f dz Fly(z,6,1) = Ga(t),
_ —1
1 1
/ dz Hy(z,€,1) = Fy(t), f dz Hy(z, €,1) = Go(D).
-1 —1

sssssssssssssss
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many distributions satisfy these conditions
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Forward Limits

* Diagonal GPDs have PDFs as forward limits:
H%(x,0,0) = q(x), H%(x,0,0) = Aq(x)

* Must model a phenomenological forward limit for Transition GPDs

as no known constraint exists I “PDF-like” Parton Momentum Fraction

+ US€ Sg (,8) X ﬁ_ao(l — ,B)nq ay = 0.5 gives Regge-inspired low-f behaviour

- 1 _ ny, =3  valence endpoint behaviour /
normalised to J"df s,(B) = 1 v — 4 high-§ suppression

* The /-t dependence is introduced as

16

TY(8,t) = % (1-9¢ sum@w
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Forward Limits

* Our forward-like input is then

1i(8,t) = C(t) 54(8) T7 (B, t)
FI(t)

(]

[}w%mﬁw@

with the normalisation function Cf(t) —

* Since the GPD is already normalised in «, this means we obey the
sum rule by construction

1
/ﬂmwwﬁw=ﬁw
-1 i
17 g
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Constraining Transition FFs: MAID

F1(0%) |

_ [ema 1 oy (Mp—My) ., N
Ay = kn (Mg + My) (Fl(Q ) + oM Fy(Q )) : |
_ 2ma 4/Q? oy (Mg + My) 2 "
51/2 = kn (MR —|-MN) (FI(Q ) oMy F2(Q )) _o0s| ]

f_la(Qz) = f_la(O)(l + a1Q2 -+ a2Q4 -+ agQﬁ + (I4Q8) e_lez. 015% ——

N*, A* Aa (0) ai as aag bl 0‘05;
Pi1(1440)p A, —614 0.871 —3.516 —0.158 1.36
Sip 42 40. 0 1.50  1.75
N* A (0) a1 by R e T e a—
Q [GeV]
Py;(1440)n Ay, 541 095 177
Sis —415 298 155 SUBATEQMIC
(Dreschel, D., Kamalov, S. S., Tiator L. 2007 Eur.Phys.].A. 34 69-97) \\%‘5
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Constructing a GPD (parr 3)

Diagonal GPD Transition GPD

Polynomiality satisfied by Double Distribution form
Forward Limit Quark PDFs Functional Form
sq(B) = q(p) Sq(B) o< 7% (1 — p)"a
Sum Rules Form Factors Transition Form Factors
F(t) F(t)

sssssssssssssss
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Final State Interactions

* Transition mechanism contains the resonance propagator Sz (pg)
* already includes N rescattering
* requires a width I'(s) (preferably energy-dependent)

* Diagonal mechanism requires re-scattering to be added manually.

lllllllllllllll
nnnnnnnnnnnn
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Final State Interaction Options

» Phase only: multiply by e%s.
* Works okay for P;; butless so for S;4

~ use an effective coupled-channel K-Matrix treatment instead.

This will also require a running width.

SSSSSSSSSSSSSSS
nnnnnnnnnnnn
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The Running Width I'(M )
Barrier Factor
* General Partial Width for R — ab decay: /

(M) N My (X% + ¢ (Mg)
Fab(M):FRBab(qb( )) _R( 2+qab L )
QCLb(MR) M XR + qab(M)
M is the total mass M > m, + m,. Width set to 0 below threshold.

* B,p is the branching fraction at the pole.
* Xp = 0.5 GeV is the centrifugal-barrier scale.

P,,(1440) S,,(1535)
N L=1 B =065 L=0 B =042
nN N/A L=0, B =043
(mm)N stores remaining inelastic strength
L (M) = T Bon ( Gor (M) )2”4 (X% + 63, (Mp) ) e sumgw
Gor(MR) Xp + 3. (M)
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Final State Interactions by Partial Wave

Projecting the diagonal mechanism into partial waves is now useful
in applying the correct K-Matrix to each partial wave.

For each partial wave R, the elastic amplitude is
Mg Ty (M)
M? — M% + iMgl'E, (M)’

SRN,?TN(M) =1+ TfN,WN(M)

nnnnnnnnnnnn
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Kinematics for Evaluating the Cross Section
do
dQ?dxp dt d® dM2, de;\
Beam Energy E, = 10.6 GeV integrated over
Virtuality Q% = 2.3 GeV?
Bjorken-x xg = 0.25
Momentum Transfer scanned over
Hadronic Mass threshold < M < 2.0 GeV

Azimuth (Trento Angle) 90°
BH dominated by sin @ term

choice of kinematics in CLAS12 ranges for experimental availability




dCr/dQ2 dI’B dt d(_b dinr'irﬁl.\,r (pb/GC\fS)
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Transition DVCS Signal: e p* - e " ynn™

0.08 -

0.06

0.04

0.02

0.00F f

would like to extract this signal

p
. |-"thn:ﬂitif_m DVCS P11|

2
|MT.-1'{1I]H11,1UH DVCS 511'
e_
—t = 1. GeV?
il
| 1 1 1 | 1 1 | 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 |
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

My (GeV)




dJ/dQZ d_’I’B dt d(l) di"'v'i{;.rl.\,r (pb/Ge\;’S)
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Add the Diagonal Signal: e p™ - e yn’rn*

0.6

0.5

0.4

0.3

0.2

0.1

0.0

=®— Transition DVCS

—#  Diagonal DVCS

would like to extract
competing background

Total/coherent DVCS measured

_______‘(___________________

|
|
|
|
g
|
|
|

My (GeV)

still not including
the BH background

(Rumley, M., Thomas, A. W. 2026
Phys. Rev.D 113 054007)




do/dQ*dxp dt dD dM, y (pb/chﬁ)

2.0

1.5

1.0

0.5

0.0

CROSS SECTION

DVCS DVCS BH BH
do « |Mtrans + Mdiag + Mtrans + Mdiag
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(now including Bethe-Heitler)

2

=® Transition only

~#= Transition + projected diagonal

—t=1. GeV?

& ______.m

M,y (GeV)

1.8
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04
Ay =
oy +o0_

=® Transition only

~#= Transition + projected diagonal

M,y (GeV)
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Extracting Transition GPDs

Clearly, the diagonal process interferes with our ability to extract
the Transition GPDs significantly.

Try a partial wave analysis.

SSSSSSSSSSSSSSS
nnnnnnnnnnnn
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P11 partial wave University

—®— Transition DVCS+BH

i I
i ! —#  Projected diagonal DVCS+BH
0.5 |
— ! —&— Total/coherent DVCS+BH
: :
= i I
% 0.4_— :
T
3 I
a I
= I
-~ 03¢ I
= I I
& | ! Nope, not better
< : i looking at just the P,
S 0.2f !
- | 1
<) :
= I
s I
= I
0.1 1
|
\ I g W+ I—E—a 5 g4
\l : .*"". —t = 1. GeV?
I -
0.0 | | | | : | | | |
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

M_n (G(?V)




do/dQ? dzp dt d® dM, y (pb/GeV®)

1.5

[a—y
=

=
o

0.0

S11 partial wave

—®— Transition DVCS+BH

—#  Projected diagonal DVCS+BH

—&— Total/coherent DVCS+BH

M_n (G(?V)

nor the S;4
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do /dQ? du s dt d® dM,y (ph/GeV®)

b oo
— T T

i tn
-

—
— T

0.0 @
I 1 1 L 1 L | 1 1 1 1 | 1 1 1 1 | L 1 L 1 1 L L L L 1 L L L L 1 1 L 1 L | 1
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[solating Partial Waves

Partial-wave selection isolates the relevant quantum numbers
Does notisolate the production mechanism
= bad for extracting GPDs

P11 partial wave S11 partial wave

=—®— Transition DVCS+BH
—#  Projected diagonal DVCS+BH L5p
Total/coherent DVCS+BH

1.0

do /dQ? du s dt d® dM,y (ph/GeV®)

0.0
T T S H T S S S SR R N




CROSS SECTION

do/dQ? dzp dt dD d M,y (pb/GeV?)

Ay (%)

5
May (GeV)

SUBATEQMIC
transition mechanism dominates at larger —t BUT the event rate also decreases 33 @i
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—t =05 Gev?

—® Transition only University
increasing —t
5 > —#— Transition + projected diagonal

L2

201

0.8

0.6

0.4F

0.2

0.0 0.0

M.y (GeV) M,y (GeV)

Moy (GeV) Moy (GeV) CINTRE FOR THE
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Absolute measurable cross section

Py tis) S (1535)

-1 [GeV?)

Mex |GV
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ABSOLUTE CROSS SECTION

oyl orat/ (DB GV

M 0.5

O-tot(MT[Nr t)

~.5

unphysical regions are
1.0 unmarked
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RELATIVE TRANSITION SENSITIVITY

Relative transition sensitivity

S, (%)

Otot — Odia
S, = 2 x 100%
Otot

measures the sensitivity to the
transition mechanism

- ae.e-
- -

beaneccaan$

1.1

1.2

14 15 16 LY 1.8
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Rate-weighted sensitivity proxy

20

05k

Pl 1440)

'
Al
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11

16

1.7
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RATE-WEIGHTED
TRANSITION SENSITIVITY

Fe v"ph,'(;c'\' |

1.50

F = |0-tot - O-diag|
’ V Otot

indicates regions of high sensitivity while

sssssssssssssss
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penalising regions with low event rates SUBAT@iMK
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Future Work

* Vary GPD model parameters throughout the accepted range and
explore how the sensitivity to the transition signal changes.

* Include nearby low-lying spin-g resonances A(1232) and

D, (1520).

» Since nN couples strongly to the S;;(1535) (with Bg}vl = 0.43) but

not to N, a similar reaction e N — e~ yNn may provide stronger
sensitivity to the N — §;, transition and motivate improvements
to the transition GPD model for other low-lying resonances.

SSSSSSSSSSSSSSS
nnnnnnnnnnnn
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Summary

* Transition GPDs provide a new probe of nucleon resonance
structure by extending the information available from transition
form factors to partonic x, &, t dependence

* We cannot uniquely measure the transition mechanism and thus
extract the transition GPD
* Diagonal DVCS and BH processes both interfere
 Partial-wave decomposition does not solve the extraction problem

* Sensitivity can be enhanced through kinematic selection

* Increasing —t improves relative transition sensitivity, at the cost of event
rate

* Cross section and BSA provide complementary sensitivity

lllllllllllllll
nnnnnnnnnnnn

The challenge is not simply to observe the resonance — it is to identify where

. cpr - . - SUBATE@QMIC
the measured observables retain sensitivity to its transition GPD. 38 @i
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Further Reading

Inspired by:

* Semenov-Tian-Shansky, K.M., Vanderhaeghen, M. Deeply virtual Compton process e” N —
e~ ymN to study nucleon to resonance transitions. Phys. Rev. D 108, 034021.
https://doi.org/10.1103 /PhysRevD.108.034021

Initial Results presented in:

* Rumley, M, Thomas, A. W. Extracting nucleon resonance transition GPDs from e” N —
e~ ymN deeply virtual Compton scattering. Phys. Rev. D 113, 054007.
https://doi.org/10.1103/j8cn-6m31

Transition Data from:

* Drechsel, D., Kamalov, S.S., Tiator, L. 2007 Unitary Isobar Model - MAID2007.
Eur.Phys.].A, 34 69-97 (2007). https://doi.org/10.1140/epja/i2007-10490-6

* Tiator, L., Drechsel, D., Kamalov, S.S. et al. Electromagnetic excitation of nucleon
resonances. Eur. Phys. J. Spec. Top. 198, 141-170 (2011). e
https://doi.org/10.1140/epjst/e2011-01488-9 S @i
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H,(0.2,&',t)

X
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is the Bjorken limit.
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RELATIVE TRANSITION SENSITIVITY

Transition sensitivity with measurable—rate contours

Pl 1440) BB S3:11535)

u S, (%)

Otot — Odia
B Sp=—— 2 x 100%
tot

., measures the sensitivity to the
transition mechanism

ol (PhiGeNV* )

VAT AR AU WD AR UL TR ST EL WO AR aX0 aa  Jd s s oo

11 12 13 14 L5 18 T .« nhow includes contours of constant number of events
Moy (GeV)

SPECIAL RESEARCH
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BSA SENSITIVITY

Absolute BSA change

_ [ ptot _ ,diag 0
v A= (ARF - AS) x 100%
3
AAp (percentage paints)
" 2
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: o «10
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o "
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Axial Sector Inputs
Dipole form
GQNR () = G E(0) Transition My g [GeV] Axial isoscalar ratio
i t : N — Py 1.00 3/5
1- M7, N — Sy 1.00 3/5

Pseudoscalar Transition from PCAC and m-pole dominance

MP11 + MN)2
m2 —t

2 2
~ S G sumc.gi me
m,?r —1 4 3

Ggpll(t) ~ (

Gy ™ (),

Gy (1)
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  N 𝜋 𝛾


  n = 2


  M ≈ 1440


  𝛤 ≈ 300   MeV /  c 2


  J =    1 2 +


    I =  1 2


     P  11  (  1440 ) ⟩ = 𝛼  |    u u d ⟩ + 𝛽 |   N 𝜋 ⟩ + …


  ℓ N →  ℓ ′  N ′ 𝛾


  ξ =    x i −  x f 2 →    x B  2 −  x B


   Δ 2 =    (   p ′ − p ) 2 = t


  N + 𝜋


  N  ( p ) → N  (   p I ) + 𝜋  (   k 𝜋 )


  R  (   p R ) → N  (  p ′ ) + 𝜋  (   k 𝜋 )


  N  ( p )


  𝜋  (   p 𝜋 )


  N  (  p −  p 𝜋 )


  N  (   p ′ )


   p ′ +  p 𝜋 =  p R


    d 𝜎  d  Q 2   d  x B   d t   d  M  𝜋 N 2   d  Ω 𝜋 ∗


   H  N R  𝜇 𝜈


   H 1  (  x , 𝜉 ,  Δ 2 ) ,      H 2  (  x , 𝜉 ,  Δ 2 ) ,        H 1 ~  (  x , 𝜉 ,  Δ 2 ) ,        H 2 ~  (  x , 𝜉 ,  Δ 2 ) .


  N → N


  N →  N ∗


  x


  𝜉


  t


  x


  n


  𝜉


  x


  𝜉


  𝛽


  𝛼


  t


  x


  𝜉


  F  (  𝛽 , 𝛼 , t )


  x = 𝛽 + 𝜉 𝛼


  𝛽


  𝛼


  t


   b  DD = 1


  𝜉 , t = 0


   H q  (  x , 0 , 0 ) = q  ( x ) ,          H ~ q  (  x , 0 , 0 ) = Δ q  ( x )


   H q  (  x , 0 , 0 ) = q  ( x ) ,          H ~ q  (  x , 0 , 0 ) = Δ q  ( x )


  ∴


   s q  ( 𝛽 ) ∝  𝛽  −  𝛼 0    (  1 − 𝛽 )   n q


   ∫ 0 1  d 𝛽    s q  ( 𝛽 ) = 1


  𝛽


  t


  𝛽


   𝛼 0 = 0 . 5


  𝛽


   n u = 3


  𝛽


   n d = 4


  𝛼


  Q   [ GeV ]


   𝑭 𝟏  (   𝑸 𝟐 )


   𝑭 𝟐  (   𝑸 𝟐 )


   s q  ( 𝛽 ) = q  ( 𝛽 )


   s q  ( 𝛽 ) ∝  𝛽  −  𝛼 0    (  1 − 𝛽 )   n q


  ℱ  ( t )


  ℱ  ( t )


   S F  (   p R )


  N 𝜋


  Γ  ( s )


   e  i  𝛿 s  


   P  11


   S  11


  ∴


  Γ  (   M  𝜋 N )


  R → a b


  M


  M >  m a +  m b


   ℬ  a b


   X R = 0 . 5   GeV


   P  11  (  1440 )


   S  11  (  1535 )


  𝜋 N


  L = 1 ,      ℬ  𝜋 N   P  11 = 0 . 65


  L = 0 ,      ℬ  𝜋 N   S  11 = 0 . 42


  𝜂 N


  L = 0 ,      ℬ  𝜂 N   S  11 = 0 . 43


   (  𝜋 𝜋 ) N


  R


   E e = 10 . 6


   Q 2 = 2 . 3     GeV 2


  x


   x B = 0 . 25


  threshold ≤  M  𝜋 N ≤ 2 . 0


  90 °


    sin ⁡ Φ


   e −  p + →  e − 𝛾  n 0  𝜋 +


   e −  p + →  e − 𝛾  n 0  𝜋 +


  d 𝜎 ∝    |   M  t r a n s  D V C S +  M  d i a g  D V C S +  M  t r a n s  B H +  M  d i a g  B H | 2


   A  L U =    𝜎 + −  𝜎 −   𝜎 + +  𝜎 − ×   100 %


   P  11


   S  11


  ⟹


  − t


  − 𝒕


   𝜎  tot  (   M  𝜋 N , t )


   S 𝜎 =    𝜎  tot −  𝜎  diag   𝜎  tot ×   100 %


   ℱ 𝜎 =    |   𝜎  tot −  𝜎  diag |     𝜎  tot


   3 2


  Δ  (  1232 )


   D  13  (  1520 )


  𝜂 N


   S  11  (  1535 )


   ℬ  𝜂 N   S  11 = 0 . 43


  N


   e − N →  e − 𝛾 N 𝜂


  N →  S  11


  x


  𝜉


  t


  − t


  N 𝜋 𝛾


   e − ⁢ N →  e − ⁢ 𝛾 ⁢ 𝜋 ⁢ N  


   e − ⁢ N →  e − ⁢ 𝛾 ⁢ 𝜋 ⁢ N  


   H 1  (  0 . 2 ,   𝜉 ′ ,   t )


  𝜉 →  𝜉 ′ =  x  2 − x  (  1 +    M 2 2 −  M 1 2 − t   Q 2 )


   H 2  (  0 . 2 ,   𝜉 ′ ,   t )


  𝜉 →  𝜉 ′ =  x  2 − x  (  1 +    M R 2 −  M N 2 − t   Q 2 )


   S 𝜎 =    𝜎  tot −  𝜎  diag   𝜎  tot ×   100 %


    ∆ A  L U =  (   A  L U  tot −  A  L U  diag ) ×   100 %


  𝜋

