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Definition & Usage: Gravitational Form Factors (GFFs)

=(p'+p)/2

_ A=p'—p
Electromagnetic Form Factors of proton: t = A

Charge density in Breit frame:

g 1 L
', s'7"(2)Ip, 5) =0/ [7“1?1 () + %ia“”Au F (t)] y et —p)z

PA e
Dirac FF Pauli FF p(T) = / OEN ~R?) eid
; =0 Charge radius:
Sachs FFs  Gg(t) = Fi(t) + YSVE F5(t) —* charge (42) [ 32 p(7)
_ magnetic J #7p(F)
Gu(t) = Fi(t) + F(t) " moment

see H.-W. Hammer’s talk on Wednesday
L. Dai’s talk on Thu., S. Collins’s on Fri.

Energy-Momentum Tensor Form Factors (or, gravitational form factors GFFs) of proton: Ji 1995 s1997; Polyakov, 1999
(pioN: Kobzarev s Okun 1962; Pagels 1966;)

(', s'|T5, (z)p, s) =u' | A*(t) il t--+_> \ - )
» § 1L \2) P, §) = m mass ] external ' —Trace anomaly: mass budget
( ) i Pruouy AP J properties |  see C. Weiss’s talk on Tuesday
a=4q,8 pCvip — j
+ J4(t) o Spin —spin and orbital angular momentum
2 i e.g. Leader, Lorcé, Phys.Rept. 541(2014)3
+ Do) BBy = 9w’y pterm  memal I
Am property — spatial densities of hadrons
L see J. Panteleeva’s talk on Thursday
+mc” (t)gw/] u etP —p)z “Druck”= pressure -

% Ji's sum: A%(t) + Bi(t) = 2J9(t)
< Free fermion: Diarmion=0— #0: interaction: Hudson & Schweitzer, 2018
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GPDs>{EM form factor, PDFs)

“Probe” GFFs
[ dz H(z,€,t) = F{(t)
Operator product expansion (OPE) ; Mellin moments: lim H%(z,§,t) = fi(z)
(Diehl, 2003; Belitsky, Radyushkin, 2005) (Three Dim.) (One Dim.)
dz=™ . o+ -
(PO e [ T o= k)7t a(e)
d o [ ! ! ]z+:O,z=0 \ GPDs < GFFs (polynomiaiity) (Ji, 1996)
= (i) la-3277aG2)][ _ = a0)77607)" ) [dz & H(z,€,t) = A°(t) + €2D*(1)
ln—>0 ln—> 1 fdar;a:E“(x,f,t)=Ba(t)—§2Da(t)
probe  |N) by jé"m Tgurlzjw Sum-rules for other cases:

spin-1: Polyakov, BDS, Phys.Rev.D 100 (2019) 3
spin-3/2: Fu, BDS, Dong, Phys.Rev.D 106 (2022) 11

_ . Z z
u i ==
0" — D* : by Wilson line L[ 5’ 2]' N — Nr: Polyakov, Stratmann, arXiv:hep-ph/0609045

‘“» e DVCS @ HERMES & HERA (DESY), CLAS(JLab), EIC, etc 1
;“ e TCS @ KEKB, PANDA etc.

Not easy to extract GPDs! Zhang, Ji, arXiv:2408.04133

Polyakov, Schweitzer, Int.J.Mod.Phys.A 33 (2018) 26 (©)
(a) P
; graviton™
N(P) N(P’) N(P) N(P’) (P’

3/15



N — A transition and One pion production (y*N — y(M)Nr)

Why is it interesting:

1. N — A electromagnetic transition form factors are required to explore geometry (shape) of the nucleon:
spatial transverse charge densities of quarks which are active in the excitation
see M. Paolone’s talk on Monday

2. N — A (or zN) GPDs access the longitudinal momentum distributions of the active quarks in this transition
Semenov-Tian-Shansky, Vanderhaeghen, Phys.Rev.D 108 (2023) 3

3. Dy = cgmy (in chiral limit) with ¢; as low energy constant from pure grav. interactions (higher chiral order)
Gegelia, Polyakov, Phys.Lett.B 820 (2021) 136572
see H. Alharazin’s talk on Monday

}‘ CLAS@JLab recent target: N* N transition GPDs et
;ﬂ Brodsky et al, 2020; Joo and Diehl 2022. )f

— e

Polyakov, Stratmann, arXiv:hep-ph/0609045

g ( — T" must be symmetric?)

Y (q) A2 v(q')/ M(q’) }
» graviton™
asymmetric T#?
Lorcé, JHEP 08 (2015) 045
_— Ty T~
N(P) A(P’)
(or zN)

For sure one needs a systematic way to get EMT: €.g. ChPT
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p — AT transition processes

GPDs for N — A transition are given by Semenov-Tian-Shansky, Vanderhaeghen 2023:

[ 2 S catiom,snia (-5 ) vona () NG )

Ciso = v v v v
- ( 6 ) R,B (pRaSR) {hM(xaga A2)F§/j + hE(xagaAz)F% + hC(x7£7A2)F€* + h4(.’L‘,€,A2)F£ }nVN (pa SN)

. R;is Afield. Sum-rules: |dxh, (x,& A%) =0and |dxh =g (A%) which are electromagnetic transition FFs.
p 4 'M,E,C M.,E,C

o Transition EMT form factors are second Mellin moment of GPDs, i.e. Gravitational Transition Form Factors(GTFFs)

GTFFs are given by: kim, 2022

(Avpf’ Sfchiw (z)|N, p:, 8:)

a @ v m2 - m2 174 (83 m2 - m2 « v 1 v «
=ﬁa(pf,8f){F1 () (g {npr} 4 %gu A% — %g {eAvY EP{“A YA )
a LDV A (m2A+ ik mg)z UV A O m2A+ Ea m12> {p AV} A * dﬂT/“/ =0-5 ConserVing FFs

HE(O) | PPP AT+ AN2 AN TP AT e 4 non-conserving FFs cancels in total FFs
+ F3(t) (A“A” - Azg‘“’) A

2(m, + m m, +m 1
+ Fg(t) ga{u,yu} + ( P ; A+)g;.u/Aa R ; At ga{pAu} . —2")’{#AV}AQ

A A A
ma ., —m2)(m, +m m2 . — m2

+ F2(t) (P{u,yu}Aa s (ma+ pi(z P A+)g#uAa _ My Z;’LA’“ pleAvI A —A;A2 P,Y{uAV}A“)

+ (Cf(t)g“"Aa + C2(t) AP A, + Ce )y * A A, + C(t) gl Av}) }v5u(pi, 5;) =10
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Ch PT |n CU rved SpaCe—tI me Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022

A systematic way to study of hadronic processes induced by gravity in the low-energy domain

QCD
l > p = \ > ] = p
p % S § p ¥ \ /
. N S
SU(2) ChPT: | : ié : § : - -
quark & gluon — pions
n (AT, ATT)
AT = \ > ’ — AT
\ /
AN - _ /
(7% 77)

in presence of External Fields:

s, p, v, af « Two sources for isospin symmetry breaking:
1. s =diag[m,, m;], when m, # my, p— At
2. electromagnetic interaction I1=1/2-1=3/2
> >

In curved space-time:

P
Gpars By By 5, e Flatlimit: g,,(x) = 1,
« To connect Lorentz and Dirac indices: y, = ¢y,
o Vielbein fields satisfy: ele/n,, = g,
> >
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Building blocks for ChPT actions

X Dim P C H.c.
70 \/§ﬂ-+ uF 1 Ut (u*)T uP
¢ — \/571-_ —7'('0 ’U# 2 —ué‘ cijung ’U,f
w2 e ()T R
qb P2 R ek R
U(x) = exp FO X+ 2 dExx )t Exa
X+i | 2 EX+i  CijX+,;  EXti
u?(z) = U(x) Xis | 2 FXds  Xis Xk
. ¥ . . ¥ g 2 2 F(E) g
u =i {u (0" —irt)u—u (0" —il*)u'} %Z- 2 i;;i’ji q:c,-jiji’jj %”;
v 2 14 . vV v
+,s +,s +,s +,s

Table 1: Chiral dimensions, transformation behavior P, C and H.c. of the building blocks.

Derivatives on fields:

T D,U = 8U—erU+zUl

N Va8 = 0,0+ L witou + (T, —inl) ¥
A VIW = 698, + 6T, — is0(®) — i€ Ty (r*T,) + LoVwibo,, | U — T2, v
w v Iz p— W0TU, T e (T N)+2 W, Tab v T urv Tt
« Spin connection: w” = — 1/2 g"*e{ (a et jfl“gy>
. Christoffel symbol: I';, = 1/2g% <aagﬁ0 + 0484 — aagaﬂ)
d°p M n ~y —1p-T = — ip-x
Rarita-Schwinger fields: Z/ 27Tp3 EA (P, SA)UH (P, sa) e P + dl (P, SA)"Uu (P, sa) € ]
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Power COU ntl ng, RenOrmal IZ&tIOn Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022

e-counting scheme:
(i.e. small scale expansion)

electric charge e:
Pion mass M:

1

: Loop momenta: 1
Derivativeson Nor A: 0

0

1

1

Pion lines:. -2

M Nucleon lines: -1
assSes my, ny: .

A N Delta lines: 1

Mz — M .
A TN L™ vertices: N
Momentum transfer:

To calc delta matrix elements of order 3 (up-to one loop)

Other counting schemes, e.g, -scheme where M ~ 52, just shift some digs to higher orders
Pascalutsa, Phillips, Phys. Rev. C 67, 055202 (2003)

Use EOMS (extended on-mass-shell) scheme

(remove divergent + power counting violating pieces (PCBs) only)

Strategy of regions to check possible PCBs

[Beneke and Smirnov, Nucl.Phys.B 522 321-344, 1998; Gegelia, Japaridze and Turashvili Theor.Math.Phys. 101 (1994) 13131]:

see D.-L. Yao’s talk on Monday
N. D. Conrad’s talk on Tuesday
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ACtIOnS |nCI Ud | ng A Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022

2
S = / d*zy/—g {——FWF“” %AMA“}

2

52 = / d*z\/—g {F e Te(D,U(D,U)") + FITr(XUT +UXT)}

(1) _ 1 T #4—) T JA = 7
SNy = | d7z/—g ViV, ¥ —mUV + 7‘11'7 Ysup V¥ ¢,

see N. Dopper’s talk on Tuesday
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ACtIOnS |nCI Ud | ng A Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022
m2
S\?) = / d*z\/—g { — 7 Fu F* + T'YAMA“}
F? F?
S = / d*z\/—g {— g Tr(DLU(D,U)Y) + — Tr(xUT + UXT)}
S(l) /d4q;,/ {‘Ilzfyﬂv U — mU¥ + 7 PyH 'ysu,b\ll}

Q) o4l i oae i PR XD VA (. 2 PRt S P
S A= d*z/—g|g" ¥, Vo ¥, —ma gV ¥, —g Wiy VY, + Uiy VU,

g1

+ 0y AR +maV Y + 5 g L uay s T, + 2@ (o +uyt) 45T

2

g3 =, o U Tt
+ E\If”uav“v Y5y ‘I’V]

T v v 1V 1 i
S(Alf\?g = /d4$v —g {—gnN/_\.‘I’ (g" — v ) u, Wi + d§2)z\11f e (gu)\ = [zn + 5‘ 'y,/y)‘) WA 4 H.c.} :

e m, — 0, no IR divergences
e Choose off-shell parametersas A =-1,z,=0
e Constrainon LECs g, = g; = — g,

e g.va and d\” are fixed by A — p decay and other LECs given by PDG or refs:

—No free parameters: see N. Ddpper’s talk on Tuesday
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EMT Ve rtICeS Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022

Actions in curved space-time: S = / d*z —qg L

2 05m 1 | dS 05
CalcEMT. T,, = = T,, = e e
a v—g dgH # 2e [56““ i deav H
Variations need to be considered: 6g,, , 5,/—¢ , S’ Se, , 61", ,0R , 6R,, , 5RPW .

see H. Alharazin’s talk on Monday

Results:

@ _ e [ e o 4
Trw = — Tr(DUDU)Y) = 5= § 4 TH(DU(DaU)") + = Tr(XUT + Ux') ¢ + (1 > v)

) > _ _ <~ _ _
T® 1§ y,D, T+ QZAW VY5, U — "g—” (\IJWDQ\I; —mIV %“ \117a75ua\P)

1old 2
+ (p < v)
T(l) _1 \i/z oy \I} a‘Ij’i \i,z o, B Z\If \I} o ’L\I,’l,
TINA,uv _égﬂ'NA nMV[ aU; ¥+ Yu; W, — W vy Ug® — ¥ 7 Ug a]

— grNA (\i";uf/\lf + \Tlufj\I!L) + ...
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p - A+ gravrtat'OnaI tranSIthn FFS Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022

Leading tree order contributions to GTFFs starts from chiral order Q*: Not tree contributions in this work(Q?):
SXLJ)V = /d4 V—=gdse® R*P U5 (12 +1) v57°¥u i + (x4) terms

N e

(gravitational interaction itself preserves isospin symmetry:)

One-loop contributions to GTFFs

1. Strong contributions: g : g : g : g

» Gravitational-source-baryon-baryon vertex T%" , T\* has both chiral order 0°, and Q'
« No power-counting-violating terms and UV divergences up to Q°: It has to be this way:
o All LECs are fixed, i.e., no free parameters involved: Predictions of ChPT:

2. Electromagnetic contributions: pion lines replaced by photon lines in above diags
« Every diagram always company with e?( ~ Q%)

o Starts at chiral order Q?
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Real part of GTFFs

RG[F4] X 104

Alharazin, BDS,
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Figure 3. The real parts of the p — A" transition form factors. Dash-dotted (black), dashed
(blue) and solid (red) lines correspond to the form factors containing contributions of loop diagrams
with inner pion and nucleon lines only, diagrams with inner pion and nucleon lines plus radiative
corrections, and all loop contributions, respectively.
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Imag | nary part Of GTFFS Alharazin, BDS, Epelbaum, Gegelia, MeiBner, 2022
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Figure 4. Imaginary parts of the p — A™ transition form factors. Dash-dotted (black), and solid
(red) lines correspond to the form factors containing contributions of loop diagrams with inner pion
and nucleon lines only, and diagrams with inner pion and nucleon lines plus radiative corrections,
respectively.
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Leadlng COntrlbUthnS by pIOn maSS dlfferenCeS Alharazin, et al, arXiv:2312.05193

1. Terms proportional to 1 1 M2, — M3,
. . i TR 5 e Left and right sides
pion mass differences P —-M2, p?-M7  (p2—M2) (p? — M2) |
have same chiral order
-2 -2 )
0 0 9,
2 2
. ~ md —_— ml/l ~Y mﬂ_ ~ Q
2. Terms proportional to 1 1 o m/
, S : S n . . .
proton-neutron (A’s) G m = W - ( ) ( ) Right side is one
= = —m -m .
mass differences g n P—mp) (p—Tn order higher than left:
-1 -1 0
0 0 9,
3. Electromagnetic
contributions are = ‘ 2 2
X | - -
negligible in chiral limit 5 | £ &
3 1 = =
_\\:\ _10““ R IR ER|
g.oo 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
—t [GeV] —t [GeV?] —t [GeV?]
if-f = . - e
| Note: Separating strong and | = | : o Blue lines: m,_. # m.,
lectromagnetic | in breakin s ‘ el :
electromag f:'t: :OS_F:h breaking § | = o Red lines: m_. =m_
Is anyway afflicted with some = 1 =
ywEy | . : . Black dash: EM
uncertainties: running couplings 10 B 12 e T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
MeiBner and Rusetsky, Effective Field Theories | 5 5
| —t [GeV?] —t [GeV7]
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Summary

1. N — A (or zN) GPDs access the longitudinal momentum distributions of the active quarks in this

transition, but it’s not easy to extract GPD from experiments.

2. Sum-rules connect GPDs and GTFFs which can provide some constraints/inputs on how to

extract GPDs.

3. ChPT actions with A degree of freedom in curved space-time is constructed and p - A* EMT are

obtained systematically, then GTFFs are calculated up to the leading one-loop contributions.
4. Electromagnetic and strong isospin violating effects give contributions of comparable sizes.

5. All LECs for gravitational N — A transition are fixed (no free parameters involved), so our results

can be regarded as predictions of ChPT.

6. Outlook: ChPT calculation for transition GFFs of the one-pion-graviproduction off the nucleon is

undergoing (also not easy...).

Thanks for your attention!

16/15



Backup

ga =1.289, g¢g=1.35, mgo =0.135, m, =0.938, m, = 0.940,
ma= 1232, F=0092, m,i=0.140, mxii =1.231, Mmxi'= mA,

mao =1.233, g, =9g4/5, e=0.303, d¥ =2.72GeV!,
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D-term for spin-0

Kobzarev & Okun 1962; Pagels 1966;

A 1 -,
Definition: (p"|T}%, (z)lp) = |2PuPy A%(t) + 5 (AuAy — 9 A2 D (t) +2 m2 &% (t) g | 6@~ 241

Free Klein-Gordon field (no interaction): Callan. Golorman. Jacki 1970
1 Collins, 1976,
1 n & weitzer,
L = 5 (auq))(gﬂq)) _ Vo(<1>) : Vb(q)) _ 5 m2d2 Hudson & Schweitzer, 2017

5 | p= lim D(t) = —1

T _ 2
we \/—_9(59“’/ t—0
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D-term for spin-0

Kobzarev & Okun 1962; Pagels 1966;

A 1 -,
Definition: (p"|T}%, (z)lp) = |2PuPy A%(t) + 5 (AuAy — 9 A2 D (t) +2 m2 &% (t) g | 6@~ 241

Free Klein-Gordon field (no interaction): Callan. Colerman. Jackiw 1970
1 1 Collins, 1976,
L — 5 (auq))(ap,q)) . %((P) , %((I)) _ 5 m2(1)2 Hudson & Schweitzer, 2017

2 69 . -

Action in cured spacetime with conformal symmetry requires a non-minimal coupling term:

Sgrav—/d"xf( 9" (O, <I>)(8,,<I>)—V(<I>)—%hR<I>2) , h= E(Z:?)

Ty =

Generate one “improvement term” in EMT (not vanish in flat limit)

UV v v 2
elmprove — _h(aua o g,u D) (I)(CE)
(with 0 = g"'V,V,)
o g L opo L
improve T 3
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D-term for spin-0

Kobzarev & Okun 1962; Pagels 1966;

A 1 -,
Definition: (p"|T}%, (z)lp) = |2PuPy A%(t) + 5 (AuAy — 9 A?) D(t) +2 m2 () g, | €@ P 241

Free Klein-Gordon field (no interaction): Callan. Colerman. Jackiw 1970
1 1 Collins, 1976,
L — 5 (8N(I))(ap,q)) . ‘/()((P) , %((I)) _ 5 m2(1)2 Hudson & Schweitzer, 2017

2 4S . ~

Action in cured spacetime with conformal symmetry requires a non-minimal coupling term:

Sgrav—/d":c\/_( 9" (O, <I>)(0,,<I>)—V(<I>)—%hR<I>2>, h:%(ﬁj)

Ty =

Generate one “improvement term” in EMT (not vanish in flat limit)

efrrliprove = —h(9"0" — g""1J) <I>(:c)2 o Even |nf|n|te3|mally small mteractlons can |

drastically impact D-term |
« Cannot arbitrarily add “total derivatives” to ~\
the EMT

(with O = ¢"'V,V,)

1
THY — T“V—I—HMV = D =——

improve 3
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Actions from “pure” gravitational interaction anarazin, sos, epetaum, Gegelia, Meisner, 2022

: P — P __ P P TA _ TP TA )

Riemann tensor: R, =0, — 0, + T\ =TI,

Ricci tensor: R, = RAM,/ ¢ Chiral order = Q*
.. . MV DA

Ricci scalar: R=g""R’,, J

S, = / d*z\/—g [hl R g*P Wi Wl ...
+ hys R* \TIL\IJZ'/—F

+ ihyg Rﬂuaﬁ\igauy 7[’3 + .. ]

There are 15 terms in total
8 out of total 15 terms (A,’s) actually contribute at tree order
h’s provide counter terms, absorb power-counting violating terms

EMT surface terms DO matters, same as the spin-0 case
Hudson,Schweitzer, 2017
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Actions from “pure” gravitational interaction anarazin, sos, epetaum, Gegelia, Meisner, 2022

- A A
Riemann tensor: Rf, ., =00, =0, + 0\ Iy, =TV, T},
Ricci tensor: R, = RAM,/ ¢ Chiral order = Q°
Ricci scalar: R = g’“’RAMV J
One-loop finite parts of counter terms :
(2) _ 4 aB Tt i _ Shiamy  (1575g2na +172g7) mu
Seap = [ @ xV—glhy B gV Vs + ... o =" 20736072 F? ’
_ _ my (45 gz v + 2336 g7)
+hy R U U, + ... Ohq = ~20h10 — Ohnzmuy 5184072 F2 !
she — Omz  11(135 gana +12447)
; pv oy g °T 2 20736072 F2 !
+ thio R \IfaO'l“, 3 + .. ] (97;2 4490 62) ma
5h13 = 25h10 — 5h12mN + TN A L

1036872 F2

There are 15 terms in total
8 out of total 15 terms (A,’s) actually contribute at tree order
h’s provide counter terms, absorb power-counting violating terms

EMT surface terms DO matters, same as the spin-0 case
Hudson,Schweitzer, 2017
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