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® |n order to study the hadronic processes induced by gravity we need to derive the
generally covariant effective chiral Lagrangian for nucleons and pions.

® \We obtain the three basic global mechanical properties of the nucleon (mass, spin, and
D-term) as linear responses of the action to the change of spacetime metric.

® |n reality the gravitational characteristics of the nucleon are measured in exclusive
processes like deeply virtual Compton scattering and hard exclusive meson production.

® The theory can be applied to a wide range of low-energy processes induced by gravity,
e.g. the pion graviproduction.
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Effective action in curved spacetime and EMT

The second order ECHL for pions and nucleons in flat spacetime was already derived and its
action is given by S = S, + S, with:

1. 1_ - . .
Sin = /d4x {2 VvV, ¥ — 5 VoW iy — mUv + %\ Yy Pysu, W

oa(y) v - %(uaub) (V{V., VW + {V,, V,} W) + % (0 u,) O
ica 5 ab U B Gty TG gabEr
+ 1 Vo [uy, up| V+ sV VW + 8m\lla F v + 8m\U0 (FoV ],

F2 F2
Sy = [ d* {4 Tr(DaU(DaU)T)JrTTr(XUuUXT) . (1)
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Effective action in curved spacetime and EMT

The action has following Building blocks:
® \ — 2Bo(sj— ip), DU = 0,U — iryU + iUl where By is related to the vacuum condensate,
U=exp (%T . 77) is pion matrix, s, p,/, = v, — a, and r, = v, + a, are external sources.

® A,B? = 1" A,B,, where we use for the Minkowski metric the signature (+, —, —, —) .
[ ]
u, = 1| [uTaau — udyut — i(uTvau — uvauT)] , F;Z = u' Frapu + uFpapu’,
Frab = Oarp — Opra —i[fa,1p],  Frap = Oalb — Opla — i[la, 1],
oyt 1+ gyt . 1
X+ = u'xu'+ux'u, X =x+ = 500+)

VW o= 9,V 4 (ra - ,-Vgs>) v, V0 =0,0-V (ra - iv<5)) ,

m
L it t () g |
M, = 3 {u Opu+ udyu' — i(u'vyu + uvau )} , vy is isoscalar external vector source.
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Effective action in curved spacetime and EMT

To get the corresponding action in curved spacetime we couple the individual terms in the
action to gravitational field:

o [d* — [d*x\/—g, A.B* = g"A,B,, VA, — ehivA, oA, — egegaabAW.
V¥ =V, V=0,V + %WﬂbUab\V + (ru _ I'V;(f)) v,

VW = 0,0 — S W ot — W (M= i), wib = —g"eg (Gl — €br7,).

m o' uv

réﬁ = %g/\a (aagﬁa + aﬁgozcr - 6Ugo¢B) )

I AQD... ap... vpo... ap...
o VAN = 9 AN T A T A
b _ b _ b _ b _
® elenap = g, ehepn’’ =g, elelgh =", ebejgu = nab.

We have to consider higher-order couplings to the gravitaional field, as to R,3 and K.
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Effective action in curved spacetime and EMT

The GCE actions are found to be:

1 - _ _
SN = /d4x\/ { Vel VW — = VM\U ety W — mbv + @ Vel y@ysu, W

+ alx Vv — S—g‘w‘g”ﬁ(u u) (V{Va, VgV +{V,, Vs WV) + ?g“”<uuuy)\ll\ll
+ TW elel o [uu,u,,]\ll+C5\|JX+\U+8 U etel abF+W+8—\Ue“ epo® (Fi )W
+ FRUV+ = R (Wi, V0~V weﬂa\u)}

F2

s = | d4x¢fg{4gﬂ TT(DuU(DuU)T)‘FI;TT(XUH-UXT)}- @)
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Effective action in curved spacetime and EMT

® The EMT for bosonic matter fields in flat spacetime is given by:

2 4S
= g age e

® |n case of fermionic matter fields we have to take the functional variation with respect to
the vielbein fields:

T;w (3)

1[,65 65

Tuv = 5¢ e sean | Cuseaw | g = (4)
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Effective action in curved spacetime and EMT

The EMT is found to be:

Il — - — —
TGY = 2 ($9,D,¥ + 0,0, - D,¥ 7,V — D, ,)

— — C — —
i %“ (V50,8 + Uy ys 1, W) — 8—;2 [<uﬂu5> (W {D,, D} ¥ + {D,, D} BW)
+ (u°u,) (V{Da, D,} W + {Dy, D, } BW)

+ {(uu®) (U {D,, Dg} ¥ + {D,, Dg} WW) + (u®u,) (U {Dy, D} W + {Dy, D, } W)}
iC2
16m?
- (u® U6> W’ (NBvpu + Npuopw) DaW + v (Naw O pp + Napopv) DBW} }
2
4m?2

or {<uauﬁ> [DO&J} (nﬂvapu + T]ﬂ,LLUpV) v+ DB‘D (nauapu + nauapy) \U]
{o [<“aUM>DV(\TIW) + {Uauy,) Dy (VW) — <”MUV>D01(\T}W)]}
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Effective action in curved spacetime and EMT

- ica —
+ s W(u,u,)V + §4\U (0’1,5 [u#, uﬁ} + 0w (U Uy +opup [u,,, uﬁ} + oap [U%, ul,]> v
Cs ~ c7 -
+ oV (o + aw )W+ o (™ + 0 (Fn™ ) W
Cs

+ Z(”“”az — 9,0, )w+ (n,mnyga + N 9a08 — Npadv0s — Nwaduds)
X (\Twaoﬂw — DRV 4 \uyﬁoaw - Dawﬁw)
1 T .« ]. - . o — gA - o -

— |5 W iv*D W — 5 DV in*V — mUV + > Uy vsua W + ¢ (x4 ) VW

&} - o o - 3
— o 25 (uaus) (w{D ,Dﬂ}\u+{D ,Dﬁ}\uw) +2

6 y,0BF+ aB p+

+ U+ U SV o (Faﬁw} : (5)

(Ugu*)WW + % Vo [uy, ug] U
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Effective action in curved spacetime and EMT

F2
TH = - T(DU(D.U) + D,U(D,U))

F2 F2
— e { G IO ULU)) + T T+ U ©)

® Where

DY = oW+ (- i) w,

D = 90— (r,— i), (7)

® Although the Cg and (g terms disappear in the flat spacetime Lagrangian they still give
contributions in the EMT.
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One-loop chiral corrections to nucleon GFFs

The one-nucleon matrix element of the EMT is parametrized in terms of three form factors as
follows:

(pf, s¢| Tuwlpiy si) =

P.P,

_ Pioya A + Pooo A
a(pr, sr) |A(t)— : "

2m/\/

A[LAI/ — Nuwt
4mN

+ iJ(t) D(t) u(pi, si),

(8)

® where my is the physical mass of the nucleon, (p;,s;) and (pr, s¢) are the momenta and
polarizations of the incoming and outgoing nucleons, respectively.

® We introduced the kinematic variables P = (p; + pr)/2, A = pr — pi, t = A2,
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One-loop chiral corrections to nucleon GFFs

?*%F ?“

- ~

TW%

Figure: Tree- and one-loop diagrams contributing to the nucleon matrix element of the EMT
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One-loop chiral corrections to nucleon GFFs

® Up to the fourth chiral order the tree-order diagrams give the following contributions to
the form factors:

2¢
Atree(t) = 1_79t+X1M£t+X2t2,
my
1 Co
Jiree(t) = = — —1t,
tee() 2 mn
Diree(t) = cemn +yit + y2Mz. (9)

® Here x; and y; parametrize the higher-order tree-level contributions and they are functions
of the coupling constants.
® The D-term D(0) expanded in powers of the pion mass reads up to one-loop order:

D(0) 8a —3g2/my +2(—4a + 2 +2c3) |, M,
20 M., M21n [ 2=
N T A 8m2F2 ="y
2
(—ga(3cs +14/my) +8c3 —16c1) 5 ¥y . 5 3
M2+ 22 M2+ O(M3). 10
+ 3271_2/:2 iy + mN iy + ( ﬂ') ( )
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One-loop chiral corrections to nucleon GFFs

The slopes of GFFs are defined by writing the form factors as:

A(t) = 1+sat+0(t?),
1
J(t) = §+5Jt+0(t2)7

D(t) = D(0)+spt+ O(t?). (11)
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One-loop chiral corrections to nucleon GFFs

For the chiral expansion of the loop contributions to the slopes we obtain

7g,§ (CZmN - 4&%) 2 M 3gf\ (2compy + 1) 5 3
= oA M+ M2 () - M2+ O(M3),
A 1287 F2my + 16m2F2m3, w my 3212 F2m3, n+ O(M7)
2 2 2
Ea M Ea (4C9mN - 5) 784 2
= 4 (T M, + O(M
> 327T2F2 : <mN> 647T2F2 1287TF2mN + ( 7r)a
o - gamy 1 (5ga+4(c2+5c3) my) n (M | g2 (24 + (15cg + 40co) my)
D™ T onF2 M, 8072 F2 mu 48072 F2

(4C1 — C — 7C3) mpy
4072 F2 +O(My). (12)
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One-loop chiral corrections to nucleon GFFs

® Together with the one-loop contributions we have at chiral limit for small t :

2cg 3g3\ 3 (C2mN - 108%) 2 —t
At = 1—-—t4+ —2 (—t)2 — —>— 2L 7] —_—
(&) my 512F2mN( ) 320m2F2m3, " m3,
25g2 (12compy — 7) — 62com
_ ( gA( 9llN )2 2 N)t2+0(tg),
960072F2m3,
1 C9 gf‘ —t
J(t) = - — —t— tl —
(1) 2 my 64am2F2 1" m3,
2 2
ga (12comy —7) 3ga 3 5
t— —t o(t
+ 10272 F2 512 2my D7 T OE),

128F? 16072 F?2

(583 (40comw + 15cem + 28) + 94camy + 200c3mn)
240072 F2

2 5g2 + 4 5 —
D(t) — mNC8+3gAmN ﬁ_t_(gAJF (c2 + 5¢3) my) t|n<t>

+0(t2). (13)
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Large distance asymptotics of the energy, spin, pressure and

shear force distributions

The GFFs of the nucleon A(t), J(t) and D(t) can be related to the energy and spin densities:

3 , 2

) = [ G55 e A8+ (A8 - 2u(-a%) 4 D7) 19
3 . 2

p) = [ e [ean 4 320 (15)

The distribution of the pressure p(r) and shear force s(r) are obtained through:

s(r) = _L iliﬁ(r) p(r) = Lii2d5(r)

4dmpy drrdr 6my r2dr dr

~ 3 .
D(r) =/ (Zw?’:‘ e A D(-1?). (16)
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Large distance asymptotics of the energy, spin, pressure and

shear force distributions

Performing 3D Fourier transformation of the above GFFs we obtain the large distance behavior
of the spatial distributions in the parametrically wide region 1/Agstrong < r < 1/ M, :

9g2 1 3(10gi/my+ (c2+10c3)) 1 1
_ 1 ~ o= 17
pe(r) 6472 F2 r6 1673F2 r’ + )’ (17)
5g2 1 9¢2 1 1
= 5 3 — 1
p4(r) 64m3F2 > 64w2F2my r® +0 )’ (18)

- 12872F2 r4 16073 F2 r5

~ _ 3g§mN 1 3(5g[§+4(C2+5C3)mN) 1 —I—O<1> . (19)
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Large distance asymptotics of the energy, spin, pressure and

shear force distributions

The large distance behavior of the pressure and shear force distributions is then given by:

(n 3g§ l (Sgﬁ/m/\/ +4(c2+ 5C3)) l Lo l
P N 64m2F2 rb 1673 F2 r’ 8 )7
9g2 1 21(5g2/my+4(c+5c)) 1 1
() = & L Albg/mthatsa) 1 (1) o
64712F2 6 12873 F2 r’ r8

The general stability conditions are satisfied': pg(r) > 0 and 2s(r) + p(r) > 0.

Xiangdong Ji, Yizhuang Liu. arXiv:2110.14781v1 [hep-ph].
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Pion graviproduction

® The pion graviproduction is relevant for hadronic reactions in strong gravitational fields as
well as in hard exclusive processes.

® We calculate the amplitude of the one pion production up to third chiral order:
M2 = (w3 (k)N (pr) | TH |N(pi)) -
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Pion graviproduction

Figure: Tree-order diagrams to the one pion production matrix element of the EMT
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Pion graviproduction

At the threshold the tree-order ME has the form:

i MR = R7)Blpe) Gy { A2PHP — (m? — ) AkP)
mf — m?))?
b S g s 4 ) a(pn) T { 4% 14P)
(m? — m})
— (my + mp)AlEprY - *fN (V{HAV} ~(m, + mN)g‘“’> } P u(p)
+ (A% { AT - gAY d(pr) Ty ulp). (21)

where A = pr+ k —p;, P =p; + %, m, = my + M, and the symmetrization is defined as
Xyt = (XryY 4+ XV YH))2.
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Pion graviproduction

Our tree-order calculations give:

F(02) — 8 cogamp N dgamy (my — Mz)
Fm. (my (ms + my) — A2)  F (my (me + my) — A2) (M2 (ms. + my) — A2mp)
2
F(A%) = U

F (my + my) (my (mse + my) — A2)
2 CogA (Mﬂ'mN (ITI* + mN) 2 + A2 (2m,2\, — MZ))

s
Fm*mN (m* + mN) (mN (m* + mN) - Az)

)

£ (Az) L coM.ga (—I\/Ifrm/\/ + 4m,3V + /\/I,,A2) _ emga (2mN (my + my) — A2)
3 N Fm.mpy (my (ms + my) — A?) 2F (my + my) (my (my + my) — A2?)
n M gampy (_4’”%\/ + M72r + Az)

F (my (me + my) — A2) (M2 (my + my) — A%2my)

In the momentum transfer range A% ~ M2 ~ 2 — 0 the above FFs behave as
F1(A2%) ~ 1/e2, F(A%) ~ €% and F3(A2%) ~ 1/e.
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® The effective chiral Lagrangian of pions and nucleons in curved spacetime up to the
second chiral order was introduced.

® The corresponding energy-momentum tensor of pions and nucleons (with external scalar,
pseudoscalar, vector and axial-vector quark currents included) in flat spacetime was
derived.

® The one-loop contributions to the one-nucleon ME of the EMT at fourth chiral order were
calculated and the corresponding contributions to GFFs of the nucleon were extracted.

® The leading- and next-to-leading order tree contributions to the amplitude of the pion
graviproduction were calculated.
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