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®Interaction of the nucleon with gravity, EMT form factors
® Pressure and shear forces distribution in the nucleon

® Normal and tangential forces inside nucleon. Stability
conditions.

® Mechanical radius and surface tension - shaping hadrons
@ First experimental results on gravitational form factors
® Forces between quark and gluon subsystems inside the
nucleon

® Conclusion and outlook.
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Interaction of the nucleon with gravity
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Than the response of the nucleon to the static change of the space-time metric
is characterised by static EMT (Breit frame):
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Interaction of the nucleon with gravity
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Elasticity stress tensor (Landau & Lifshitz vol. 7) Shear forces distribution

Pressure distribution
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The D-term

last global unknown: How do we learn about hadrons?

|N) = strong interaction particle. Use other forces to probe it!

em: 9,Jbm =0 (N'|J|N) — Q, 1, ...
weak: PCAC (N'|JL G INY  — ga, Gp, - -
gravity: 9, Tgav =0 (N'|Tgav|NY — M, J, D, ...

global properties:
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and more:

t-dependence
parton structure, etc
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— D = “last” global unknown
which value does it have?
what does it mean?



Total p(r) and s(r), normal and tangential forces, stability conditions

The force acting on the area element dS = dS, ¢, + dSyéy + dS4€y (dF; = T;;dS;)
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All calculations of the D-term in various approaches give negative value for it.

For some systems the D-term is fixed by general principles: cp(r) x 4zm (fm! @
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What are the nucleon D-term and the forces inside the nucleon?.



Stability conditions for low dimensional sub-systems in the nucleon
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Generically, the dimensional redtiction:

1
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The von Laue stability conditions for n-dimensional subsystem is: /dV(nD) p(nD)(T) =0

— 1
o s(nD) (1)

We can view the nucleon as a dimensional reduction of an object in higher dimensions!
AdS/QCD ?




Size of the forces in the nucleon. Comparison with confinement
forces

F(r) [GeV fm]
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stretching squeezing

Compare with the linear potential force of ~I GeV/fm !

What does it imply for pictures of the confinement?

Values of D-term for the nucleon:

—2 > D(0) > —4 Chiral Quark Soliton model Boffi, Radici, Schweitzer 2001 Goeke et al. 2007

D®(0) ~ —1.56 at = 4 GeV* Dispersion relations Pasquini,Vanderhaeghen, MVP 2014
Details in talk by Barbara Pasquini tomorrow




Mechanical radius and surface tension
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Positive quantity - allows to define the mechanical radius
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p(r) & s(r) in units of p,
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mechanical radius has the intuitive clear value

= 2s(r
For general systems one can obtain the generalisation of the Kelvin relation p(0) = / dr (r)
0

s(r) can be called surface tension for the system



Mechanical radius and surface tension

0
The surface tension energy /d% s(r) = _ 9 dt D(t)

8m J_
This energy must be less than the total energy of the system /d3r s(r) < m this implies

(2 een > —9D /(4m?) we checked that for stable systems (stable solitons) is always satisfied.
Violated for unstable systems!

<T2>mech ~ 0.75 <r2>charge in chiral soliton picture of the nucleon

Shear forces distribution s(r) is important for forming the shape of the hadron.
For s(r)=0 the hadron corresponds to homogeneous, isotropic fluid. Hence has infinite
mechanical radius. Non-zero s(r) is responsible for hadron structure formation!

Interestingly the pressure anisotropy (shear forces distribution) plays an essential role in
astrophysics, see the review on the role of pressure asymmetry for self-
gravitating systems in astrophysics and cosmology.

Cedric Lorce, privat communication



Accessing p(r) and s(r) in hard exclusive processes
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Talk by Oleg Teryaev on Wednesday
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Unfortunately the Mellin moments are not observable in model independent way. However, D(t)
is related to subtraction constant in dispersion relations
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D(t) is more easy access than J(t). It is possible model independent extraction of D(t) in contrast to J(t)



Accessing p(r) and s(r) in hard exclusive processes

Simplifying assumptions (for present state of art of the experiment):

) d3(t), d5(t), ... much smaller than D(t). It is so at large normalisation scale.
2) Flavour singlet D(t) is dominant. Justified in large Nc limit. Can be relaxed for more precise data.

Under these assumptions we obtain:
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D®(t) = - At) = — A(t).
(t) 5 2(e2 +¢3) (t) 25 (t)
— The first determination of D(t) from DVCS
g | | Kumericki, Mueller Nucl. Phys. B841 (2010) |

KMIO, statistical accuracy 70%
KMI12, statistical accuracy 50%

KMI5, statistical accuracy 20%

AN

The D-term is negative, statistical accuracy is increasing
with new data added.

The systematic uncertainty remains unestimated !
Kresimir Kumericki, privat commuication




Accessing p(r) and s(r) in hard exclusive processes

Caution: |) scale of the main figure is not correct by ~10

Recent analysis of CLAS data

Burkert, Elouadrhiri, Girod, Nature 557, 396 (2018)

_____ |) D-term negative and sizeable
2) Agrees with chiral quark soliton model
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Pion D-term Details in talk by Qin-Tao Song tomorrow

e D-term of w¥

access EMT form factors of unstable particles
through generalized distribution amplitudes Y

(analytic continuation of GPDs) %

n(p)

via vv* — 7979 in eTe™
Masuda et al (Belle), PRD 93, 032003 (2016)

pest fit to Belle data — D(’)2 ~ — 0.7 Y
at (Q?) = 16.6 GeV?

compatible with soft pion theorem D _o~ —1

(if gluons contribute the rest)

Kumano, Song, Teryaev, PRD97, 014020 (2018)

n(pP’)

Slopes obtained:

1 d

1 d
D?(0) = 8.92 ~ 10.35 GeV 2.
AQ(0) dt (0) °

DQ(0) dt
Considerably larger than estimates
in chiral effective theory! Why?

— (0.73 + 1.66) GeV 2 = 2.40 GeV 2 Schweitzer, MVP 2018

A(0) = 1.33 ~ 2.02 GeV 2,

N, , In(p?/m3)
187272 T 24m2f2
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Interaction of the gluon and quark subsystems inside the nucleon
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6‘MT£/ = G, j,, +— Expression for the Lorentz force experienced by a quark
in external gluon field.VWWe may expect that Cbar(t) is
related to forces between quark and gluon subsystems.
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_ _ as(u) !
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With increasing of the QCD scale this FF logarithmically disappear.The interaction of quark and
gluon subsystems decreasing due to the asymptotic freedom.



Interaction of the gluon and quark subsystems inside the nucleon

8TQ( )
or;

+ fi(r) = 0. (5.5)

This equation can be interpreted (see e.g §2 of [QSﬂ equilibrium equation for quark
internal stress and external force (per unit of the volume) f;(7) from the side of the gluons.
This gluon force can be computed in terms of EMT form factor é9(t) as:

3
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For ¢ (0) > 0) the corresponding force is directed towards the nucleon centre, therefore we
call it squeezing (compression) force. For opposite sign the corresponding force is stretching.

The total squeezing gluon force acting on quarks in the nucleon is equal to

2M dt
Ftotal — WN/ \/7 Q()

Cbar(t) FF important to know what are (compressing or stretching) forces experienced by quarks
from side of gluons inside the nucleon. Size of this forces!?




Interaction of the gluon and quark subsystems inside the nucleon
from instantons.

Instantons form a dilute liquid in the QCD vacuum.They provide a mechanism of spontaneous
breakdown of chiral symmetry in QCD.

AP My (1) a'u = (p'|igp G vt p)
Computed in QCD vacuum using the method of

We found a strong suppression by the instanton packing fraction

_ 1 p2 R ~ _ _
cQ(t) = Cquark 5 Cquark ™ 6% In () c?(0) = Cquark =~ 1.4-1072.
(1 —t/A?)

We obtained small and positive value at a low normalisation point of ~0.5 GeV/2.
This corresponds to rather small compression forces experienced by quarks!

17

Fiotal = Cquark MyA ~59. 10—2@ it looks like the two systems decouple.
fm Justification of Teryaev’s equipartition conjecture !

We estimate that the contribution of é9(t) to the pressure distribution inside the nucleon
is in the range of 1 — 20% relative to the contribution of the quark D-term.

¥\ hegative



Interaction of the gluon and quark subsystems inside the nucleon

from lattice %o

(xQCD Collaboration)

c?(0) = —A9(0)/4 + mass term  obtained using T/?u — (0 in chiral limit

Frequently used in several other papers!/

Where is contribution of the dilatation anomaly? Is QCD scale dependence (in)consistent?

the parton ¢ = u, d, S, g... Satlsiylng the . We have pyq =
0.105(12)(12), ps = 0.002(8)(2), and p;, = —Curats =
—0.107(15)(12).

They obtained that the Cbar contribution to quark pressure is positive and
quarks experience stretching forces from the side of gluon. Picture opposite
to ours!



Conclusions

@ gravitational D-form factor is related to “elastic properties” of the nucleon, and gives access to
details of strong forces inside the nucleon.

@ D(0) (the D-term) is the last unknown global (in the same sense as mass and spin) property of the
nucleon

@ First experimental results for D(t) of the nucleon and of the pion are obtained. It is negative, as
expected from stability conditions.

@ Cbar(t) FF is important to understand forces between quark and gluon subsystems inside hadrons.
Instanton picture of QCD vacuum predicts small positive value of the FF. That corresponds to
compression forces experienced by quark subsystem (at variance with lattice results)

Outlook

@ knowledge of the D-term can be important to understand hadron interaction in gravitational field
relevant to BH or NS mergers (LIGO events).

@ the pressure distribution inside hadrons important to understand the physics of hadro-charmonia
(LHCb pentaquarks, tetraquarks with hidden charm)

@ several theoretical issues - relation between pressure and energy density (elastic waves in
hadrons?), analogies with cosmology, hadrons as projection of higher dimensional objects, etc.



