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MASS is a MYSTERIOUS CONCEPT!

Universe content

visible matter 5%
i | oh

Visible world: mainly made of light quarks

Existence of our Universe:

Proton (uud) : massive and stable

Proton mass ~ 940 MeV (~1 GeV)

Protons, neutrons, electrons ... :itis us

0.1% of visible matter is due to the “HIGGS” mechanism

What about the remaining of the visible matter?

The rest emerges from the interactions to keep
quarks together inside hadrons

Higgs mechanism Dynamics of gluons

/

Proton

Mass « 10Hx10°% g
~ 99% of protlon mass

~ 1% of proton mass



QCD Gluon Field Quark Field

A /

Locp = —QEHMAZT{}\% + U, (

a __ a a abc Ab pc

Gluons and sea quarks dominate

the proton structure at x<0.1
Density of quarks or gluons

inside the proton

= HERA
10 F Q2 =10 GeV?
Confinement |
and
Mass Generation
are IR dynamics of "
QCD ————
NONPERTURBATIVE S p——

3 Lo
10° 5 g

Fraction of overall proton momentum carried by q,g

Proton Size ~107-15m~™ 1tm

Confinement ~ 1fm

Quark Mass

/ 1
Zﬁ—m)qj—ZFa F’L“/

urv= a

Non-Abelian

Asymptotic
Freedom
is UV dynamics
of QCD
PERTURBATIVE

Quark and Gluon Size ~107-17m
Asymptotic freedom ~ 1/10 fm



Schwinger-Dyson Equations for QCD Ghost-Gluon vertex
Quark (gap) SDE

3-Gluon vertex

Gluon SDE
1, = s 1 e
"y — ooO®BTD = OOOOOOD  -1/2 1/2

Ghost SDE

A_l — e @ = e

4-Gluon vertex

[ Quark-gluon vertex ]

g W LA




Quark Propagator (MATTER SECTOR of QCD)
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Quark Propagator
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m, =140 MeV

Gluon Prop. (N;=2, Dynamical)
K. Cyrol, M. Mitter, J. M. Pawlowski, N. Strodthoff,
Phys. Rev. D97 (5) (2018) 054006 (FRG)
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gluon propagator 1/(p2 Zp)
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Quark Propagator dressings”
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We study the quark-gluon vertex in the limit of vanishing gluon
momentum using lattice QCD with two flavors for several lattice
spacings, volumes and quark masses




Non-Perturbative Quark-Gluon Vertex:

(Aa)gp t?j (AM)BP —

Yll: : -

4 8
Ab(p. k) = > N(p% K2 o% & m) LY (p. k) + > [7(p% k% a®.€ m)[T¥ (p, k)

-

A

i=1 i=1
Non-Transverse Part Transverse Part
q-Ti(p,k,q) =0 A% (p,p,0) =0
quAM (p7 q, k) — QMA/X;T (p, q, k) Ghost-Quark Scattering Kernel
i
I O \ I
Sl -Taylor Idéntity (QCD
Transverse Slavnov-Taylor- Identities SIS i 37 (21E2)
@ (p, 4, k) = Gu(q®) [H(k, —p,—q)S™ (k) = S~ (p)H(—p, k, —q)]
DN 4




Non-Perturbative Quark-Gluon Vertex:

(AL) 5, =t (Au)g, =

{ Transverse Slavnov-Taylor- Identities }

[ Normal STI ]
0N (p, g, k) = Gu(¢®) [H(k,—p,—q)S™ (k) — S~ (p)H(—p, k, —q)]
[ Transverse STI ]

iq"T% (p1,p2) — i¢"T% (p1, p2) St (py)ot” 4 " Szt (p2)
2 F/%V(plap2)]

(p1x + D2) GAMUP[[‘Ap(pLPZ)]

d*k Aivp
(27_‘_)4 2k>\ € FAp(p17p2; k)




Quark-Gluon Vertex

Slavnov-Taylor Identity:

a. ANt (P, a, k) = Gu(q®) [H(k, —p,—q)S" (k) — S~ (p)H(-p,k, —q)]

Quark-Gluon Vertexl l ‘ \ Quark Propagator

Ghost Dressing function Ghost-Quark Scattering Kernel

** Free of kinematic singularity

*** Multiplicatively Renormalisable

** Reduce tree level form in the free field limit

*“** Make sure local gauge covariance of the SDE’s (LKT)

“** Must have the same transformation properties as the bare vertex under charge conjugation and Lorenz
transformation (P,T)

*** Must satisfy STI’s

*** Must satisfy TSTI’s



Non-Perturbative Vertex (from LATTICE)

Quark-gluon vertex on the lattice :

{ A5 (p,a) = Sr(P) ' Vi(p,)Sr (P +a) ' D(a);, J

|
!
Unamputated vertex V; (p, q) =< SR(p; U)AZ(Q) > >
Gauge dependent quantity

* (Sheikholeslami-Wohlert) clover fermion action

Transverse Projection « O(a) improved rotated propagator Wilson gauge action

D,,? does not exist, so we will be looking at transverse projection

A e
A;'Z;(p, k’,g) — P/’fv(q)Al/ = (5/ﬂ/ — 2—2) Ay(p, k,g)

Some of the Form Factors in Special Kinematics in Landau gauge are calculated in quenched QCD

J.Skullerud, A.Kizilersu, JHEP09(2002)013
J. Skullerud,P. Bowman, A Kizilersu, D.Leinweber,A.Williams, JHEP04(2003)047



Lattice Parameters of Gauge Ensembles in this Study (N;=2)

Lattice action

* Wilson gauge action

* (Sheikholeslami-Wohlert) clover fermion action
. O(Oé) improved rotated propagator

« Landau gauge (£ = 0)

K

0.13596
0.13620
0.13632
0.13632
0.13647
0.13400
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Form Factor Extraction

Soft Gluon Kinematics :

Covariant Non-Transverse Form factors:

1

o N = ,
: (—190)

1

Ao = ,
o N2 (—igo)

1

L ,

PuPv
Tra(yudpu) — .
p
< PuPv
Tr4(’YuAu) —4 ;2




Form Factor Extraction

Soft Gluon Kinematics : (q,u =0, k,u — pu)

Covariant Form factors in Continuum: Non-covariant Form factors in Continuum :

>~

MOM Renormalisation: )\1R(,u2, 0, ,LL2) =1 » F}ft (p, k, C_I) — erﬁ(pa k, Q)



Lattice form factors and Tree-Level Corrections

Continuum form factors

Lattice momentum variables:

Tree-level corrected, lattice equivalents of the form factors

1 .
p, — K,(p) = R sin(p,a), C,(p) = cos(p,a)
YA 0
)\1(]? ,O,p ) g_o { [Tr4('yaA )} au}/)\g)

A2(p?, 0, p?)

A3(p?,0,p?)

\_

Re {; ;Ep) Try (1K, )} ()\(0)_,_)\

N—""

(0)
3(p)

-

)

~

(0)
+ )‘2(u))

J

Lattice tree-level corrected form factors

S—

0) . ~(0)
)‘( )+ Aoy =

(0) (0> _

F(p)(1+ 2aK2(p))”

P [~ e (1- EeK7) + 220G,

gF(p) [(1 — 2a?K%(p))”

— 4c3a2K2 (p)

— ey (1= c2a*K*(p)) Cuu(p)

)




Tree Level Corrected vs Uncorrected Form Factors
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Quenched vs Dynamical
Nf =0 vs Nf=2 (a=0.07 fm)
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Quark Mass Dependence
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discret./Volume Dependence

(a=0.07 fm)
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Lattice Spacing
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Dimensionless Form Factors
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Dimensionless Form Factors
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Covariant Form Factor

PRELIMINARY

L0O7 ensemble

A

Hit

Fay

A

Noncov, raw
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PRELIMINARY

LO7 ensemble

$3 v
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s 57
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CONCLUSION

First ever study of Quark-Gluon Vertex in Soft Gluon Kinematics for
Landau Gauge with N;=2 dynamical fermions

Soft Gluon Kinematics : (CIM =0,k, = pﬂ)
)\17 >\27 )\37 )\4 =0

A; is significantly enhanced in the IR that is stronger than in the quenched
approximation and increases as the chiral limit is approached. No significant finite-volume effects

Ao exhibits an infrared strength smaller than A; the enhancement increases as the continuum, infinite-
volume, and chiral limits are approached

As; shows considerably infrared strength larger than in the quenched approximation, increases as the
continuum limit is approach. No significant volume effect

. . 2 2
Orthogonal Kinematics: ¢ - P =0 ke =p Al, Az, A3, A4, 76,75, T7



