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e QCD started 106 secs. after the Big-Bang:
it is the glue that binds us all, and understanding its
dynamics has profound implications

e Explain how massless gluons and light quarks are confined
and bind together to form hadrons...

e ...thereby explain the origin of ~-98% of the mass in the visible Universe

llllllllllll

lllll

® QCD is likely a perfect theory / “‘
nothing needs to be added or changed : :

e Validated over an incredible energy range: 0 < E < 8000 GeV

e Unlikely to break down at any energy scale (asymptotic freedom)

® No intrinsic parameters, just need one observable to define the scale
Aqcop ~ 200 — 300 MeV QCD’s “standard kilogram”

e QCD is a theory not an effective theory

e However, it is innately nonperturbative
a priori no idea what such theory can produce
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QCD: degrees of freedom

e QCD basic degrees of freedom:
matter (quarks); gauge (gluons)

~ (color i=1,2,3 (color a=1,...,8

QE \ Au \ _ 10
\ flavor t=wu,d,s,c,b,t spin &y
e QCD action:
encodes all the dynamics
SqQcp = /d4fl? (L1 + Lgr+FrPa) Lcryrpg = s(c*F* —&£/2¢7b?)
, . 1 e Gauge fixing + FP ghost:

L1 =q ("D, —m);; qf — ZFSI/FCI;:LV BRST exact, does not appear in spectrum
D, =98, —igAlT* Ft, = 0,A5 — 0, A5 + gf " A) AS

e QCD (self-)interactions
dictate the theory’s behavior

~ gAqq ~ gA® ~ g* A
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e Gluon self-interaction runs

implies QCD is non perturbative and quark/gluons are confined

0.15}

0.10 }

—&@— CMS Rs; ratio
—ii— CMS tt prod.

—&— CMS incl. jet
—&@— CMS 3-jet mass

| —— as(Mz) = 0.1171+3%%3 (3-jet mass)
0051l B os(Mz) = 0.1185 + 0.0006 (World average)

' o
—=— HERA

—+— LEP
—A— PETRA |
-/~ SPS
—O=—Tevatron |

" 10

e QCD interaction strength:

" 100

grows with separation between gluons and quarks

e Typical scale of hadron physics

r ~ 2 fm a~ 0.5

® Perturbation theory breaks down at this distance
QCD is entirely nonperturbative across almost the entire proton’s volume

~ 1000
Q[GeV]
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e Understanding the origin of mass in QCD
IS quite likely inseparable from understanding confinement

e One possible way of addressing this are Schwinger-Dyson eqgs
which are quantum eom of Green’s functions

e SDEs: nonperturbative, covariant, IR/UV, light/heavy quarks; but:
infinite system of coupled integral equations

® Needs reliable truncation schemes
plus requires a gauge to be chosen (Landau)

Concentrate on SDE for 2-point functions —e— !

® Three equations to be considered _ (0T _ ¢ [95apa
quarks, gluons and ghosts Larirpc = s(c"F* —§/2¢b%)

e Gauge fixing + FP ghost:
BRST exact, does not appear in the
spectrum

Capture two emergent phenomena

® Dynamical mass generation
® Confinement (?)
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Intermezzo
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Intermezzo

“This ‘telephone’ has too many shortcomings to be seriously considered as a means of
communication. The device is inherently of no value to us.”
Western Union internal memo
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QCD inthe IR

e Dynamical ySB e Saturating gluon propagator e IR massless ghost e |R suppressed 3g vertex
in the matter sector dynamical gluon mass saturating dressing function  due to ghost-gluon dynamics
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PDAs within a DS framework

e Meson leading twist PDA

projection of BS wave-function onto the light front
Chang, Cloet, Cobos-Martinez, Roberts, Schmidt, PRL 110 (2013)

A
fesp(x, () = Z2(C7A)TTCD/ o(n-qy —xn-P)vys(v-n)xps(q, P)
dq
’ 1
f PS e Meson S dgcay constant / dz é(z,C) = 1
(normalization of PDAs) 0
Zo (C ; A) ¢ Quark wave-function renormalization
A evaluated at ( (2 GeV)
/ e Poincaré invariant regularization
dg of 4-dimensional integral

0(n-q+ — xn-P) e nlight-cone vector; P meson momentum
n- P =—mpg P? = —m%s

_ g+ =q+nP

xps(q, P) e BS wave-function: xps(q, P) = Sy, (¢+)'ps(q, P)Ss,(q-) qi - (1_n)P
I'ps(q, P) e BS amplitude

solution of the homogeneous BS equation

IE5(k, P) = / K gy k) S (4156 (45 P)S, (4=

| q
St (q+) e Quark propagator
solution of the gap equation A
. ) \® A&
S;l(k) = Zo(—iy-k+my) + Zy / g* D" (k — q);*yMS(q)gI’,,(q, k)
dgq
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PDAs within a DS framework

e Meson leading twist PDA

projection of BS wave-function onto the light front

Chang, Cloet, Cobos-Martinez, Roberts, Schmidt, PRL 110 (2013)
A

frse(z, () = ZQ(C,A)TI‘CD/ d(n-qy —an-P)ys(y-n)xps(q, P) © Notaccessible

dg in Euclidean space

¢ Mellin moments
used for reconstructing the PDA

m 1 A (nQ+)m
(™) = —Z2((; N)Trep DymA1 )5 (v-n) xps(q; P) e Highly oscillatory integral
JPS dq (n-P) in Euclidean space
e Two possible representations ‘ ::32;?;%?;35:1"9 factor
for determining the full amplitude 1+ 22 20
o Gegenbauer e Gaussian
Q a2(1—(22—1)2 290 35 T T T T T ]
90(.1') =Nz (1 - x)ﬁ §0($) — N[l - (2$ - 1)2] € (1={22=1)")+6%(20-1) 305 — Gegenbauer « A
I Gaussian
¢ Main difference 25)
end point behavior @ x — 1 _ 20

e Affects the inverse moment /0 dz ¢(z)/(1 ~ z) :
large Q*behavior of form factors 10}

e Heavy-heavy limit: ¢(z) — 6(1 —x/2) o.5§

e Heavy-light limit: ©(z) — 0(1 —z) (atleastin principle, see later) 0.0f
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Propagators and BS amplitudes

e Use RL truncation L LD {_ { . o

for gap and BS equation
FI/ = Y
K[STpsS| = —P"" G, [STpsS]v

e For the interaction

we set
Qin, Chang, Liu, Roberts and Wilson, PRC 84 (2011)

I(kz) _ k2 gIR(kQ) + ng(kQ)
4

2 2/ 2
gIR(k2) _ 8i5g36—k Jw
w

9672 1 — e—k2/1[GeV2]

2\ _
Guv (k) = 25 k?logle? — 1+ (1 + k?/A?)?]

e Light quark sector (GeV)
¢ =0.8; w=20.5

e Heavy quark sector (GeV)
¢ = 0.6; w=0.8

10 °\ *=+ RL light sector ]
- ! \ = RL heavy sector |
81\ ’
L \
6r \
L \
] \
4r ; \
. \,
2_! \o\
I .
/ I T
Or
0.0 0.5 1.0 1.5 2.0 2.5
¢’ [GeV7]
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Propagators and BS amplitudes

e Use RL truncation

for gap and BS equation
FI/ = Y
K[STpsS| = —P"" G, [STpsS]v

e For the interaction

we set 10; '.I‘\.\ s Ri Eght sector
Qin, Chang, Liu, Roberts and Wilson, PRC 84 (2011) 8r l '\. —— gaugzazisj:tor ]
2 T \
T(k?) = & Gir(k?) + Guv (k?) e
A E‘J
8772 2 2
2\ __ 3 —k%/w
QIR(k ) = —w5 G €
, 9672 1 — e—k2/1[GeV2]
Guv (k7)) = RPN AT
25 k?logle? — 14 (1 + k?/A%)?] 0.0 0.5 1.0 1.5 2.0 2.5

e Light quark sector (GeV)
¢ =0.8; w=20.5

e Heavy quark sector (GeV)
¢ = 0.6; w=0.8

® Heavy sector interaction

overlaps with gauge sector kernel determination
DB, Chang, Papavassiliou, Roberts, PLB 742 (2015)
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Propagators and BS amplitudes

e SDE solutions
dramatic change in the analytic structure

e Normal particle e SDE solutions
mass pole on the real axis interactions move the mass pole
off axis g

e Complex conj. singularities
characterized by a dynamically
generated mass scale

e SDE singularities
impacts our ability to find BS solutions

e Quark propagators
need to be known on a parabolic region

e Cauchy th. not valid

A (p?) if singularities are inside the contour
e Maximize parabola apices
probe bound states upto M = A, + A; (A > A))

).

A
< > o Use freedom to unbalance legs
> in BS equation

4+ =q+nP
ne|Ay/M,1—A;/M
\ o —q—(1—n)P [Ap/ 1/ M]

e Still, if gap is too big
no BS solution exists anyway
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Heavy-light systems in RL

e Choose current masses S RN ]
: ] e = 2.976(332) — Gegenbauer o |
for heavy quarks (in GeV): m. = 1.25, my =4.35  30{q, =6.487(427) % ... Caussian |
. om - 2-5; Ul
e Fix interaction parameters - a. = 1.694(104)

to heavy sector values: s = 0.6; w = 0.8 _ 2-0§ab = 2.595(72)

S- 1.5
e Evaluate properties of » mesons Lof
Exp. 1QCD :
m; Ji m; Ji m; Ji 0'5;
ne || 2.98 | 0.272 || 2.98 | 0.238 || 2.98 | 0.279 0.0 mesttSses™ e
My 9.38 | 0.501 || 9.39 / 9.39 | 0.472 0.0 0.2 0.4 0.6 0.8 1.0

e Construct an array of fictitious /g pseudoscalar mesons
down to the lowest m, RL can accommodate

e Charm sector: m, ~ 0.4

e Bottom sector: m, ~ 1.3

e Estimate PDAs parameters
use them to (SPM) extrapolate to lower m, masses
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Masses and decay constants

e Charm sector

3.01 , , , , , — 0.30
2.8
I 0.25¢1
2.67
: This Work Exp. 1QCD
§2.4f L.\\30.20’ m; | || m; || m; | fl |
i 188 ozoo 1.87 0146 1.87 [ 0.147
22 015k 1.93(4) | 0.218(1) || 1.97 | 0.182/0.187 || 1.97 | 0.175
2.0
1.8F 0.107
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0
mq
e Bottom sector
8.0r , , , , , ] 0.50
0.45¢1
0.40f This work Exp. 1QCD
Lome | fi me | i [ | fi ]
£ 035 B | 5.30(15) | 0.313(17) || 5.28 [ 0.149 || 5.28 [ 0.137
030 Bs || 5.36(13) | 0.328(11) || 5.37 / 5.37 | 0.162
‘ B 6.32(1) | 0.373(2) || 6.28 / / /
0.25¢
0.20
3.1 0.0 0.5 1.0 1.5 2.0 2.5 3.0
mq MQ(O)
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Charm sector

e Gegenbauer

2.0r
1.5¢
= 1.0}

0.5r

0.0[~

0.0 0.2 0.4 0.6 0.8 1.0

2.5f '
my [GeV]

3.5

3.0r

2,51

0.5}

0.0f

.’7
e ad
.’y.
»’.F
’V.
—_ ]
- B
0.6 0.8 1.0
my [GeV]
= in
= extr.
0.4 0.6 0.8 1.0
my [GeV]
o 5

® (Gaussian

2.0
1.5¢
= 1.0}
0.5

0-0 [ L i L
0.0 0.2

mg = 1.0 GeV
mg = 0.9 GeV
my = 0.8 GeV
mg = 0.7 GeV

0.6

| myg [Ge\/}‘

PDA max

2.5

2.4r

o
w
:

0.6 0.8 1.0

my [GeV]
= in
= extr.
0.4 0.6 0.8 1.0
my [GeV]

0.0 0.2 0.4 0.6
T

2.212%;5;

0.4189:1%3
0.2209-1%%

0442072 | 1401002
0.26200%5 | 1436432

0.2

0.6 0.8 1.0
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My « 15 a b
0.228 0.102 0.025 0.025
Charm sector e [ 2202038 1 0-ATSET 04420538 [ 14043653
may || 2.1079:232 | 0.2209197 |1 02625933 | 1.4369 93
e Gegenbauer e Gaussian
. . . 3.5 . .
2.0 207 = mg = 1.0 GeV
3.0 — m, =09 GV
25 ] = my = 0.8 GeV
1.5 ’ ’y' 1.5F = my=0.7GeV
A
2.0f >
" Q. ’.F |
5 1.0f 5 [ P4 5. 1.0f
S- S 1.5 ,V' S-
R
1.0 &
L d
0.5} P 0.5}
05f 7 - ]
& -5
0.0f= ‘ ‘ ‘ ‘ : 0.0p ‘ ‘ ‘ ‘ ‘ 1 0.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.8 0.0 0.2 0.4 0.6 1.0
x my [GeV] x my [GeV]
2.5F T 2.5 2.5F T 2.5
my [GeV] my [GeV]
2.4r 2.4r = in
= extr.
2.3} 2.3}
< 2
E 221 £ 221
= <
a a
A 2.1F A 2.1t
2.0t 2.0
1.9} 1.9t
0.0 0.2 0.0 0.2 0.4 0.6 0.8 1.0
x my [GeV]
. 2 4 . . 1
0.0 0 0 Z 0.6 0.8 0
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Bottom

sector

e Gegenbauer

e (Gaussian

B mq:?)‘.OGeV | | ‘7 8" B mq:S‘.OGeV
301 my = 2.8 GeV 301 m, = 2.8 GeV
— my =25 GeV e — my =25 GeV
2.50 — mg = 2.2 GeV 6 | 250 — mg = 2.2 GeV
= my = 2.0 GeV = my = 2.0 GeV
2.0f = my=19GeV 2.0f = my=19GeV
s == mg =18 GeV ol .&‘P == mg =18 GeV
515 my = 1.7 GeV s 4r .p-’b’ 1.5F my = 1.7 GeV
my = 1.6 GeV fV my = 1.6 GeV
1.0F= mg=15GeV PP) 1.0F= mg=15GeV
= my = 1.4 GeV ol ) > = my = 1.4 GeV
0.57— mg =13 Ge .’.a [e} 0.57— my = 1.3 GeV
. -8
0.0 ‘ ‘ ‘ ‘ ‘ oeT L ‘ ‘ ‘ ‘ ‘ 0.0} ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
x my [GeV] x my [GeV]
4.5
4.0r
-_—in = in
4.0f — oxtr. 3.81 — extr.
c>é 3.61
é = 3.4r
= 350 5
A A 32f
3.01
3.0F
2.8¢
0‘.0 0‘.5 110 1.‘5 2‘.0 2‘.5 3‘.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
x my [GeV] x my, [GeV]
af ] af ]
3: 4 3t 4
' Mg o B a b
B 0.398 0.342 0.070 0.060 | &
= | e [ 61790 [T094 T 0000 T2 16300 | 5 _
0 :I n n 1 1 n n n 1 1 I- 0 -I n 1 1 n 1 n 1 n I-
0.0 0.2 0.4 T 0.6 0.8 1.0 0.0 0.2 0.4 T 0.6 0.8 1.0
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Mg o 15} a b
0.398 0.342 0.070 0.060
Bottom sector = |in i n e
m || 46603550 | 0.2300152 | 0.6218078 | 2.174585
my || 4.6120-714 | 0.1440:954 || 0.4950-070 | 2.1660-060
e Gegenbauer e Gaussian
‘ ‘ ‘ ‘ ‘ 3.0
[= mg=3.0GeV 3r [= mg=3.0 GeV
301 my = 2.8 GeV 301 m, = 2.8 GeV
— my =25 GeV e — my =25 GeV
2.50 — mg = 2.2 GeV 6 | 250 — mg = 2.2 GeV
= my = 2.0 GeV = my = 2.0 GeV
2.0f = my=19GeV 2.0f = my=19GeV
s == mg =18 GeV ol .&‘P s == mg =18 GeV
S 15f my = 1.7 GeV s 4r p-’b’ S 15f my = 1.7 GeV
my = 1.6 GeV g,&” my = 1.6 GeV
1.0F= mg=15GeV PP) 1.0F= mg=15GeV
= my =14 GeV 2 > = my =14 GeV
-,
= my, =13 GeV o - « = my, =13 GeV
0.51 / . 0.51
- -8
0.0f3 ‘ ‘ ‘ ‘ : kT ‘ ‘ ‘ ‘ 0.0f: : ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
x my [GeV] x my [GeV]
4.5
4.01
-_—in = in
4.0f — oxtr. 3.81 — extr.
c>é 3.61
é = 34r
= 350 5
A & 32f
3.0p
3.0r
2.8¢
0‘,0 0‘.5 110 1.‘5 2‘.0 2‘.5 3‘,0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
x my [GeV] x my, [GeV]

b
000000 BS

0.2
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Infinite heavy mass limit

e What happens when mj; — oo ?
on general ground limiting moments saturate

Center

of mass
e Two body problem m

mass of the heavy-object controls overall translational motion of
entire system; no effect on the relative motion of the light object

® (27 — 1) moment
measure relative heavy/light momentum

e Check with relevant moments
add extra point at intermediate heavy mass

0.35F ‘ ‘ ‘ ‘ B F ‘
; ; - (20— 1) = 0.734 |
Me . . RSSO sl
I Vv Geigenbauer | T2 ST 20713 ]
0.30( A Gauss ] :
[ i e Fitting function
T 0.25 f b
| [ a+ —
S - h
0.201 I
: vV Geigenbauer
0.157 [ B Gauss
1 2 5 10 20 50 1 2 5 10 20 50

my, [GeV] my, [GeV]
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Limiting PDA

e Limiting PDA @ m}; — o0
can be reconstructed from moments/parameters

e PDA stable
against fitting different moms/pars

5 i ------ mC 5 i ------ mC
I (me +my)/2 I (me +my) /2
[ ey [ e— 1y,
4 —~ Limiting PDA 4 — < Limiting PDA
=8 =8
S| SN
2} 2f
1 1
O “‘H ........... 0 -w 0000000000000
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

e What does a limiting PDA imply?
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Gegenbauer or Gaussian?

351
. . = Gegenbauer
o Maln dlfference 30F Gaussian
end point behavior @ z — 1 sl
1 ) [
o Affects the inverse moment /O dz ¢(x)/(1 — ) =
large Q*behavior of form factors 5 1
<o 10}
e Large factor expected — |
up to three times (bottom sector) §
Oce o o vy
0.0 0.2 0.4 0.6 0.8 1.0 1.2
. g . my [GeV]
e How to distinguish? — sy
. . . — Gegenbauer P " — Gegenbauer
Use Bayesian determination i I S\ "
Gao, Chang, Liu PLB 770 (2017) 15} '
e Model independent S 10) s
determination of the PDA through 0.5 0.2
1 0%e)
@(k,p):/dz/ dy 9(,2) - R e B L | | | .
-1 0 (k2 + 2k - P+ %P2 + A2+ f}/) 0.0 0.2 0.4 0.6 0.8 1.0 0.80 0.85 0.90 0.95 1.00
_ o° g(v,1 —2x) 35— - ‘ ‘ 0.8p ‘ ! — ‘
SO(SU) - N/O d’}/ fy —|— A2 — a’;(a’; — 1)M2 3.0F eeeee gZizzbauer \ 1 . U SZizzbauer
| —= MEM 7 0.6/ == MEM
e Use MEM
to extract g from numerical data of @ & od
e Gegenbauer preferred el
@ end pointx — 1 i
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