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PDG 2015

Baikov
Davier
Pich

Boito

SM review

skedap-1

HPQCD (wilson loops)
HPQCD (c<¢ correlators)
Maltmann (wilson loops)
JLQCD (Adier functions)
PACS-CS (vac. pol. fetns)
ETM (ghost-gluon vertex)
BBGPSV (static energy)
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GFitter

electroweak
precision fits

ms .
(tt cross section) ] ]

hadron

0.1 0.115  0.12

A. Pich

0.125

collider,

0.13

o (Q?)

03

0.2

0.1

S. Bethke, G. Dissertori, G. Salam

October 2015
v Tdecays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
o e'e” jets & shapes (res. NNLO) i
® c.w. precision fits (NNLO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

= QCD 04(M,) = 0.1181 + 0.0013

10 Q[GeV] 100

See also: S. Alekhin et al., arXiv:1512.05194 [hep-ph]

Precision Physics with QCD 2



New analysis of ALEPH data

Rodriguez-Sanchez, Pich, arXiv:1605.06830

as(m?)
Method (V + A)
CIPT | FOPT | Average
ALEPH moments? 03397301 | 031972017 0.329 © 3032
Mod. ALEPH moments? || 0.338 + 3312 0.319 + 3013 0.329 +321%
Am) moments® 0336 F g0 | 03171203 0.326 “ 3018
so dependence? 0.3354+0.014 | 0.323£0.012 0.329 +0.013
Borel transform® 0.328 19911 0.318 1993 0.323 79013
Combined value || 0.335+0.013 | 0.320 +0.012 || 0.328 +0.013
e as(M2) = 0.1197 + 0.0015

-

) wr(x) = (1+2x) (1 — x)2HRx (k, 1) = (0,0), (1,0), (1,1), (1,2), (1,3)
2) G =1 )2+k / (k, 1) = (0,0), (1,0), (1,1), (1,2), (1,3)
3) WM = (1= x2S ok +1)xK = 1 — (m+2) x4 (m 4 1)x"F2 . 1<m<5
4) W(Z,m)(x) 0<m<2 , 1single moment in each fit
5 W) = (1 - X"y e ™ 0<m<6

A. Pich Precision Physics with QCD 21




o at N3LO from 7 and Z

as(m?) = 0.328 +0.013

as(M2) = 0.1197 £ 0.0015

04p

(},’S(Mg)z width = 0.1196 4+ 0.0030

as(E)

03

The most precise test of
Asymptotic Freedom

02

al(M3) —af(M3) =
! 2 ° o 0w 20 0.0001 4+ 0.0015.- +=0.00307
E (GeV)

A. Pich Precision Physics with QCD 22




as(M2): 2016 Average

T decay

Lattice [FLAG]
PDF [PDG 2015]
e*e” [PDG 2015]
I, [Gfitter]
LHC [CMS]

Average

as(MZ)

——

0.114 0.116 0.118 0.120

PDG 2015: o,(M2) = 0.1181 + 0.0013

A. Pich

Precision Physics with QCD

0.122

0.1197 £ 0.0015
0.1182 £ 0.0012
0.1156 £ 0.0023
0.1169 £ 0.0034
0.1196 £ 0.0030
0.1151 £ 0.0028

0.1181 £ 0.0011
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as(M2): 2016 Average

T decay

Lattice [FLAG]
PDF [PDG 2015]
e*e” [PDG 2015]

Iz [Gfitter]

Average

as(MZ)
—_——
—_—
o
O
o
—_——
0.114 0.116 0.118 0.120 0.122

PDG 2015: o,(M2) = 0.1181 + 0.0013

A. Pich

Precision Physics with QCD

0.1197 £ 0.0015
0.1182 £ 0.0012
0.1156 £ 0.0023
0.1169 £ 0.0034
0.1196 + 0.0030

0.1183 £ 0.0011
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Inclusive Observables: Rcc(s)

Ree(s) = 127 ImMem(s)

N (q) = i [ d*x ™ (0] T [JE, (x) I, (0)][0) = (—g""¢* + ¢"q") Mem(q?)

em em em

2

R.. = M(e"e™ — hadrons) _ ZQS Ne 1"‘2 F, |:O[5(M§):|n +O<ﬂ7/\_4)

Mete™ — ete™) T s s?
q n>1
Perturbative series known to O(a2): (s =5) Baikov-Chetyrkin-Kiihn-Rittinger
F=1 s F> =1.9857 — 0.1153 np = 1.4092

F3 = —6.63694 — 1.20013 np — 0.00518 n? — 1.23957 = —12.805
FNS = —156.608+18.7748 ng — 0.7974 n? +0.0215 n} —14.952 1) = —80.434

n = (Zq Qq)z/ (Nc > Qﬁ) Singlet contributions

A. Pich Precision Physics with QCD 6



Z Hadronic Width

q — ]
§ ——

<t'% ﬁuwm Vector 4 Axial
I

I'(Z — hadrons) EW . as(/\/@) n mg IX
= —_ 7 =R N n — <7 R E—
Rz MNZ—ete”) z e 1+Z F +0

. . 4 2 M2
Perturbative series known to O(a?) |:+O <a§ Do 02T o372
mi

Baikov-Chetyrkin-Kiihn-Rittinger

Z-pole data (EW fit) ~ == o (M2)=0.1196 =+ 0.0030

Gfitter 2014

Assumes validity of the EW Standard Model

A. Pich Precision Physics with QCD 7



7 Hadronic Width:

R,

r

r—v,+had ~

NV(s) = [Vaal? (N

J)
ud,V

Davier et al, 1312.1501

g ,E o AEPH
5; ' — Perturbative QCD (massless)
T2 --- Parton model prediction
+
B,
5B
TE .
@) ) Ny
2 I
(5) + I_Iud A(s)) + |V”5| I_Ius V+A(s) Y ANTRTTRNTRI
R > o 05 1 15 2 25 3 35
s (GeV?)
vy =27 Iml_l(uld) V(S) , a1 =2m Imn(uld) A(s)

M7~ — v;hadrons]

R‘r - — - ™,V + RT,A + RT,S
M= — vre v
m? 2
™ ds s s s
_ i _ il (0+1) gy _ 02 (0)
= 127r/0 ) (1 mi) [<1+2m$> ImT (s) 2m$ Im N (s)
A. Pich Precision Physics with QCD 8



"/dAX (0| T [Jff(X) ~7,-,-"T(0)] 0) = (—&""q" +a"q") NP, (°) +a"q” N, (a)

= / ds w(s) Im I'Ig)(s) = éjl{ ds w(s) H(JJ)(S)
Sth S|=5%0

S0 S0

o)
() ~ M) (\OPE _ D.J
HJ (s) = nJ (s) - Z (_S)D/z
D

A. Pich Precision Physics with QCD




i / d'x € O T[T () 771 @] 10) = (~&""d + ") N (") + a"a” N ()

ds

d: i
& w(s) Im I'I(jJ)(s) =3 j{_so o w(s) I'I(jJ)(s)

)()0 Ob.r
~ PE __ >
(s) = N7(s) = Z (—s)D/2
D
RT = NC SEW (1 aF 6P aF dNP) Braaten-Narison-Pich '92

= 6mi 7{ (1 - x)? [(1 +2x) N (m2x) — 2x NO(m2x)
|x|=1

op = a, +5.20 a.2, + 26 373_ + 127 ai 4+ 20% Baikov-Chetyrkin-Kiihn '08
ar = as(mi)/w 5 SEW = 1.0201 (3) Marciano-Sirlin, Braaten-Li, Erler
5NP = —0.0064 + 0.0013 (Fltted from data) Davier et al '14

A. Pich Precision Physics with QCD 9



Perturbative Contribution (m, = 0) a, = 2l

d (0+1) 1 n 5}3 - Z K" A(") (Oés) - Z I aZ
—s EI’I (s) = 2 Z Kn as(—s) » n=1

n=0 - SNe—
CIPT FOPT

— 2 n
A(")(as);%%{ %(1—2x+2x3—x4) (M> =al+--.

x|=1 X ™

A. Pich Precision Physics with QCD 10



Perturbative Contribution (m, = 0) a, = 2l

d (0+1) 1 n 5}3 - Z K" A(") (0(5) - Z I aZ
—s EI’I (s) = 2 Z Kn as(—s) » n=1

n=0 - SNe—
CIPT FOPT

— 2 n
A(")(as);%%{ %(1—2x+2x3—x4) (M> =al+--.

x|=1 X ™

1) The dominant corrections come from the contour integration

Large running of as along the circle s = m2 e | ¢ € [—7,7]
n 1 2 3 4 5
K, || 1]1.6398 | 6.37101 | 49.0757 ? Baikov-Chetyrkin-Kin ‘08
'n 1] 5.2023 | 26.3659 | 127.079 | 307.78 + Ky | Le Diberder-Pich ‘02
rn—HK, || 0] 3.5625 | 19.9949 | 78.0029 307.78

A. Pich Precision Physics with QCD 10



Perturbative Contribution (m, = 0) a, = 2l

op = Z K, A(")(as) = Z ryan
n=1

CIPT FOPT

—m2 n
A () = zimfj ax (1—2x+2X3—X4) (M) — At

x=1 X m

2) CIPT gives rise to a well-behaved perturbative series

o, =011 | AY0) A9®@) AP A9) | & |
oot — 0 0.14828 001925 0.00225 0.00024 | 0.20578
Broz =0 015103 001905 0.00209 0.00020 | 0.20537
Bros =0 015003 001882 0.00202 0.00019 | 0.20389
Broa =0 015058 0.01865 0.00198 0.00018 | 0.20273
Baos = 0 015041 0.01859 0.00197 0.00018 | 0.20232

O(a%) FOPT || 0.16115 0.02431  0.00290 0.00015 | 0.22665

FOPT overestimates dp by 11%

A. Pich Precision Physics with QCD 11



XIIth Quark Confinement & the Hadron Spectrum
Thessaloniki, August 29, 2016

PDFs from Jefferson Lab to the LHC

Wally Melnitchouk
J;ﬁegon Lab

jm JLab Angular Momentum (JAM) collaboration: http://www.jlab.org/JAM

]  CTEQ-JLab (CJ) collaboration: http: //www.jlab.orqg/CJ



http://www.jlab.org/CJ
http://www.jlab.org/CJ

Universality of PDFs allows data from many different
processes (DIS, SIDIS, weak boson/jet production in pp, Drell-Yan, ...)
to be analyzed simultaneously

— global QCD analyses of spin-averaged (f = fT + f*)
and spin-dependent (Af = fT — f*) PDFs

Precision PDFs needed to
(1) understand basic structure of QCD bound states
(2) compute backgrounds in searches for BSM physics

— (7 evolution feeds 2 o
. 2 13 %9 Q collider

low x, high O° (“LHC”)
from high x, low Q? (“JLab”)

fixed-target




Valence quarks & QCD models

Valence d/u ratio at high x
of particular interest

— testing ground for
nucleon models
in x — 1 limit

o d/u—1/2
SU(6) symmetry
o d/u—0

§=0 gg dominance
(color-hyperfine interaction)

o d/u—1/5
S,=0 qq dominance
(perturbative gluon exchange)

o d/u— 0.18 —0.28
DSE with gg correlations

~

>
-
/

Roberts

BN CJ15

0.8 MMHT14
i 1 CT14
0.6l 1 JR14
i - 1€— SU(6)
3 0.4¢
! 1 _|DsE
0.2} J<— helicity
OF <«— scalar gq
0 02 04 06 08
xr

—> considerable uncertainty

at high x from deuterium
corrections (no free neutrons!)



Valence quarks & QCD models

Valence d/u ratio at highx -
of particular interest

DIS only

+ BONuS (JLab) |
+ ¢ asym (& Z rap)
+ W asym

0.4}
— significant reduction of

PDF errors with new 0.3
< —DSE

JLab tagged neutron & =

0.2¢ {<€— helicity
FNAL W-asymmetry data

0.1}

CJ15
0.0 <«— scalar gq

03 04 05 06 07 08 009

0.8l —— CJ15

—> extrapolated ratio at x = 1
d/u — 0.09 £ 0.03
does not match any model!

0 05 1 15 3 25 3 — upcoming experiments at JLab
Yyw .
Accardi et al. (2016) (MARATHON, BONuS, SoLID) Will
determine d/u up to x ~0.85




Light quark sea

From perturbative QCD expect symmetric qg sea generated
by gluon radiation into g pairs (if quark masses are the same)

9 —> since u and d quarks nearly degenerate,
Y expect flavor-symmetric light-quark sea

% —
3%<a (d) d ~ u
w (d)

In 1984 Thomas made audacious suggestion that

chiral symmetry of QCD (important at low energies)
should have consequences for antiquark PDFs in

the nucleon (at high energies)

T «—(ud)




Charm in the nucleon

Associated prompt photon + charm production
pp — v+ ¢+ X may reveal “intrinsic’” charm component

QMC g Q0000000

—> “smoking gun” would be observation of

asymmetric distributions c(z) # é&(x) \ﬁ/

—> | Tim Hobbs talk &
Tue. 18:30 e

VaVAVAVAVERS

Bednyakov et al. (2014)

32



Outlook and new directions

Study of PDFs has brought together essential elements
of nuclear and high-energy physics

Q? =10 GeV?

107 10° 102 01 03 05 07 09
X

BSM

nucleon :
ucieo physics

structure

astrophysics

neutrino

) oscillations
chiral

physics quark-hadron

duality
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from 29 August 2016 to 3 September 2016
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H1 and ZEUS

g I ® HERANCe'p 0.5 I ICI ISZO1 6
A Xgy = 0.002
© 4 [ xy=0.0002 Vs =318 GeV
B [hessaloniki, Greece
| /, { HERAPDF2.0 NNLO )
r / 2 Xg; = 0.008

Stefan Schmitt, DESY
s For the HERA collaborations
: T H1 and ZEUS




Outline

« The HERA collider

* Deep-inelastic scattering
« Data combination

« The combined HERA data
« The HERAPDF2.0 fit

- Jet production and a_

CONF12, August 2016 S.Schmitt, HERA results 2



HERAPDF2.0

elity

HERAPDF2.0 PDFs: family of fits =
based on HERA data alone, at NLO
and NNLO

» All fit variants are available in the
LHAPDF library

e Shown here:

- Default NNLO fit with uncertainty
bands: “HERAPDF2.0 NNLO”

- Variant with non-negative gluon
‘HERAPDF2.0AG NNLO”

CONF12, August 2016 S.Schmitt, HERA results

0.8 -

H1 and ZEUS

‘ \\\‘ T T T T TTTIT
u?:lOGeV2

—— HERAPDEF2.0 NNLO
uncertainties:
I experimental
[] model xu
[ parameterisation M

wune HERAPDF2.0AG NNLO




HERAPDF2.0

elity

CONF12, August 2016

H1 and ZEUS

HERAPDF2.0 PDFs: family ., """ .7 73
of fits based on HERA data . ... .o ooy
alone, at NLO and NNLO - : 5 \
Overall good description of ~ *~gww Mg gosa g
the data down to low Q? NN
Some deviations in the 3 : - a
region of low x at low Q? T

1 [ L Js=r;1i§ég]c eposmt

S.Schmitt, HERA results
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Summary

Recent publication of combined HERA inclusive cross section
data: precision better than 1.5% for Q2<500 GeV?

A unique dataset probing the proton structure over more than
five orders of magnitude in Q% and x

Parton densities HERPDF2.0 derived from HERA data alone

Together with DIS jet data, the strong coupling can be
measured T

elity

Aim to reduce scale uncertainties on a_from DIS jets in the near
future using NNLO calculations

CONF12, August 2016 S.Schmitt, HERA results 22
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Lots of X, Y and Z states observed by BaBar, Belle, BESIII,
CDF, CLEOIII, CLEO-c, CMS, DO and LHCb Collaborations

N. Branbilla et al., arXiv:1404.3723

State M, MeV I, MeV J¥C Process (mode) Experiment (#o) Year Status
X(3872) 3871.68=0.17 <12 17t B K(zxtx J/¥) Belle [B10] 1030] (>10), BaBar [1031] (8.6) 2003 Ok
pp — (xtx—Jj) ... CDF [1032 M033] (11.6), DO [1034 (5.2) 2003 Ok
pp — (mtx—JfyY)... LHCb [1035] (np) 2012 Ok
B = Kzt~ =J/¢) Belle [I0137 (4.3), BaBar [I38 (4.0) 2005 Ok
B — K(yJ /) Belle (5.5), BaBar (3.5) 2005 Ok
LHCb [[{4]1] (> 10)
B — K(yy(28)) BaBar (3.6), Belle (0.2) 2008 NC!
_ LHCb [TTE7] (4.4)
B — K(DD*y Belle (6.4), BaBar (4.9) 2006 Ok
Z-(3885)T  3883.9+45 25%12 1t Y(4260) - = (DD*)* BES 111 [I044] (np) 2013 NC!
Z-(3900)T  3801.2+33 408 ?7— Y(4260) = x(xtJ ) BES 111 [I045] (8), Belle 10486 (5.2) 2013 Ok
T Yian ot al [CT. RN Aatal TTATI (~R)
Y(3915) 39184 =19 20=5 0/2"" B K(wJ/y) Belle [TURS] (8), BaBar [T038, 108G (19) 2004 Ok
ete = ete (wl /) Belle [T090] (7.7), BaBar [T091] (7.6) 2009 Ok
xc2(2P) 3927226 246 2ttt ete — ete (DD) Belle [I{i52] (5.3), BaBar [10G3 (5.8) 2005 Ok
X(3940) 394279 37+ M+ ete = Jfy(DD®) Belle [I08G] [LUST7] (6) 2005 NC!
Y(4008) 3891 = 42 255 +42 17~ ete™ = (xTx~ JfY) Belle [1046, (7.4) 2007 NC!
Z:(4020)F  40229+28 T.9+3.7 77 Y(4260,4360) — = (x T hc) BES 111 [I048] (5.9) 2013 NC!
Z.(4025)F  4026.3=4.5 24.8+9.5 2"~ Y(4260) = =~ (D*D*)* BES 111 [IU4% (10) 2013 NC!
¥(4040) 4039 =1 8010 17— ete — (D)1 D(=)(x)) PDG [ 1978 Ok
ete™ — (ndfY) Belle [TO9Y (6.0) 2013 NC!
Z(4050)* 4051123 828l 9+ BO o K—(mtx.1) Belle [[098] (5.0), BaBar [I057 (1.1) 2008 NC!
Y(4140) 41458 =26 188 7't Bt o KH(oJ/y) CDF [I098 (5.0), Belle (1.9), 2009 NC!

LHCb [LI00] (1.4), CMS [LI0I] (>5)
DO (3.1)

quarta-feira, 31 de agosto de 16



w(4160) 4153 =3

X (4160)
Z(4200)*
Z(4250)+
Y (4260)

+29
415675
41967150
+185
4248115
4250+ 9

Y(4274) 4293 =20
X (4350)
Y (4360)
Z(4430)"

X (4630)
Y(4660) 4665 = 10

103 =8

q+113
a7 +99
bt
b g
108 =12

t+18

1375
78 = 16
+37
166 32

+41
9275
03 14

iIn 2014:

ete” — (D)D)
ete” — (nJ /)
ete — JfY(D*D*)
BY = K- (x+ J/)
BO_’ K_(“-*-XCI)
ete™ = (anJfy)

et e — (fo(980)J/¢)
ete — (= Z.(3900)T)
ete — (v X(3872))
Bt — Kt(aJ/y)

ete™ = ete (0J/Y)
ete = (xta~¢Y(25))
B & K~ (xty(29))

BY & K— (=t J/Y)
ete” = (AZAD)

ete™ = (vt x~¢Y(25))

PDG [

Belle [1095 (6.5)
Belle [TOR7] (5.5)
Belle [TIUJ (7.2)

Belle (5.0), BaBar (2.0)
BaBar [1104] (1105] (8), CLEO [1106 [1107] (11)
Belle [1046] 10%4] (15), BES 111 1045 (np)
BaBar [I105] (np), Belle [1046] (np)
BES 111 [T045] (8), Belle [1048] (5.2)
BES I11 [TIUS (5.3)

CDF (3.1), LHCb [I100] (1.0),
CMS [LIOI] (>3), DO [LI0Z (np)
Belle [TI0Y (3.2)

Belle [[TI0] (8), BaBar [IIT1] (np)
Belle [1112 1113 (6.4), BaBar [1114] (2.4)
LHCb [IIIH (13.9)

Belle [1103 (4.0)

Belle [1116 (8.2)

Belle [IT10] (5.8), BaBar [II11] (5)

23 new states, many not confirmed
many candidates for exotic states

1978
2013
2007

2014
2008

2005

2012
2013
2013

2011

2009
2007

2007

2014
2007
2007

Ok
NC!
NC!
NC!
NC!

Ok

Ok
Ok
NC!
NC!

NC!
Ok
Ok

NC!
NC!
Ok
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up to now: 9 reported charged states
which are not quark-antiquark states

2007

BELLE

f ik

Z+(4430) Z,*(4050)

2008

L A

s Z>*(4250)
BELLE 2008

'I ]

sEsll Z:.5(3900)
2013

D

<O

BELLE

Z.*(4025)
2013

BESII

Z.*(3885)
2013

B E Sglll

Z.+(4200)
2014
D

<O

BELLE

not a charmonium state

Z.*(4020)
2013

BESII
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X(3872) @ KEK (PRL91(2003))

very narrow state observed in the decay: B — K+ (J/¢ynTn ")

best studied charmonium exotic candidate

- LHCb %

[ Ns=7TeV

Mx = (3872.20 + 0.39) MeV
[<2.3 MeV

600}~

Y Y Y -
o N B (@)
o o o o
o o (@) o

B JT 500

Events / 2 MeV/c?

3800 390

M(JAp wayTMeV/c?]

2 3Py (3990)

/

cé spec. for JPC = 171 (Barnes & Godirey, PRD69 (2004))
N3 SP; (4290)
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X = Jlp otn—aY
X = J/Y ntr—

= 0.8+ 0.3 = strong isospin and G
parity violation

M (D*°D%) = (3871 £ 1)

X(3872): molecular (D*°D° + D*°DY) state (Swanson, Close, Voloshin, Wong ...)

Maiani et al. (;Pro71 (05)) tetraquark JF¢ = 11+ state
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X = Jlp otn—aY
X = J/Y ntr—

= 0.8+ 0.3 = strong isospin and G
parity violation

M (D*°D%) = (3871 £ 1)

X(3872): molecular (D*°D° + D*°DY) state (Swanson, Close, Voloshin, Wong ...)

Maiani et al. (;Pro71 (05)) tetraquark JF¢ = 11+ state

@ molecular and tetraquark

D diquark-diantiquark inferpr‘efafions d|FF€r by
@n the way quarks are

@ organized in the state
*0

DY — D® “molecule”
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X(3872) production

B decays at B factories B

BELLE

BT — X (3872)K™

X

/

Meson coalescence

Meson Molecule »
Small binding energy

B

Agreement with data |

E. Braaten, M. Kusunoki, hep-ph/0404161
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X(3872) production

B decays at B factories B

BELLE

BT — X (3872)K™

X

/

Meson coalescence

Meson Molecule »
Small binding energy

B

Agreement with data |

E. Braaten, M. Kusunoki, hep-ph/0404161

~.6
d\
? Diquark-antidiquark picture
Tetraquark
Non-relativistic potential
Agreement with data !
fmige K
(s 4 S.J. Brodsky, D.S. Hwang, R.F. Lebed, arXiv:1406.7281
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Conclusuons |
X(3872) = mlx’rure X cl and a D D molecule

Z:*(3900) =» JP=l1* tetraquark state

Z:*(3900) and Z.*(3885) =* not the same state

Z4025) =» JP=1*2* D*D* resonance, or D-wave

background

e Z* states need confirmation. A bump in the
spectra near the threshold does not indicate,
necessarily, the existence of a state

X*(5568) =» needs confirmation, probably not
a real state




|Questions? |
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Craig Roberts. Emergence of Partonic Structure (60p)
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Franck Sabatié (CEA, Saclay);
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Peter Tandy (KSU);

Tony Thomas (U.Adelaide) ;
Shaolong WAN (USTC) ;

Hong-Shi ZONG (Nanjing U)
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» Conformal anomaly ... gluons and quarks acquire momentum-dependent
masses ... values are large in the infrared m, o500 MeV & M, &350 MeV ...
underlies DCSB; and has numerous observable consequences

» Universe with light quarks = confinement is a dynamical phenomenon
Confinement and DCSB are intimately linked in real-QCD

» Origin and distribution of mass depend on the observer’s preferred frame
of reference and scale ... Contemporary and planned experiments, DCSB
paradigm is the best way to explicate and understand the associated,
emerging phenomena. Numerous verifiable predictions accessible

— form factors, PDAs and PDFs, GPDs and TMDs, etc.

» What can experiments at an EIC add to this?
— Valence-quark region will be accessible
— However, focus is on low-x, where gluons dominate ... mass generation
in the gluon sector ... must affect potential for gluon saturation; how?

» Ability to compute valence-quark PDAs and PDFs has provided many new
insights ... must now begin to do the same for sea-quarks and glue

Craig Roberts. Emergence of Partonic Structure (60p)

a 28/08-04/09 2016: XlIth Quark 60
Confinement & Hadron Spectrum
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KENT STATE

Pion and Kaon Properties
from Dyson-Schwinger Eons

Peter C. Tandy

Dept of Physics
Kent State University USA




Topics

DSE continuum approach to QCD
- Old work on pion and kaon properties and decays

Parton distribution amplitudes and PDFs—mainly mesons as
an example. DSE-model calculations with direct connection
to QCD. Comparison to LQCD.

- Some applications to uv physics (Form Factors, HS behavior)

PDFs including X. Ji’'s space-like correlator approximation for
LQCD —a model investigation.
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DSE Modeling of Hadron Physics

- Most common: Rainbow-ladder truncation of QCD’s eqns of motion.

KENT STATE

Approximation to full BSE kernel now starting to produce resulis......

- Constrain modeling by preserving AV-Ward-Takahashi Id, V-WTI. [Color singlet]
Naturally implements DCSB, conserved vector current, Goldstone Thm, PCAC...

- RL truncation only good for ground state vector & pseudoscalar mesons, g-qq
descriptions of baryons with AV and S diquarks.

- At the very least: DSE continuum QCD modeling suited for surveying the landscape
quickly from large to small scales; finding out which underlying mechanisms are
dominant. Applicable to all scales, high Q22 form factors, etc. Do not expect ab
initio final-precision QCD results, except in special cases. [pion, kaon.. ]

- Unifying DSE treatment of light front quantities (PDFs, GPDs, DA) with other
aspects of hadron structure: masses, decays, charge form factors, transition form
factors.....

Pion & kaon g-qbar Bethe-Salpeter wavefn is very well known

1, q—1
FtrSy T (k
AV -WTI:mg - 0,P = 0= I‘qu(kz} = jy5 2 rSo_(k) + O(P)

: fT? r'-ﬁh

»
Conf Xll Thessaloniki Aug 2016 L‘.‘,..‘




Ladder-Rainbow Model Landau gauge only

S
1T 1T
g e K
1S

® Kpsp — —Yu dmae(q?) DEC(q) 7,4

1 true phen N = /= 3 .
) =d _ — _
parameter Ozeﬂs(q> R <qq>u_1 GeV (240|V|€V) , incl vertex dressing
9 Cvcff(q2> U—>_V &;_IOOP(QQ)
p-k
p . o + fw&%%
@ @
k
modern 7, K qDSE-BSE strategy: Maris & Roberts, PRC56, 3369 (1997)
® P. Maris & P.C. Tandy, PRC60, 055214 (1999)
M,, Mg, Mg~ good to 5%,  f,, fs, fx+ good to 10%  [fit : m-, mk, £, ], fx (27%)
An Ansatz for the FULL QCD kernel: A more modern RL kernel: S. Qin, L.
L. Chang, C.D. Roberts, PRL103, Chang, C.D. Roberts, D.J. Wilson, PRC84,
081601 (2009), + S. Qin (2015). 042202 (2011).
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sSummary of light meson results

Vector mesons (PM, Tandy, PRC60, 055214)
Mu—g = 5.5 MeV, m; = 125 MeV aty = 1 GeV
Mo 0.770 GeV  0.742
Pseudoscalar (PM, Roberts, PRC56, 3369)
fojw 0.216 GeV  0.207
Exl calc.
- 5 — M 0.892 GeV 0936
- 0.236 GeV 0.241
99| . ) ) fics 0.225GeV  0.241
m 0.1385GeV ~ 0.138
N ) Mg 1.020 GeV  1.072
0.0924 GeV  0.093
Ix ) T 0.236 GeV  0.259
MK 0.496 GeV 0.497
Strong decay (Jarecke, PM, Tandy, PRC67, 035202)
fx 0.113 GeV 0.109
8prn 6.02 5.4
Charge radii  (PM, Tandy, PRC62, 055204) Soxk 464 43
r 0.44 fm? 0.45 [y 4.60 4.1
I+ 0.34 fm? 0.38 — _
Radiative decay (PM, nucl-th/0112022)
o -0.054 fm” -0.086
8pmy/Mp 0.74 0.69
Yoy transition (PM, Tandy, PRCGS, 045211) 8uy/ My 5 31 207
Emyy 0.50 0.50 {gj;*j;-r'fmf:l'l' 0.83 099
2
. 0.42 fm 0.41 (exexy/mx)® | 1.28 119
Weak K3 decay  (PM, Ji, PRDB4, 014032) Scattering length  (PM, Cotanch, PRDE6, 116010)
Ay(e3) | 0.028 0.027 al 0.220 0.170
[(Ks) | 76-10°s71 738 : 0.044 0.045
[(Kw) | 52:10°s71 490 al 0.038 0.036

rib"'cb

KENT STATE Hadron Physics from DSEs of QCD PPNy



Landau gauge, lattice — QCD gluon propagator,
I.L.Bogolubisky etal., PosLAT2007,290 (2007)

a L L IIIIIII L] L IIIIIII L L IIIIIII L L IIIIIII L L rrrrrr
Gluon Propagator
H
. p=43 2 )
- N ;| =y Lattk:a ﬂzs.?- - : mG (k ) mG (O Y Oo 38 GeV
b B L=64
6t o L=72
# =80
—fit
<
ﬁ 4 - Bridging a gap between continuum-QCD and ab initio predictions
O, of hadron observables
Ko inﬂexion = Daniele Binosi (ECT, Trento & Fond. Bruno Kessler, Trento), Lei
g - Chang (Adelaide U., Sch. Chem. Phys.), Joannis Papavassiliou (Valencia
< conﬁning SP€C1’T‘G| U. & Valencia U., IFIC), Craig D. Roberts (Argonne, PHY). Dec 15, 2014. 6 pp.
2 . Published in Phys.Lett. B742 (2015) 183-188
Density
I T T T —
. RL ===
16 |
| DB -----
ﬂ- 1 1 IIIIIII L] 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII L 1 LELBLLILALI 14 - DSE —
1E-3 0,01 0,1 1 10 100 I
2 (GeV] 1208 -
q [Ge y .
5:,_'“ 10 + ; ";_‘ -
T h
N 8! ]
Table 1 6 ! b ]
Row 1 - Computed values determined from the interaction tension in Eq. (23), [ jyit
quoted in GeV; and Row 2 - the difference: £, := ¢7 /57, — 1. So as to represent 4 ll -
the domain of constant ground-state physics, described in connection with Eq. (5), ; ,""--""*. T
we list values obtained with bottom-up interactions using w = 0.5, 0.6 GeV. 2/ e, J i
T Ty Iﬁ:i;:ﬂ's IEJBZU‘E’ Ii:{.:[.:-z[).S IﬁJLzﬂ.E 0 e | | il Ty -I =~y ,
Sz 1.86 g 314 2:90 0 0.5 1 1.5 2 2.5
£¢ 0 2.8% —2.4% 68.5% 55.8% 9 9
< k® [GeV?]
8 o
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Pion F(Q?%): Low Q)?

(P Maris & PCT, PRC 61, 045202 (2000)
(P. Maris & PCT, PRC 62, 0555204 (2000)

rPSE — 0,68 fm reXPt — (.663 £ .006 fm

numerical DSE solution

T T —~——+———+—T1—— Bal-ChiuAnsau
11 | — - — bare vertex
10 . -
09 =z T~ 17
30 B . L _‘——-; . — ]
- 07 t =T
20 r E ! 1 . 1 _.ql_ h
0.0 0.1 0.2

T,=v1-a2 P&é‘ +aLrgq 19~ I | | | |

CPT: 18% effect « 10 T waee - 1
I'r_z-.h. = {1_&2) rﬁL +o? rﬂ%—]p 0.5 = t—-—-_ﬂ;.—_———_— T ‘lh
i T T~
9 9 o . 0.0 1 s 1 . ] . ] . ] . ] . ] ] i
DSE-RL: rgy, = rg, = o = 18% 04 02 00 02 04 06 08 . 1
2 L J J J

Q*(GeV)?
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P. Maris and P.C. Tandy, PRC62, 055204, (2000)

i | | | | ]
o5F T -
> - _
(b) B _
S I :
— 0.3 e JLab2001,6,8 -
S — DSE-LR (MT 2000) -
N R (e VMD p pole —
s 0.2+ | _
; + CERN '80s :
i o JLab at 12 GeV pQEI—)TA;y:n D
o1 e -
Q Q Q Q Q 0

O ] ] ] | ] ] ] | ] ] ] |

0 2 4 6

Jab data: G. Huber et al., PRC78, 045203 (2008)
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Parton Distribution Functions

y

/d4qF(q2q P.q-k k?)

S
A
e

Covariant formulation
and calculation

X

e
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Pion Valence PDF
Nguyen, Bashir, Roberts, PCT, PRC 83 062201 (2011); arXiv:1102.2448

- RS S Alichler, ISd;afelr, \l/oglelslcmgl,
04 P arXiv:1009.248 |
i ¥ 1 . soft gluon resummation
i AT } & \ (1 — x)2+7(Q%) _
! J } DSE, pQCD
03 B /' /' A l'
= /../. N 'l'
=02 / {* 3
e oL ;\ 'l
- DSE-BSE, (Trang et al)) 27 GeV> ‘{\‘
0.1 - —+— DSE (Hecht er al.) 27 GeV’ $
. ° E615 nN Drell-Yan 16.4 GeV* }&
* == EB15 Aicher et al. 27 GeV’ e,
)
e,
O L | | | | | | | | | | | | | | | | | | | | | S |
8.0 0.2 04 0.6 0.8
KENT STATE

do

prev PDF expt parm
(1 o X)1'5

CQM, duality.. (1 —x)?

NJL (pt 7) : (1 —x)°

a4')

Conf Xll Thessaloniki Aug 2016 <O



One Lattice-QCD Moment Almost Determines Pion DA

week ending

PRL 111, 092001 (2013) PHYSICAL REVIEW LETTERS 30 AUGUST 2013
Pion Distribution Amplitude from Lattice QCD
I.C. Cloét,' L. Chang,” C.D. Roberts," S. M. Schmidt,” and P. C. Tandy"*
DSE beyond RL PPV (x) = P (X5 4 — 00)

PP (x; 1 = 2) = Nx*(1 — x)°
o =0.35+0.32 - 0.24 1.5} s n=2GeV

T 1.0:

(2x — 1)%)L3°P = 0.27 £ 0.04 % .
V. Braun et al., PRD74, 074501 (2006) 05 ‘%
| Lattice-QCD %3
0.0t - - - k|
0.0 0.25 0.50 0.75 1.0
X
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Pion Distribution Amplitude

14 : EE}"H]]}tI]tiE - . vt . ].El-l--l-i{-,{.. ':EI:“ID )

1.2 b . . ]

1.0 | )
A, =

Soos :
Q. )

0.6 . - i

D.."i — IlIll —'-,-’-;:':_' —_

0.2 . DCSB improved "L

0 i L ! ! I ! I | | |
0 0.2 0.4 0.6 0.8 1
X

((2x —1)? >f;§202€v = 0.2361(41) (39) V. Braun et al., arXiv:1503.03656 [hep=lat]

“““
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The Pion Charge Form Factor:
Transition from npQCD to pQCD

1 1
F.(Q*=uv) :/0 dx /0 dy ¢%(x; Q) [Tu(x,y; Q)] ¢-(y;: Q) + NLO/higher twist.....
---LFQCD, Brodsky, LePage PRD (1980)

Q* >> Ajop + QF(Q?) ~@6r £ au(@D2(Q7) + 01/QY
\

1/t (x;
at Q* ~ 3 —4 GeV?, w¢<Q2>=§/O dx £r Q)

X

JLab expt, Theory -1, Q% -

But, recent DSE theory = ¢, (x;u =2 GeV) = w?b =3.3

week endin

PRL 111, 141802 (2013) PHYSICAL REVIEW LETTERS 4 OCTOBER 013

Pion Electromagnetic Form Factor at Spacelike Momenta

L. Chang,' I.C. Cloét,” C.D. Roberts,” S. M. Schmidt,” and P. C. Tandy”

B
B
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UV-QCD is not Asymptotic QCD

Q% >> Adcp : Q’F.(Q?) — 1677 a5(Q%) w3 (Q?) + 0O(1/Q?)

S .
e :
3 —207 — Wy (") % decrease
N [
S |
<1 —30;
— 40} | - -
10 20 50 100 200 500 1000
p [GeV] 1 TeV

e

40 o
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week endin

PRL 111, 141802 (2013) PHYSICAL REVIEW LETTERS 4 OCTOBER 3013

Pion Electromagnetic Form Factor at Spacelike Momenta

L. Chang,' I.C. Cloét,” C.D. Roberts,” S. M. Schmidt,” and P. C. Tandy”

L P T T A A A A A
i VMDppole __________ A
0.5F ,"'r;@s DSE 2013 .

N %Q) g \ i
> = :
(2. : UV-QCD (I) 2GeV(X) ----- :
—~ 0.3 =
G - e JLab 2001,6,8 10 Gev I
P + CERN '80s uw-QED ¢, = () :
o 02l T T :

_.__C.Ollf_m. 9CD¢ ) ;
0.1 JLab 12 GeV =
t ot ;
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
OO ) 10 15 20

2 2
[GeV ]
Jab data: G. Huber et al., PRC78, 045203 (2008)

r'v.z,
[ Y
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Pion Transition Form Factor

K. Raya, L. Chang, A. Bashir, J.J.Cobos-Martinez, L.X. Gutierez-Guerrero, C.D.Roberts, P.C.Tandy,

PRD93, 074017 (2016)

From unified treatment of DA, elastic FF and transition FF

0.35———————

i
W
o

L] L] I L] L]

DSE Prediction

1 no log evolution

o— of BSE ampl
i P

'\wi’rh log evolution

of BSE ampl

T
Q*(GeV?) ™

25 30

35
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Summary

- DSE approach works extremely well for pion & kaon due to symmetry dominance.

- Parton Distribution Amplitudes (pion, kaon). DSE approach shows good contact
with available lattice-QCD moments. Flavor symmetry breaking & dynamical
chiral symmetry breaking evident and quantitative in the shapes.

- Pion Transition & Elastic Form Factors DSE TFF calculation for all QA2 —-agrees

with Belle not BaBar. DSE elFF— —Connection with ultraviolet /hard scattering
QCD reconciled. Identify that the ultraviolet partonic behavior is within reach of
proposed JLab pion FF experiments.

Parton Distribution Functions (pion). Qualitative behavior of empirical data fits
reproduced by DSE g-gbar + pion loop analysis.

- Time to declare we understand the pion and kaon in QCD ?

- X. Ji’s space-like correlator approach to PDFs—a model investigation. Spurious

anti-quark contributions seem unavoidable if Pz<2 GeV. For x> 0.8, need Pz >

4 GeV for confidence in the qualitative shape. Further work in progress.
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