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1. Chromodynamic Landscape
2. Chromodynamics of Quarks in a Hadron?
3. Conclusion and Outlook?

Francis Bench and John Dainton "Towards Sub-femtoscopic, Chromodynamic, Rutherford Scattering?”
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rigorous SU(3)¢.10ur NON-abelian, gauge field theory
- asymptotic freedom < confinement < subfm

cornerstone of the Standard Model - how exactly ?
- QCD contribution to the vacuum
- chirality ?

- unification ? < sub fm

critical role in early Universe - how exactly?

- highest temperature/energy « Pphase equilibria
sub+super fm

critical role in later Universe - how exactly? o
- wide range of temperature/energy Phase equilibria

- wide range of chemical potential « 9STrophysics
super fm
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rigorous SU(3)celour NON-abelian, gauge field theory

- asymptotic freedom « confinement L b fm
cornerstone of the Standard Mode! x ™ w exactly ?

1. ¢
- QCD contribution to the vacu".\@\6
- chirality ? (p’\
- unification ? c,O‘
precision measurement” < aadronic interaction
- in/exclusive: elas* o ielastic <« super fm

. \& .. .
non-pQCD inv- (O .ce + analyticity < rigour
- deep-inelas? o iclusive: pQCD < sub fm: rigour
- deep—ex&@ ve: elastic + inelastic < sub fm

PQCL C.aalyticity + rigour

L nuclear dynamics in QCD R = RyAY/3 2 < sub fm

< sub fm
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e unitarity ’rechnology on pp — X

p

e optical theorem Yy = — BT
P XP - (Q}Qo(@@
O
QoG =w?) = L imT,, B o 2 = o)
(@) \
forward elas<". 0)0( ~0Q pp amplitude
e analyticity + rotatir 0(\6\@ «ance of amplitude
&\
O x\v 1+A(t) 21
o© \ 1 _myp —t
L Top— pp (y (QQ J (E) P T Tmg
Q,(\ OC;\ <gge
ger 0)@*\ ov.4€ asymptotic limit A(t) < 0.2

- Regge a. ¥“jotic expansion —
s or xp dependence of dynamics at fixed ¢
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e ¢lastic pp — pp

- analyticity -

(), 5740

It] S 1 GeV?
leading pole in
"Regge asymptotic
expansion”

Elastic Exclusive | ¢
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PP high-energy elastic scattering
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e Ihelastic ™ p - °n 2.5 < p,, <200 GeV/c
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- analyticity > (52) o 5220 |¢] 5 1GeV2 A(t) < —05
t
leading pole (or more) in "Regge asymtic expansion”
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e semi-inclusive ep—>eXY
- Y > pisolated in forward n — gap ng/;
- Y forward hadron(s)

deep-inelastic probe of
hadronic interaction

full with _ g2 veryempty 02 _ Q*+ME
BP secs YBj T Qzewz  MylbGeV B = 2z P T Qrw?

M, largg. ' small oo
g‘-p- F —a ¥

e | = =l N P

ful empty m

*,unquestionably dramatic: void < 920 GeV proton"
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o x-section xpo,~F, (8,Q% Xp)
- scaling violations —
1: (g5) QCD evglu’rion

- p dep¢ - g—qq azm<—_in
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* the colour dynamics of the ni’ 0\\9(2? interaction

am<_ LO+NLO X0
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S “hard” (~70%) g with g—gg and g—qq splitting
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e structure functions F,(x, Q* fixed) and E, (x,Q* fixed)
- hadron /é + QCD “y-splitting"” + QCD

"g-splitting” ~ “g-splitting” S LU

E I - photon structure functlon Fz[x}f' j
~ 2 10 at 3 Q% values 7,

l i 2 _ oV? .

o o ‘e,z\Q A HER} NC ¢'p 0.5 b 09 Ponts o e (® \&6\
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e exclusive ep—>eXY
- X,Y = 1, hadron isolated in n \ Sy

- eg deep-elastic exclusive o0 . vz‘ 7pw| Y
X=pwdpy Y=pN~".. /,\ 1 ¢ o

e embedded Bethe- Hel’r' 6(,<C[) 56 AUl - .
virtual photon split’. y 1¢ > & S

e QCD dynamics- 00(\ Oirac @\(’ 40Ns
embedded - 6°> gp Ri” 6*{\ rord scattering

e QCD sr oﬁ\“ set by
WSS P

MZ 00 QZt mz
M2 — Viin = — ) (1 T \/1 ok Ty A \/1 — 4@)

max

o 1\/12w¢¢,m — |v2| > |t|

= quark inertia in hadron chromodynamic field
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o quark flavour u/d,s,c,b & p/w, d, P, Y
e QCD scale v ?

mczl — Umin T
max Em:
2+Q% - = 2 2\ p — pN*..
== t<1+\/1+4 o -\/1—4ﬁ>
2 (M?2+Q%-t)? M2
W e . 0.2 GeV-fm
N quark “virtuality” A~ =
0.2 GeV-fm Qv V° q
~ \ ——
ey length A = of 1 Tl
collinear g*p - qp, qY p==P"E=p N .

L long and short elastic q,p — qp scattering
long and short q,p — qp Rutherford scattering
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e unitarity technology on y*p - X

e optical theorem "_“_”Eﬂ Im "
oy p (W2 Q%) = s ImTy-,, ) (W2t =0,02)

— ?Imr* -p (W2t =0,Q2) = 2F, (xg;, Q%)

L F,) (g1, 02) _forward Compton ampll’rude
]’ fixed Q2 Ty*p—>y*p(xBj» t =0, Qz)

«—A—> _ mg+QA-t
{E'% S ! Enﬁgz XBj-= Q%+W?2-m2

X
IE W2+Q2-mg s

— 22
vV My

—
™

‘» forward g*p Rutherford scattering amplitude
ot omstits (sq*p, t = O,vz) embedded in F, (xB]-, QZ)
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e virtuality v* of quark in forward q,p - q.p
- rest frame of time-like q in B-H splitting

2 _ 2,2 211,212
mg—Q<—v mg+v<+Q
Ef = — >0 Ej=— >0
2Mg 2Mg
mg+Q2a—t
Bj —
I Q2+w2-m3
. —t —t
Xp = — 2

RN Ry 5,210
W4+Q my Sqrp~ YV —Myp

2, 20 o2~ A2 2 _ N2
kmq>v +Q“> mq@v =—Q-|

G for qy= u/d quark virtuality = photon (y*) virtuality

‘» forward g,p Rutherford scattering amplitude |
Tqvpﬁqvp(sqvp, t = 0,v%) embedded in F, (xBj, Q?) ’
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e analyticity applied to forward scattering q,p — q,p
Ta,p-aqup (e t = 0,1%)

1 \1+2(Q%t=0)
— X (—) A1<0.2
xp—0 Xp

- "Regge asymptotic” limit « W= > [v?| > [t|,m], mg
- independent of q flavour
O structure function F,(xp;, 0* = —v?) + analyticity -
forward scattering amplitude T, ,,_, , (xp,t = 0,v?)
s (low) xg; dependence of F,(xg;, Q%) at fixed Q2

1 W?2+Q%? Ww?
where — = —— — — > 00
XBj Q Q“ Regge
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o (low) xg;
dependence of
Fz (XB]» 2) at

[a—y

0.6

0.4

0.2

Deep Forward Exclusive W
LIVERPOOL

.6

1.2

- 2
B Q=12 GeV’

Q¥ =6.5 GeV?

Q 120 GeV*

¢ HERANCep0.5fb "
Vs =318 GeV
== HERAPDF2.0 NLO

. Q7 =1200 GeV’

10

10
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e the universal pomeron P ?

.8
o~ 05 q
é% F, = cx ", x<0.01 2
I H 000 7
0.4 |- * =l*w*
~ - t=0) ! =
0.3 -
: At 1né+Q2—t
I x ——
0.2 i ) ] B] QZ +W2_m129
s o H196/97 _t
o1 [ — A=0 InlQ*/A’] '§ Xp = W2+Q2—m2
o extrapolation '3; il p
_L . | . | T ﬁ
0
1 10 Sq*p_vz_mzz)
@’ /

- m|96/97

o } Q% ¢ = Dh=a 1n—=—
a = 0.0481 4 Q=07(2)13(>$ga@a + @ 0037(syst)
= 0.292 + 0020 (sta0) + 0.0051(syst) GeV

' H1 Collaboration, Phys. L@Jr?r@e@wa (2004) 159
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f,

. ) 27
® qvp — qyp elastic scattering ? s
g b i , = cx ", x<0.01 W @Q
o | F - N
, ’ (\
0.3 g 0’\&0 .
| & A 4
"l X (xp,t =0,v
e e o o nap(et =0,
o[ — A=0 InlQ*’ 'Q 7 o@
””” extre 0\1\') b®0 = ¢
oL L 60\ @(\ XIP)—>O
1 10 . 40'( 6®Q p 2 Regge
S 1 GeV?) = aln=%

<.0481 + 0.0013(stat) + 0.0037(syst)
A~ 0.292 + 0.020(stat) £ 0.0051(syst) GeV
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2. Chromodynamics of
Quarks in a Hadron?
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e quarks in hadrons quarks in proton ?
ep, A - eXy p, n, A% ep = eVMy jq5cp N7 ...
H1 P E
1, hadron®*! Zeus q, v pwPY
1C Xp 1C x[p T:
p,N,A 1, hadron®*! p w2l s N+

e ep — eXp 1o oot (¥'p) > Xp+y™ > qc7
- splitting dP,-_ -z = e, n[y + (1 —y)?]

- appropriate q,p phenomenology 2 2
( 1 )1+/1(v t>—1 GeV?)

dyy—

mq+P2 Q-y*

0 a2
Tq p-qup(Xp, t =0,V )xp—>05 X

Regge

XPp
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e quarks in hadrons quarks ir @ fon ?
ep, A = eXy_p, n, A% ep — @o dijascP N ..

Y’ 1. hadron mass M

e kinematics &JQ

S I|m|1r’ <6°4uark 'virtuality” —v? in quark splitting
\

) M2+Q2—t [ . — Q2t m2

7"'(,‘]' _vlgnin = 2 (1 +\/1 +4(M2+Q2—t)2 ‘(1 _4M_Z

max
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e deep-inelastic structure of the virtual nhoton in
ete” —e'e™ + hadrons ey” o 4 hadrons

2
amea? Oyy
B B

QPM « VDM + 7
t B
— — | —6 08 10
O_ P2(Gev)
PLUTO CO”’e\/O . Phys. Lett. B142 (1984) 120

L E/ cor .stent with (QFD) splitting v* - qg (u,d, s, c)

S = dPygg = g P+ (-l dy y =
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EIaS'E
5 300 s
= 200 | wH1]
Q A H1(>-
% —Fitt
t 100 | e
= .
I3 :
ol
30

e at face 1o L.

.. some

= 10 %

1

)
Measurements I _ ¢ -
& LIVERPOOL

e Hl and Zeus Jy p—>VMp Y(W2 0%) wé(@*)

10 E

10 %

] 46

NPT e = (N

— . =57 GV W
—___ deaocer | TO0P = pp) 3

-:m.zz’,E
v-'—"'___'_.d-'_—‘ mw_ _i)_ MEE#_—_‘:_’__—_-_—_W

] s E
/M 1 v = w(25)p) :

E W'
¥p—>e% 1> T(1S)p) ﬁ
+ ZEUS 120 pb” } ""'102 ~W(Cev)

20 40 60 80 100 120 140 166 NepBmtoproduction

p(760) electroproduction W (GeV)
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e for Q° evolution of §(Q?) in
doy e ympy(W2Q%1) 2
Ty pvmipy (W2, Q) = [, == dt ~w (@)

d
[doypovp (@2 O], o2 = 57 Brown (675 )Byrercsq (6:mE) T

A

___MymT J‘Zmax22+(1—z)2 W2+Q%-m3 (1+ ¢ )]2“11»(—” l\\\qz
(MZy+Q?)" “#min z MZy+02 MZy+Q2 &o
v? , 6® gm+Q?)-mj

where ap(—v?,t = 0) — 1~ap(—v?,t) — 1 = aln— and - 0(\
a = 0.0481 + 0. 0013(stat) + 0.0037(syst) A =0.292 + 0.02° K\’\e 0.0051(syst) GeV

mq vmln ta .
7 . — max 1 + 1 +4
o O
1F 14+4—27 6 1—4 mg | : t 2
|t|<<MVM+Q2 2 (M? Mgy MZy+Q

v

0( t 2)<1

L 2-scale dependence on Q“ and m¢ (3-scale with t)
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universal q,p = q,p scattering amplitude
1+A(v2,t>>—1 GeV?)
&)

= 2 3
TCIVp_>qu (xIP)’ t=0,v ) xXp—0 R

Regge
& dependence g+, ymy (W?, Q%) « wd(Q*)  datal
5
M) < EI= A(v?) < 2(v245) ?

5 2 M24Q2-tf . — Q2t mg
mg — Umin = x (1 + \/1 + 4 M2+07—0)2 \/1 — 4@)

XPp

max

k 2-scale dependence of 4 (vrznin) = 46

max

on Q% mg (|t| small)
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o electroproduction y*p = J /Y p/Y
4
10.8
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I 0.04 0.4
w23 A Y
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» electroproduction ‘v J/Yp/Y

2 BE
0.02

{08
o.04
-0.08 106
L 0.17 ™
~0.33
g -

10 15
Q? (GeV?)

<« beware Q2% < 1 GeV? |
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Experiment: Charm Quark

o electroproduction

-0.02

-0.04

‘ A, 5"

~0.08

—0.17

BiEE

-0.67

wy/v
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y'p->J/Yp/Y
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10.6

404
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electroproduction y*p = J/Yp/Y |t| « M}y, 2 Q2

M N\ 2
m2 — 2. = I TF (1 =4—-¢
max 2 \l My
4 consistent with __c mass (GeV) PN
A(v3¢) o« O
2 —
T ey Gt 97 ¢ () R
N
WPl
driven by current 1.28 GeV/c* |~ @00 >0
~ constituent mass x\\(’ .o
4 i
“sub-fm" means 4 ~ 0.08 fm R re e
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o electroproduction vp — p(760)p/Y

1

.- 0.01 41
b 1—\/1—4# = vfF — me00o2 | Hos

e 0,04 08

1.4 —

~

<
~0.08

! o

° g
~0.17
—~0.33
—0.67
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o electroproduction vp — p(760)p/Y

— 1

11

0.9

~0.01 (i 0.8

~0.02

= 0.7
~0.04

0 © 41

~0.08 0.6

wy/ v

~0.17
0.5
~0.33

~0.67 0.4

0.3
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driven by mix of Q%and M;
constituent u/d mass < 0.2 GeV/c?
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"sub-fm" means 0.08 < 4 fm
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electroproduction y*p » ¢(1019)p/X |t| S M§ < Q2
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Xp

% consistent with Ts p—s sp(xp, £, V?) & (

driven by mix of Q% and M
constituent s mass < 0.5 GeV/c? (unconstrained!)

& “sub-fm" means 0.08 < A fm (unconstrained!)



DIS17 Birmingmam ) 4

April 2017 ¢>
The Cockcroft Institute

IIIIIIIIIIII

LIVERPOOL
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exclusive VM electroproduction at high energy
probes quark degrees of freedom in hadronic matter

P ﬂ %*p N* ..

VM flavour for Bethe-Heitler y* - q,q flavour
Regge asymptotic phenomenology for q,p = qp N*...

universal A(t,v*) o “diffractive” leading P pole

fit 0gp—evmp for flavour independence of o, 0y n*
stat limitation of HERA data
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exclusive hadronic electroproduction at high energy
probes quark degrees of freedom in hadronic matter

1, hadron®*!

1€ xp ¢t

1. hadron%*1

hadron flavour for Bethe-Heitler y* — q,q flavour
phenomenology for g,hadron — ghadron’

eg Regge asymptotic expansion for small |¢|

“diffractive” o, evmp @ HERA > consistency

low lumi

© towards quark dynamics in hadronic matter
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1€ xp ¢t

1. hadron%*1

hadron flavour for Bethe-Heitler y* — q,q flavour
phenomenology for g,hadron — ghadron’

eg Regge asymptotic expansion for small |¢|

“diffractive” o, evmp @ HERA > consistency

low lumi

© towards quark dynamics in hadronic matter
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exclusive hadronic electroproduction at high energy
probes quark degrees of freedom in hadronic matter

1, hadron®*?

1C Xp t
1. hadron%*1

small 0,)¢1.1. require large luminosity

develop better phenomenology for
gyhadron — ghadron’

L towards quark dynamics in hadronic matter ...
.. at a high energy + lumi eIC (JLeIC,eRHIC ?)
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