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u —} u u
L = o N interactions probed
2 i =HERAPDE i5 4 No sign for right-hande
80 - &p VX ] currents
I * H1 )
B E‘-F 0 ZEUS -
oo ~~HERAPDF 1.5
40 - -
E ."\ -]
— \ __ J: =1
= Q? > 400 GeV? \ : o 0
o+ =
y<0.9 ) e —d
| . T | 1’?
100 50 0 50 100
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° 1993 r‘ise 1_0 IOW X /:'2 & 580 CGeV - O S 10 GeV
of proton structure ¢ 7
function £, s o
- now: the gauge field N
theory QCD (gluons) =~~~ —— | ]

)

04 10 10°% 10-1 109 10°% 101

Is proton structure

‘ Q° = 30 CeV* . Q° = 60 CeV*
: T T ;;4 d ) T T
& L
+ + \! \
2+ W\ L - 2L -
xBj | 3 ) \{ ) \ [
— b 8555 | g
| _ | 1rF el ‘Q — TF ‘ { -
—@® @ @
) T | debededed bt il T | T | bl
fo*" 107 102 10~ 70 10 102 10~

'Qdiscover'y: we are (>99%) chromod);namic energy
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-
7

e relentless rise to .

U . Q> =120 GeV?

low x of structure .|
function F, ? :
- colour gauge field
iIs proton structure
- we are the colour
gauge field

&

+  + +

® HERANCep0.5fh "
I . Vs =318 GeV
s | m= HERAPDF2.0 NLO

. Q7 =1200 GeV’

Xgj_

0.2 —

0 Ao
o 0
- Fo Y -
—— — —  e— O_I ||||||| | | 1 11111 | 1 1 11111 | 1 1 11111 1 | 1 1 |
—— T —_— -4 -3 -1 -1
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'»discover'y: g— 99— gqg ... but : lni ?
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odata ep~>eX andy'p > X €— e
Y Q
- total cross-section p W2 P
2 2 < AT Qem 2 '
O')/*p—>X(Q ;W )large Wzl QZ FZ(Q 'xBj)
low xg;
2 1172 . e
O-y pﬁX(Q ' W ) opticall WZ2+0Q2 [m AV by p(Q ) w , L O)
theorem "
X Wirg? (W2 4 Q*)H*HE=0)
L} Regge asymptotic <
proton structure fUHCTIO Lipatov multi-gluons
FZ(Qer)lowx OC[ — ] "'[ ¢ O'top("’ X = Qz Qz
Ve L Qz yp  W2+Q?

k“Regge infercept” 1 + A from [F, (Qz»x)]Qz
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o f, @ |ow x <
= sa’rum’rion In ; P
o< X -A 7 5 /§? ?
1
0151 o ¥
0O
lower x higher x
A=—(ol sz/a\lnx)

smaller A larger ? 005 o ) fit

® experiment — : H 1
observation in Oi
measurements? ; z

® unitarity in colour fielc Q*/GeV?
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o /@ low x

- saturation in
ocX'/?' ?

& (D)

Iower X higher x
—(a\lsz/a\lnx)

smaller A larger ?

® experiment —
observation in
measurements?

A=—(InF,/5lnx)

Colour Conundrum

¢>

Tth ftl tt

faf

LIVERPOOL

06 & 000007 [ x=0.00011 | «=6.00017 | x=6.00026
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O ;I’ il 1 ;I 1 L ;I : 1 1 ;| g 1 1
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0.4 i i % i 1 : 3 $
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% A S Bk T 2 A
0-6 1 y—00029 | x=0.0046 x=§.oo75 - x=0.012
0.4 §f § - -
0f . F :
06 & ame $ [ x=0.029 - x=0.05
0.4 | : - .
[ [ L AN £+ (4N
0.2 i Ml, 5
0 | ot . IMmore
o1 10 10°1 10 10°
Q? /GeV?

® unitarity in colour fleld‘>

H1 Collaboration
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Colour Dynamics
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» experiment ep—eXYwith @1 <50 am

- pisolated in rapidity precisely
- forward hadrons M2 < 2.5 GeV2 » gap= defined
isolated in rapidity x-section
full with very empty!
BP secs My<1.6 GeV
M lnrg‘, " small e
i L . | — ;{:;E
| /I ¢ - a
ful Emphw _Mx

*,unquestionably dramatic: void < 920 GeV proton-
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Colour Dynamics s,
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» experiment ep—eXYwith @1 <50 am
- pisolated in rapidity
- forward hadrons M2 < 2.5 GeV2 3 gap=
isolated in rapidity
probe hadronic interaction

Full with XERT ephy
BP secs My<1.6 IEI}EU
M, large me F-
% — QR
N — =g
full empty M,

*,unquestionably dramatic: void < 920 GeV proton-
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* high energy for precision "Rutherford” probe
e

- deep (0% > m;) g from e\:@ g
inelastic (S > mzz,) hadronic ¢ X

-ep—oe+X+p interaction
- space-like factorisation p Y P
o?@ (B, x1p,,t,02) = Q*p d2g?® D) _ y? D

2ma?, Y, dfdx;pdtdQ? 2 y, L

F % o diffractive parton density

e structure of high energy proton interaction
= QCD composition of inter-nucleon force
e remnant in beam-pipe — rapidity gap



Humboldt @ Kitzbuehl °

27 June to 1 July 2016 . . ¢>
Colour Interaction Dynamics , e

® X-S@CTiOn X]PO;nNFé (ﬁ:QZIXIP) _@.;,_gmﬂ —— H1 200 DPDF FIit B

& LIVERPOOL
- SCCl“ng ViOIClTiOnS —+-55 [ © H1LRG 1997 M_ <1.6 GaV) oo B
]-f (qs) QCD eVOIU'hon i guﬂ.uw:&;

P dep - 999 ammm<—" .

=008 (I=5)

—

= e H1LRG (M_<1.6GeV) —— H1 2006 DPDF Fit B
a, Xe=0.001 o H1LRG 1997 (M, < 1.6 GeV) -=m=- (extrapol. fit)
b [ _: ] 2_ ] [ 2 ] [ 2_ ! .
a 50:_3_5&3 Q=50 Ge\? :EQ—E.SGEF ) Q=65 Ge\* 1L ﬂﬁ 4 =02 1=3)
X 005 K Kl ﬁ$ . a)ﬁ - #, % o
0.025F a® | ¢ ¥ L s ts ¢ B
8.0.0.% b2 T 7 B 1 =0.32 (I=2)
ﬂ-....ul PPN B | NPT B | PP PR | e 5_:-_ ¥
E Q=12Ge\? Q=15 Ge\? E Q7=20GeV? [ Qi=25GeV? -
: ot : _ _
a5} ] ] :_ - 8 T £=05(=1)
| S N e Ly
[ OP=35Ge\R Q=45 Ge\ 107 1 107 |31 -
.05} ’é . - B - R # B ?_ﬁt?ﬁ'_ —¥— [ =028 (=0
; : I [1=0]
0.025F H1 L =

=
-
=
-
-
=
-

1

A

10 10 17
Q? [GeVY]




Humboldt @ Kitzbuehl
27 June to 1 July 2016

e structure function F,(x, Q%) QFD fnel

- QCD and hadron
‘g-splitting”

“g-splitting"

(o]
_ 1
U i \Q‘ =120 GeV?
P

1.6 —

14—
| Q*=6.5 GeV*

1.2 —

0.8 —

- colour driven
“rg —99+99
+999 +999 *...

02—

® HERANCe pUSib "
Vs =318 GeV
== HERAPDF2.0 NLO

Q’ = 1200 GeV” d r iven

valence

79
799
+

Hadronic Structure

f/a

The Cockcrott Institute

(f UNIVERSITY OF

LIVERPOOL
W T}
ysplitti ng
PLUTO
T [ 1 | I Ll I [ T 'l T 1T 1T 1 —[_ 1 | I 1
- photon structure function F; {x)/a .
10 at 3 Q% values —
0ol  points: m&;ﬁ;{mﬂ i
08} curve LQCD fit -
[A=183 Mey] -
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06} | i
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04— —]
0.3 ]
j.-b- ::-'
05 7
04t—- |
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02p Y—=99 +999 *... 1
04— _1
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oaf yspht’rmg driven -
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» the colour dynamics of the nucleon interaction
-NLO — 1¢ colour smgIeT inelastic q m’rerac’rlon

SN Sin Iet Q
e} o [GeV?]
8.5
20
90 L . 90
0.25 -
+ N
800 E :??:".":";ffjj;a _ 800
0.25 R, .
of i ‘ + 002 04 O& ‘;s
02 04 06 0.8 2 04 06 0.

4 y 4

N intfernucleon interaction = gluons = ?,L‘f..'Li".J.'I'J»:ﬁ?g 7z LO
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» the colour dynamics of the nucleon interar’ o

-NLO — 1¢ colour singlet inelastic ¢ in+(\p‘*§rion

E Singlet E%Vz] 9—99 ﬁ ov?)
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: _h: 800 800
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Z 4

L internucleon interaction = gluons = St B -2 | O
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%
v

o pho’ron structure function F, (x, Qz)
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y—q99

Y=>99*999..... o
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zie 0.4
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c 0.3
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e
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L QFD+QCD structure = gauge-invariant vector field
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* high energy for precision "Rutherford” pr'obe

- 2
deep (Q° » mj;) sfrom € oz ,
inelastic (s » mj) N AN X

-ep—o>e+X+p interaction

- space-like factorisation p Yy p
2D (B, 2101, 07) = 'p AV o Y o

2na?, Y, dfdx;pdtdQ? 2 Y, L
D(3 1)@
(o7 )(ﬁ» x1p, Q%)) g ((;) )3

e structure of high energy proton interaction
= QCD composition of inter-nucleon force
- multi-gluon exchange ?
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e 1. dynamics = multi-gluons ~ 8, dynamics = Lipatov

1.2 — — T
(1 + A(Qz))'g i . H1 LRG (M,<1.6 GeV) (exp.+model)

H1LRG 1997 (M,<1.6 GeV) (exp.+model)

1.18 -
i [ ] H1FPSHERA-I (exp.+model)

116 ~ =—— ZEUS LRG+LPS (exp.+model)

1.14

1121

11

1.08 - u

108 - ]

10 10
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e beyond Dirac quark ;j§:'zc€]+ i

&/ LIVERPOO
Search for General Compositeness

g “"contact” ?

o™ 2
O B 1
EE s 8l A HiepNCoO.16fb
@ b =—— VV,A"=55TeV
g VV,A =7.2TeV ®
o L + -1 :
G B @ H1e P NC 0.28 fb X
E 1 4__ — VV, A" = 5.5 TeV i
S P ——wA=72Tev /
1.2 . A
; st 8,
- D
o8~ H1 -
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Shortest Distance g o
g "contact” ?

e beyond Dirac quark ;j§:'zc€]+ T

&/ LIVERPOO
Search for Large Extra Dimensions

o 20
S F A HiepNCO.16ib’
= 1.8 ———— A=+1, M_=0.90TeV
] — s
- 16: r=-1, M =0.92TeV ®
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e : — — ;'l'\. :—1, MS = 0.92 TE‘J /
1.2 A
: T4
0.8— IS
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e beyond Dirac quark

do/dQ? / doSM/dQ?
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- % = o7 {0 s] %]
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o
©

0.6

Shortest Distance

e €,
EE;; qe"

Quark Radius

(i:
The Cockeroft Institute
of Accelerator Science and Technology
K'K'd UNIVERSITY

& LIVERPOOL
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e beyond Dirac quark KZ"?‘ i
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Quark Radivr

g “"contact” ?
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e discoveries reveal the landscape

® measurement defines the landmarks

"(The) history of science has shown that even during that
phase of her progress in which she devotes herself to
improving the accuracy of the numerical measurements of
quantities long familiar, she is preparing the materials for
the subjection of new regions, which would have remained
unknown if she had been contented with the rough methods
of her earlier pioneers.”

James Clerk Maxwell

® landmarks signpost and define new discoveries

® paradigm hitherto:
constituents, currents and colour
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The Cockeroft Institute
of Accelerator Science and Technology

4 UNIVERSITY OfF

& LIVERPOOL

3. Outlook
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With today's Paradigm ? g e

V
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® example: why leptons and quarks ?

THE UNCONFINED QUARKS AND GLUONS

Abdus Salam Standargd Model F=0 Leptoquark F=2 Leptoquark
International Centre for Theoretical FPhysics,
Trieste, Italy and Imperical College, London, cq—meq & &
England or I
1- Iﬂt;oﬂuﬂtlg '3_'51—'-""5-‘_-51 ===z
a
Leptons and hadrons share equally three
of the basic forces of nature: electromagnetic,
er er
weak and gravitational. The only force which g —=e7q 10
or =
is supposed to distinguish between them i=s e j—=eq T
strong. Could it be that leptons share with had- F=0,2 \g
rcns this force also, and that there is just one

form of matter, not two?

ICHEP76 Tbilisi
® further pursuit of landmarks

- energy frontier
- intensity frontier
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Beyond today's Paradigm ? o o=
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® dark constituents and dark currents ?
® beyond constituents and currents ?

74% DARK ENERGY 22% DARK MATTER

3.6% INTERGALACTIC GAS

0.4% STARS, ETC,
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* Dirac 1928
(ninteger j%-in;reger')

mc

Enj —_

1+

2
1/ Ze 2+\/|j+1|2_2282
hc(n_|j+%|) 2 hc
V

e Lamb-Retherford 1947
- Dirac+3 ppm observed
- 3 ppm = 1 GHz splitting
k relativity + electron
+ field quantisation —
mode E, = Tl+5 hv
integer “Zitterbewegung"

b relativistic quantum field

FREQUENCY - (MEGACYCLES /SECOND)

Beyond 1947's Paradigm

4>
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