Cashmore @ 70 i

Oxford ¢>
The Cock nstitute

30 June 2015

IIIIIIIIIIII

Constituents, Currents, Colour
. and Cashmore

John Dainton
University of Liverpool, UK



Cashmore @ 70 o

s Constituents @ Oxford 1970 | R

& LIVERPOOL

mass ? GeV  Dadlitz

:;‘ )

“Three quarks for Muster |
Mark!”

James Joyce "Finnegans Wake" - a

| “The Eightfold Way"
SU(3)e
M Gell Mann, 6 Zwefg

mass ? GeV

e 3 quarks for a proton '
uud — 938 MeV = ? =
and resonances ? =1

e sub-femtoscopic matter
= Dirac fermions (uds +ev/uv)?

e strong, EM, weak: Fermi+unitarity = W? Perkins "B" 1969
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. This allows one to set a lower limit /1/1 >5H GeV on
the quark mass."

“(The quark) model is non-relativistic. The quarks
supposed extremely massive, and bound in a deep
potential well W by the superstrong forces, so as to
yield the physucal masses M, = 2M,,4 + Md/u - W...So
the quarks are in non- rela’nvus’rlc motion."
\.\of\‘ er?
of e Y erkins
Lectures on “Particle P~ e $1¢ 92’ rionour Schools
Distributed ”'70 se’(*‘“%. PRysics B Oct-Dec 1968

and "Introduction OX{ord V! gy Physics” (Addison Wesley 1972)
pp. 248 and 249
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Cashmore's Shadow & LIVERPOOL
e 1969 strange resonances in Oxford
"Cashmore would have ..."swer and he had!

The external proton beam line et transports the ejected

protons onto an external target of the high energy radio-frequency (R}

separated U5 beam, which works in the momentum range of about 4 to

20 GeV/c.
The total length of the U5 beam from the target to the center of

the bubble chamber isof which some 148 m are inside vacuum \
. AL
beam pipe. 5
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CERN 74-1
P. Lazeyras, I. Lehraus, R. Matthewson Laboratory I

and W. Tejessy Track Chambers Division
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® SLAC end station:

- 1959 nucleus size do/d0)

nucleon size
- 1967 quar'ks Friedman Kendall Taylor ..«

Proposal:
“A general survey of the basic

Hofstddter (cmster™)

__ trom v:,-u age-

'_IE iran gltering

(188 MeV labl

Paintl chorge,

poat moment
—  {anomalous)

cccccc |

- ! ;
cross sections which will be | L \
useful for future proposals” o RS
AL T~
imienial e —""" AN -
= F e N
Loy a 26" 1_ o — Eﬂ{f;v urve \\\\
T T ! X ] Q -332 | ; ]
- 0 piv) 20 10 10 150
l:_",‘.,d [ — Laborgtory ongle of scatlering{in degrees)
[ L~
vWy e =
0.2 -]
Q.0 X -
1957, 7
O bt - -
0 2 4 & 5 GP (GeV?)
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® CERN + Fermilab v
- fixed target
- sub-fm (&P < 20 GeV)

- 1972 weak NC cerN (Perkins et al.)
1977 QCD Fermilab
e
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!
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{Clastic events {- T~
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lepton | -5

Q

s yZW| 3

=

= | 3

A g

O \2]

| O

quark €

g =

o0 | 2

o o

| :

: | <

eltulT W T 3

- 4 ™ < yZW| S
leptonmass 0.1 05 56GeV S
@ matter = Dirac fermions =

force = colour, charge, gauge bosons
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® how are leptons and quarks related ? (1976)

THE UNCONFINED QUARKS AND GLUONS

Standard Model = Leptoquark F=2 Leptoquark
Abdus Salam e F=0 Leptoquark ptoqua

International Centre for Theoretical Physics,
Trieste, Italy and Imperical College, London,

g—=27q

England or 19
1. Introduction ETq—=eT]
Leptons and hadrons share equally three
of the basic forces of nature: electromagnetic,
weak and gravitational. The only force which ETq—=e7g
is supposed to distinguish between them is e-qie-q

strong. Could it be that leptons share with had-

rcns this force also, and that there is just one

ICHEP76 Thbilisi

form of matter, not two?

® precision SM template for new physics
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DEUTSCHES ELEKTRONEN—-SYNCHROTRON D E sv

NOTEENTA. 86 - 2900 WAMDUAG 52 < TEL. 040 -85 %85 TELEX 2 10 124 desy ¢ - TELDOA - ADR. DESY MANSURD

DESY HERA 81710
July 1981

A Proposal for a large Electron-Proton Colliding Beam

Facility at DESY

6.

U
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OF
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L

CONTENRT

Intreduction

HERA, A General Description

Linear Optics
3.0 Lattice
3.7 Intaracties Regios
3.3 Cressing Asgle
Polarization

4.1 Transverse Polarfzation is 2 Plamr Machine
4.2 Lorgitedinal Polarszation In 2 Ring with Rotators
4.3 Corclusions

Synchrotron Radfation

5.1 [Interscticn Region
5.2 Arcs

Electron Ring

6.1 Magnet System
6.2 Vacuss System
6.3 RF System
6.4 Iajection

Proton Ring

7.1 Magnet System

7.2 Refrigerstion System

7.3 Beax Abort Systes

7.4 Beax Yacws System

7.5 Injection and Accelerating Scheme for Protons

Tolerasces of the Guide Field aed Limits to Perforsance
Luminosity

Beem Monitoring

Control Systea

Site and Buildings

Experinents and Deckgromd Conditions

Servey Systea

Power asd Cooling
Materfal Cost and Construction Time

Parsmoter List

1z

25

65

176

fat]
e

26

25

2

LIVERPOO
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EXOTIC PHENOMENA IN HIGH ENERGY ep
COLLISIONS

R.J. CASHMORE™, S. CHADHA™, M. CRIBIER"”, D. CORDS, R. DEVENISH"™, B. LOHR",
P. MATTIG", J. PROUDFOOT™, R. RUCKL", H. RYKACZEWSKI”, D.H. SAXON™,
D. SCHILLER"™, J. WHEATER® and C. YOUNGMAN®™

@ Dept. of Nuclear Physics, Oxford University, England
® Rutherford Appleton Laboratory, Chilton, England
© CEN, Saclay, France
) DESY, Hamburg, West Germany
© M.P.I., Munich, West Germany
O M.ILT., Cambridge, U.S.A
®) Dept. of Physics, Siegen University, West Germany

Physics Reports 22 (1985) pp 275-386
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Collider HERA @ DESY |¥ uverrooL
e challenge: different particle species ep in collision

27.6 GeV electrons + 920 GeV protons @ (yd +sea

=% epcm energy 314 GeV
lepton

HERA o iR
DESY Gef gt S
Hamburg

1992-2007
RIP

fgod
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Experiment @ HERA

HERA Experiment H1

ey

N

N AV
N R AN
\\
AT
\Z

e asymmetric eand p

e many bunch A7,,=75 ns

e pr scale ~ 300 GeV (Fermi)
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¢ >1992: Rutherford scattering at the Fermi scale

e e

F‘Z Fl'— q q/y q eo o )
; €
electron

stored'high- —
energy beams _ _——~
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¢ >1992: inside Fermi's f-interaction
Wh g
T,

e
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® HERANCep0.4f
B HERANCep05Sm™
== TE _1100%0503_02311—20 Vs =318 Gev
e IB, =1. 03{:;}101021619 s U Fixed Tﬂl'gf‘t -
e e, === HERAPDF2.0 ¢ p NLO
xg; = 0.0005, i=16 mmm HERAPDF2.0e p NLO

e xg; = 0.0008, i=15
) ‘_r."‘_...-tr"'"-._. xg; = 0.0013, i=14 e e
- I;—M IBj = 00020, =13
xg; = 0.0032, i=12 y4 0
- xg; = 0.005, i=11 q
- .—’-"""H-WW xg; = 0.008, i=10 q/'
-- R xg; = 0.013,i=9 +

.r--__._'_.____—-rl"—' -—aatde gsz[}.[}l,i=8

e

E » 1
U
Z

colour
driven

10

10

10

I
[

10

Lol Lol Ll Ll L1l —! ||””| Valence

10 10° 10° 10! 0

probe 70 fm 20am 7am 2am Q/G vz driven

10

[y
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2.5 o T L LR
' NLO 22 = 10000 GeV?
probe @ 2 am (Fermi)
e e
- HERAPDF2.0 NLO ) g 20
HERAPDF2.0HiQ2 NLO
g 7
_ +
A xg (x 0.05) y S 20
colour ﬁ —
driven | +
| y S 20
_ e
" xS (x 0.05)
0.5
proton - valence
structure | | driven
@ diameter 10 107 10> 10 1

1000 fraction of proton momentum x
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F = 8.5 GeV® . 0 = 15 GeV®

* 1993: rise fo low x . "I A
of proton structure = «f  wer 1 o

CTEQIMS
RV

- the gauge field "}\ N S . f
. e ' ' B X '
theory QCD is ) I vaous: RN SO v
proton structure o T
p @ = 30 f".":ﬁ...... ey W 4 r;._ﬂf = 60 CeV* Y
ng_. + + + [ N
XBj | ; S L | “*{ _
h N S SO B A
e e e I
— ] — - : g i [

'Qdiscovery: we are chromodynamic energy
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- the gauge field
theory QCD is
proton structure

& 11

g
o
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xBJ— # ch
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2 2
Q™ =120 GeV~

® HERANCe'p 0.5
Vs =318 GeV
== HERAPDF2.0 NLO

. Q' =1200 GeV’

4

'»discover'y: but we don't understand how: lni ?
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o £ @ low x
- saturation in
Fz ocx 4 ?

& D)

lower' X higher x
(aVrm?z/a\lr‘lx)c)2

smaller A larger ?

® experiment —
observation in
measurements?

A=—(5InF,/3Inx)

Colour Conundrum |

¢>

ThC k ftl ttt

ﬁ?f

CUN I

VVVVVVV

H1 Collaboration

06 & 000007 [ x=0.00011 | x=6.00017 [ x=6.00026
0.4 | - S - =
O‘Z.T_.’%tl ............... _../.5?: ............. Jt%?g- ........... ::..%.ag/t s
Q F : - : N :
0.6 [ x=0.00041 x=0.0007 i x=<§.oo11 x=(§.oo19
0.4 | 5 # i S ST
02 i - ... ﬁw‘ ...... *W
0.6 I' @ —o.0028 | x=0.0046 q x=<§.oo75 - x=0.012
0.4 f i f i o -
02 .?_-.’+_M ..... :_-... .o .i..._o..-ez ? R
O :_ 1 E-l 1 ] § -I 1 1
0.8 ¢ o oo $ I x=0.029 - x=0.05
0.4 : : #’/&L »
[ [ AN £ (U
0.2 t 5 /4/{%/ -
o1 10 10°1 10 10°
Q* /GeV?

® unitarity in colour fleld"
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e colour field structure of hadron A ?

H1 and ZEUS

longitudinal
virtual boson

l:|II. B
0.4+
0.2 4
0— 4
i \ <+
N R APDF1.5 NNLO ABMI12 NNLO
- 1 \?’\\ " CT10 NNLO - NNPDE2.3 NNLO  Z
-0.2— MSTWOS NNLO IR09 NNLD
| 1 1 1 L1 11 | 1 1 1 1 L1 11 | 1 1 1 1 L1 11
10 102 10°

1
kDimc fermions in colour ? Q? [GeV?

EW+colour
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</ Ll\?EEPB(S'L
» experiment ep—>ep XY with @1 <50 am
- pisolated in rapidity
- forward hadrons M2 < 2.5 GeV2 3 gap =
isolated in rapidity
probe hadronic interaction

£ull with very empty!
BP secs M?‘I-E’ ﬁ’au
My large. | 3ma _
o e
iy [ e— = . @RE p
_
£ull empty m

*,unquestionably dramatic: void < 920 GeV proton"
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o x-section xpd. ~ F (B, GR Xp)2

- scaling violations —

flavour singlet g5 QCD evoln® . T
- Bdept~ g—97 amm=_

Colour Interaction Dynamics

e H1 Data w (extrapol. fit)
X;p = 0.003 = H12006 DPDF Fit A — (y*Y,*F 0®)
(3] i
a_ " Q’=3.5 GeV? @?=5 GeV? @%=6.5 GeV? Q?=8.5 GeV’
o) - 4
A 0.05 E d |
X » § 3 3
0.025 - $ o¥ : p\.«'}
E '....M,‘,,Q..‘: :‘...',::- .aii.l!‘. [
N ", . e
C Q’=12 GeV? Q%=15 GeV? Q%=20 GeV? Q%=25 GeV?
0.05
0.025 4141,41 i’;", l"} E 3
oF N _ N _
- Q%=35 GeV? Q=45 GeV? Q=60 GeV? Q=90 GeV?
0.05 - ; /E /{
0.025 [ ¢ | ; :
0 : | IH[HI' | IHIIH| | IIHHI‘ | IIJHH‘ | \IIIIII| | HIHJlL | | HIHH‘ | IHHH' 11
102107 1 102107 1 107107 1 10?107 1

B

4.:
The Cockcroft Institute
of Accelerator Science and Technology
’Kd UNIVERSITY OF

LIVERPOOL

® H1 Data
r - H1 2006 DPDF Fit A
I (extrapol. fit)

x=5E-05
$=0.017 (i=8)

x=8E-05
B=0.027 (i=7)

x=0.0f

xS $=0.043 (i=6)
!:11; F
3 o p p
r
x=0.0002
j i.,rf‘ B=0.067 (i=5) (t)
8.9
x=0.00032
L B=0.11 (i=4)
. 83 :
1 L (i/(‘\ x=0.0005
> B=0.17 (i=3)
L !_—:i::
.-‘:7:5":“
;;.~ ((“/!.f_\ x=0.0008
- B=0.27 (i=2)
4 = x=0.0013
10 -~ ;V’"frr'}“ B=0.43 (i=1)
-::j_‘.':»“'!" §
[ R x=0.002
[ L $=0.67 (i=0)
10-*\1111\ L1l Lol Lo
10 10° 10°
2 2
Q° [GeV“]
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» H1 £, 1996 (Brussels) o, 0065
- scaling violations — L
02 = —
flavour singlet g5 QCD evol? o "
S L
,6 d@]’.’)E ~ g—>qq o 3 B=0.175
S _ 03 F )
= os E 0=85GeV? | gu g_ 02225 GeV > 02 ;-.-._*._;__f_f____i’
03 E— 03 | ‘ - o1 £
02 E . - 1 BT TTh NI L1
= ___£__ - 0 ;i . A i_,h 0 E '
1 o1 B N 4 E p=0.375
G;?/h..h..h..hxﬁéﬁ |||N zjé_
04 £ Q=12GeV? | o4 E Q%=50 GeV? T = L]
03 E 03 | f+_—£_-%_m 01 £
02 éiffu__:i:':_‘_‘_‘*—'--::m 02 F .- %‘\ 0 E L
01 F | e E - 04 E p=0.65
() T N I NI NN S SN NI NI N W 03 E
0 02 04 06 08 1 = .
|?’ 0z ;—_’_’_:J'_';:_'_- _é_-_-—u--.‘é'._._._._ . _+ -
e A excellent description of f*;':" i the framework of LO DGLAP 15 ;L?h-l(;-.'ll_‘t] with i

a Zluon density which predominates at larger fractional momenta = = e, which caimies
approximately 8060 to 90% of the momentum n diffractive exchange at QF = 1GeVe,
and which supports a leading ghwon imterpretation,

10°
Q /1 GeV”
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: _ X;p = 0.03
° x-section xpa. @ larger % 3 - T
= S CGI i ng V i 0 IGT i 0 ns — *x& 104; Qif 32353257 o s (extrapol. fit)

flavour singlet g5 evol® W

¢ T D
B ﬁ depQ o lg—)qq_ o H B x=0.:)003:

¢ H1 Data
Xp=0.03 = H12006 DPDF Fit A — meson

=0.011 (i=9)

¥ ‘/Wl‘ x=0.0005
i $=0.017 (i=8)
¥

=} F )
a_ E Q%=3.5 GeV? Q%=5 GeV? Q%=6.5 GeV? Q%=8.5 GeV? 102k x=0.0008 P p
bn. 0.05 E ' B=0.027 (i (t)
F 5 1% 4 8 P | —— x=0.0013
s ... A T ad)| ¥ e
e ) I TES EERC —_— L e

x=0.002

- Q%12 GeV? Q’=15 GeV? Q=20 GeV? Q=25 GeV? 10 -~ 7 B=0.067 (i=5)
0.05 - F B
. C x=0.0032
0.025 [ M& A A
T |

;?“\“;\ MA [ p=0.11 (i=4)
0 —\ __\‘ —\ ..............
E p . 5 . . 5 . 1 - x=0.005
- G=35GeV Q?=45 GeV Q260 GeV Q=90 GeV E o p047(=3)
0.05 - ‘ il

| —

0.025 -

f [ i Al T x20.013
© Q@%=200 GeV? Q%2400 GeV? Q%=800 GeV? Q%=1600 GeV? R—

oo =0.02
0.05 | F .

F R p=0.67 (i=0) ® ® . -
ooz My ay % ! = S 3

2 i
10 — l_hll.l 1 o llllLAl 1 |- | 11

o : 11 Hld L L 1l H‘ L T | | UH{ 1l H|| N Ll \H\Hl L1l HJ 2
2 A 2 - 2 | - 2 A
102107 1 107107 1 107107 1 10% 107 1 10 10

10
s Ruspa Q? [GeV?]
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* the colour dynamics of the nucleon interaction

-NLO — 1¢ colour singlet g interaction

T Singlet 2 S K [c: v
" == . e
N ' : N
> 8.5
N
20
90
800
02 04 06 08

y4

S “hard" (~70%, N g—gg and g—gg splitting
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e inelastic (dissociative) quark diffraction
— 1¢ singlet g interaction ?

- space-like photon "delivers asymptotically free
quark” to short distance diffractive interaction

s
G colour singlet 1¢ (dark dynamics in QCD
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o elastic quark diffraction = scattering
— 1¢ singlet g interaction

- space-like photon “delivers asymptotically free
quark “ to short distance elastic interaction

: . 1c T=1
L exclusive VM electroproduction: 1=

unique control of distance scale with@ and M
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o kinematics and size A of elastic g scattering

total y*p cross-section elastic and dissociative
o< Im|T ., (Q% ¢ = 0)] vector-meson electropruction

& @

virtuality v c
virtuality c g 1 f
v— A 1c |t| sma
7s

M?+Q%-t Q2t m2

-mZ—Q*> v* > —m —Q* - (1 — \/1 + 4(M2+Q2—t)2 - 4M—g>
quark mass m, >v2—m2 2
2

2 h 2,02 2 2

Vo~ — |\~ M“+Q“—t Q%t m
(A) - 2 (1 + \]1 t4 (M2+Q2—t)2 - |1 - 4M—g>

— 2 h ,
F2~xBjA(Q ) size(Q?) o - Ccll—g(W, t, QZ)W oc (W2)2A(e* 1)
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o kinematics and size A <
of elastic g scattering -
- total y*p cross-section 0.2-
o< [Ty 5 (Q%, ¢ = 0)] 1l ¢
oc (0%, X) @ low x 0.15- jL % :

Fy~xy @) 5 size(0?) = AQ?) oc%

014 |
I 002¢< A<l fm
0.05] o Afit
: H1
0 1 5
A(A)~0.14 + 0.01 — 225 |p A1 Q*GeV?

2.303 0.2
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» kinematics and size A of elastic g scattering
- elastic and dissociative VM electroproduction

o

virtuality
1c

JP=1- "
|t| small

qS qs

W, 1,02 o« (W)2H(e%)

.« INb]

- consistency with

Afm =

=]

0.15

A(A)~0.14 + 0.01 — n
2.303

G 1¢ colour singlet QCD

gg—qgq for g=u,d.s,cb

02 10 ¢

tadl N +]
"o H1 a) 3
= H1 SV o’ [Gev?] ]
E g 2.0
et 3.3
i e 6.6
o 11.9
r—'_"_!_.
* 195
N T
—
F . 358
L d___;..-f"j L]
L F _
HT L —mew
50 100 200
W [GeV]
P—op
Ld |I'|1 I c:] T
Q? [GeV?]
E y 3 3.3
P 3 ¥
r 6.6
s 4
w3t
i 15.8
=
i1
= .H1. N — fit= w‘il 3
50 100 200
W [GeV]

P—=p¥Y
— ——r :
2 3| =« HI b)
E10F Q?[GeV?] ]
= g [ 1 ]
T L 3 3.3
o
=102}
© E 7.5
» - —F— ¢
10 ¢
c §.§ 225
F S B
1 = . g
E H1 | — fit e W® ]
50 100 200
W [GeV]
p—=oY
a T d) 1|
S o Q* [GeV?] |
= k|
T
=3
o 1 5.0
L . i
1 F H1 . — fit e W®
50 100 200

W [GeV]
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» 1993: hint of weak um’rar'l’ry GSW unification ?

- from ep—>vVX

e
4

to vp—eX

-IVB in CC
- EW probe
- structure of

Fermi constant &, .

1000 F

pb

nucleon

100 F

10

0.1

0.01

10 ! 102 TeV

10 °
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e polarisation asymmetry: et— NC parity violation
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e in ep interaction chirality probes anti-matter in p
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e V and A current quark couplings:
e polarisation and y" Z interference
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- SM consistency — Dirac fermion + gauge coupling
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. Electron-Quark Physics: 4>
the HERA Era & LIVERPOCL

® HERA - leptons and quarks together @ 314 GeV

L} tells us that we are field energy
b measures the quantum structure of hadron force

b identifies colour-singlet colour physics

b questions quarks as Dirac QCD fermions ?

L} says quarks are Dirac GSW SM fermions > 2 am
k electron and positron are gauge fermions > 2 am
Lb defines SM+QCD template(s) @ the Fermi scale

t# sets new &*¢ physics threshold

: 2
coupling A > 01'01 M, 2 3(1)2 GeV
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Otord s .. and after the constituents,
the currents, the colour, ...
how the Cashmore

A University

“There are few earthly things more
beautiful than a university. It is a
place where those who hate ignorance may
strive to know, where those who perceive
truth may strive to make others see;
where seekers and learners alike, banded
together in the search for knowledge,
will honour thought in all its finer
ways, will welcome thinkers 1in distress

or in exile, will uphold ever the dignity

of thought and learning, and will exact
standards 1n these things.

Religions may split into sect or heresy;
dynasties may perish or be supplanted,
but for century after century the
University will continue, and the stream
of life will pass through it, and the
thinker and the seeker will be bound
together in the undying cause of bringing
thought into the world...”

John Masefield 1878-1967
Poet Laureate 1947-1967

Happy 70™ Birthday Roger and many many
more happy returns ... to physics too ... for we
will always need your wisdom and judgement




