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Sub-femtoscopic Rutherford
Scattering

"It's all down to that space-like quark” (JBD 1994 DESY

John Dainton
University of Liverpool, UK

Lepton-hadron interactions at the Fermi energy scale probe the
structure of hadrons, the structure of the electro-weak interaction, and
the structure of the hadronic interaction at the sub-femtoscopic
distance scale. After setting a context in such terms with well-known,
encyclopaedic, measurements of deeply inelastic, posit(elect)ron-proton
scattering of centre-of mass energy ~100m GeV, the first steps in
identifying in data the essential features which characterise sub-
femtoscopic Rutherford scattering are reported.
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1. Context - Legacy

2. Chromodynamic
Rutherford Scattering

3. Conclusion and Outlook

"It's all down to that space-like quark™ JD

Coherent “head-shaking” and "tut-tutting”
Lonya Frankfurt, Mark Strikman et al. DESY-HH 1994

"Any chance of a summer project?”
Francis Bench Liverpool 2015
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Collider HERA @ DESY ¥ uvereoor
e challenge: different particle species ep in collision

27.6 GeV electrons + 920 GeV protons €= (yd +"seqa”
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e "Rutherford-like" back-scattering at Fermi scale
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Fermi Scale Couplings

Measurement of sign and size of vector and axial quark couplings from
v — Z interference and lepton polarisation.
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e flavour probe (electric charge) of 1¢ interaction
- space-like photon "probes for quark flavour
in diffractive interaction of proton

space-like ¢
1c

L high energy hadron-hadron interaction
= exchange of (coloured gluons)qc
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o /nelastic (dissociative) quark diffraction
— 1¢ ginelastic interaction ?

- space-like virtual photon — space-like quark+p

space-like ¢

% t 1c

space-like ¢
t 1c

L high energy quark-hadron interaction
= exchange of (coloured gluons in 1¢)

- small < space-like g virtuality < large
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— gp elastic interaction with 1¢ singlet exchange
- space-like virtual photon — space-like ¢
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exclusive VM electroproduction: ep — eVMp
- (embedded) sub-fm Rutherford scattering

- quark virtuality < Q% Mgy mg it vdsc
&> size of elastic interaction
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elastic quark diffraction
— gp elastic interaction with 1¢ singlet exchange?
- space-like virtual photon — space-like ¢
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<> size of elastic interaction
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- transverse OCE resolves (defines) structure in A

2
- longitudinal o — xex/A"ﬂ: =

Xex/A

S

s—m%—

smaller' « time-like phase space o - ~— larger
ex/A
Qo small : | . arge
small perturbative e el P non-perturbative

«y 4 dxex/A_ 2 dQ? \daaA—wa 2 FA(QZ)
4 - Ay sph‘r‘rmg e Yoon F,(Q?%) 0z~ dQ? (5,Q%) x — 25— 0°
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small interaction size __ 1 large
quark —

L , = .
per‘Tur‘baTlve = quar‘k Slze Virtua]ityv non"per'TUI"bC(TIVZ

same
quark quark
~——— e
exchange |
(4-momm) = i g : *
-

b P
e perturbative field action g — qg splitting « ol (::t

Xg/q

* time-ordering of field action — exponentiation
— sum to all orders (ag?) + 1¢  Dyson, Lipatov et al.

|' . 1 1+2A(t) -

+ >

— g— g +ex splitting ol (xex/A) e’ dxe 4dt
0.5 0.1 experiment +

—2
small = AMe) = large b~6 GeV (challenging) theory
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e hadron-hadron: pp—> X A (#=0)~0.1

14A(t=0) i

1 1 1 s \ A(t=0)
;Im Ajr512 (s,t=0) = 012—>a11(5) X — S <xex/p> ~ (—_t) i
- A Data 2010+vs = 7 TeV: extrap. to &> mﬁa’s =
80 — Uncertainty (incl. extrapolation) et
B — —— — Schuler and Sjostrand iises =
* ~.=. === Block and Halzen 2011 ¢y i
a) B [ 1 Achilli etal {(arXiv:1102.1949) =
E'_ 60 - ® pp Data -
b= e 9 pp Data .’
S L %D "
4D [ _._ul"" o
- ¢ NPT 1
20— —
: '» energy () dependence > 2 (7=0) -

D | | ' |
1 m m’*‘ 103 m“

Vs (GeV)
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e hadron-hadron: pp— pp A (1)

da( ‘= 0)
at T

1( 1 )1+21(t)

oc_

S xex/p
S
—t

L energy (s)
dependence
at fixed #
— A (7

5 P P
do 10} EYE ¢
S 5 p
dltl]—{]q o A p

* A
[mb/GeV?]| 'a_‘;"s 19.7 GeV (x 10%)

10 | AapaRARA AA
.
. g
10 0
i 546 GeV (x 10%)
10 o
. Te\POOo 0
10" 9
0 0.5 | 1.5 2 2.5
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a
</

e photon-hadron: y— VMp A(7)
- g -flavour (mZ i) sensitivity of W-dependence

1+2(A); 2 2\ 2{)¢
1/ 1 W —M
wi(on) ()
Q? space-like y
w

2
S xex/p mp

'| JPG 41 (2014) 055002

LHCb
o(yp - J/Yp)

10°

LHCb (W+ solutions)

LHCb (W- solutions)

H1

ZEUS

Fixed target experiments

—— Power law fit to H1 data
] ] |

L cnergy (W) dependence — 4 (7= 0)

4 ¢+ B @

10 |
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e virtual photon-hadron: eg y — p(u,d)p ~A(?)
- Q% sensitivity

1 1 1+2</1>t —_ JII”;.-IpI.IﬂIpIIIIIII”IIHIIIIII::IpI-‘IvaII”II
O-(Qz Wz) X —| — ‘E :::sv oz[Gevziﬂ E 1033_ " oztc;evzr)_§
’ S| Xex ?1035_ e - 3 T i ——$ 3.3 ]
- e f . e 3.3 : a L[ )
p C'mmz'_ e 66 1 © °F y 7.5
2 E . 11.9 3 SR
W2 4 Q2 — M2, \2 M@ L
~ - ;55 356 ik—-‘g“i"i"i s
L vz ;7—‘ "
mp N TSRS B 17 BN,
2 50 100 200 50 100 200
(W2>2</1(Q )>t W [GeV] W [GeV]
2 2> 2 — ——————t s . — = —— Lom ] . —
Mg >>QZ mp -gaw - i °2[G‘*V2]) %102 - i o [Ge"zld)—_
%74 >>MVM " syt % s T -
L?. . ; 6.6 . b‘} i I 5.0
10 ¥ ¢ f es 1 10 | }'ifi
E i‘f” : - ]
Y% dependence>, | L |
2 1 :-‘H-'_ o — fit = W 3 1 :-_H1_ o — fit = W 3
— < 1(Q%) >,

50 100 200 50 100 200

W [GeV]
Y LA W T

W [GeV]
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* kinematics and virtuality vof elastic ¢~  * <ring
. <
total y*p cross-section elastic r %?Qfsocia’rive
o Fo ot lm Ay, 3Gote 0) vector-r o, <lectropruction
S @A\
Q& g & Y o
. . A5 \* YV
virtualityv A §
WZ .\(& ) 1
R — s
2 o : :
© S - 144—2 1-—4-4
—mLZI—QZ> v2 > —m? (0 2 (M?+Q?~1)
quark ma- A z v —mg 2
N\ 2.02_ 2
\ + t t mg
vz@@&&‘/ - (1 + Jl + 4(szqz_t) - 4W>
O A(In@?) 2(A(InQ2))
NS (InQ? w* W
F,(x, Q%) Bj {=e) 2502\ 2 a(Q*W?) 29502 M2 2
) w2»Q4\ @ W2»Q%Myy \ My,
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o forward elastic y'p
cross-section

2 )l(anz)
Fy(x, Q1) ~xy ") (X
2 ’ B] W2>>Q2

@ g @
virtualityv

lc

Js
A(size)~0.14 + 0.01 — 0.15 In size fm
B 2.303 0.2
h=1
%
_chI—Q2> vz > _mczl _Qz

Size

vy p Forward Scattering

(i:
The Cockeroft Institute
of Accelerator Science and Technology
&4 UNIVERSITY OfF

¢/ LIVERPOOL

[
0.2 E’: }/é/g
: =" % §‘§/"{
0.15- E‘Aﬁ - 4
1 B[
0.1- f
g |
0.05{ o A fit
3 H
0 ﬁ T T
Bench's 1 5 S 2
ruler! 2015 Q7 /GeV
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wa(e )dependences

leer'pool
E e ! n .
popi | ot OTO proaucTion
A= B2 2:2
V1+202(GeV?) 3.3 o U1y uv.ro Vel L VaUT L WU s
Lin = 6.6 | ~0.16 0.06 0.22 0.88 0.52 + 0.05 + 0.02
o i e 8.2 0.05 0.23 0.92 ~0.90 (est. )
) "( (fu-;_,} 14 7 0.04 0.24 0.98 ~0.90 (est.)*
h~6 (GeV~ 5.8 0.04 0.24 0.96 L0084
A,-5~0.7 fm 1.09 + 0.08 + 0.02
Y'p-— -
¢(1.019)y"
0.z
J1+202(Gevd)
tmin = 5.0 ~0.5 0.06 0.22 0.88 0.50 + 0.247918
2 1-0°(Gev?)
My —— =
, “_ 2
b~2 (GeV~2)
A,p~0.4 fm
_ 0.9Z £ 0.14 £ 0.10
yp = 0 0.06 0.22 0.88 | 0,695 +0.021 + 0.028
P(3.1)pee g gg? ggg g-gg 0.67 + 0.03 + 0.05
A0 . F i 24
- 0.05 0.06 0.22 W, | 07510031003
3 02 0.06 0.67 + 0.03
(9.6+20%(GeV2) 0.1 s 0.22 0.88 0.87 + 0. 29+0.04
N 0.4 0.25 0.06 0.22 0.88 . -0.01
B 31 | T 0.05 0.23 0.92 0.65 £ 0.17134¢
:{,....!_G a 3.2 0.05 0.23 0.92 0.67 + 0.02 + 0.14
e 6.8 0.04 0.24 0.96 0.60 £ 0187004
b~4 (GeV~2) 1”(1“0 g-gi g-g:} ‘:32 0.83 4 0.31+ 0.15
= 3 ALk s . o i +0.03
Byvpr~0.56 fm 224 0.03 0.26 1.04 1.12 1 0.20%, 5
0.69 +0.32 + 0,14
0.38 + 0,104
8, 0.05 0.23 0.92 570 1015 4 [G‘-S)
ey 27 0.05 0.23 092 | O79£01510.44
e [H1,Zeus] . o L . 0.39 + (.13 +0.08
Y(3.1)¥z005 3.4 0.05 0.23 0.92 S L0 LS00
A= 22 5 4.5 0.05 0.23 0.92 0.72 + 0.187307
; i 5.7 0.04 0.24 0.96 0.70 +0.21 + 0 12
min_ == - 72 004 024 ﬂgﬁ 1 38 d B 0 46
m3 2S8R 9.2 0.04 0.24 0.96 P %8,3%:
4 14.2 3 0.26 1.04 e e
3 ; 0.82 + 0.44793¢
Y e
Y (9.46)p'7es!
0.2
V8954202 (GeV?)
tmin = 0 ~0.25 0.02 0.29 1.16 12+08
2 89.5-0%(GeV?)
my
b~4 (GeV™2)
A,rp~0.56 fm

T signifies the insertion in the table of the expectation for the energy dependence of forward, elastic, photon-
proton Compton scattering deduced from the application of the optical theorem to the total photon-proton
interaction cross-section.

F signifies an estimate which is extracted from publications.

Intercept 2 . 5
Quark AN Asymptotic Fitted W
5 tor Diffractivu 05 log,, [; “n.) Regpe dependence )
e (el Interaction ).2 s ol FEAYS
) (GeV?) | dimension fromy'p — y'p | (W2 W)z = (_}
A (f (+20% not . ol
m) = 44 1)
included)
t 1t 0.09t
0 0 0.20 0.14
0 0.09 0.19
L0 0.06 022
) soft hadronic
f ~0.1 B 0.09 036" | 0.12+0.03+008
7 Eg-gg 38% ng;g 0.321 + 0.0350268
i T =l = 0681 0.40£0.08+006
5 >0.10 <018 <07z | 0400121012
7 =0.10 <0.18 <072 | ©412x0.03670,;;
0 = 0.08 £0.19 £0.76 | 0.400 % 0.052*34:2
6 = 0.08 = 0.19 = 0.76 0.57 + 0.11 + 0.06
0 | ~0.16 Z007 <020 £080| 0454015+ 007
3 = 0.07 = 0.20 = 0.80 0.503 + 0.057:3:35
.0 = 0.05 < 0.23 £092| 041+0.19+0.10
5 = 0.05 <023 $092| 587 045+ 0.05
3 <. Rl S096 | 0773 0154005
0 = 0.04 < 024 =006 | poeint UL
& = 0.03 < 0.26 <104 | 076 i o
0 = 0.03 <026 <1p4 | 11710261004
0.834 £ 0.11872043
t 1t 0.09t 0361 soft hadronic
0 = 0.07 < 0.20 < 0.80 ~0.5
3 =010 <0.18 <072 0.32 £ 0172008
5 ~0.5 = 0.07 < 0.20 = 0.80 0.17 +0.147392
L5 = 0.04 < 0.24 < 0.88 0.58 + 0.297919
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o electro/photoproduction ep — ef /Yp
J/ (¢ 2 _
() M}y 1¢ JP=1
AGsi Y 0.15 | size fm
size)~0.14 1 0.01 =555 In—7=
. A=1
Sl1ze
v
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o electro/photoproduction y*p = J/Yp

s 1
~0.03
108 .
0.0
_GIOE 1 D.E‘ I
—0.17 204
ey :
067 § :
—1.34 0
-2.68
02,
_5.38

e consistent with Bench ruler if c-mass ~ 1.5 GeV
= current c-mass
e size ~0.13 fm of cp — cpelastic interaction set
by current c-mass
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o electro/photoproduction y*p — pp

1.5~ | {07

0.6

e consistent with Bench ruler if u/d-gmass < 0.2 GeV
» current uv/d-gmass
0.6 fm 2size > 0.15 fm of v/d pelastic interaction
with requirement of influence of Q2
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o electro/photoproduction y*p — ¢p

11.4

e 12

e consistent with Bench ruler if s-gmass < 0.5 GeV
> current s-g mass
e ~0.4 fm 2 size > ~0.5 fm of spelastic interaction
with suggestion of influence of Q?
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e asymptotic freedom < confinement

= current < constituent
- multiple scales at work

- size of elastic interaction .. definitive ... ?

- overall fit to all possible flavour cross-sections

- phenomenology <> QCD calculation ... ?

e fundamental to quark matter ?

- lepton+nucleon/nuclei exclusive

- "hot QCD" — exclusive
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3. Conclusions and Outlook
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Sub -femtoscopic Rutherford g igggl;\gpg@
Scattering

e so far .. size matters in the way that
chromodynamics says that it should !

HERA

+

* the legacy lives on ...

1992-2007 ALICE@LHC .. +elC? +eRHIC?

RIP
2007-> Now “the” physics of the nucleus?

legacy

"Any chance of an MPhil student?”
John Dainton Liverpool 2015



