Humboldt @ Kitzbuehl
24 June to 28 June 2019

Lancaster
University L-.

QCDBSM:
more than just a Standard
Model| Conundrum ?

John Dainton
Daresbury Laboratory and Lancaster University, UK

1. Landscape
2. Landmarks
3. Outlook

4. Horizon




Humboldt @ Kitzbuehl H
24 June to 28 June 2019 ¢>

The Cockceroft Institute

of Accelerator Science and Technology

Lancaster3%]

i i & ®
University \ -

1. Landscape



Humboldt @ Kitzbuehl

ez Constituents and Currents

_‘
3
22 &)
80
£5
=
i
=17]
8=
§=
aC
=l
20

Lancaster
University
e the Standard Model epton | =
epron ]
GeV .002 1.28 173 2
—— vector y zml 8
gauge g
Q
3
quark §
>
(©)
€
®©)
=
O
ZW 3
nnnn =
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Humboldt @ Kitzbuehl o

24 June to 28 June 2019 T " ¢
Visible Hadronic Matter | e

Lancaster[3%
o e Universit
e visible and temperate
quark “
g

chromodynamics

g=-1 g=0 ¢ =+

‘ Dirac fermions ud s in exact SU(3), mass = QCD
force = colour + eight gauge bosons g <1 fm

§ confinement > 1, p n £ AE Y paryon MASS
force = "strong”, saturates, range ~1 fm
nuclei pn ... + hyper-nuclei pnA ... mass = A

— everyday matter A fm
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e QCD =udscht
+g + non-abelian SU(3),
asymptotic freedom
confinement ag(Q?)

k lab for non-abelian
QFT theory

QCD

Todayt,
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Life an earth

Solar system

Quasars

Galaxy formation
Epoch of gravitatonal collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational ins @ hility

t=3minutes

T=3K {1meV)

Nucleosynthesis

Lightelements created - D, He, Li \ =1 second

K

T=1MeV

t=10"%s

Quark-hadron transition

|

Hadrons form - protons & neutrons

T=1GeV

Electroweak phase transition

Electomagnetic & weak nuclear
forces become differentated:
SU(3]x8U[2)xU(1) -> SU(3)=U(1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G -» H-> SU(3]x8U[2)xU(1)
Inflaion, baryogenesis,
monopoles, cosmic strings, etc.?

The Planck epoch
The quantum gravity barrier
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0 MeV |§ %"g
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nuclear quark

Colour
matter thId ?

Flavour

vacuuimn fneutron|stars) Locked ?

310 MeV quark p

1. confined «
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energy—
vacuum condensate < "qqg condensate”

> deconfined
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e hot — high energy heavy ion collisions
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e visible and hot: the experimental

ALICE
Pb+Pb 5 TeV/u

Run: 284018
Imesiamp:2015-11-25 11:25:3(UTG)
Syslen Py P

gr: 502 Te¥
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GeV .002 1.28 173 A> 71,

N AE < m
8 o K& my
o
e A > Ty
o AQ~TA AE < mpy
0
L M AT
> A
AQ~TA AE > mpy
*eQCD=udscb+g _
hon-abelian SU(3 % /St
e ASTA AE > m,

“asymp‘rofic freedom
perturbative splitting

k size & AQ + excitation & AE large < qq ...gg -
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HERA ep Collider @ DESY | Lo
e challenge: different particle species ep in collision

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

=% epcm energy 314 GeV
lepton — -
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e asymmetric e and p
e many bunch At,, =75 ns
e py scale ~ 300 GeV (Fermi)
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o di-jet visibility in hot matter

Calorimeter
Towers

o jet "quenching” ?
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e jet energy asymmetry in hot matter
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production «———— evolution ?
factorisation
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e hot chromodynamics in lab established
o di-jet — jet quenching

o inclusive jet — jet quenching central
> jet quenching peripheral

e heavy flavour: observed R ,(pr) <1
“ beginnings of localised physics in QGP (cf 1970s)

@ ALICE @ LHC upgrade

— ¢ and b acceptance and sensitivity
— topological sensitivity - pQCD in QGP 5

) ", d & 1 " LHC
ALICE2": 2 generation expt heavy ions _ "= 72

HC run 3
> 2021
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o “chirality” """ L(R) Dirac (anti-)fermions

HERA Charged Current e’p Scattering
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e GSW electron current
e polarisation asymmetry: etg— NC parity violation
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e EW probe of cold hadronic matter
e QCD =udscht+ g+ non-abelian SU(3),
+ per"rur'baTlve spll’r‘l'lng - aS(QZ)

University &

— H'1 multuet:r at h|gh IZII2
P H1 exp. uncertainty
H1 total uncertainty
o H1 multijets at high Q2
e H1 multijets at low Q?
ZEUS inclusive jets inyp
ALEPH Y, INNLO] (Dissertori, et al.)
* JADE 4-jet rate [NLO+NLLA]
m OPAL Yy, INNLO]

+ CMS Rap —

e T _
{LLH\?*‘%- E
H1 -

9 30 100 300 1000
u, [GeV.

OLs (1)

020 2%

0.15

0.10

asymptotic freedom
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e EW probe of cold hadronic matter

e QCD =udscbt+ g+ non-abelian SU(3),
+ perturbative splitting — partonic content

University &%
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colour
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0.5
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matter 10
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Yy 20
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10'3 107 10 1
fraction of proton momentum x
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e EW probe of cold hadronic matter
e QCD =udschbt+ g+ non-abelian SU(3),

&3

e low xg; QCD
P—999 --+4qq

E{_+ = + §+

XBj -

—C%—CE%E

E

g “cold denser"”
hadronic matter
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2 2
Q™ =120 GeV~

Q' =12 GeV*

gluons/?

Q* = 1200 GeV’

® HERANCep0.5fb "

Vs =318 GeV
== HERAPDF2.0 NLO
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e EW probe of cold hadronic matter

e QCD =udscbt+ g+ non-abelian SU(3),
e low xg; QCD p interacts with structure ggg ...+ qq

Umversity

full with very empty
BP secs Mf"{l'éﬁ I&I}EU
M, large |3 L L L
s 1 | € = = *g‘i'a}: 1 P
Emm
full empty My

*sunquestionably dramatic: void < 920 GeV proton*

h non-abelian colour g < g builds colour singlet
1. in "cold denser” hadron matter
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o

e cool dense chromodynamics lab established with
electroweak electron probe

e gluon-dominated proton structure

e low xg; p QCD structure builds pp interaction

n foundation of QCD in hadronic physics

“ understanding and phenomenology of gand g ©-

®

in atomic nuclei » QCD in cold nuclear matter LS

N

Y £

5 (o))

“ precision less Mclusive eA > eXY S
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®second generation collider: JLeIC ejgr4 — eXY

Energy range: lon Collider Ring

E.:3to 12 GeV
Ep: 40 to 100-400 GeV

Js: 20 to 65-140 GeV R 28
(upper limit depends on lon Source

: Electron Source
magnet technology choice)

Interaction Point

Electron Collider Ring

Electron complex
- CEBAF
» Electron collider ring
* lon complex

+ lon source

« SRF linac

» Booster

* lon collider ring
* Fully integrated IR and
detector

100 meters

Ak o v e b

+ DC and bunched beam SIS

coolers
arXiv:1504 07961
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®second generation collider: eRHIC e;grA — eXY

eRHIC Accelerator Design Goals FisEiain, Sadisce

« Luminosity ~10%3-10% cm<s™?
* High electron, proton and light ion beam polarization
realizing complex spin pattern for polarlzed bunches
* Two large acceptance detectors
with detector elements integrated in the accelerator IR for forword
porticle detaction
* Wide Coverage in Center-of-Mass Energy: V.., =(29-140 GeV)
* Optimized construction and operational costs of accelerator

__Injector Linac

El=ctrans
RLS Injector

100 meters

® L, = 10°* polarisation cooling “final focus”
Hutton, Willeke ...

® generation-2 experiments: on-line intelligence
Aschenauer, Yoshida ...
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e measure and therefore specify mass M of system X
& inexclusive ep — eXp, ep - eXY: no radiation (g)

QZ
space-like g

y
p

Lo limits on quark “virtuality” —v4 in quark splitting

2 2 _ M?+Q*-t — Q2t m?2
Mg — Vmin = — <1+\/1+4(M2+Q2_t)2.\/1—4M—Z)

o specific M — sensitivity to quark mass m,, inside
hadronic QCD field (exclusive — no radiation)
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e perspective in q"p — qp, qY

€ space-likey =
QZ q M — A~ 0.2 GeV-fm R

|v]

space-li kg [ space-like g~ q
R o vt <0 mg

t, Xp

\
i
i
i
/
/
y :
I p
/
/
/
/
2
2
L
r’,
—”

0.2 GeV-f
e m Of

2, length A~

4

e quark “virtuality" —v
collinear g*p - gp, qY
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e specify system Xas vector meson VM
e exclusive ep -» eVMp, ep » eVMY M = My
VM = p(760) w(780) u/d #(1019) s
J/W(3096) ¢ Y(9460) b
L defines Bethe-Heitler y*-splitting hypercharge

k VM - flavour u/d,s,c,bof q in g*p — qp,qY QCD
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e exclusive e gA - eVMY:q in nuclear matter

+ deep-inelastic structure of the virtual photon in
ete” -» ete™ + hadrons ey* — e + hadrons

2
2
/
/
s
~~s /
o /
~ J
! S *
~ J
N i -
S8 f
\, i
N \
' \
\ \
i \
1 \
\
\

space-likey*
e | IS P

“ "drop” a quark into nuclear matter ...
..and watch it interact!

Francis Bench and John Dainton "Towards Sub-femtoscopic, Chromodynamic, Rutherford Scattering?”
http://pos.sissa.it/archive/conferences/265/168/DIS2016_168.pdf
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p(760) electroproduction

Exclusive @ HERA ? | ¢
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e H1 and Zeus ay p_>v1v1p Y(W2
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2

University &=

L r (xgi, 02) forward Compton amplitude
P  txed @ Typogep(Sqprt =0, ”2)

B) Q2+W2—m120

‘# forward q*p Rutherford scattering amplitude
Ty poqp(Sgp. t = 0,v%) embedded in F,(xg;, Q%)
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Unitarity and Analyticity | Lt
u?u“v%"i‘-?igb..

e universal but scale dependent pomeron P ?

412 aFZ(xB], 2) g 0.5
o xl;j/l(Qz t=0) 0.4
(xBj < 0'01) 0.3

!

A(Qz, t = 0) ) 02

0.1
= 2(v%,t =0)~ A(v%t) °

k (Regge) analyticity for Ty, . (Sgep, t, V?)

L

l__

) 2
’ AMQ%t=0) = aln%

e H196/97
— A=a InlQ’ /N
----- extrapolation

IIlI 1 | IIIIII|

1

10 107

Q’ /CeV’

H1 Collaboration
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o electroproductiony’'p = J/¢¥p

22 MO S 1F [1+4 ot 1 Mg
Mg — Vmin — . — 4 —1
1 max 2 (M2 + Q? — t)? M?
BE
N
~0.02
1.2 ~ . 0.8 %
T i ' V
b= Mo b S .w'}!f?"%""*’;f ;;J':r' : ~0.08 0.6 ~
T T . ' -
% ' -0.17 ™ AV
0.6 -
v 0.4 - AL '-,,,;..,',',.,,.. - - 0.2 Q\ o
) T 067 3
Q ? E
S © 02+ A o
S i - & Y
’ S o5 —
T r— il \(\‘«\ =
0 5 I e 1 \)Ox‘
~b by 15 20 0 Q
eware Q? (GeV?) m, (GeV)
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» electroproduction y'p-=>J/Yp/Y

wy/v

11
~0.02 10.8
1 T, [<0.04
o7 10.6
Y ~ [~0.08
S <
0.4
o < 0.17
w7
Q)
o) KO
(@)
Q)
(a4

-0.33 40.2
-0.67 0

Q? (GeV?) ' m_ (GeV)
quark mass—

e current ~ constituent c-quark mass
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University ==

o electro/photoproduction y*p — p(760)p/Y

~0.01 11
-0.02 10.9
e 1-0.04 jj 08
~ "
N 0.7
1 ~0.08
3
« ? 0.6
~0.17
05
~0.33
0.4
~0.67
0.3
0.2

° 2 25 3 3590
Q? (GeV?)
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u/d-quark dropped in Proton | £2...

Lancaster3%]

3 3 (& &
University \ -

o electroproduction v'p - p(760)p/Y

11
10.9

10.8

0 © 41

= 0.2
0 "B e g :

m, (GeV) 0

Q? (GeV?)

o inter-play of scales - constituent u/d-quark mass
“cold QCD @ eIC
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S O’rhe greats are always also ahead of their Tlme
e

12 -

E Fermi lecture notes on Thermodynamlcs (~1950)
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ALICE LHC Run 3 £2
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e ALICE @ LHC - ¢ and b acceptance
+ recoil topology — pQCD + bulk flow in QGP

25 G-pixel camera
(~10 m?)

New ITS Layout

Outer layers

n coverage: [n| £1.22
Middle layers

for tracks from 90% most
luminous region

r coverage:
23 -400 mm

Beam pipe

7 layers of MAPS

700 krad/ 1x10** 1 MeV n_,
includes safety factor 10
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QCD meets Dark Matter ? I

Bty & c...

® chiral symmetry breaking ? Peccei Quinn
- SSB U(1) > inflation < axion scalar field
- low mass (« eV) axion scalar field
- dark matter

® early Universe string dynamics \/ )
Universestitg i N/ Vb g

10—
nfla - : Scale separation:
%UE 107! T sstrings — sca}arldﬂ;éions
© .
s ?
c oo strings — few optigns. ;QIGG': *SSBF 1. hadron
q vusubie < invidible matter |
i ¥ probe chipality)30?  Hardy

e Ghordetto
log « =log T = extrapolation Villadoo
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une fo e8 June Un|f I CC(TIOH QCD + EW ? The Seckcel stiuts
Lancasteriig

University &=

® LlnlflCC(TIOn3 Resolution [m]
QCD + GSW ? ] 10" 10" 10* 10® 10°

Strength
- SSB > |

phase equlibriumf’

chiral symmetry ? 100

- QCD portal to
dark matter ?

© QeD is much more
than just a Standard
Model Conundrum 104

k hew experiments 0
eA and AA mandatory
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Details in spares
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recision: Rotating me ucei=s
University Q‘;’E

e stored e radiates

€ — ey Sokolov-Ternov
transversely polarised e

synchrotron radiation

e "spin-rotator” 1L ., = -
- subtle and precise™~————— 4—>
precession N T

- “Siberian snake" S
insertion device «n T \u y & 7
/Y i i —
er > ey —»>erat IR/ / G

_ v 1 N A P

Bar'ber‘, Steffen (DESY) 41° i 36°
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e stored e radiates

€ — ey Sokolov-Ternov
transversely polarised e

synchrotron radiation

e "spin-rotator”

- subtle and precise £ || |
precession WMWW%

- “Siberian snake" |
insertion device ﬁi
er > ey o> eratIR | ﬂ%

Barber, Steffen (DESY)
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Heavy Ion Centrality I

Lancaster(33

University \&=%

e hot — high energy heavy ion collisions
FT @ CERN
RHIC @ BNL
ALICE @ CERN LHC

. Thermalization Expansion Chemical
) ]
® CenTr'ClI |Ty % (equilibrium and and kinetic
e established) cooling freezout
= Impact parameter b
}‘ :I T T T | T T T T | T T T T | T T T T T T T T T T : 10:_ I [ _I ] r [
E - = - 1B+ 16— P e
o 10?2} = - N _
E i @ Central 3 0.8 e 1104110 —
g ]
S It . 7 - 187+197
Q. 1o g-mmmheral @ E vet AA ]
! WWMWW 1 st :
10° = IS, Woods-Saxon-
2228 | 8 : - ]
w0 uw 'E.l' [y} (3] -1 0.2 —
Higlg|s| 8 | © E :
. N - S R B R B
1 T L | L] 0.0 2.5 5.0 7.5 10.0 12.5 15.0
0 500 1000 1500 2000 2500 3000 T

Multiplicity b fm
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Nucleons in Nuclei I
Umversity

e hot — high energy heavy ion collisions
"nuclear modification factor”

Raalpr) =

- "nuclear overlap" (T 1)

(Ncoll> — (TAA>

Thermalization Expansion
(equilibrium and
established) cooling

(1/NA

_u:l'r "l.'rH /dndpr

Neony (1/ NP

nel

Chemical
and kinetic
freezout

L L

) .:f N ldndpr

::!ﬂﬂ __,.\_ | 1 I 1 I

(TAA>

2S00 —

mu—@

Pb+FPb

Au+Au

Woods-Saxon ]

% peripheral
0 i i | i i | i | i | --H-l.q- -I:=I‘g—l- i |
0.0 2.5 5.0 = 10.0 12.6 15.0
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™ Colour Interaction Dynamlcsl 5.?@\‘&
P <5% R

o the colour dynamics of the nucleon m’re&%\,& .
\\
@

’(Xm)‘< LO+NLO

Smgbt

o
OJ

2
[GeV?]

<&
& XU
: ’ \‘\A 8.5

20

+
exchange pdf zx(z,0?

90

Ox

_»0,5

800

J ho valencel

0:——_: cy(,ﬁ 0.8

T T
02 04 06 08
. z

S “hard" (~70%) g with g—gg and g—qq splitting
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w20 Hadron and Photon Structure | €2
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University .’5;;
o structure fugc‘rions F,(x,0%) and E! (x, Q%)

- hadron + QCD "7-splitting”
‘g-splitting”  “g-splitting” T

- photon structure function F, (x}/a

= 2
=T 10F at 3 Q° values ~
L. points: charm subtracted
el 08 measurement
or | ) D8 curve GCD fif

A= 183 Mey] ""

1.4

T T |
OM
1
=S
tn
[}
"
<
I I
| | 1

12 } B ﬂz =45 GE‘JE 'I
1 ) ﬂ_t_ 55
0.8 L - R
i Q%= 9.2Gev? |
0.6 — —_— —_—
y—99 *q9499 *.. p’

5%
T I

“colour driven
w-g-splitting

.9 799 99 2k 4 , T
* +gqg +ggg +... ]J_EM chqrge driven y 5pll|’r’rmg .
L Y 7= T X 0o om o5 om K

X



QCD meets Dark Matter ? I
U?u%%%gig L-.

® chiral symmetry breaking ? Peccei Quinn
- SSB U(1) > inflation < axion scalar field
- low mass (« eV) axion scalar field
- dark matter

o ear'ly Unlver'se s‘rrmg dynamlcs \ ! xance of
o

10F \\ ‘(\Z \m‘) “d _‘“@‘5
1 : % o\l ‘)Qx oG bey© - .
Infla i .\9“0(\@ a QCD N g cale separation:
%’Uf 10° \I\-’\‘(\Z (-0\8 of > T sstrings — scalarl@ions ..
>
S 10-2 | ..+ QGP +SSBF 1, hadron ?

strings — few optigns. . oo,
q visible © invigible matter |
s ¥ probe chipalitypi??  Hardy
e Chordetts
log « =log T = extrapolation Villadoo
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GSW Current | *: i

o then: point-like Fermi-g o};(E,) < E,
1993: hint of weak um‘rarl‘ry GSW UnlfICGTIOH ?

- from ep—vX it
0 ¢
to vp—eX N
-IVB in CC :
- EW probe o1
- structure of o

Fermi constant 6,4



Humboldt @ Kitzbuehl

24 June to 28 June 20 Cur,r‘en"' QUGI"k GSW COUPIIHQS

e EW probe of cold hadronic matter
V + A current quar'k couplmgs e poln +y*Z m’rf'””Ce

1+

0.51

.H1 BE%CL_
--LEP & SLD (d=s,u)
[ DO ay2=472) B
-+ SM U
_|||||||||||||||||H1|_
-1 =05 0 0.5 1
q
g;":\

4>

ThC k ftl tlte

Lancaster (5 |

University \’S-w

1 | |
-H'I (g +gv+g +Q+PDF

H1 (gt +g! +PDF )

0.5F

H1 (gi+gf'/+PDF)
- * SM

I
BB%CL B

@

o space (HERA) and time (LEP+Tevatron)- ||ke = SM
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uruversity Q’;::

- ® HERANCep04f’
= B HERANCep05Sm™
- - 5 = 0.00005, =21 Vs =318 GeV
= . ::ﬂ__ tB’xBJ ‘1%“_3{3%10;023512 . O Fixed Target
F e Ui, === HERAPDF2.0 € p NLO
_ xg; = 0.0005, i=16 mmmm HERAPDF2.0e p NLO
= x5, = 0.0008, i=15 e
C xg; = 0.0013, i=14 e
B xg; = 0.0020, =13
= xg; = 0.0032, i=12 y4 70
n xp; = 0.005, i=11
= T et BIBJ. = 0.008, i=10 q nd q
I = - W xg; = 0.(113, i=9._ +
CO Our‘ 5T r"M‘____ - IBJ-—(}.{}Z,I—S o /
1
2 et P 2
2 d®orne _ Y5 Y- 7
x, Q%) = =F,—=>—F_,F—xF
TNC ¢ ZnaemY.,_ dxd Q2 2 y, LTy 773
i YZ 2 2
F = F, —KkzV F) ™ + K7 (v + ad)Fy k;(Q?) = ! < g
~ vz 2/ 2 o\ 17 4 sin2 Oy cos? Oy Q2+M3
FL = F, — Kz F" + k7 (v + aZ) Ff v ,
- A = — = — Y =1+(1-—
xFy = —kza.F " + 2K3v.a.Ff Y= ep yp T (1-y)

FZ L3 .
.~ < parton density
2,L,3
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University €3

e precision o " (x, 02): quarks in quantum field
quarks and gluons in chromodynamics

G o)
v

4 14z° 3 : 4 dt x”?
.g Fm = Elfl— Iy i EJU — 2] + olas) ﬁadxr_ T
5 414 (1-x)? . 4 dx dt g
éPﬂ:E I + olas) }EI 4 7 @#‘ )
o 1, . . ._ .
'g qu = 5[-1" + (1— I_.l-] + ‘?{ﬂﬂ.ll — %dx? g&(é
* 2 L =
‘%Fw=6[ -t s + z(1—1)] - S
L [l_ .1'_1|_|._ T d,x'{]i’ _‘;" d
> 6 g;.ami‘jﬁf T
33 —2n¢ . . | x “ o
+ il—1x) + ola,)
b parent , - reference”

B . pofor .
daughter, -reference

e parton densities fp_)q,g(x, Q%) x (InQ?% + - )x
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Valence Driven |

. NC
e precision a,”" " (x, Q%) at larger x :

low Q*: valence g presence, g
but not structure, resolved

larger Q*:
valence g “field structure” resolved, \ﬁé

therefore "struck ¢" at lower x

NC i = P xg; = 0.08, i=5
ep 2 LO — ooOT=En == ———a_ .
0-1" (xl Q ) = alafall=.mlsa 2= B o=l = gt _“'—/‘-—: T 0.13,i=4

Sjmgem:SEE==s===z=g=g . 1B]. = D]B l:3

1 b xg; = 0.25,i=2

)
E -.- gl
A I eewew -—I—.\!\i X =0.40, =1
10 1

10 —2;_ M xg; = 0.65, i=0
1 1111 1111

10_3_I| | IIIIIII| | IIIIIII| | IIIIIII| | 1 111111
2
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""" 6SW Current — Proton Anti-matter b

® in ep interaction chlr'ah’ry probes anti- matter in p

o HERA Charged Current e* p Snattermg ‘
Ly 12“ | I | | | | I | ] | I | | I | I
5 i | | ! _
= e'p X 1 * Chiral structure of EW
u " "
6 100 ¢ ’ interactions probed
g 0 ZEUS ] . .
2 —nerarpe1s | * No sign for right-handed
80 - & p s vX ] currents
i * Hi i
3 0 ZEUS -

60 - ~ HERAPDF 1.5 Jz ¥

i ' ~  #A0

i e —u
40 &J

ED_— . . \ Jz:] V
_ Q° = 400 GeV
R
y <0.9 e d
= Ly T L ﬂj’
-100 50 0 50 100

s LR
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T colour Field ConsTiTuen’rSI

e 1993: rise to low x , g

of proton structure
function F,

- now: the gauge field
theory QCD (gluons)

iIs proton structure

& 1 1

+ +

0 Ao
h— 20 Om

xBj

-+

2

i

—-
S
I
-
-
[

2

!

3t

. 0 = 30 eV

)
k)
—T

?u-" 104

F = 8.5 GeV®

- MRS D"
MES D™
CTEQIMS

i —— GRV

- DOLA

]

e

1o-2
M

10-1

L
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The Cockceroft Institute
of Accelerator Science and Technology

Lancastert?ij

University &%

0 = 15 GeV®

102 101
£
0 = 60 CeV®
.,\-
_ kY
- .. N }
et '1-\‘_:.,; I -
Tea
108 102 101
o

'qdiscovery: we are (>99%) chromodynamic energy



Humboldt @ Kitzbuehl

2 1 July 2016 J .
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University &

edata ep—>eX andy'p>X €

Y
- total cross-section
O-y*p—>X(Q2; Wz)

4-77: Xem

large W2 Q%
low xg;

FZ(QZ xB])

1
optical W2+Q2
theorem | 2 2\1+A(t=0)
X g (W=+0-) =
L} Regge asymptotic <>
proton STPUCTure fund&/ Lipatov multi-gluons

1 W2 Q% _ @Q?
Fz(QZ X)low x X [<_> ] ~ ( 2) X O-totp( Wz) X = 2 2
*) ], Q P W2+Q

'» 'Regge mTercepT" 1+ Afrom [F2 (Q2 x)] o2

O-y*p—>X(Q2; Wz) Im Ay*p—>y*p(Q2; WZ; t = O)
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Umversity

o F, @ low x <
- saturation in | .
F, ocx 2 =027 | ?
R P
() Q) o[ 11
1 ©
lower x higher x 3
?\f—(;;ﬂlmﬁ/a\lnx)c)2 0-1': L
smaller | A larger ? 0.{]5—: o % it
® experiment — H 1
observation in ol
measurements? 1 5

® unitarity in colour fielc Q*/GeV’
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o F, @ low x
- saturation in
Fz oCc X % ?

& (D)

lower x higher x
(aVrm?z/a\lr‘lx)c)2

smaller A larger ?

® experiment —
observation in
measurements?

A=—(5InF,/3Inx)

0.6 |

| x=0.00007 [ x=0.00011
0.4 f r
0‘2 of_- %t ooooooooooooooo }-oo%?: ooooooooooooo

o b 4

0.6

[ x=0.00041 x=0.0007
0.4 t
0.2

Colour Conundrum |

4>

ThC k ftl ttt

Lancaster G!!-»E
University &-«

H1 Collaboration

0 Ff -
0.6 [ g
- x=0.0029 | x=0.0046 x=0.012
0.4 | $ ~ * -
02 .?_-.’+_M ..... :_-... .o .i... X .
0Ff - -
c - $ I x=0.029 - x=0.05 .
0.4 | : :
[ [ AN~ £ (1
0.2 | - 4/(;1/ -
o} b more'
01 10

® unitarity in colour fleld"
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Colour Dynamics |
Umversity

» experiment ep—>eXY with Q! < 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, lar*;'t}

' small F_ o
I ::_—'E - = [ — E
A = L b P
h_

full empty m

*,unquestionably dramatic: void < 920 GeV proton"
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olour Dynamics | e
University ”-’;:

» experiment ep—>eXY with Q! < 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 My<1.6 GeV

M-.,.- ]Eil“'_' : ' small _
1’. F =r1°s

ful empty m

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

- 2
deep (Q° » mj}) Efrom € ) . q
inelastic (s >» m3) N X

-ep—o>e+X+p interaction

- space-like factorisation Y b
P @ (B,%ip,,t, 0% ) QB d2gP?® _ o) _ y_z (s

" 2ma?, Y, dBdx;pdtdQ? 2 y, L

F2™ o diffractive parton density

e structure of high energy proton interaction
= QCD composition of inter-nucleon force
e remnant in beam-pipe — rapidity gap
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o x-section xpo,~F; (8,Q% Xp) L |

- scaling violations —  omucrm, <o —
1¢ (gs) QCD evolution T e

p dept - g—Gq <" i

p=0.08 (I=5)

- e H1LRG (M_<1.6GeV) —— H1 2006 DPDF Fit B i ' P,
g’,_ Xe=0.001 o H1LRG 1997 (M, <1.6 GeV) «==== (extrapol. fit) 5‘ ? ? % P P
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& 3 | 1L ﬁ_ﬁ 8 =02(=3)
T B S i ¥ - g ol
M0 s 8@ o™t g o8% ¢ _,‘!’-g'!ﬁ ¥ 3 _ U,
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z e Y PR,
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- QCD and hadron

U

1.6

1.2

0.8

0.6 —

colo
‘999 +99
*4999 +999 *--

0.4

0.2

14— 5

"g-splitting"

“g-splitting”

2 2
Q" =120 GeV’
. 172

ur driven

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

valence

Q" = 1200 GeV” dr‘ iven

q—q +

9—49
+

2
10 10

Hadronic Structure I L ¢
U?uny:*:

e structure function F,(x,Q%) QFD field + Q

" ]
y-splitting
PLUTO
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" 1. Interaction Dynamics I
T

* the colour dynamics of the nucleon interaction
- NLO — 1¢ colour singlet inelastic q m’rer‘ac’rlor\

S i Singlet 2
O o2 g [GeV?]
N
8.5
20
90
800
0 i3 0d 05 0 + 0 03 04 05 08
02 04 06 0.8 2 04 06 O.
y4 y4

L internucleon interaction = gluons = ?,L‘:f,.'Li‘;!:T#.':f; 7z LO
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vimete®e 1. Interaction Dynamics Q}’*
<7

o the colour dynamics of the nucleon interar’ >Q(\
- NLO — 1¢ colour singlet inelastic q |n+( \‘* _rion

— C 2 0 "
NO. 02 Sm.g-let--. ‘[QGeV") A $ Gluon ?GeVz}
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G internucleon interaction = gluons = 3R B -9 O
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. Lhteraction Dynamics
Umv%%gig{*’@

o photon structure function F,(x, Q%)

F,/ 3n, (" ZIn(Q%P?)
=] L= L=
(& IS n

=
(V)

o
-

n=4 Q*=100GeV? P>=1GeV? _
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L QFD+QCD structure = gauge-invariant vector field
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1. Interaction Dynamics o

e high energy for precision "Rutherford” proebe

deep @2 1) gon T
inelastic (s >» m3) hadronic X

-ep—oe+X+p intferaction
- space-like factorisation pY
PO (B 0,07) = — LB LoV o P oo

2nat, Y, dBdx;pdtdQ? 2 y, L
. 1\ @)
(GE( )(ﬂ; x1p, Q%))p (<;) )

e structure of high energy proton interaction
= QCD composition of inter-nucleon force
- multi-gluon exchange ?
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1 c InTerGCT on Dy namics I The Qeckerot st
Lancasterigbj

University =

e 1. dynamics = multi-gluons ~ 8, dynamics = Lipatov

(1_|_ 12— — T

- H1 LRG (M,<1.6 GeV) (exp.+model)

A(Q2)>ﬁ 118L H1 LRG 1997 (M,<1.6 GeV) (exp.+model) b
T[] H1FPS HERAJI (exp.+model) g

1.16 —————  FEUS LRG+LPS [exp.+model)

114}

112
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1.08 - .

106F | s
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University =

e 1. dynamics = multi-gluons ~ 8, dyne’ - Lipatov
\

(1+ 1.2:......
Q%)) 118}

1.16

114}
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Shortest Distance I
e beyond Dirac quark € 720€+ ¢ “"contact” ?
Y q 2 TG

q

Search for General Compositeness

o 2
O N 1
E;g ,of A HiepNCoi6fo
# L —— VV,A"=55TeV
° T VV,A = 7.2 TeV ®
o e t B |
& [ ©® HiepNCo.2sifb /-
T - = VV,A"=55TeV
B 1.4 i
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1
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O.E_I I I Lo !
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Shortest Distance I
e beyond Dirac quark € 720€+ ¢ “"contact” ?
Y q 2 TG

q

Search for Large Extra Dimensions

o 2_ 1
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wn — 5
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‘g " ® HiepNCo028fb"
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S 1- 1- D 1' The Cookoroft nsttute
ortest Distance I neeE
University Q‘;’E

e beyond Dirac quark qe y§z°"z]+ m “contact” ?
Quark Radius

o 2
% N
=18 A HiepNCoO.16fb"
% b — R,=0.65-10 "'m ®
G - @ HiepNCo28ib'
T 1.4 )
L [ — Ry=065-10"m
1.2 A
1%#6?* __________
0.8 =
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Shortest Distance I
e beyond Dirac quark ¢ y§z°"2]+ q\Q:e "
q

Quark Radiv’

o 2
C L
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U-Ecj el — R,=0.65-10 " O /»\3’ « ®
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Landmarks

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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Lancaster[35|
University % =

® example: why leptons and quarks ?

THE UNCONFINED QUARKS AND GLUONS

ibdus Salam Standard Maodel F=0 Leptoquark F=2 Leptoguark
International Centre for Theoretical Physics,
Trieste, Italy and Imperical College, London, e q—meg
England or
1. Introductian &g —=-e7g
Leptons and hadrons share equally three
of the basic forces of nature: electromagnetic,
[ er
weak and gravitational. The only force whieh gTq—=eTg -
ar ==
is supposed to distinguish between them is E—=eg 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 Thilisi
® further pursuit of landmarks

- energy frontier
- intensity frontier
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Beyo nd TOday S Paradlgm ? Lancasteri;
| University \’5;2

® dark constituents and dark currents ?
® beyond constituents and currents ?

0
74 %0 DARK ENERGY  229% DARK MATTER

3,6% INTERGALACTIC GAS
0.4% STARS, ETC,
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T Beyond 1947's Paradigm I

13000

e Dirac 1928
(n integer | %—-in’zreger')

mc
Enj —

2
1 Ze 2+\/|j+1|2_Z232
hc n—|j+%| 2 hc
\

e Lamb-Retherford 1947
- Dirac+3 ppm observed
- 3 ppm = 1 GHz splitting
k relativity + electron
+ field quantisation —
mode E, = tn + E) hv

integer “Zitterbewegung”

b relativistic quantum field

FREQUENCY - (MEGACYCLES /SECOND)

4>

The Cockceroft Institute
of Accelerator Science and Technology
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3 & _®)
University &=
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