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Deep-lnelastic Scattering

Elektron
Kinematics x, Q2 can be measured from the detected particles

Charged current interactions also accessible (neutrino in the final state)
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L ooking deeper inside matter
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Rutherford (1911)

— elastic (Coulomb) scattering of 7 MeV a on Au
— planetary model of atom = QM

Hofstadter (1953)

— (in)elastic eN scattering of 400 MeV electrons
— Nucleus structure; size of A,p

SLAC (1968)

— Fixed target DIS with 20 GeV electron beam
— internal structure of hadrons

— experimental evidence for quarks

HERA (1992 — 2007)

— first (and so far the only) ep collider
— energy frontier: /s = 319 GeV

— resolution power down to 10~1%m

— QCD in low x regime (x > 107?)
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Restoring Universe Evolution

Today i, t =15 billien years
Life an earth T=3K (1 meV)

Solar system
Quasars

Galaxy formation
Epoch of gravita fonal collapse

Recombination
R elic radiation decouples (CBR)
Matter domination
Onset of gravitational instability

Nucleosynthesis

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

T=1MeV

Quark-hadron transition
Hadrans form - protons & neutons

— lusec

Eleciroweak phase fransition
Electromagnetic & weak nuclear
forces become differen tiated:
SU3)8U(2)xU(1) - SU(B)xU (1)

t=10""s

HERA

LHC

The Particle Desert
Axions, supersymmetry?

Grand unification transition

G -> H - SU(3xSU(2)xU1)
Inflation, baryogenesis,
monopoles, cosmic sfrings, etc.?

The Planck epoch

The guantum gravity barrier

E~T

4mu Tevatron



In the beginning the was the Idea...
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.and finally...

do/dQ? [pb/GeV ]
o

HERA . " R ‘s
e — — . H1and ZEUS HERA I+l Combined PDF Fit HE H1 Search for First Generation Scalar Leptoquarks
“ ° uncertainty
% H1e'pNC (prel) x Q2 =10 Ge\? § :11 h\g‘h Q] \E;\uswe;et NLO — ew AT T
A HL1epNC (prel) > s R th
O ZEUSe'pNCO06-07 (prel) 3 HERAPDFLS (orel) 3 fiLhion Q| diet NO e |
o ZEUS ep NC 05-06 0.8F - H1 high Q ? trijet, NLO —.— l —
—— SMep NC (HERAPDF 10) I o uncert. e T 3
— H14ZEUS NC, CC and jet QCD fits, NLO =
SM e p NC (HERAPDF 1.0) :I model uncert. @ m;mhm,n,au and jet Q fits, .- ]
[ parametrization uncert. M g H1 high Q% norm. k , multjets, NLO ]
© HLlow Q? k, multjets, NLO S, (e'd) q
) Eur Phye-3.C87, 1 (2010) N
£ - _
* Hie'pcc (prel) H e 10 I H1limit 3
4 H1epCC(prel) 04 2 ZEUS incl anti-k, je H1 94-00 limit 3
= ZEUSe'p CC06-07 & Phys.Let BSOL 127 010) R —— H1 Cl analysis limit T
3 Aleph 3-jet rate, NNLO ; " 4
* EUsepcoone s i et 10 orzocn o1 B F77] CMS pair production
SMe’p CC (HERAPDF 1.0) © Aleph Event Shapes, NNLO+NLLA - - ATLAS pair production
SM ep CC (HERAPDF 1.0) 0.2] 2 JHEP 08, 036 (2009) e . .
- ] DO incl. midpoint cone jets 102 D@ pair production -
& Phys. Ro. D80, 11107 (2009) RS OPAL indirect limit B
< World average | ] 1, ; ) ]
L i ] z S Betie, e Prys 2. Cos, 609 2009) e s —
10° 10° 10* 1(‘!3 107 10" 1I = ‘0‘11‘ = ‘0‘12‘ = ‘0‘13‘ — 200 400 600 800 1000
2 2 . . .
Q’[GeVY X aM,) Mo [GeV]

ots of Textbook results

HERA

H1 Collaboration HERA ‘ HERA

~ r . ~u — R B e A S
e 5o ) > o = > o S @ ) 2 16] OpZEUSQGOO > 03k .
138 & & 3 i 38 89 &8 8 = 30 75 W ] 2  pZEUS 94 2 07k 5 da/de(epﬂebX) \
0 47 5 o % 12 = pZEUSLPS 94 g s F x Q%1GeV?, 0.2<y<0.8, n°|<2
. = 00 .22 - "
5 - pinsmss 2 ™ E=S Noqcp gFMNR) ]
o "F w a(yp — pp) E 10 0ZEUS 98-00 B S u = 1/4 (m*+p3)
n o QZEUS 94 aF ¢ H199-00bjet " =
20 Hed d('yp = wp) wqq T + JIy ZEUS 98-00 g A H199-00b-pjet Wem's P
0.2 ™~ o Foo o gp = o) 8 * JYZEUS 9697 | B 10 ® ZEUS 96-00 b - jet -
W e X 3/ HL 96-00 S & ZEUS 05 b i jet
il , 6 [0 ] Y H1 (prel) 06/07 b - jet
o(yp —> J/9p) e o ] O ZEUS96-97b-e
e H1 *;;i; 3 ? % 1 L A ZEUS120pbb-e 4
C Wl zeus 7 ] WL PO ] E O H197-00b-D*y
o ZEUS (prel.) r W ZEUS 96- OOb D*u
[] HERAPDF1.0NLO [ MSTWO08 NNLO s o(yp = ¥(2S)p) e a[ % ZEUS114pb™bb- -
[J CT10NLO [0 JRO9 NNLO WL © fixed target W] 2 b * DVCS ZEUSLPS (31pb™) - 0 F % ZEUS (prel) 128 pb * bjet 3
4+ DVCSH1HERA| F
L O ZEUS | | NNF’DFZlNL? [0 ABKMO09 NNLO a(yp = T(1S)p) © DVCS HL HERA Il e'p :. T T T
. R, L . . . ) ) > !
02 7 10 50 v © @ W(GeV) 9 0 20 Ed 0 50 0 5 10 15 20 25 30
Q*+M*(GeV?) <p2> (Gev)

Q?/ GeV?



2 HERA: The World’s Only ep Collider

HERA-1 (1993-2000) ~ 120 ph~!
HERA-2 (2003-2007) ~ 380 ph~!

Final Data samples
H1+ZEUS: 2 x 0.5 fb~!
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Deep-Inelastic Scattering at HERA

Neutral Current DIS: ep — ¢'X

Electron

(i1

0/ GeV’

X

1k

B HERA Kinematics

- -
I £1]

Kinematics: (Momentum transfer)?: Q? = —¢?

Bjorken z: r=0Q%/(2p-q)

Inelasticity: y=@-q/(p-1)

(Total hadronic energy)?: W2 = (p + q)?
W? >~ Q?/x



Physics landscape at HERA

e HERA as Super-microscope

> Proton structure at high resolution
> Impact for LHC




Physics landscape at HERA

e HERA as Super-microscope

> Proton structure at high resolution
> Impact for LHC

e HERA as Energy frontier machine

> Electroweak unification at work
> Anything beyond the Standard Model?

q TEVATRON (
LHC



Physics landscape at HERA

e HERA as Super-microscope

> Proton structure at high resolution
> Impact for LHC

e HERA as Energy frontier machine

> Electroweak unification at work
> Anything beyond the Standard Model?

g TEVATRON g
LHC
e HERA as QCD laboratory

> Putting QCD in stringent tests with:
o Jets (parton evolution schemes, NLO QCD, «)
o Heavy flavor sector (multiscale problem: Q?, My, E})
o Diffraction (interplay of soft and hard physics)

> HERA specifics: lox x physics




Physics landscape at HERA

e HERA as Super-microscope

> Proton structure at high resolution
> Impact for LHC

e HERA as Energy frontier machine

> Electroweak unification at work
> Anything beyond the Standard Model?

g TEVATRON g

LHC
e HERA as QCD laboratory

> Putting QCD in stringent tests with:
o Jets (parton evolution schemes, NLO QCD, «)
o Heavy flavor sector (multiscale problem: Q?, My, E})
o Diffraction (interplay of soft and hard physics)

> HERA specifics: lox x physics

i Search for Novel Phenomena
i Precision Measurements




HERA as Energy Frontier Machine



5 HERA at Energy Frontier

Unpolarized DIS cross sections
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5 HERA at Energy Frontier

Unpolarized DIS cross sections oS (€ p) = (1 £ Po) - ogs 1(e*p)

HERA HERA Charged Current e “p Scattering
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6 Anything beyond the SM ?

H
V5 = 319 GeV -

TEVATRON

LHC

So far all NC and CC HERA data were in good agreement with the SM.
Try to look more carefully at the tails, using two strategies:

1. Specific BSM signals search (LQ, LFV, SUSY, ...) — guided by theory

2. Model independent generic search (data vs SM) — guided by data



7 Leptoquarks ?

e+ e (V e+ + e+ |; . ‘ :
A g 102 7 (a)é [@* = 16950 GeV?, y =0.44, M =196 GeV
¥.Z (W) Tl
q A 1i LQ A nk LQ ]
1 F .
Fzrpo)ton a K }\ nk a i : 50‘00 10(‘)00 15(‘)00 20(‘)00 25500 30600 ]
a@?) q, a, | | | | | Q2 (<‘:vev)
3 | H1 (b)]
() (b) (©) g w L ]
EET 9 E
1994-97: High ()* events. f —1— f Y
1 ety . ™
: ! é chity "

Rate in excess of Standard Model! ‘“sx—m—ss—me e

Q¢ (GeVv?)



@

q;
()

+ e+
Ali
nk LQ
ak )\nk
ax
(©)

1994-97: High )? events.

Rate in excess of Standard Model! b=

Leptoquarks ?

5 (@) *
2 02] [@* = 16950 GeV?, y =0.44, M =196 GeV L
= 3 E Y
10
»
. L
L L L L L L 1
5000 10000 15000 20000 25000 30000
QZ (GeVv?)
= T T ]
o H1 (b)]
= ]
[+
© 10 | =
1 p————t—— =
Il Il Il Il Il
10000 15000 20000 25000 30000
Q¢ (GeVH)

2011: Final status

H1 Search for First Generation Leptoquarks
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g Model independent search for New Phenomena

T : H1G | Search at HERA (e *p, 285 pb™
e Identify isolated objects: e A A Al R AR
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e Select events, having at least two "
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e Compare with SM predictions e_;;-;'
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8 Model independent search for New Phenomena
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HERA at Energy Frontier:

Standard Model is still in excellent shape!



HERA as Super-microscope



DIS: Cross sections and Structure Functions
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(similarly for pure weak CC analogues: Wi, W3 and W)



Structure of the proton
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0 Structure of the proton
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10 Structure of the proton
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universal PDFs, f,/,, determined with error bands .

ump Any substructures at 10~%m ? ' @t cev

No. Quarks are still pointlike Upper limit: |R, < 0.65 - 1072 fm

July 2010

HERA Structure Functions Working Group
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Knowledge of gluon without Knowledge of gluon with
HERA data. HERA

W cross-section
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HERA as a Super-microscope:

e best ever measurement of the proton structure down to 0.001 fm (F5, Fy, ©F3)

e |lots of glue at low = = in high enery limit QCD processes are gluon-driven



HERA as QCD factory
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HERA as QCD factory

Elastic J/y Photoproduction

1 central jet + 1 forward jet
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12 Jets at HERA

!

PI‘eCISIOn QCD ,,,ZIIEUSIIII o, from Jet Cross Sections in DIS

= ZEUS 96-97

—
= E E
[T 1
\ g 10 E Jat anergy scale uncertainty g S
2 105 E Mo GeD: i;“)’:';‘:f;! hadron levell 3 r "  Hidatafor5<Q2< 100 GeV?
5 f — oisenTmRETI o) 0.25 ® H1 data for Q 2> 150 GeV?
FITRERS T DSETHRSTR 00 L Fit from Q 2> 150 GeV? [arXiv:0904.3870]
_"g E 255 GF - 250 Qav E L a, = 0.1168+ 0.0007 (exp.) 9% (th.) + 0.0016 (PDF)
r 007 7
- 107 3 oo cxneey® 3 - = cCentral value and exp. unc.
E (10%) ] K Theory OPDF unc.

10° _ . 0.20
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Running a, in a single experiment!



13 Jets at HERA

PI‘eCISIOI’l QC D | ZIIEUSI ] o, from Jet Cross Sections in DIS

— g AR - R RRRE SRS R
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\ g 108 E Jat anergy scale uncertainty g GS r
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TR T DSETHAST® Um0} L Fit from Q 2> 150 GeV? [arXiv:0904.3870]
_"g 1255 Gf - 9:!::;\! * E = 0, = 0.1168+ 0.0007 (exp.) *99%48 (th.) + 0.0016 (PDF)
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uncertainty

preoimseeNO . — e Running «; in a single experiment!

H1 high Q ? dijet, NLO th.
Hi-prelim-11-032 ~  ===ssseeses

H1 high Q 2 trijet, NLO °

H1-prelim-11-032  =ss=esseee-

e HERA results are comparable (and competetive)

H1 high Q 2 norm. k ; multijets, NLO -

Eur. Phys. J. C65,363 (201000  =mee===ee=s -
Lk 0", it L0 N with the world average
Eur. Phys. J.C67,1(2010) ~ mmeeeseeeeemeeaeeaas

ZEUS incl. k  jets, NLO
Phys. Lett. B 649,12 (2007) |m==e=
ZEUS incl. am‘ufkI jets, NLO
Phys. Lett. B691, 127 (2010)  =s=e- . . . .
e e 0 y | Errors are dominated by theoretical uncertainties
Aleph Event Shapes, NNLO+NLLA a .
JHEP 08,036 (20090 [ eeeeaeaa-

ST (calculations are lacking HO (NNLO) terms)
Phys. Rev. D80, 111107 (2009)  ===s=e==
World average

S. Bethke, Eur. Phys. J. C64, 689 (2009)

- I I - ‘ 111 | I 111 |
0.11 0.12 0.13
as(MZ)
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Precision QCD

!

Jets at HERA

ZEUS

dcdeTuljet {pb/GeV)
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=]
-

T T T T

—
]
-
=3
ra

1q

= ZEUS 96-97

0 Jst energy seale uncertainty

MLO QCD: fcarmected to hadron level)
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H1 high Q ? inclusive jet, NLO
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H1 high Q ? dijet, NLO
H1-prelim-11-032

H1 high Q 2 trijet, NLO
H1-prelim-11-032

H1-prelim-11-034

H1 high Q 2 norm. k ; multiiets, NLO
Eur. Phys. J. C65, 363 (2010)

H1 low Q? k; multijets, NLO

Eur. Phys. J. C67, 1 (2010)

ZEUS incl. k T jets, NLO

Phys. Lett. B 649, 12 (2007)

ZEUS incl. amtifkT jets, NLO

Phys. Lett. B691, 127 (2010)

Aleph 3-jet rate, NNLO

Phys. Rev. Lett. 104, 072002 (2010)
Aleph Event Shapes, NNLO+NLLA
JHEP 08, 036 (2009)

DO incl. midpoint cone jets

Phys. Rev. D80, 111107 (2009)

World average

S. Bethke, Eur. Phys. J. C64, 689 (2009)

H1+ZEUS NC, CC and jet QCD fits, NLO

uncertainty
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Precision does matter!

o, from Jet Cross Sections in DIS
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14 QCD at low x

Lots of glue in the proton = long gluon cascade at low x. Perturbative expansion
of evolution equations ~ >~ A, In(Q?*)™ In(1/x)™ hard to calculate explicitely

= approximations needed

DGLAP: resums In(Q?)"™ terms, neglecting In(1/x)™ terms
strong kr ordering in partonic cascade

BFEKL: resumsln(1/x)™ terms
no kr ordering in partonic cascade =- more hard gluons
are radiated far from the hard interaction vertex

CCFEM: angular ordered parton emission =-
reproduces DGLAP at large  and BFKL at x — 0

e How long is partonic cascade at HERA, at small «?
e Do the In(1/x)™ terms play a major role in parton dynamics as suggested by BFKL?

= Look at (multi)jet final states at low « in different configurations
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Jets at HERA: New dynamics?

look at different topologies
especially with forward jets



15 Jets at HERA: New dynamics?

q 0

NLO DGLAP is OK

1 forward jet + 2 central jets

g 105 H1 |
A A >< .......... 1
look at different topologies E ———
especially with forward jets 104 |
103




15 Jets at HERA: New dynamics?

©
Yvy

look at different topologies
especially with forward jets

I NLO DGLAP insufficient
atlowax = Room for
non-DGLAP dynamics!

NLO DGLAP is OK NLO DGLAP fails at low x
1 forward jet + 2 central jets 2 forward jets + 1 central jet
2 10° H1 | & 10°
> ] =<
° 1
=) =)
-c --------- -c
104 10 4
10° } E& corr. error 10°3
= O(0,3)
: ....... O(asz)
-4 =
10 10 X 10




Diffraction




Diffraction

Diffraction

Diffraction in HEP =

Colorless exchange carrying vacuum guantum numbers
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Two approaches to Strong Interactions

1. Regge Pole Model = RFT 2. Quark-Parton Model = QCD
t
m
1 ¢91 My

S —» a(t)

mo 92 M 9

A(s,t) = Oab —

s@() 4 (—g)a(t) .
g1(ma, M, t)g2(ma, Mo, t) Sij,fa(t))) f fija(i, p?) - Fiv(xy, p?) - Gij (i, zj, ©?)

hadronic language sub-hadronic language

Ultimate goal: derive (1) from (2)



RFT: soft hh scattering vs QCD: deep inelastic ep scattering

e Hadronic degrees of freedom e Partonic degrees of freedom
e Validity: large s >t e Lowz: W?2> Q% t (Q*/W? =z < 1)
e [P dominates: ap(0) > ap(0) e gluons dominate: zg(z) > rq,u(x)
— O x5O0~ Fy(r,Q%) < zg(x) ~ 27
e Unitarity corrections unavoidable e Saturation of the zg(z)
(00t < In*(s/s9) at s — 00) (non-linear effects, shadowing, ...)
e When? Ssat =7 * xsat(Qsat) =7

o First to be seen in diffraction: o o« s>~ e First to be seen in diffraction: op o< |zg(z)|?

= Diffraction = Physics of the Pomeron, = Diffraction = Gluodynamics,
the essence of strong interactions the essence of QCD
(in high energy limit)




18 Diffraction at HERA

B Fundamental aim: understand high energy limit of QCD (gluodynamics; CGC ?)

B Novelty: for the first time probe partonic structure of diffractive exchange

B Practical motivations: study factorisation properties of diffraction; try to transport to
hh scattering (e.g. predict diffractive Higgs production at LHC)

e
e Q
B }M
Xp
P o P’ (My)
-t/

Experimental methods:

1) selecting LRG events

2) detecting p in Roman Pots

IB —_— —Q2 = 2 = —
— Q2+M2 a/IP
(fraction of exchange momentum, coupling to v*)

/
t=(p—p)
(4-momentum transfer squared)

HFS!

Electron

Proton LRG

+Z

FPS, VFPS
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First observation
of diffraction in DIS
1992 data, 24.7 nb—!

Inclusive Diffraction in DIS



Inclusive Diffraction in DIS

19
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First observation

e Compelling confirmation of the NLO QCD picture of diffraction

of diffraction in DIS
1992 data, 24.7 nb—!

over a wide kinematic range. Clear candidate for the textbook!

e Diffractive PDFs are determined from these data. Are they universal?



20 Factorisation properties in diffraction

QCD collinear y*
factorisationat @)/ My o
fixed ., t X (M) - P x VTl
IP p D q
p P 9, P
@, —U\
p = P
(t) . .
QCD versus Regge factorisation
QCD factorisation ol & 3. 67z, Q%) ® fP(x, Q% zp,t)

(rigorously proven for
DDIS by Collins et al.):

e 47— hard scattering part, same as in inclusive DIS
e fP - diffractive PDF's, valid at fixed « p, t which obey (NLO) DGLAP

Regge factorisation FY(xp,t,8,Q%) = ®(xp,t) - FF(8,Q?)

(conjectu e, e.9. RPM e In this case shape of diffractive PDF’s is independent of « p, t

by Ingelman,Schlein): while normalization is controlled by Regge flux ®(xp, t)
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QCD Factorisation Tests in Diffraction at HERA

QCD Factorisation holds in DIS regime, e.g.:

do/dlog 10(x) (pb)

VFPS DIS Dijets

60

20

H1 Preliminary
o HlData (Prel)
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R pG pll23
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I
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lé;
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21 QCD Factorisation Tests in Diffraction at HERA

QCD Factorisation holds in DIS regime, e.g.:

VFPS DIS Dijets . 2 central jets
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21 QCD Factorisation Tests in Diffraction at HERA

QCD Factorisation holds in DIS regime, e.g.:

VFPS DIS Dijets . 2 central jets
o
) ® F H1 Preliminary o H1 Preliminary
[} ~ 800
~ o H1Data (Prel) N& I +R Gs “23( el)
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However, it breaks down at Tevatron ...
...due to soft remnant rescattering (S ~ 0.15)

Tevatron vs HERA
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21 QCD Factorisation Tests in Diffraction at HERA

QCD Factorisation holds in DIS regime, e.g.:

VFPS DIS Dijets . 2 central jets
60 o) [
) F H1 Preliminary e H1 Preliminary
[} ~ 800
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However, it breaks down at Tevatron ...
...due to soft remnant rescattering (S ~ 0.15)

Tevatron vs HERA
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— IP+R
W g0z H120020,0 QCD Fit (prel.) e R
——  QCDfitto ZEUS 97 data Xy
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" j
B
1 S
P
107 P
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= Test it in photoproduction:

e(k) e(k) e(k) e(k’)
Vgéc’)’ v* (Q)
j6t§ remnant :
—jet |7 )
: ; €Xr
w 8w - Y ! et X
! jet 1217 x
remnant | Ze & (v) L
Xip
GAP remnant
Xip GAP
p(P) Y (®,)
€)) p(P) (b) Y (PY)

direct, z, = 1 (DIS-like)
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21 QCD Factorisation Tests in Diffraction at HERA

QCD Factorisation holds in DIS regime, e.g.:
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However, it breaks down at Tevatron ...
...due to soft remnant rescattering (S ~ 0.15)

Tevatron vs HERA
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= Test it in photoproduction:
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e Global, z,-independent suppresion factor is observed — somewhat unexpected
= Details of factorisation breaking mechanism in vp at HERA are not fully understood yet



22 Summary

W Standard Model survived 1 fb~! of HERA data and is still in a good shape.
Next challenge is now coming from the LHC - stay tuned!

B Combining H1 and ZEUS data allowed proton structure to be measured
with unprecedental precision

B NLO DGLAP is surprisingly successful down to low Q2 and low x in describ-
iIng bulk of HERA data. However, some room for parton evolution beyond
DGLAP is found at specific phase space corners = important message for
LHC

B Gained new insights into high energy diffraction: Pomeron under the HERA
microscope shows complicated interplay of soft and hard phenomena.
Understanding colour singlet exchange remains a major challenge in QCD

B Is this the end of DIS experiments? Or what’s next at the horizon?
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For late LHC period:
~ 2022—-2032



24 100 years of studying the structure of matter

B Fixed target experiments

> Rutherford — 1911 (7 MeV, aAu)
structure of atoms = planetary model =- quantum mechanics

> Hofstadter — 1953 (400 MeV, eA)
structure of the nucleus; determination of the size of A and p

> SLAC — 1968 (20 GeV, ep)
structure of the proton =- quarks = QPM

> SPSQCERN - 1976 (EMC, NAA4, etc. studying DIS with p beam)

B Collider experiments

> HERA — 1992 (27.5 x 920 GeV ep)
gluon dominated proton (and Pomeron); low = QCD; EW sector of SM

> LHeC — 2022 (60 x 7000 GeV, ep/e A) — not approved yet
non-linear QCD? Strong parton saturation? BSM phenomena?



