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The HERA collider

Halle NORD (H1)
Hall NORTH (H1)
HERA

Halle WEST (HERA-B) «— Elektronen / Positronen
Hall WEST (HERA-B) Electrons / Positrons

Halle OST (HERMES)
Hall EAST (HERMES)

—~a— Protonen
Protons

< Synchrotronstrah_lur_\g
Synchrotron Radiation

Halle SUD (ZEUS)
Hall SOUTH (z

Two 6.3 km long accelerators:

Proton accelerator energy 920 GeV

Electron/positron accelerator energy
27.5 GeV

Equivalent to a 50 TeV fixed-target expt.

Graduate lectures October - November 2007

Page 2



Lepton beam polarisation

~ Longitudinal
~Polarimeter

Spin Rotator

Spin Rot

> Spin Rotator

(74]

Spin Rot

Beam

e 4-/ Direction

i n Rotator

Transverse
Polarimeter

|HERA .

Transverse polarisation of leptons builds
up naturally through synchrotron
radiation

P,(t) =P, (1-¢™""")

Measured by two independent Compton
polarimeters

Spin rotators convert to longitudinal
polarisation

Polarisations over 50% achieved

Polarisation [%] Polarisation [ %]

Polarisation [ %]

Average HERA polarisation

o0 T v T T T T T T T T T J T T T T T T T T T T T (1]
a
VF [ T - 1 o
- ° A =it ™ .h !
ol WP, ol WV . i A
i o~ ’ . ue® :

0 psspssrapisniain TPVPITP N FPPTPIIR, JPTTT PRIT Put POPRT | VUL STV rvurd FROTY PRRTTIUVET 1V PROY PUPUE TEPPT PRRTP YOPOT RPN [P
-20 - 20
P Oct 2003 | Nov2003 7§ Dec 2003 | Jan 2004 {7
0 T I015 202530 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 0

Day in month

- 3 *":f " AN, Apr 2004 1 May 2004 1+
2" " Ll + {20

L1 R O S e e B B B L T e Hotofrstsdiiasts jereel O

L]
E 4 B ..- 'na % ; G
*F Feb 2004 Mar 2004 Ny, P g " H 49
5710 15 20 25 305 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 OO
Day in month
00 e 60
20 F 2 1 140
Jlln -1004&. '..~’ "\.'ﬂ. "
20 F .- _ ] 20
0 Bsperabiabiiigias b He st pessrpasifasind FET PPN 4 } fraiiid 0
L ©
-20 F -20
. L] . 8 + o

0 e, Jul 2004 | Aug2004 i™®

-60 . L PUUTIVEETITIT NIRRT ) VU T PUvE TR id _60

5 10 15 20 25 30 5

S 10 15 20 25 30 5 10 1S 20 25 30

Day in month

Graduate lectures October - November 2007

Page 3



The ZEUS detector

Calorimeter
EM:
o(E) _ 18%

Systematic 1-2%

E 0
HAD:%=%@1%

Systematic 1-2%

Tracking
Central: 15° <0< 164°
Silicon: 7° < 0 < 158°
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HERA kinematics

Neutral current: exchange of y or Z0

k
6 _// Charged current: exchange of W=
k

Q" =—q" =—(k—k')"

0° P q
X = 2p-q y p-k

s=(p+k)’ Q’=x-y-s

QZis the probing power
X is the Bjorken scaling variable
y is the inelasticity

Kinematics over-constrained.
Can reconstruct event from any
two of 6, y, E, and E,
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Neutral current DIS cross section

- 2
NC Reduced cross section: O ¢ (X, Q )

p AL
d’0" (e*p) _2na’ y° ;
v.[F.-2F ML= F Y.=1x({1-y)
dde2 xQ4 [ TZ Y. L Y. X 3]
Dominant contribution ‘

Sizeable only at high 'y

o> Vpz —
F,=F" 4 toe | F o= Da+d
qg=u...b
2 2 2 .
Xk = ng—WXF;Z"'[Qz?M%] xXF) o E(Q_Q)
qg=u...b
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Charged current DIS cross section

CC e*p cross section:

4’0 (e*p) _ G} ( M2

2
o = 2x | +Q2) [ﬁ +c+(1-y)(d+ s)]

CC ep cross section:

dzacc(e_p) _ G,% ( M‘%,

2 —
wior =27\ 2 +Q2) [u +c+(1-y)(d+ E)]

Electron/positron-proton collisions probe different quark content of proton

Big difference in cross section magnitude

Cross sections suppressed due to large mass of W boson compared to NC DIS
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NC events in the ZEUS detector

Isolated high P; positron with hadronic jet balanced in ¢
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CC events in the ZEUS detector

Missing transverse momentum from the undetected neutrino
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Kinematic range of HERA data

Reaching values of Q2 > 30000 GeV?

N% N ZEUS 199697 . i . .
S 4 £EUS 199599 (PreL ) Kinematic limit
Tl e defined by

Q2=sxy

77 LEUSISR 1996 (Prel.)

10
- NNMC
‘ 77 BCDMS _ 5 2
10 2| CCER SHERA_1'2X10 GeV
| E665
0 |
1 /
a2l - < Previous fixed-target experiments
10 & <
3 // | ,-g)ﬁ
0® 107 1wt w? 1w ww' 1

Reaching values of x < 10° ’

Extension by several orders of magnitude in x and Q2
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Experimental progress

S BoLe
- = Q’=15 GeV?
3.5 [ O’=15 Gﬂ‘\.‘ﬂ 1.4+ @® ZEUS96/97
~ : + B H19697
: - DU 54 1 2; NMC,BCDNMS, E665
- I~ — CTEQSD
2 |- EHLE BS [ : - mamstos
N KMRS 90
1.5
- - GRV 21
B 2 NMC
I |
015 —
D IIIIIIIII 1 Illllul 1 IIIIIIII L 111 10 10 10 10 X
10-t gt 1g? g 1
»

Before HERA:
— wide range of predictions
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The shape of the proton

HERA F,
A single 2 | Q’=2.7 GeV? 3.5GeV? 4.5 GeV? 6.5 GeV?
particle ‘ 1 3 5 \\
-..\‘-.: —— \'!‘ — K"p, . Wl
| \i N \
= 8.5 GeV? 10GeV?: [\ 12GeV? [} 15GeV?
Three valence \, \ *
quarks ‘ 1 .\ o \ \
. b . i - gy S
oL \ F \L
2 18 GeV? , 22GeV? ) 27 GeV? 35 GeV>
Three valence i % ) \
quarks with W Ny AN "L\ "-.__\
interactions - ’ =
0 an A et
2 ) 45GeV? | 60 GeV? | 70 GeV? | 90 GeV?
Valence and sea . \

\ : i .
quarks with 1 -._.b "-q\ ‘-._‘ \\‘
interactions 4 r.. ,

[ R —— 5 ‘ N LN . 9|
21 | 120GeV? \150Gev? 197 i io? i
§ —— ZEUS NLO QCD fit
n n :
HERA extends proton structure . '-.\ L i
'q.. * H196/97 BCDMS
w u = ZEUS 96/97 E665
measurements to low x ik NMC
3 3
Rise at low x is a function of Q? = = g
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Structure function measurements

HERA F,
359 X=6.32E-5 \_0.000102
= !/ x=0.000161 ~—— ZEUS NLO QCD fit
& ¥ e —— H1PDF 2000 fit 2 7
o o/ e/ x-0.0004 B F X (4 X(q + q>
g« a il x=0.0005 2 q
B S,t g//: ‘a/  x=0.000632 * H194-00
‘..I‘J‘, e x=0.0008 s H1(prel.) 9900 q
.“I.", ) ¥ of I = ZEUS 9697
".-,'f./:,:" ’_,o- x=0.0021 peons
o aw d - oy
/2P 2. e Impact of HERA clear
rA & g g 0T
..‘.‘f‘-. o -0.005
> o® x=0.005
': P “59' '-_.l.l e
R o . x=0.008
3 7."1‘ .# w.."‘-
T e 3 F, dominates cross section
P o - o4 x=0.013 L4 2
ol 29
=
& B gegs x=0.021 . .
A amentaB S e Measured with precision of ~2-3%
S e ooy atiratoid x-0032
2 ,.-a—t."'./ o

kT

S mesnesmngatety e sass e Sensitive to sum of quarks and
ey —mugeve Sgeae 8- 1008 antiquarks

5 o.v‘l":"-. : 2 x=0.13

N I e R stuiose- M-l P « F, sensitive to gluon density via
L AT SR s QCD radiation

i, »-o“".villr‘ L ‘—-. x=0.4

R wORE e Scaling violations
1 10 10° 10° io* i — Largest at low x
Q’(GeV?) — Driven by gluon density
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Scaling violations

P x=0.008 x=0.021
| )Zﬁ& | %
T
Sy .
: ® ZEUS 96/97 o
0.5 ﬁﬁ/ O H19497 X
4 /\ Fixed Target /ﬁ{;
e —— NLO QCD Fit [+™ *
MRST99
-~ CTEQ5D
0 m L ul m poopl
x=0.05 x=0.18
1 — I
! gl i
& R T
0-5 '*;};’o‘-&« % . DY
0 x=04 X=0.65
0.2+ N T
¥ 'Y.”"v‘ N gyl .. . |
0.1 1] %.
: _\}V\ |
0; ] m‘“’*’@@ww; P
N 2 - 3 i 4‘ ‘ ‘ ‘2 3‘”‘4
1 10 10 10 10 1 10 10 102 10 5
Q" (GeVY)

Effect of QCD

— Increase F, at low x
— Decrease F, at high x

Sensitivity to gluon
distribution from accurate
determination of scaling
violations

Quantitative test of QCD
evolution
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High Q¢ cross sections & xF;

HERA Neutral Current at high x

@ Hlep o H1 e*p 94-00
10° o ZEUS e'p 98-99 o ZEUS e*p 99-00
-- SM e’p (CTEQ6D) — SM e*p (CTEQ6D)
10° :
x=0.08 (x10000) ——e-agees-gB088-8--8—-a
103 x=0.13 (x2500) _nww

x=0.18 (x500) W%
102

~ Q?=5000 GeVZ T Q%=8000GeV?

x=0.25 (x100) g ? ‘ |_ A N el )
10 ; ! LI « ZEUSNC (prel) |
| e*p (185 pb’)
1 x=0.40 (x5) - SM(ZEUS-JETS)
-1 ]
10
2 x=0.65
10
107 L Q% = 12000 GeV? | Q? =20000 GeV?
102 103 104 lllllw’l bl ‘Illtll L1
Q% (GeV?) 10 1 10
. ) ) oC E —_7
Difference between e+p and €p Cross sections gives XF3 XF3 ‘x(q q)
q

xF; comes from interference between gamma and Z° exchange processes
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Charged current cross sections

§ 7 gemow [ swoer | oo » Different for e*p and e’p
ik ; _ ZEUS-JETS _
? ii } 1 y .1 | ox[u+c+1A-y)(d+73)]
0 i } M N I — e'p sensitive to u(x,Q?)
b, 1700GeV' | 3000GeV? | 5300 GeV O X [l/l +C + (1 — y) (d + S)]
0.6 T 1 : | .
i : | K h SN — e*p sensitive to d(x,Q?)
LA \ B \ 1'% . .
A\ } NP £\ — e*p suppressed by (1-y)? helicity
; SN factor
cat 9500 GeV* | 17000 GeV* | 30000 GeV* L
| | ] s ety a900 e Flavour specific probe of the
“t N o proton
{ e et*p data particularly valuable
T A \ since d(x,Q2) poorly known
o B\ [ L
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Electroweak unification at high Q2

o Steep fall of NC cross section HERA Il
at IOW Q2 0; T T T TT] T T T T T T T §
— 1/Q* from photon exchange G 1ok s e 3
£ F O ZEUSe'p NC 2004 3
tg E O ZEUSep NC04-05 (prel)y5
; S SM e'pNC (CTEQ6M) -
e CC cross section suppressed 5 ok e s ncicEoo
u — :E
by large mass of the W S . s
24 M2 )2 -3 “em =
- 1/(Q*+M%) 2 o ]
102 E- * H1e’pCCO03-04 (prel) =
; 4 H1e'pCC2005(prel.) =
. - = ZEUSe'p CC 2004 =
o Difference between e'p and e T i
+p CC cross sections | i SM e*p CC (CTEQSM) P Y
P 10°E . I
= —— SMep CC(CTEQ6M) N 3
— u(x,Q?)>d(x,Q2 E .
(%Q2)>d(x,Q?) L s ;
— e*p (1-y)? helicity factor : P.=0 ;
10-7_1 | Ll | Lol | (-
10° 10*

. At high Q2 (Q2~M2,)) NC and e

CC same magnitude
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Polarised DIS cross sections

NC cross section modified by P:

d’c(e*p) 270’ [ + + _ Ng-Ng
dde2 B xQ4 HO +PHP] P Ng+Np

Unpolarised contribution

Polarised contribution - only includes Z and yZ terms
Polarised contribution only significant at high Q? - subtle effect at HERA
CC cross section modified by P:
o’ (P)=(1=P) o7 (0)

Polarisation scales P=0 cross section linearly - clear and large effect at HERA

Pure V-A structure of the SM - no right-handed charged currents
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Charged current cross sections

Charged Current e*p Scattering

e First measurements of the g T U
. . S ep—-vVv _
polarisation dependence of 9 o H1 Data 2005 (prel) -
DIS © 100 © H1 Data 98-99 4

CC ]

4 ZEUS Data 04-05(prel.)
A ZEUS Data 98-99

e Cross section disappears as o e'p— VX J
_ +f - H ‘ ® H1 Data 4
P=-1(+1) for e*(e")p I A ZEUS Data I

e (Consistent with the chiral i SM (H1 PDF 2000) i
structure of the SM o % J

— Pure V-A interaction L # J

— No right-handed charged = : Q? > 400 GeV? d
currents i y<09 i

0-1 | 1 | | Dl.s | | ] 1 é | 1 | | 0|5 | | 1 | 1

o9
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Neutral current cross sections

LILUD
T
&
~ 15 ~
g i
- 1 } {
+
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T
e
o ~ 15
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o & T P J
E L] t 3
= Y E } : {{ } ]
o}
o f
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®
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"{ 15 I I
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% 1 - rr;'§§§'§"+'* + } J
Il
= SM (ZEUS-S) J
05 * 03-04 P=+32% (prel.) / 04 P=~40% (prel.) I
3 4
10 10 Q* (GeV?)

do/dQ? (pb/GeV?)

-0.27)

G(Pe=+0.33) / c(Pe

i ) (a) 3
LE E
L0 E o zEUS NC (prel) i
10” - ep(42.7 pb") E
10™ £ — sM (ZEUS-JETS) E
1o P, = +0.33 _
10° 10° 0
Q? (GeV?)
T —
10 () 3
LE :
10" E o ZEUS NC (prel)
10-; - ep(788pb")
107 F — sm (zEUs-JETS)
107k P, =-0.27
10° L I T io} Ll r I
Q? (GeV?)
L4~ © ]
B (o]
1.2 =1
l .e
0.8 ® ZEUS NC (prel) T
b . .
0.6/ — SM (ZEUS-JETS) ! 4
I P, =+0.33/ Pe =-0.27
0.4} i) =
10* 4

o S

Q? (GeV?)

Polarisation effect more subtle in NC (only related to Z° exchange)
— Just about experimentally established
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Future prospects for polarised measurements

Measure left and right
handed cross sections
for etp and ep
Scattering in NC and
CC

Search for evidence of
right-handed charged
currents

Extract couplings of 79
to the light quarks
with high precision

o 0.6
+ €p15Lpb! P=+50%
0.5 * epl5Lpb P=—50%
e e'p243pb™! P=+50%
+ e'p243pb™! P=—50% i
0.4 )
0.3 B au
= ....‘“i;:_i:::'.‘_:._.._,_i. —
0.2 .
0.1
x=0.25
0 3 4
10 10 > >
Q* (GeV?)
Challenging!

Need highest possible luminosity and
polarisation
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Using structure function data to determine the

proton PDFs

e pQCD only predicts the Q2 evolution of the PDFs, not the x
dependence

o Ideally, find analytic parametrisations of the PDFs which
are consistent with Q% dependence predicted by QCD

— In practice, this is not possible

e Most common alternative method: perform direct
numerical integration of the DGLAP equations at Next-to-
leading-order (NLO)
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Determining the proton PDFs

e The basic recipe for extracting PDFs:

— Assume different analytic shapes for the PDFs (valence, sea &
gluon) at some starting scale Q? = Q,?

e Q,° is arbitary, but must be large enough for o(Q,?) to be small

— Use the DGLAP equations to evolve the PDFs up to a different Q2
value & use to predict structure functions

— Fit prediction to the data

e The parameters needed are: those needed to specify the
analytic shapes of the PDFs, Aycp and oy(Mz?)

— Can use these fits to determine o, as well as the PDFs
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Determining the proton PDFs

A typical choice of PDFs to fit are:
uv,dv,S,g,c_l -u

The usual form for the different PDFs are:
xXu, = Aux’xu (1-x)"P(x,u)
xd, = Ax" (1= x)" P(x,d)
xS = Agx~"(1-x)" P(x,5)
Xg = Agx_)bg (1-x)" P(x,g)
P(x,i) are polynomials in x or vx
Not all normalisations A, are free parameters: A, A; &A, are

constrained by different sum rules
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Contributions to the sea quark distribution

e Flavour composition of the sea

— Heavy quarks require special treatment; assume either
o Entirely generated by gluon distribution via y*g — qq (Q* ~ m_,?)

« Heavy quark distribution only above threshold (Q? >> m_,?)
— Strange quarks suppressed wrt to u & d (larger mass)

* Historically assume u,d content of sea = symmetric
» No particular reason why this should be true !

- In fact, it appears that ( > g
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Where do different constraints come from ?

o CCFR neutrino data (xF;)

— Valence shapes for all x with u, & d, contributing equally

— Most reliable at medium x (worry about nuclear corrections at
highest and lowest x)

o NMC data on F,(ud)/F,(up)

— gives ratio d,/u, at large x
— Only dataset to do so

e F,(ID) & F,(Ip) from NMC, BCDMS, E665, SLAC and F,
from CCFR

— Singlet combination of quarks (X = xu, + xd, + xS)
— Sea distribution for all (x,Q?) covered by experiments
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Where do different constraints come from ?

e F, data from same experiments

— Combinations of u and d valence distributions at high x

— Contributions weighted by (quark charge)? = u,
distribution dominates for proton targets

— Contribute equally for Deuterium targets
— U, better determined than d,

e F, data also constrain gluon density

e CCFR dimuon data
— Strange quark distribution

— Directly or via weak decay of charm quarks
e HERA data: sea quark and gluon distributions
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Results of QCD fits

ZEUS
e Results from different groups % | . sk
MRST & CTEQ A\ | e
“professional” fitters and of N o A §
market leaders oo\

e In these “global” fits other

data, aside from structure @ W W e @ e W
function data, is also used K

)
ast .\ [ r=si20m as| § B cieeam

e \What are these data ? e
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Information on PDFs from non-DIS processes

e (Constraining quark distributions:
e Drell-Yan dilepton production: pN — utu X
— Considered sensitive probe of sea quark distribution

— Dominant subprocess: g — )/ —Uu M
— Data from E605 and more recently E772 (moderate to high x)

e Ratio of data pn — utu Xto pp — utu X
— Give information on ratio % (NA51 & E866 experiments)
o W= production:

pp =W (W)X

Dominant subprocesses: ud =W dui—-Ww-

Graduate lectures October - November 2007 Page 29



Information on PDFs from non-DIS processes

The W= charge asymmetry also gives information on d/u
Constraints on the gluon distribution

— DIS structure function data only really constrains low-x gluon

— Use prompt photon or single inclusive jet production to get high-x gluon
Prompt photon data: pN — yX (0.02 < x < 0.5)

— Dominant subprocess: gg — yq at leading order

— Data from WA70, UA6, E706, ISR, UA2 and CDF

High E; jet production from HERA and Tevatron

— Depend on the gluon via gg, gg and &4 initiatied processes
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2
& xmin

2

total

o determination

ZEUS
25
20 ZEUS fit .
e with jet data .
without jet data
? '
15
O world average * .
(Bethke 2004)
10 ¥
¢ L
* .
5 ° .
o
: oA .
a e b R
0 CRnaanld” .v
L)
{
0.1 0.105 0.11 0.115 0.12 0.125 0.13
o (M)

Jet data constrains as:

Jet shapes in NC DIS

ZEUS (Nucl Phys B 700 (2004) 3)
Multi-jets in NC DIS

ZEUS (DESY 05019 - hep-ex/0502007)
Inclusive jet cross sections in (g

ZEUS (Phys Lett B 560 (2003)7)
Inclusive jet cross sections in pg

CDF (Phys Rev Lett 88 (2002) 042001)
Subjet multl})licity in CC DIS

ZEUS (Eur Phys Jour C 31 (2003) 149)
Sub .‘et multiplicity in NC DIS

ZEUS (Phys Lett B 558 (2003) 41)
NLO QCD fit

H1 (Eur Phys J C 21 (2001) 33)

NLO QCD fit

ZEUS (DESY 05-050 - hep-ex/0503274)
NLO QCD fit

ZEUS (Phys Rev D 67 (2003) 012007)
Inclusive jet cross sections in NC DIS
H1 (Eur Phys J C 19 (2001) 289)
Inclusive jet cross sections in NC DIS
ZEUS (Phys Lett B 547 (2002) 164)
Diéet cross sections in NC DIS

ZEUS (Phys Lett B 507 (2001) 70)
World average

(S. Bethke, hep-ex/0407021)
014

o, (M)

as(M,) = 0.1183 +£0.0028 (exp) +£0.0008 (model)
Theoretically limited! Need Next-to-Next-to-Leading-Order QCD
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Future measurements

£
s s
= 0.6 2 _ 2 __ =
= g Q*=100 GeV' S
= 04 =
g f g
=} 2 2
2 F b1
s . =
g o § s
8 02f 8
3 =
S o 3
= 04 s
i Z
%06 —: =
0.6 - Q"= 10000 Gev* |~
0.4 [
02
oF
0.2
0.4
0.6 - —
0.6 Q* = 50000 Gev‘_—
0.4
02
020 /\——\ /\——\ -
: I ZEUS-JETS fit
0.4 [
: ZEUS-JETS HERA-II PROJECTIO
0.6 k= HERA-TI PROJECTION
10* 10° 10* 10" 11

Valence quark distributions expected to improve in HERA II
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Future measurements

0.4 = o4 FE JE 3

s E e 04 F Q=100 GeV? 1E Q GeV? E

= 03F = 03F HE =
13 )

) E E 1E 3

= 02F = 02F 4F e

E = E 1E E

g 01p S 01 ElS E

N ERR I3 3

E S E 1F 3

& OLE : -0.1 E E

02 g -02 E =

L E E E

-0.3 F =0-0.3 E 3

0.4 -0.4 - -

0.4 0.4 - -

E Q%= 10000 GeV? E Q*=30000 GeV* E|

03 03 E e

0.2} E E

0.1 : = =

- ;

0. E ‘ E

-0. b E

-0 E ]

-0. = =

2

o o
T
T

e
[P T T
L L s

-0.
HE -0.. HE
1t B ZEUS-JETS fit 1E ZEUS-JETS E
1E . -0.3 NO-JETS 1k - . E
HERA-II projected 04 E HERA-II projected fit 3
X X

Sea-quark and gluon distributions expected to improve in HERA 11
— Relevant for LHC processes
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LHC applications

Example: W and Z production
may be used for luminosity
measurement at the LHC.

LO W and Z production
q+q =W /Z
X values given by

X2 = %pr(iy)
Central rapidity x=0.005

ly|<2.5 = 10%<x<0.1
M~100 GeV — Q2~10000 GeV?

Q (GeV)

10’

LHC parton kinematics

E x,, = (M/14 TeV) exp(ty)

= Q=M M= 10 TeV

M=1TeV

M= 100 GeV
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LHC applications

g z b P— P HERA I % HERAex\zle:ded
T iy re S
: Srar” / - ,“\\ “'-2
10 / \\
e Gluon PDF dominates at Q2=10000 GeV? L
e W and Z cross sections at the LHC 3 "
depend crucially on the gluon Post HERA I T
distribution |
e Before HERA large uncertainty in gluon
and sea quark PDFs gave ~16% |
uncertainty ; \
e Post HERA I uncertainty improves to | i
o N \
~3.5%
e More improvement with HERA II j | \
— Probably good enough for LHC luminosity - sy
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LHC applications

Pre HERA I Post HERA 1

8
S 2 S I
> Q'=1GeV? Q' =25 GeV* >R Q' =1GeV? Q'=25GeV?
| ek
51 fixed-target-13 | | 7 | —— ZEUS-S-13
L 4l N
| xS | -
| xg e [
| i = 2L xS
A — = — | R
L ~ 0 h—/
| gogie® P xg
| Q =7 GeV? | Q=7 GeV? Q' =20 GeV?
20 - 20 =rGe JL |
I uncorr. uncert. I uncorr. uncert.
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Huge improvement in sea-quark and gluon uncertainties from HERA data
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do,/dE; [fb/GeV]

LHC applications

10° =
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10° &
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1
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10

T
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T
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NLO QCD

1.8 from PDF
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from ren+fac scale
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Example: String theory model (hep-ph/0111298)

A2
o =cM . \A(s,t)

Jet Jet

where

A(§,’t\) _ e-w/f(e)é/Mg
M =100 TeV
M =40 TeV
M =20 TeV

At very small

distances,

particles disappear

into curled

extra-dimensions
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Conclusion

e The ep and ed DIS experiments at SLAC in the late 1960’s and the neutrino
experiments of the early 1970’s laid the foundations of QCD, the parton model of high
energy interactions, and the entire language of modern particle physics.

e The high energy muon and neutrino scattering on nucleons and nuclei in the 1970’s
and 1980’s expanded the kinematic range of DIS, and along with Drell-Yan and other

hard scattering processes, allowed quantitative global QCD analyses of PDFs of the
nucleons.

e The HERA experiments expanded the kinematic range into the small-x and high-Q?
region by orders of magnitude, and pushed the accuracy to unprecedented levels.
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