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Proton structure proqe

Neutral current Deep Inelastic Scatter-
ing (DIS) cross section:

e(k) E(l{’) dZO_i 27ra2Y+
dxdQ2 ~  Q*x O' T
V1Z%g)  21a?Y,

2 1/2 2\ Y_
= Fao(x, Q) — Y—FL(X, Q)=+ Y—XFs
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xP Q4X +
—)—. \; where factorsy, = 1+ (1 - y)? and
P

y? define polarisation of the exchanged
boson and; = Q?/(Sx).

Kinematics of inclusive scattering is determined@¥and Bjorkenx.

At leading order:
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Fig. 11. Plots{18) of pW, versus = 2Mpu¢/g2 for (a) the 0=10° data
for R ===, (b) the # = 10” data for R = 0.

“The obvious way to test i#W, (= F,) is only

a function ofw = 2Myv/? (= 1/X) is to plot
each of the data points versusand see if one
gets a single “universal curve” ... Since these
plots were made before it was established that
R = os/o7 Is small, the two extreme cases
R= o (F. = F;) andR = 0 (F_ = 0) were
used to calculateW,. Clearly, forR = 0 one
has a very striking “universal curve” for 10
data.”

F. J. Gilman, EP69.

Clear evidence of non-elementarity of the
proton.

One more step in the thousands year long
guest of humanity to find the elementary
building blocks of nature.



Experimental Data on the Proton Structure
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81087 1 Atlas and CvB
N\ [ ] Atlas and CVS rapidity plateau
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) BCDMS 7 over the last four decades, sup-
e & W= fooce ported by theoretical develop-
10°, -y ments (LO-NLO-NNLO-).
y = =6 =,f"' ’—’/2' IQ' .
wih Lo L Huge extension of the know|-
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e Large extension of the explored spaceji®? vs the original
SLAC results.

e PDFs+ (N)LO DGLAP evolution equations are used for precise
predictions for the LHC.



HERA, H1 and ZEUS. 1992-200y/.
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ep — eX Cross Section at low and lowQ~| ==
° ----'Bilpgg%swf L * H1 ettt
0.47 - Dipole 1IM T 5 S RS B S S A
R S—— | T L S e Atlow Q- DIS cross section Is de-

oL 9?=026ev' ™ @?z025Gev 1 @ :pig;—{qggf" fined by the structure functiorts,

3 . N andF_
0_5__ .A*"*i..j . fﬁ....dw 1 ¢ '&-0.\,'.\
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0lL508GeV. 1 Q7=065GeV: | Q' =085 GeV’ or = Fp— 4 sFLs
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10 e, ] R ] Soep. .
0-5] Yoo - turn-over at lowesk is due toF| .

] @*=12GeV? | Q%=15GeV? Q%*=2GeV? .

A B B R e H1 data probes transition from

SRR N photoproduction to DIS, comple-
0'5_5 2 \'\2“;5 2 Z - 2\ ments ZEUS data J.( Breitweg et

ol.Q=256GeV’ 1 Q°=35GeV’ | Q°=5GeV’ .

| ) al., Phys.Lett.B87, 53(2000)) Which ac-

SR I N N cesses even lowep?.

Loizescev | gizsscer | otzizeevt e Colour Dipole models describe

10° 10° 10° 10° 10° 107 the data well.

arxiv:0904.3513, submitted to EPJ

7



Structure Functiorf, at low x, mediumQ?| - -z

H1 Collaboration o
E Q% =12 GeV? Q%=15GeV? Q? =20 GeV? Q% =25 GeV?
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0.5¢ .
e N e \| ® Measurement of-, in
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el e perturbative region.
A e HERA-I data,~ 1.3%
0sl total precision.
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H1 Data arXiv:0904.3513, submitted to EPJ
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0 bttt St it it ) o H1HighQ? C.Adloffatal. Eur.Phys.J. C30, 1 (2003)
10* 10° 102 10" 10* 10° 102 10*
X
F»(x, Q%) shows strong rise as— 0, the rise increases with
increasingQ?.



F-> Scaling violation at lowx

H1 Collaboration
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Large scaling violation at lowx — large gluon density. Good
agreement between the data and NLO QCD.



XP(X)

H1PDF2009 QCD Fit

C —
0.7 — H1PDF 2009
' [ 2 2
Q%=10 GeV

xu,

High experimenta
precision at lowx.

Novel decomposit
tion of sources of
uncertainty.
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e Parameterise PDFs at the starting s€@je-= 1.9 Ge\* as
AxB(1 - X)¢(1 + Dx + ...), evolve to higher scales following NLO
DGLAP (using QCDNUM program) with TR treatment of heg

flavours, and compare with the H1 data.

e Experimental errors usingy? = 1 criterion.

° errors from variation of theory parameters I'@%, Mc, M.
e Parameterisation errors from extrd, E, ... terms in the

parameterisation.
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\Sea and gluon
dominate at lowx.
XS>xg at the

starting scalg
and Xxg>xS at
Q°=10Ge\~.




Measurement of the Structure Functien

e In quark-parton moddt, = O for spin 1/2 quarks.

e INn QCD F_ > O due to gluon emission. Largey(x) at low x
implies sizabld=, — F| is crucial test of QCD.

e Reduced proton beam energy runs at the end of HERA operation
dedicated to measufq .
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or(y) = F2 -

yZ

F
1+(1-p)?

e Linear fit to the data at éier-
ent centre-of-mass energies to
obtainF, andF

e Relative normalisation from

low y data



Published H1 and ZEUS, results

ZEUS

N/'\
o | ° D — H1 PDF 2000
% 1 H1 Data -- CTEQ 6.6
\:I B -- MSTW 07
L L
L &85 2 @ ] s N Q
Xs8§8 § 8 g g
- oo o o o © © ©
0.5F

{ —ZEUS-JETS

Phys.Lett.B665 139, 2008.

M| " ST | Lol " Lol
10° 10?2 10° 10?2
X X

DESY-09-046, to be published in Phys. Lett. B

Both H1 and ZEUS collaborations published their first measiants
of F.. ZEUS also publishe##, extracted without any assumption on
FL.
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F. measured by H1

H1 Preliminary F | o AL
“8 - — H1PDF 2009 e
- - ® HI1(Prelim.) B experimental uncertainty o o
a® u E, = 460, 575, 920 GeV + model uncertainty
|_|_‘I 0 + parameterisation unc. _ :
0.5 Extension to hlgH|
I Q? > 90 GeV
i using LAr calorime-
i ter and to low
o Q? < 12 Ge\? using
i o dedicated  silicon
m o | tracker.
X8 835888888588 588588 298¢
_0.5 | | | | I I | I| | | | | 1 1 1 I| | | | 1 1 1 11
10 10° 10°
Q?/GeV?

H1 measurements covais < Q? < 800 GeV and0.00005< x < 0.04 range
For Q% > 10 Ge\?, agree well with H1IPDF 2009 prediction.
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F. measured af)* < 100 GeV

H1 Preliminary F ]

—~ 1

(\ba _ — H1PDF 2009

< | ® H1 (Prelim.) - - CTEQ 6.6M

~ _ E, =460, 575, 920 GeV -+= Alekhin NNLO

LL_I MSTW NLO
B ] MSTW NNLO
L 8 2 95 g 28 285 8 o 0 o For Q° < 10 GeV

05—X§ S 8§53 §8 8§88 §58 &5 S F_ acquires sizablg

I + higher order corred-
i tions.
O_I

Q?/GeV?

MSTW and H1PDF 2009 predictions use the same scheme to daléuyla
Data agree better with calculation of CTEQ and Alekhin.
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DIS jet cross section

High P; jets provide infor-
mation onxg(x) andas.

Normalised Jet Cross Sections

a
s | H1 e  Combined H1 data (incl., 2-, 3-jet)

H1 Analysis based on complete |
HERA sample (395 pt3). oo B en

Theory uncertainty

as(Mz) = 0.1168+ 0.0007 (exp)
Hoooag (th.) £ 0.0016 (PDF)

0.15

arXiv:0904.3870, Submitted to EPJC.  **°[

10 10°
Q/ GeV

Uncertainty in higher order corrections dominate the «sriror
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Combination of HERA dat

A

H1 and ZEUS Combined Data

0.8

x=0.002 %ﬂ Z Ultimate precision is ob-
Q% * HERAINC €p (prel.) tained by combining H1 and
JF e ZEUS measurements.
§- Average H1 and ZEUS data
ﬁ before applying QCD anal-
x=0.02 § ysis.

. ¢ Achieved by fittingo, val-
AT : ues, global normalisations
5 oz u ar_ld the cor_rellated system-

D ; ${ ; : atic uncertalnt|esY
SRS T i or =F2- Y+ Y+XF3
” ” ’ gélGe\/2

Experiments cross calibrate each other: total unceremméduced,
sometimes better than2.

/\/éxp(ma b) = 3

[m - 5 yimib; - ]

523tatlu (m| - Zj Vljrrfbj) + (5i,uncormi)

2+Zjb,2
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Combined HERA data

Combination of the published
H1 and ZEUS Combined PDF Fit H1/ZEUS data collected at

N S HERA-I for CC,NC,e*p mode.
X = . . .
S oe x-000005 21 ® HERAINC€p (prel) | & 14 publications 1397input and
Z00 G s, . HERAPDRG. 741 outputo, measurement4,10
o L Leeetr 2000k 17 e oAy 2 (oret.) putor Me:
105, ae® i iees  X=0.0005, 16 correlated experimental error
B "W% X =0.0008, i=15
104F :MX‘SE%?S’J;&‘LQ sources. For N@*p,
i ,.’.W”ffﬁ%i’;fiil 6-10"<x<0.65and
3L o- x = 0.008, i=10 a
U e o S 0.045< Q230000 GeV.
e x=0.02, =8
0% o -W- X = 0.032, i=7 % . .
- PRonoa———eseeeeeseseeetete s  x=005 i = Combination:
. M X=0.18, i=3 _% X /dOf = 637/656
§ —g e, v CTEy x=025i22 L‘% . .
1070 T w2 QCD Fit (to the combined HERA
M 2 datawithQ® > 3.5 Ge\A):
3 o <
C [0
10 bl B x°/dof = 574/582
1 10 10 10 10 10

Q% GeV?

HERA data precision is similar to fixed target experimentsoo
consistency between H1 and ZEUS. Stringent test of DGLAR@oD.
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QCD analysis of the HERA combined data

H1 and ZEUS Combined PDF Fit

1

AL L I AL DR >
: Q*=10Gev> | R |
08 - 7 08

06 - B exp. uncert.
L [ 1 model uncert.
04 I [ param uncert.

0.2 |

0Fr

H L D L B
Q?=10Gev® |
— HERAPDFO0.2 (prel.) |

il Ll Lol Lol ! .. Lol Lol Lol
10* 10° 10 10* : 10* 10° 10 10*
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April 2009

HERA Structure Function Working Group

HERAPDF0.2 — NLO
QCD analysis of the
combined HERA data.

Separation of experimen-
tal, and parameteri-
sationuncertainties, similar
to H1IPDF20009.

AccuratexS andxg at low x
due to precise measurement
of F».



HERAPDF0.2 compared to Global QCD Hits

T T T T T1T \‘ T T T T 11T T T T 1T H‘ T T T T 11T
v Q’=10Gev? | 2 Q%=10GeV?
08 0.8
g (x 0.05) [T ] HERAPDFO.2(prél.) xg (x 0.05) [T HERAPDFO.2(prel.)
(exp+model+param) 4 (exp+model+param)
06 0.6
I I cTEQ6.690% CL B MsTwos 90% CL
04F 0.4
02F 0.2
O 0 = L1 T—— N\
10* 10* 10 10 10 1

At low x HERAPDFO0.2 is more precise fo5(X), Xg(X) vs global fits
of CTEQ and MRST:

e Global fits don’t include the combined HER®&cent H1 data.

e Different error treatment — ongoing discussion in PDF4LHC
workshop meetings.
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04
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m T i
Atlas and CMS
2 i Atlac and CUS rapidity platess
- -
107 DO Central+Fwd. Jet.
B cor/oo cantral det
10k N
: sm0s
Bess
M =400 &
e

2 = 200 GeV? ; 2 = 250 Gev? *5 Q*=350Gev? | Q°=450Gev’ |
8 2 ~ 650 Gev? =3 Q 800 Gav? © QP=1200Gev® | Q°=1500Gev?
: \\ \\ | é \\
- Q%= 2000 Gev?2 j Q 3000 Gev? j Q2=5OOO Gev® T~ Q°=8000GeV? |
- 2 12000 Gev2 1 2 zoooo Gev2 } Q2= 30000 Gev2! 102 10% 1
C :* NC ep(712pbl}}' NC ep (98.7 pb)]
T Pe=+029 P,=-0.27
’A*ZEUSDQﬂt i"*ZEUSOQﬁt E
o T (prel) T (prel) \
| N | L1 7\ 1l | \\\HHT
102 10rl 1 102 101 1 10r2 10t 1
X

DESY-08-202, accepted by EPJC.

Neglecting pur& exchange term, gen-
eralisedF:
Fi ~ FJ + k(-ve ¥ Pag)F)*
_ 1 Q?
wherek = 4sir? by coZ fyy Q2+M2
At leading order

F)% =X ) 2eqq(d+0).

Polarisation asymmetry is parity vio-
lating.

Completee™p HERA-II sample]
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Charged Current Cross Section

HERA Charged Current e “p Scattering

~~ 120 I I I I | I I I I | I I I I | I I I I
o) L _
2 s ep - vX i
S + o H1 2005 (prel.) .
© 100~ ® H198-99 .
I A ZEUS 98-06 i
- e+p S uX _
8o ® H199-04 B
_ *, A ZEUS 06-07 (prel.)
- ", A ZEUS 99-00 .
60— g i
- CTEQ6D ]
" - MRST 2004 b
401" e HERAPDF 0.1 e ]
i A ]
20 ,_..-.A""" Q%> 400 GeV? B
- y<0.9 .
| | | | | | | | | | | | | | | | | | | y
01 0.5 0 0.5 1

CC cross section is linearly proportional to the degree eflémgitudinale*
beam polarisation.Consistent with no right-nanded weak currents
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Double Diferential CC Cross Sectic

DEOBEODBICC

sass

N

ZEUS

| Q?=280GeVv? |

Q - 530 Gev? i

Q*=950 GeV? |

85 Q2=1700 Gev?

Q? = 3000 GeV? =

Q2= 17000 GeVZ:

Q? = 30000 GeV?:

1of Q*=9500GeV? g
1P T+ CCep(71pb?) I + CCep(104pb?) -
0.8 F 4, F’e =+0.30 T Fje =-0.27 E
0'6; T — ZEUS09fi + — ZEUS09fit (prel.)
sk T (prel) T E
02F . + i&g
o R RIS ¥ ot AR %
102 102 10? 102 10

CC data allows to measuiz=d + s+b, U =

ep

U=u+c, D=d+ s+ b (forep).
DESY-08-177, accepted by EPJ C.

1 HH\MHHNH\\\H‘I
o

ZEUS

Q 530 Gev? T

2.5

- Q%=280GeV? §§ Q*=950GeV? |

1

20 Q2=1700 Gev? i* Q2 3000 Gev? - Q?=5300Gev? |
na F F E
08F Ed F E
060 Ea E
04
02
0.3 [t BBttt BTt P
o Q7=9500GeV? = QF=17000GevZ: Q7= 30000 Gev:
T «» ZEUSCC (prel.) T ]
02F T epaepby ¢ ¢ ZEUSCC(prel) 7
015 % \%\ - P.=+0.33 1 gp_(S(?gﬁb )
01F o ZBUSmfit(prel. )f;— ZEUS09 it (prel. y
005 k3 I E
102 10? 102 10* 10? 10*

X

ep

u + c (for e*p) and

Complete HERA-lle"p sample
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Measurement of Strange densikg(x), by HERMES

0.05

c—.
-
¢ — o .

<Q*> GeV?

Subtracting the contribution
of [DE(xdz, evolving to
Q°=25 Ge\? and using an
external value of the fragmen-
tation function [ D (x)dz, XS(X)
distribution is obtained:

MeasureK* production on deuteron
target compared to inclusive DIS.

f Dg(z)dz]

Based on flatness @k (x);dNnP'S(x) for
high x, assumeS(x) 0 for x >
0.15, measure the fragmentation func-
tion [ DY(¥)dz.

d?NK(x)

S(X)ng (Z)dZ% Q(X) ISWIS(X) -

oal P=25Ge _ Fi
- . CTEQ6L
: . X(u(x)+d(x))
02 :
0 R s e
0.02 0.1 0.6
X

strange PDF seems to havéfdrentx dependence vs light quark se|a.
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Measurements af, b using displaced verte

X.

~CC

H1 CHARM CROSS SE

CTION IN DIS

[ Q=5GeV’

[ Q=120GeV? T

[ Q’=650GeV’ T

1 Q=85GeV’ T

M —
Q*=12GeV* |

-4
10

1e H1 Data
| == H1PDF 2009

--- MSTWO08

H1 BEAUTY CROSS SECTION IN DIS

Q%=5GeV?

Q%=12 GeV?

e HI1 Data

\ | == HI1PDF 2009
] e MSTWO8

Larger contribution ter, (= &) allows to determine-& more

precisely thaw. Data agree with HIPDF2009 prediction.
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ties are dominated
by variation ofm,

My

uncertain-

X
arXiv:0907.2643

Complete datasdt

L =189pb
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01 |

Combination oﬂzgE measurements

ch Combined D* and Charm Lifetime Tag

\:
B -~
0.2 .
’S
v

Q%=6.5 GeV? |

| ~ |
\\\\‘\\\\‘\\

Q%=12 GeV* |

Q%=20 GeV?

- Q=35 GeV?

\\\\‘\\\\‘\\
- Q%=60GeV? |

log 10 X

H1 Preliminary

Data HERA-II
VFNS MSWTO08 (Prel)

Different methods to measuré®:
e displaced secondary vertex;
e tagging by measurin®*
meson production.
Methods have dierent uncertain-
ties: combine taking into account
correlations.

— Significant reduction of the un-
certainty.

VFNS MSWT08 NNLO (Prel)

FFNS MRSTO4FF3NLO
FFNS CTEQ5F3

NLO MSTWO08 overshoots the data, NNLO MSTWOS8 agrees well.
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Theory highlights

A\~ 44

e Tremendousféort to improve predictions by calculating higher order
corrections (LG-NLO—NNLO—N3LO ...).

e Assessment of smaX effects.

e Improved treatment of heavy flavours.

Very recent NNLO analysis of DJBrell-Yan data with general-mass
variable-flavour-number heavy quark treatment by S.AlekhiBlimlein,
S.Klein and S.Moch (ABKM)DESY 09-102

225 [ 2 4F =
2 p=2 GeV 1.8 ‘ u=10 GeV 35t u=100 GeV a2
r \ I
16
175 | i 3 b\ ]
. 14F \
15 \
i 12\ \ 251
[ \ [ 10
1.25 [
1k 3 2k \
1 [ %\ r \
i 08 \ N\ . \
:—== Xu [ N \\\ Xu 15 A\ \‘
0.75: = A\ 06 [ \ S=== "\ [ N\ \
r §/{\‘\ 7yd \ “\ S \ 1k \\ N
050 1 Ssost= | 04) SN i oSl
ok NN b X0 xd N osE xemoN TN 1
Foo xGITN N\ "7t N ¥ S XA\
0’5 /1 _ L 1~\\ o J ST R 2“””w~u\‘\ 0’4” Lo 2‘7“#”4-“1
10 10° 10° 10° 10° 10° 10°
X X X
10

Bands: ABKM analysis, dashed lines: NNLO

MSTWO0S8 central values.
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ep Physics Beyond HERA

Successful operation of HERA provided wide variety of fumeatal
physics results. Still, many questions remain unanswered.

e The spin structure of the proton at low p-beam polarisation
e Light flavour decomposition at low. ed running
e Low Xx structure of heavy nucleeA running

e Saturation of parton densities and relevance of BFKL dyeami
extendedk range

e High statistics elector-weak tests, precise decomposuio
parton densities using charged current prockgh luminosity
and high centre-of-mass energy

e Physics beyond SM iap interactions:high luminosity and high
centre-of-mass energy

These questions are planned to be addressed by proposed high
iIntensity medium (EIC) and high energy (LHeé€)) colliders.
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Medium energyep collider EIC: eRHIC and ELIC

...........

>

i
IP10 & J_.,d————FPossible locations
'd for additional e-ion
detectors

BNL eRHIC staged design, using
Ep, = 250 GeV:

P4 _@/ e E. =4 GeVlinac
e R_/ e E. =10-20 GeV ring, up to

/
eRHIC

PHENIX

P Ee = 30 GeV.

AN — .
Low energy \ N Four recirculation LumanS":y: 3)( 10?)3 Cm ZS 1 .
recirculation pass ectron passes

SOUrce

Jlab ELIC, usingEe = 12 GeV.
Stages InEp x Ee of 5x5, 30x5,
30x10 Ge\~.
Nominal operation at  insowss
250x10 GeV-.

Luminosity: 05-4.5x 10%3 cm st o

Electron

peNT ) HUS
il 10x250
Figure-8 .

collider ring

Stages of ELIC:
EXE.:

I

5x5, 30x5,30x10
12 GeV CEBAF
I

SRF Linac
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Examples of Physics at EIC

1.2:
;—<Q2):1.3 24 38 5795 17 34
1E
_ Determinexg(x, Q%) vs A by measuring
s % FL(A, x, Q%). Requires runs at fierentS.
% oal Allows to distinguish among “standard”
¥k ot A shadowing (HKM,FGS) and Colour Glass
e Condensate models.
= LHC / . RHIC R
0'2_“"”',3 — ......|‘2 R o) 06
10 . 10 10 'B_‘ — GSA(LO) Q2 _ 10 Ge\ﬁ
< — €5¢(.0)
0.4 GRSV(LO) std. and val. 7
MeasureAg via g1 scaling violation, ex- N \ N\
clusive final states. == N
Example of Ag/g determined using ° ”‘TET‘T;*’**“**H\”*
tagged charm production which allows tc L N
. . . -0.2 ® EIC, E,=10, E,=250, L=1.0x1 .
measure with uncertainties smaller thal o t0,E-5.c50.10250° //
. v RHIC-Spin
0.0l- -0.4 |- A ————
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High energyep collider LHeC

,}u : AR point 2
g 0 6 _ eCLElxperlment: v(jl |
nb’ E HERA Experiments: l‘f.ew Physics
10° 3 Ii;led I"[l'lzlr:;i]5!::!1:)':::5;rnenls;:
F = me Precision QCD and  [--74
104;_ = Beoms Electroweakfﬁysics ]
103; [ sLaAC
102;—
vr e 1 Nominal Ee x Ep=70x7000 Ge\f.
13‘2‘ & Dynamics _5.;;’ ] . p . . .
L :  Two designs, ring-ring and ring-linac.
oo o+ ] yminosity; 5x 10°3 cm2s1
w10 107 1wt 1wt 107t 1! B
New dedicated detector for high precision . HERA+LHeCfit
physics based on HERA, LHC, ILC expe- = [ iceemion :
i : - . i ]
rlen(_:e and C_IeSIQnS' C ﬁEL:)?eT.t(HERA I+11 94-05) ]
Flexible collider,p/A ande* beams, 05F =

longitudinal lepton beam polarisation

are ideal for QCIEW studies, BSM

searches. o it

Complementargp machine at the Terascglelf, TS/CL| T
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Summarj

e Combination of H1 and ZEUS published HERA-I
data gives ultimate precision latw X.

e First measurements &f atlow x.

e Results based on complete HERA sample improve
precision ahigh Q-.

e New determination ofrs based on jet cross section
measurement.

e New results fors, c, b PDFs.

e Precision NLO QCD analyses and novel fit
techniques: more reliable predictions for the LHC.

e New colliders at Jlab, BNL and CERN are being
developed fopolarisedandhigh Q?/low x ep physics.

— DIS has great future as part of HEP exploring the
Terascale.
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