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Introduction

News from HERA:
- combined data and fits, F , heavy flavours
Constraints from pp collisions at Tevatron
- jets, W/Z
Spin Measurements

Conclusions

Not discussed:Diffraction, VM, photoproduction, strangeness,...
More on jets and photons in the next talk (C.Glasman)
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HERA Collider: end in 2007

Status: 1-July-2007
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Deep-Inelastic Scattering (DIS)

Partons = Quarks (+ Gluons = QCD improved quark parton model)
e(ﬂl) AF) é(’t‘g 1/(!&’) | --,l_;--
p(P) A~ |

"

UQPA')

Q?=—q?>=—(k—FK)? Boson Virtuality=1/Resolving power
Q2 Momentum fraction of the scattered parton
L= 4P (Bjorken Scaling variable)
Inelasticity
_ Q°
y —_— =



DIS: Cross sections, structure functions, partons

e

X d*o% L xQ* - y> : A 5

e:l:p : e = CLLd\éE omaltY, Hai- Y Fi ¥ }T’F% Ye=1x(1-y)”

Leading Order picture of the proton

F2 |:F2..F;Z‘_Féz Z ,2e4vyq, 1 + a } (¢+q) quarks

vZ Z | "
F3 {411}'_‘3 , ZF3 | & 2z Z €q0q, Vqlq) (¢ — q) (valence) quarks
q
F, Fr= 0(~ xzasg at NLO) gluons

CC: similar decomposition, but different quarks combinations accessed
flavour sensitive (separate in e+p/e-p)



The PDF's mechanics: factorisation and evolution

9,9 2 f(z, Q% = 10000) Q‘
~ F2 = Clepton—parton ® f(xa Q )

perturbative QCD i non-perturbative

Theory developed to NNLO
[W.van Neerven (t), J.Vermaseren, et al]

factorisation

-3

2) f(w? Q% = ‘1‘000)

Opp—FS = Cparton—parton 02 f(xa 2) & f(

|
E2

CM parton-parton

10~ 1

f(z,Q? = 100)

DGLAP
(QCD)

f(z, Q?) Evolution in Q2 calculable in QCD (DGLAP):
525 fi(2, Q%) = L P ® £(z,Q?)

1072 1

q(z) 9(z) qz) g(z} f(z, Q = 4 GeV?)
—-—%; —’—ﬁﬁ@ mc<< | at
Lo /\
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DIS versus hadronic colliders

Kinematic Plane (x,Q?)
ll}'r"ﬂml R B RSl LA e B BEL R |

[ X, = (M4 TeV) exp(y) y
10 Q=M M-10TeV g

Example:

pp: W (at rest) corresponds to mT!:-
Q2=M, 2 =6400 GeV? 0 '
x=0.005 for LHC
x=0.2 for Tevatron 10
=~ 1wk M = 100 GeV
For M=1 TeV (LHC) x>0.005 e :
10° r
DIS data is the support for LHC predictions : ¥ ;
-beware the very low x 10 !_-I'.-i - 10 GeV
Improvements from Tevatron at high x v : DGLAP fixed
] E target E
o | i il



The data for PDF's

Process
DIS Collisions

DIS Fixed Target

pp collision :jets, W/Z asym.

DIS neutrino-N

pp/pN Drell Yan

Experiments

H1,ZEUS

BCDMS, NMC,E665,SLAC
CDF,DO0
NuTev,Chorus,CCFR

E605,E702, E866/NuSea

Constraints

d.9

d.9

g, u/d at high x
a.g (s)

d.9

Global fits: determination of PDF's using the available data sets
[Ex: MSTWO08 uses 2743 measurements]

MSTW, CTEQ, AKP, NNPDF (Dis data), HERAPDF (HERA averaged data, see later)

PDF4LHC: Common effort to converge on technical and physics issues

Difficult issues:

“model”: low x, parametrisation, flavour/sea-valence decompositions...

data: “tensions” between data sets, tolerances

=> PDF uncertainties (determined in some global fits with Ax2=~40 or more)
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Predictions for LHC, some examples

qq — Hqq

N, olgg — Hgq) [pb]
N, V5 =14 TeV ]
MRST —— A
CTEQ
1.2 =TT
L16 Blreoesse.,
Ll Premestadee s
1.05 p——————aa
jif TS
0.95 |
0.9 v
100 1000
A. Djouadi and S. Ferrag, hep-ph/0310209 | L

1000
Mg [GeV]

Various fits give incompatible results

pp —

-+ )— N.Ad I.
Z — g g arXiv:?igg}Ze.tS;Sl
|

| T T
i M, >40 GeV
2400 % -
2200+ % % -
0 L _
2 _
e [ }
2000+ —
1800 I | 1 1 I |
CTEQES MRSTO6(NNLO) CTEQE1 MRST'04 (NNLO) MRST04 (NLO)
PDFSet
Total Theoretical Uncertainty (%)
Uncertainty Cross-Section Ao | Acceptance AA
Missing O(a) EWIK 0.38 + 0.26 0.96 +0.21
Total QCD Uncertainty 1.51 £0.75 2.55 £0.79
PDF Uncertainty 3.79 1.32
Total Uncertainty 41403 3.0+0.7

PDF error dominant for some standard signals

The variations in the P, spectra due to PDF’s can be limiting factor for non-resonant searches

More precise data for PDF's is the best medicine =>
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DIS data from HERA

HERA e*p Neutral Current
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H1-ZEUS cross section combinations

Coherent treatment of experimental effects in the average procedure (Lagrange multipliers method)

_}né.til“uﬁ' In'f. C'I‘L\';J o
2 “\¥at L., Bele
a

o

12

HERA I e"p Neutral Current Scattering - HI and ZEUS

< 2 true
” - X“(1F5™%),{a)) = z
3 g x=0.002 It ; 2 ) TFy
B R > | = ok
o i ® HERA I (prel.) ] Ta,
3 - O ZEUS
- O HI 1153 individual NC/CC (HERA | data)
' averaged to 554 points
0.8 —
0.6 — _‘E“
I =
0.4 _— %
—— 112000 PDF -
0o _ —— ZEUS-JETS z
I <
N &
U 1 | IIIIII| | | IIIIII| I

Q?/ GeV?

Improvements beyond the naively-expected sqrt(2): “cross calibration”
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The common fit of the combined HERA | data

Partons parametrized at Q,2 = 4 GeV?
Experimental+Model uncertainties taken into account
Errors of the fit estimated using Ax?=1

10+

107 10 10

1
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»
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04
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0

H1 and ZEUS Combined PDF Fit

Q* = 10 GeV*

l — HERAPDF 0.1
- eX]. UNCert.
I:l model uncert.

10+ 107 10° 10

Improvement in precision is visible, originate mostly from data combination

April 2008

HERA Structure Functions Working Group



c.(x,Q% x 2!

10

The combined data compared to the fit

H1 and ZEUS Combined PDF Fit

g s 2 r
S x=0.000032,i=22 O log Q2 SQ( ’Q.) HERA [ " 1
S x = 0.00005, i=21 . at=) : e p (prel.)
- x=o.%088§,;=20 , Gl [ Fixed Target
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SRS S x = 0.00020, =18 «w-» __ | HERA IPDF (prel.)
L e C00003is17
= ,,.»0""'“— x = 0.0005, i=16
§ .,.«*"'".M x = 0.0008, i=15
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c CEmmEE—e——%ee-eesereseetesys  x=005i6
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g OF, 2
C d log Q2 A aSQ(maQ )
I‘ | III\II\| | \\\I\II‘ | I\HIH‘ | \III\H‘ | \\\HH‘ | L LIl
3
1 10 10° 10 10t 10
2 2
Q% GeV

5 ot "
8 d?c%,Ff z2Q*
(T S, = —
- 4'“'\.' 5 ; —~ ¢ K ¢
© " daxdQ? 27a?Y.y

April 2008

Vast coverage of the proton “map”

Dramatic increase in precision

QCD/DGLAP at work:
scaling violations from gluons

HERA Structure Functions Working Group
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H1 and ZEUS Combined PDF Fit

Side by side with global fits

H1 and ZEUS Combined PDF Fit

] L I IIIIIII

0.8

0.6

0.4

0.2

: xS (x 0.05) \\/'/

xf

Q2=10 GeV?

April 2008

HERAPDF 0.1 ] .

CTEQ6.5M

HERA Structure Functions Working Group

- CTEQ6.5M

Q2=10000 GeV?

(LHC domain) )
HERAPDF 0.1 .

107 10" 1

Improvement most notably at low x
The data precision is driving the improvement
Treatement of errors and parametrisation issues

April 2008

HERA Structure Functions Working Group
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W+ Cross Section

sESEE. |

[
LI DL L

&

Predictions for W/Z boson production at LHC

Without HERA Data

[(assuming DGLAP)

B [}

HERA | data (one experiment)
20 i

A.Cooper-Sarkar and E.Perez

HERA | combined

HERAPDF 0.1

d '

3 S E Y -
3+109%0 = ==sE =
= = 006 =

4 3 -1 1 0 1 1 -t 210 1 2 3 4
W rapidity W rapidity W rapidity

Only the fit uncertainty shown here, no model variations
The step in experimental precision is significant ~2%

More HERA data to be included:
low Q2, HERA Il data high x/Q?, jets => ultimate precision



Proton's charm

cC
HERAF,
g B PP 200 1] T ]
ce/bb ce/bb 2 1xr pee/bb T T x=0.00003 (x4*") o H1HERA I (D) i
i / ; / 11
Op ' = FQ = /1 ‘|‘FL 10— 2 0.00005 (x4%) 2 HLHERA I (VTX) E
I c—0.00007 © ZEUSHERAI (D) :
1ol ‘ " x4'% O ZEUSHERAI (D', D’, D)
10 _0.00013 ZEUS (prel.) HERA II: g
e 5 = x= .(>< 417) e D* [ ) D+ ° &
10°L x = 0.00018 (x 4'%) L1 (prel) L
Y x = 0.0003 (x 45)
" b 10 81 x = 0.00035 (< 4'%) g
A . § x = 0.0005 (x 4% 1
” b5 10 ' x = 0.0006 (x 4'%) E
» 66666 g 106 i x = 0.0008 (x 4'") b
H—% x = 0.001 (x 4")
10 ° 3 - x = 0.0012 (x 4°) E
e - =0.0015 (x 4° 1
Tags: D-mesons, lifetime 104 o= ety :
i x =10.002 (x 47)
More QCD into the game - . ]
Fortunately, large quark mass helps 10 3 = v x=0.003 (<47 -
= - x = 0.004 (x 4%) :
2| | ]
o PR Sl L
Produced w_a_b_oson-gluon fusion 0 | P 0.0(;8 x 43)0012 ;
— - X=U. ]
=>sensitivity to the gluon : NLO QCD: = o
1 | —— CTEQSF3 "
. ] e MRST2004FF3 a1 x=0.02(<4)7
Precision to 5% (or less) possible 10 'L g x=0.03 ]
—t———r}‘u SYUN
=>challenges the theory i roril SRR R R
2 3
1 10 10 10

2 2
Q" (GeV") 20



Proton's beauty

H1+ZEUS BEAUTY CROSS SECTION n DIS

bb

o | Q=5GeV | Q=12GeV’ | Q 25 GeV?
0.02 | - -
HERA Il data with lifetime methods _
More data available 001 |

Flavour control in PDF is crucial
for some aspects of the LHC physics 0.1

0.05 |

0.04 [

5 « HI (Prel.) HERA I+II VTX
003 ¢ | = ZEUS (Prel.) HERA I1 39 pb ' (03/04)
0.02 [ 1 v ZEUS (Prel.) HERA II 125 pb™ (03)

: 1 — MSTWOS (Prel.)
0.01 | :

: \ - CTEQ6.6

0 bt s 3 .. CTEQSF3
107" 107 107



Longitudinal Structure Function F,

2
iy
o, = Fx () - v F;(x, 0% Fundamental form factor of the proton
M Proportional to the gluon, important for PDF's

R=or/or = (Fy — 2zF,)/22F, = Fr/22F, Discriminate between theoretical approaches
=0 for spin V2 partons in QPM

(Callan-Gross)
EI;' |||||I'I'1 ||||I1TI'| ||||I1TI'| |||||||| TTTIm 'Dj _lTI:J'I'!TH] IIIH1T1 I|||I1TI'| ||:||I'I'| T 1T
Breit Frame szj G-EVE II".". \ Q?zg{] G.;.;V?
Virtual Boson Quark Lines 0.4 l . _ 04 = I-. Al
B NLO fit _

.\ —— NNLOfil '\

%% resum it
03 = — P 03 = 'q i

Boson helicity ol : \ [ : '-:
—_ I A\ = W
L I'_'l:..'_l .\.l.‘.;:.:‘l.
\N\/\/< ﬂ. 1 B ) \ ] ID l I \"'-."::"I:'. il
-___\___-\- 5 -.‘.ﬂ:%-
NN %
— _— " \ ?*.;%

Helicity 1/2 quarks ; T i _"-,;.__: e ol \ #
0 |||||uj |||u,|,|] |||||_|,|,|] ||-;||,|J\||km]

0> 107 'u(]"q:‘i w10

Fr(z,Q%) ~ aszg(z, Q?)

Altarelli, Martinelli, 1978 R Thome DIS08
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o~ Fy(x, Q%) + f(y) Fr(z,Q?)

Direct F,_ measurement

Method:

keep x,Q?constant, vary y: ys=y's'=Q?%x

Vary s : Special Runs E =460,575 GeV

Fy ~ Cy) * (o(By) — o(E))

M E,=020GeV — 6% H1 PDF 2000 @ ;
* E,=575GeV — oZ’®H1PDF2000 | =25 GeV
‘ ® E,-460GeV — o Hi PDF 2000 .:: 1.6 x= 0.00049 x = 0.00062 x = 0.00076
e . - - F, H1 PDF 2000 o | :
1:8 W, '_

[ Example of a Q?bin

}

x= 0.0010

x= 0.0016

x = 0.0025

H1 Data
m E,=920GeV
* Ep = 575 GeV

L Q?=25GeV?

| 1l IIIlIl 1
-4 B
10

ﬁ - ® E;=460GeV
i ? — Linear fit

L 1 111l 1-—

X

0 02 04 06 080 02 04 06 08 0 02 04 06 08

v Y,
23
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F_(x, Q%)

H1 Preliminary FL

Direct F_measurement

meciium & high G

150 or-12Gev? ] Q% =15 GeV? E QP=20GeV ] =25 Ge\?
1k 3 ;
g o 5 — —~— HA*
Ao | S B R
15F qr-356ev E Q°=45GeV° E Q°=60GeV E Q°=90GeV*
0.5 -‘u\a____% ﬁ_“% E~~— = :“““M-“-H-_..__ l_
0f R e R e
1.5F a;’-—u[ueévz p ot F Qoance F Po20Ge
1- - -
0.5F " F R"H_q_ﬂj
e e
15F Q- a000eV’ Q 4DI]GEV Qo500 | Q 650 eV’
S U R | U
ok —t T 1t )
" JE PR T B R AR T T t. il F ] SR TTIT B AR ET T B e T | PR T B I R T B AT T |
150 @-ameer: 10° 102 10" 10° 107 10" 10° 107 10
1-
05 “-~--=-j[ ® Hi (Prelim.)
0 Ep =460, 575, 920 GeV

= H1 PDF 2000

T T T T
Q’= 24 GeV? Q= 32GeV? Q= 45GeV?
1F | |+ ZEUS (prel.)
— ZEUS-JETS

} ___________

1 1
Q’= 60 GeV? Q*= 80 GeV? Q’= 110 GeV?
5 = 225 GeV (14.0pb™)
T Ns =252 GeV ( 6.0pbY T
s = 318 GeV (32.8pb™h)

Measurements compatible
with QCD predictions
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FL(x, Q%)
o

0.5

F. averaged in each Q°bin

H1 Preliminary F

® HI1 (Prelim.)

— H1 PDF 2000

— --- CTEQ 6.6
R Ep = 460, 575, 920 GeV o B{[ST‘V
= k
= W M~ @ ™ o < N Ot ~ H D WO D W0 r
N O = W o r = M O~ = o0 WM~ DM
L— o O O o = N N M DO N @ D
X 88 88 88 8 e 88 888 &8 8 8
[ 0O o o o o o O O OO0 OO0 Do OO
— 3
[ D
R __-i-__ _§ & 2
__ "“-—"--:_.______ __T___‘_* Q:
» * =3
— Phys.Lett.B665:139,2008. ia
[ - ’ > 1 -
I I o
| .| I 1 1 1 1 1 1 11 I 1 1 1 1 1 1 1 1 I
2 3
10 10 10
2 2
Q“/ GeV

Work ongoing to extend to lower Q?/x: test QCD, resummation, gluon
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Comparison with target data and indirect

determinations
e -
0.75F
, - Q=12 GeV? Q% = 15 GeV? Q? = 20 GeV?
Q? range 05
of the first r
publication 0.25F
“medium Q2" -
O =
v
0.75
0.5F
0.25F
OF
o -
075 2 2 2 2
E Q° = 60 GeV Q° =90 GeV =
el 3 = H1 2008 F, direct phys.Lett.B665:139,2008
B - [arXiv:0805.2809]
T F . 0 H1 1997 F, indirect
E \ E \ R=FL/(F2H1PDF2000_FL)
g EmannrnnkharannrniiaTesg el s
I T R LI S N o NMC — HIPDF2000
0% 1% 10" y 62 % ™ § SLAC 4 BCDMS

The gluon “turn-on” at low x clearly visible
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Jets production at Tevatron

XT = 2pT / sqrt(s)

0.05 0.1 0.2 0.4
1 B I L I N - u -
@ inclusive jets: Tevatron Run Il Impressive achievement in energy scale control (1%)
2 08 [ ly|<0.4 g .
E e Sensitive to gluon at high x
E o6 [ qq — Jets - . . . .
3 - : Precision with present global fits
T 04 gq — jets ]
S Included in MSTW
S 02 | :
= I gg — jets
0 50 o 1(|JO EEI]O 460 I
pr (GeV)
35F 3 12F
FD@RunIl Rye=07 FNLOPQCD b =p =p L ¢ Daha ] 3 | Emt. e
: I RFT ] e ] L et lyi<0.1 - e M<lvi<16
15FL=0701" F snon-peruvaive corecions F SyStema“C“”CGrta'”ty, : E 5 il _ :;—E
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The gluon at high x

MSTW 2008 analysis (including CDF and DO run |l data jets, W/Z asymmetries)

Gluon at Q° = 1(2!4 Gew2

et
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G. Watt, DIS 2008
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New data prefer smaller gluon at high x
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The proton spin

Polarised lepton beam, polarised (H,D,.. )targets

1

OL], = 5(0‘
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— 03)/2 ~ g7 (

o HERMES (Q? < 1 GeV?)
e HERMES (Q? > 1 GeV?)
% SMC (low x - low Q?)
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o E143
+ E 155
fo Fe *ﬁ_##*}f ’!b"‘(og’(:>
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o X *H‘ la '
................................ Pl * .. :
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AY = [ Ag ~0.33
1

1
5 :§A2+L3+AG+L§

Level arm in Q? not large:
gluon contribution not constrained
=> semi-inclusive data

Use final states and angular distributions to
further pin down the spin
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Gluon contribution to the spin

Understanding the gluon is crucial for the proton structure

Extracted via semi-inclusive processes: meson production in polarised DIS and pp (RHIC)

- [ = v * COMPASS, apen charm, prel,, 02-06
Global pol-analysis: extract polarised PDF's ©  COMPASS highp,, 01 (GoViy?, prel, 204
= T T TTTTTT| Erohian ol o] I T TTTTH v COMPASS, high pr. Q> (GeVic)?, prel., 02-04
e de Florian et al., ~ 03 @) 1 HERMES, high p., all Q?
[P ;mg arXiv:0804.0422 1 = —— v HERMES, single high Pr hadrons, all Q2, prel.
:‘f o i ] SMC. highp_, OF 1 (GeVic)®
0.8 ® she,
F 1 = GRSV at n2-3 (GeVic)?, fst. moment - 0.2,0.6,25
B g \ e 0.2 ﬂ 0.6l - fit with AG>0, u?-3{GeVic)*
i 25 - ".,'.. \ _ 5 sememmenmsnens it with AG<0, p2=3({GeVic)?
{ B K 0.4
E e et Sy, 7 01
= i '."'l:ﬂl = 0.2
B 0 _0: ...... —
i i -0.21 ]
= — -0.1 -0.4F
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N N L cvdl NN IR o -0.8
L L g |
10 10 X 1 | L1 1 1 11 | Ll
‘ 102 107 X

Extreme options how excluded

Extend x-range in pp at RHIC
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Coda

103

LHC starts, precise data for proton “tuning” continue to come

10

substructure?
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; 19§5 Hofstadter
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E 1968\SLAC
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; CER~§, UN,vN
; >

% HER% LHC
| | |
1900 1950 2000

However: the proton structure and QCD are (unsolved) fundamental questions
More experiments planned: go deeper-inelastic (LheC) and extend spin studies (EIC)



Conclusions

The study of the structure of baryonic matter is a scene of fast progress

H1 and ZEUS Combined PDF Fit
T T T

T r -
Q'=10GeV? " Q=10 GeV?

G
»

- inclusive DIS and PDF's, spin etc.

—— HERA-TPDF (prel.)

Precision (H)ERA :

- Fit of combined HERA data (HERAPDF 0.1)

- First measurement of F,_at low x at HERA

- Final analyses and H1/ZEUS combinations will lead to a significant step in precision

Tevatron run ll :

- jets and W/Z studies offer new constraints on gluon, u/d at high x

Precise PDF's are an important ingredient for LHC analyses

- the perspectives are brilliant!

Thanks: A.Schoening, C.Vallee, E.Kinney,D.Lincoln,K.Hatakeyama,

A.Hillerbrand, T. Haas, U. Klein, A. Guffanti, S.Blessing, M. Wobisch
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Hard Diffraction at HERA

10% of DIS events are diffractive:
produced via the exchange of an coulouless exchange

'}r* (Qz) Photon virtuality

Momentum fraction

of struck q jlx (Mx) empty rapidity region (gap)

/ or intact proton detected
colorless object down the beampipe

LY (M,) (roman pots)

Fractional p (xIF’)
momentum loss

o t.k.?./.:\

(t) Squared 4-momentum

| transferred at p vertex
do s R
diff

D{-’-’l)
D didpd? O Kb hs ¢

assuming factorisation: structure of the diffractive echnage

q
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H1 and ZEUS corrected to the same phase space
Ready for combination,more data to come



Indirect Determination

X
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dolep — eD*X) i dp. [nb/GeV]

do(ep — eD*X) / dn [nb]

More charm

with HERA Il data
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Photo-Produced Beauty
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Recent precise measurements in agreement with theory




HERMES PRELIMINARY
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Asymmetries

information from another
process on Collins FF
(BELLE) allows extraction

of dq (eg Anselmino et al
Phys.Rev.D75:054032,2007)
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