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Deep Inelastic Scattering

o(k) o(K) Ki_nematics of inc_lusive scattering is deter-
a ~ 7 mined byQ? and Bjorkenx.

In x “scale parameter” B - equal sharing

among quarks. Proton structure for

T17%q) e Xx>0.05— valence quarks

e X<0.05 — coupled quark-gluon QCD
evolution. Large gluon density.

At smallx complex dynamics which must obey
simple asymptotic solutions

=
P
(unitarity).

DIS scattering experiments at HERA witfiS = 318GeV provide

e A unique tool to study validity of the QCD evolution for a wide
range inx and Q2.

e Within the standard QCD evolution, measurement of the jproto
parton densities.

Knowledge of the proton structure is vital for a number ofdgcal”
applications includingp colliders (LHC).
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PDF determinatio
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dogy  2ra?Y 2_ Y
P a Yy _J - — . 2
A0 - X0 Fom g FLs XFs) Yo=1x (1-y)
Leading order relations:
F2 = x X, €5(a(x) + a(x))
xF3 = X 2. 2eqaq(q(x) — q(x))
oo ~ X(U+C) + X(1 - y)*(d + 9)
oSS ~X(U+0) +x(1-y»)?d+9
pp — ()X ~ 3 X1 X20(%1)d(%2)

Gluonis determined fronk, scaling violation and from jet cross
section.

F_ = 0 at leading order; proportional 8luonat higher orders.



HERA and LHC kinematics

\HH‘ T \\\HH‘
Atlas and CVS

Atlas and CMS rapidity plateau
DO Central +Fwd. Jets
E= CDF/ D0 Central Jets
H1
ZEUS

BCDVB
E665

1
;
=
7
[T
1054 AVC
g
{11
1 SLAC

M =A400Cev ./

X1, Xo are momentum fractions.

Factorization theorem states that *° 7 ./~ . -
cross section can be calculated us- 1022 <o~ L L 2
ing universal partonx short dis-
tance calculable partonic reaction. mﬂﬂ]ﬂ |
M o ]
X2 = g OXPEy) 07 0% 07 0t w7 w7 wt

Notation clashy — rapidity (LHC) vsy — inelasticity (HERA,
Q? = Sxy).



Case study: Higgs production at LHC, SM vs MSﬁM

(a) (h)

{a) LHC,\s=14 TeV, SM

In SM, bb — H is small vs

gg — H. B
In MSSM, bb — H can be

enhanced by tar? 8

(b) LHC,s=14 TeV, MSSM, tanp=10
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Even for MSSM
with tang = 10,
bb — H dominates
overgg production.
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— production cross section measurement of Higgs is a key dingmé
to disentangle new physics scenarios.
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e Forx < 0.01 xS
andxG
dominate.

o \ery rapid
evolution forxS
andxG.

e Analysis based
on very new H1
data.



Intermediate Summary

e Production ofM ~ 100 GeVparticles in the central
detector region at LHC corresponds to Bjorken
0.002< x < 0.02

e For thisx range gluon and sea quarks dominate.

e Gluon and sea are determined from Eestructure
function data, which for thix range come from
HERA for 5 < Q? < 500 GeVf and evolved to higher
Q? using QCD evolution.



HERA, H1 and ZEUS. 1992-200y/.
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DIS Event Reconstructign

Inelasticity:

) K;entral Tragl(er
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Both the scattered electron and hadronic final state candobtoge-
construct event kinematics.



Structure Functior, at low x

H1 Collaboration

Q? =12 GeV? Q% =15 GeV? Q% =20 GeV? Q% =25 GeV?
F2 15' B N I~
il Recent measurement
o performed by the H1
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O e T ~ 0
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F2(x, Q%) shows strong rise as— 0, the rise increases with
increasingQ?.
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Large scaling violation at low —

F-> Scaling violation at lowx
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agreement between the data and theory.
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Data precision allows for local determinationdf,/d1n Q? ~ asG.
Note that there is a strong anti-correlation between the plaints.
Good consistency between data and QCD fit (even for extrapola

to low Q?).
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Sources of Experimental Uncertainty

For a double dferential cross section measurement, sources of unceztaint
are luminosity, kinematic determination and identificatefficiency.

6.£ 6O_rStat, 60_(':.‘.OI’I’ syst 5O_IEJHCOFF syst

e Global normalizations- arise from luminosity uncertainty/, global
Inefficiencies. Atect data sets uniformly. Typical valuel.5 — 2%.
Most serious for PDFs:@3shift generates.8 — 6% bias with only 9
units ofy?.

e Correlated systematimcertaintiesg " ¥ — arise from

misreconstruction of event kinematics, backgrounffeét groups of
experimental points, typically dependents can change-shape
globally, a&fectxG(Xx).

e Uncorrelated systematimcertaintiesg: " ¥ — arise from local

efficiencies, miscalibrations. Often the largest source oértamty but
impact on PDFs is- 1/s0rt(Nmeas)-

e Statisticaluncertaintiesg=® — at HERA are small fox ~ 0.005 range,
become important for higp?, x.
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Luminosity measurement at HEF}‘A
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e Useep — epy Bethe-Heitler process, detect the scattered photon
In a photon tagger 100 m away from the IP.

e QED prediction with (6% precision (&ect of higher orders).

e Experimental uncertainty dominated by detector acceptanc
knowledge ¢ 90+ 1%), energy calibration, and beam
longitudinal profile.

— complicated measurement. Ultimate experimental uncgytai
1%, uncorrelated H1 vs ZEUS.
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Correlated Systematic Uncertainties
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Example: scattered electron enefgy Affectsy, Q°.

e Calibrated to the electrdmeam energysing the scattered electron
angle and the angle of hadronic final state.

e CheckE] using “kinematic peak” distribution —-8.2% precision.

e Measure non-linearity with® — yy, J/y — e*e", QED-Compton
ep — epy events.

15



0.(x,Q%)

1.2

0.6

0.4

0.2

Combination of HERA dat
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H1 and ZEUS Combined Data
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gﬁﬁ- o n1 Average

H1 and ZEUS data

before applying QCD anal-

Achieved by fittingo, val-
ues, global normalizations
and the correlated system-
atic uncertainties.
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Experiments cross calibrate each other: total unceremméduced,
sometimes better than?2.
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Combined HERA data

H1 and ZEUS Combined PDF Fit
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HERA data approaches precision of fixed target experimemsidihed data
vs theory: stringent test of DGLAP evolution.
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PDFs extraction

1

L; T Q\é\:\j:dGevz \\\\\\7 q; T Q\z\:\\]-\dGe\\/z T T TTITT
0.8 - 0.8
g (x 0.05) 7] HERAPDFO.2(prél.) xg (x 0.05) [ HERAPDFO.2(prel.)
(exp+model+param)
0.6
B msTwos90% cL
0.4
0.2
0 [N
10* 10 10 10 1
X X

SeaS and gluory are far more important at low. Mind the x0.05
scale factor for them.

Fit to combined HIZEUS data returns much more precy&(x)
compared to global fits of CTEQ and MRST: improved data prenisi
and also dierent data errors treatment.
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HERA-II Results

&P 200304

gs.s—
Status: 27-June-2007 1/07/07 > ]
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H1 Collaboration
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; 1= 4o
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Polarisation /%

HERA-II upgrade provides better instantaneous lumincesng
longitudinal beam polarization.

Special low proton beam energy rulbs = 460 575 GeVto measure
FL
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Charged Current Cross Section

HERA Charged Current e *p Scattering
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CC cross section is linearly proportional to the degree efldmgitudinal
beam polarization:

2 _€ep 2 2 2
doec GF[ My

dxdQ@ 27X | Q2 + I\/I@V] Pec

Consistent with no right-handed weak currents
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Charged Current Double Berential Cross Sectiqn
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Recently ZEUS published analysis of the compkstp sample. CC
data allows to measui@, U andU, D separately.

(DESY-08-177, accepted by EPJ C)
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NC Cross Section Polarization Dependence

ZEUS
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(DESY-08-202, accepted by EPJ C, Complete HERA-II sample).
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NC Cross Section Polarization Dependence
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measures directly NC parity violation.
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XF3 = X ) 2eqaq(a(x) — G(¥))

Large increase compared to
HERA-I of e sample allows to

Improve precision of the interfer-
ence structure functiomFgZ

e First combined H1-ZEUS SF
result

e xF* is consistent with no-
enhancement for lowx, sup-
portsg-g symmetric lowx sea.
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The Proton Structure Functions at l&y¢

QPM QCD
| + fo +
el k k.5 efp K. & elk Ke
‘‘‘‘‘‘‘ T o o q
T [_ *_
!esh Y*i ¥ qu -
— . X
— g T q } =
q i “
: g g & q
o (b) (©)
= =—1/2 - L=/ =0 f=-
(J* 7®0 L= ‘rf/ initial "r*]‘ 5 o e =g
M VWAV state VY YMITTTITTE
e I
. final s final,, =——"
J-H/2 slale g .t J::w state .JT=_—|/-2 J;__l/?
For low Q2:
or low Q~:
y2
O'r:Fz—Y—FL Fo~oL+0r FL~o0L
+

which impliesO < F| < F..
e In Quark-Parton ModefF, = O for spinl/2 quarks.
e In QCD, F_ > 0due to gluon radiation.

e Atlow X, sea quark and gluon density are measured usjrend its
scaling violationdF,/d log Q.
F_ measures gluon via cross section polarization decompaositi
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Measurement ofF| .

E, = 460 GeV

* Data
— MC+BG
= BG (data)

10° events

E./GeV

10° events
(o)}

40 -20 0 20 40
Z /cm

10° events

10° events
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©,/deg

uoibal ZO MO

0 20 40 60 80
E-P,/ GeV

Determination of~_ requires measurement at high: 1 — E—g

H1 estimates background directly from data using the measur
charge of the electron candidate.
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Background Estimation

e" p scattering:

+ Scattered lepton has the be&mn

charge positive).

— Background from hadronic

particles, y conversions is

almost charge symmetric:
Ngg X Ngg

— require positive charge for the

signal sample. Estimate remaining

events

5<

positive e-candidate charge

negative e-candidate charge

background usingegativesample. o
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Radiative Corrections

§80
[2e]

e Radiative corrections are large at high — Total Correction
y,5=%']—1>50% 60/ — ISR

e Simulated in DJANGO MC, checked — TotakISR
with HECTOR program. 201

e Mostly from initial state radiation
(ISR) - radiative return to low and
low Q?

(o ~1/y ando ~ 1/Q%).

20

% 0.2 0.4 0.6 0.8

Remove/check | SR radiation using the measured lepton beam
energy:

2B, ~ E- Pzlin=E— Pzl = », (E"— )+ > (E®- p§) = E—p;
h e
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Control plots: Highy low Q? (SpaCaI}
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‘ 1 %
0.5 " ’ * g
0+ : : ‘ : 0 ——t - :
-40 -20 0 20 40 0 20 40 60 80
Z, lcm E-P,/ GeV

29



F, extraction

Q%=5.0 GeV? H1 Preliminary
/>‘T [ x = 0.00009 x = 0.00010 [ x = 0.00012
NO’ 1.2_— .
1y o
o - 2
SIS a i Y
| Y or(y) = Fa - s FL
| . : 1+(1-y)
o8 T T s
I x = 0.00013 x = 0.00015 : x = 0.00020
_ _ _ . . .
12f ey e Linear fit to getF, andF_
'y L i e Relative  normalization
ol i’ # $¢ — Linear fit
Ny from low y data
0.8
002 04 06 08 0 02 04 06 08 0 02 04 06 08
y2lY,

Data atE, = 575 provides cross check and extends measurement to
low X.

Consistent slope — consistdnt for differentx bins.
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Published H1 and ZEUS, results

ZEUS

(\/I'\
o | ° 1 D — H1 PDF 2000
" 1 H1 Data -~ CTEQ 6.6
\:I B -- MSTW 07
L
S8 3¢ g 3 N 8
Xg8g 8 § 8 = S =
oo o o IS © © ©
0.5

I —ZEUS-JETS

Phys.Lett.B665 139, 2008.

1 1 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 extracts, without any assumption olf, .
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H1 extension to lowD?

H1 Preliminary F )

Q% =25 GeV? [ Q*=35GeV? [ Q*=5.0GeV? [ Q°=6.5GeV?

F (X, Qz)

e HiData — H1PDF 2009
E, = 460, 575,920 GeV "~ F._ (R=0.25, F2 H1PDF 2009)
-~ F_(R=0.50, F, HIPDF 2009)
10 103
X

Using the backward silicon tracker, H1 extended the measeméeto lowQ?.
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H1 extension to lowD?

[ Q°=5.0GeV?

F (X, Qz)

Using the backward silicon tracker, H1 extended the measeméeto lowQ?.

32-a



F. measured by H1

H1 Preliminary F ]
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> .
~ u E, = 460, 575, 920 GeV + model uncertainty
T 1 + parameterisation unc.
0.5
0 [
— L
B (@)} N~ 1
Lo (e 0] ™M N~ - OO NI O
- o o — I N NI IO © O «— O M N~ S O0OM O g © M
8 8 888 8888 8§88 888888388858
B o o o O O OO0 OO0 O o o O OO OO0 OO oo
| | | L1 11 || | | | I | || | | | L1111
0.5 2 3
10 10 10
2 2
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
O — H1PDF 2009
< | ® H1 (Prelim.) - - CTEQ 6.6M
= | E, =460, 575, 920 GeV -+ Alekhin NNLO
-
L MSTW NLO
B ] MSTW NNLO
o N~
- L0 [e0) ™ N~ — (@)) (@) Al N~ o
o o - - (aV] AN < L0 (o) (e} — L0 o™
X8 8§ §88 88 88 88 8 g
06— 5 6 &6 o &6 &6 6 o & o© o o S
0_ |

Q?/GeV?

MSTW and H1PDF 2009 predictions use the same scheme to daléuyla
Data agree better with calculation of CTEQ.
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F_ vs phenomenological mode|s.

H1 Preliminary F ]

<« 1 .
o — F, (R=0.25, F H1PDF 2009)
. F @ H1(Prdim) - F_ (R=050, F, H1PDF 2009)
>
< | E, =460,575 920 GeV -~ DipoleModé (I1M) :
i Dipole Model (GBW) [_)'pOIG Models
- -=- WT NLO + NLL (1/%) fits to low Q? H1 data
| % B (40} N~ — (@] o (9 N~ o
o o — — AN AN < L0 (o) ()] — Lo (2]
X8 8 888 885 88 88 8 g
05_ o o o o o o o o o o o o o
O_l

Data is consistent with constaRt~ 0.25.
Good agreement with 1IM and GBW dipole models, NL(Lprediction.
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Flavor Decomposition for processes at the LHC

2 r " 2 r 1.4 ¢
- W F W ¥
1.8 : 1.8 : 1.2 L
1.6 - 1.6 - r
14 F 14 | 1
12 ¢ 1.2 ¢ 0.8 F
1 £f/— ud — c§ 1 C
08 [[— us — cd 0.8 | 0.6 ¢
06 | 06 [ | 0.4 ¢
0.2 t 0.2 t -/

0 d = —— 0 - 0

4 2 0 2 4 4 2 0 2 4
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We want to have
predictions foW*, W~, Z with the main experimental input frofaS™

Fy (m2,x,(¥))

L 4 e For LHC, more importand, s

— C

35
3
25

.| quarks
e e ForZ, significant contribution
05 | from b.

O_:

36



Measurement oxS(x) by HERMES

Measure K* prduction on deuteron

target compared to inclusive DIS.
d2NK(x) f D(K?(Z)dZ]

S(x)ng(z)de Q(X) ISW'S(X) _

Based on flatness @k (x)/dnP'S(x) for

high x, assumeS(x) 0 for x >

X

Subtracting the contribution
of [Df(Xdz evolving to
Q°=25 Ge\? and using an
external value of the frag-
mentation function [ D(X)dz,
XS(X) distribution is obtained:

0.15, measure the fragmentation func-
tion [ DY(X)dz.

=
n 0.4
<

_ i
. CTEQ6L
. X(u(X)+d(x))

0.2

-
-
_____
-

S
-
~ -
-
-
-

O [ e s
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Measurements dFS

H1 Preliminary F Cg Combined D* and Charm Lifetime Tag

0.05 L—

Q%=6.5 GeV? |8|’_|_N 0.3
i 1* % ; * -
I
4 b 09 19 X
=20cev? |85
g %* iﬁ 03
i 2 )
35 ‘3‘ . ;.5
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g

.1. iﬁ

-3
log ;4 X

K

Q?=35 GeV?

i 3{?1#
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L ‘ L L L L ‘ L L

m D
A charm lifetime tag
-3 -2.5
log 4 X

Different methods to measuré®

e Displaced secondary vertex
(lifetime tag.

e Tagging by measurin®*
meson production.

Methods have dierent experimentdheoretical uncertainties: combine
taking into account correlations, significant reductionhaf uncertainty.
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Measurements af, b using displaced vertex.

~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?

s\ 4{ * HlData
\ ] == HI1PDF 2009
MSTWO08

arXiv:0907.2643

Complete HERA datas{at

Larger contribution ter, allows to determine-® more precisely than
o Data agree well with HLPDF200@STWO08 predictions.
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DIS jet cross section

High P; jets provide infor-
mation onas andxG(x).

Normalised Jet Cross Sections

H1 Analysis based on complete s Hl . combiedrdata et 2. 30
HERA sample (395 pi3). sl B o

Theory uncertainty

as(Mz) = 0.1168+ 0.0007 (exp)
0 00a0 (th.) £ 0.0016 (PDF)

0.15

arXiv:0904.3870, Submitted to
EPJC. l | I
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Summarj

e HERA enables precise determination of PDFs for the
LHC kinematic range.

e DGLAP evolution works very well so far.

e More information will come with finalization of
HERA analyzes, combination of FAEUS data, from
the measurements of heavy flavors andFof
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Extras
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Combinationy?

[M—Zjvﬁrﬁbj—u‘]z
Xexp (M. b) = —— — — + ) b},
o Z(sﬁmu' (mf = 3 Ymib;) + (S1uncorm)’ Z |

e ' — measured central value at point

° )/'J Ji.stat Oi.uncor— relative correlated systematic, statistical and
uncorrelated systematic uncertainty.

The function)(éxp depends on the set of underlying physical quantities
(vectorm) and the set of systematic uncertaintoggb).

All(normalization, correlated, uncorrelated) systemataeutainties are
assumed to beultiplicative and statistical errors are rescaled based on
estimated (instead of measured) number of events.

Extra procedural error for if only normalizations are coesetl
multiplicative.

Alternative: averagdit log o, in this case all uncertainties should be treated
as additive (also normalizations). Consistent resultiegage.
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Combination Procedure

e AllNC,CC e*p data are combined in one step. This allows for
coherent propagation of the systematic uncertainties.

e Before the combination, the data are corrected to a common
X, Q% grid using parameterizations of NC,CC cross section. QCD
fit is used forQ? > 4 Ge\? and fractal model fit for
Q? < 4 Ge\ data.

e The data collected &, = 820GeV are corrected to
Ep, = 920GeV for all point excluding; > 0.35NC data. The
model uncertainty arising from this CME correction is nelig
compared to experimental errors.

e The correlated systematic uncertainties are considered
uncorrelated between H1 and ZEUS. To study importance sf thi
approximation, similar sources were identified and assuimed
be correlated. Additionglrocedural uncertainties are
Introduced for possible correlation of photoproduction
background and hadronic final state simulation.
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