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Inclusive Deep Inelastic Scattering

Neulrino

Neutral current Charged current
e Variables used:

e g=kxk 4-momentum of exchanged boson ¢
e Q2=-g2>0 virtuality of the exchanged boson
e s=(k+p)? central mass energy

e x=Q2/2p-q Bjorken x

e y=p-q/p- -k inelasticity P

e (Q%2=xys
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Cross Sections and Structure Functions

Reduced cross section for ep scattering NC:
OoFfine=Fox Y/Y, xXF3-Vy2/Y, FL
Ye=1x(1-y)2

Electron

R

At low Q2 i.e. Q2 << MZ#2
orne = Fo - y2/Y . FL

Fo =X 2e%[q(x) +q(x)]

2 .
F> sensitive to quarks Atlow Q2 and low y:

OrNC = Fo

XF3=x2 2eqaq[q(x) - q(x)]
XF3 sensitive to valence quarks distribution

F:L ~ Qs x EJ
FL sensitive to gluons distribution
(gluons also from scaling violation and charm+jet distributions)
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Inclusive DIS data samples

e data collected for Ec = 27.5 GeV and
Ep, = 920, 820, 575, 460 GeV

e HERAIIlumi 100 pb-' etp and 15 pb! ep per
experiment

e HERAII lumi 150 pb1 etp and 235 pb! ep per
experiment

e 41 data sets with HERA inclusive measurements
e 21 HERA|I data samples

e 20 HERAI data samples

e Data taken 1994-2007 (over 10 years of data In total 2927 data
taking!) - :
points combined to
e 22 papers on inclusive DIS measurements in 1307

years 1997-2014 (almost 20 years of data
analysis!)
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Kinematic plane coverage of the HERA measurements

>
%10 o e e il For NC:
0 "| 0.045 < Q2 < 50000 GeV?
0% ' 6 107 <x <0.65
105 0 sue 0.006 =y =<0.95
10* = wooié/e\/
03 '
. A A For CC:
o 13107 2x 504
| ﬂ]ﬂﬂﬂ ' 1.310% <x <0.4
. vl 0.037 <y =0.76
10 -
07 10° 10 10" 107 107 10 1

HERA data span six orders of magnitude in Q2 and x
Measurements from HERA core of all PDFs
extractions
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Common (x , Q2) grids

H1 and ZEUS Two common grids :
(\]> 105§ I TTTTI I ||||||I| I ||||||I| I ||||||I| I ||||||I| I T TTTT I IIIIII:EIZ . - .
T : O > inclusive grid for Vs = 318 GeV,
QS aL ° _
5 10 Ep,=920 GeV and E,=820 GeV
10°F iR
mzf_ SEET N e > fine grid for Vs = 251 GeV and
oottt b Vs = 225 GeV, Ep=575 GeV and
ok e § Ep=460 GeV
1 Rt E In total 1307 points.
- e o 1 Vast majority of points contains data from
107 = 3 both H1 and ZEUS (often several points
N | | | | | | - from independent samples) .
10- L L 111l L 111l L 111l L L 1III L L 1III L L L1II L L 11l
107 10° 10° 10* 10° 102 10" 1
Xp;

Translation of the measurement points to the grid points
done with help of ##4Fjtter fits to the data.

For Q2> 3 GeV2 DGLAP NLO, below 4.9 GeV? fractal fit.
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Averaging

Averaging done using HERAverager (https://wiki-zeuthen.desy.de/HERAverager)
based on Y2 minimisation method

correlated shifts

i_Z. ids igy ids]? \‘
s m D)= Y = 2yt ] o 2
J

= 52 i,ds (i ids i ;
! 5i,ds,stat” m — Zj 7]' m bj + 5i,ds,uncor m
el \
relative statistical ~ measured value at pointi  relative correlated relative uncorrelated
uncer. systematic uncer. uncer.

162 correlated systematic sources taken into account

2927 published cross-sections combined to 1307 final measurements.
For 1620 degrees of freedom, X2min = 1687 obtained

Different reconstruction methods used by H1 and ZEUS => similar systematic
sources influence the measurement differently => efficient constrain of
systematics.
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Combined results

H1 and ZEUS
&) 1.8
A e HERANCe'p 0.5fb™'
O 16l Vs = 318 GeV
' Xg; = 0.002 0 ZEUS HERA II

O ZEUS HERA 1
O H1 HERAII
A H1 HERA 1

14 [ x5=0.0002 %

? M?

08 |
06 |
04 -
02 |
0 I | L
1 10 10° 10° 10 , 1052
Q7/GeV

Largest and most accurate data
sample NC e*p

Data consistent between HERA |
and HERA Il and between both
experiments.

Accuracy reaches 1%

aiapigeni o .y
A 3
. Q
» »
A f
. P
: D

Up to 6-8 da points combined
into one final point

Friday, August 28, 2015



Combined results

H1 and ZEUS

r,NC

08 -

ol :
AR

02 -

Xg; = 0.008

o
%s . %

;
o

H1 and ZEUS
e HERANC ¢ p 0.4~ % ' _ O
Vs = 318 GeV L= 12 i e HERANCepO041b
0O ZEUS HERA 11 - Vs =318 GeV
O ZEUS HERAI al Jﬁ Jﬁ x;;=0.008 E HERAT
O H1 HERA II I % ﬁit
A H1 HERA1 I
0.8 - + XBj =0.032
i Xp; = 0032 - Jbe . +§ : E +
3 xg; = 0.08 "l ahf ? % + s  Xp=008
! - t i g
i }i Xg; = 025 oap 0T *+‘+‘ + =025
%%% &&“?#ptt?## +§ JF}F
02 -
.1I04 2 ’ 10° | 10°
Q*/GeV QYGeV?

Largest improvement for NC e-p - 10 times more luminosity.
Significant improvement in accuracy

Consistent with HERA |, but higher precision
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HERA PDF2.0

1 fb-' HERA data exclusively used as input !

H1 and ZEUS
% 10° g
4 different processes present: NC and CC for g 10"
e+p and e -
NC e*p data at different centre-of-mass @min = 3.5 Gevz1o e
energy => sensitivity to Fi T~ e
1 Eggféff f g
Consistent data set with small correlated b =
systematic uncertainties R
1010'7 10° 10° 10* 10° 102 10" 1
M. and My, constrained using charm and « 3
beauty data. 5 orders of magnitude

Additional HERAPDF2.0 sets:
HERAPDF2.0HiIQ2 at NLO and NNLO - Q?min = 10 GeV?
HERAPDF2.0AG at LO, NLO, NNLO - alternative gluon parameters (strictly positive)
HERAPDF2.0Jets at NLO - charm and jets data added => reduced uncertainty on high-x

gluon distribution and possibility for simultaneous determination of as.

oo o

apnyubew Jo s1apIo G

<«
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QCD Analysis

Goal: determination of the input distributions of light quarks and gluons

PDFs at starting scale pwo = 1.9 GeV? parametrised:
xf(x) = AxB(1 - X)€ (1 + Dx + Ex?)
for xg, XUy, xdv, XU £xu, xD  xd + xs

Evolution using DGLAP equations at LO, NLO and NNLO
Fits to the data using x? method

14 fit parameters at NNLO

Heavy Quarks from Roberts-Thorne Variable Flavour Number Scheme

b
Hfi/lf/ﬁ €/ framework used (www.herafitter.org)
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Or,NC

0.5

0.2

H1 and ZEUS
Q=150 GeV’ | Q*=200GeV’ | Q°=250GeV’ | Q°=300GeV’
HHH‘ | HHM‘ L L1 : HHH‘ | HHM‘ (| : HHH‘ | HHM‘ L 11 : HHH‘ | HHM‘ L1l
Q*=400GeV’ | Q*=500GeV’ | Q°=650GeV: Q=800 GeV’

HHH‘ | HHM‘ L1

HHH‘ | HHM‘ [

HHH‘ | HHM‘ L 11

HHH‘ | HHM‘ L 11

Q%= 1000 GeV>

| HHM‘ | HHM‘ [

Q% = 1200 GeV>

[ HH‘ | HHM‘ (|

Q% = 1500 GeV>

[ HH‘ | HHM‘ [

Q% =2000 GeV>

| HHM‘ | HHM‘ [

[ HHH‘

Q> =3000 GeV>

XHHMI (|

|
Q’ = 5000 GeV>

| HHM‘ | HHM‘ (|

|
Q> = 8000 GeV>

Q> = 12000 GeV>

Q% =20000 GeV*

Q% =30000 GeV>

102 10!

102 10"
X

102 10"

® HERA NC
Vs =318 GeV

102 10!

e'p 0.5 !

=== HERAPDF2.0 NLO

HERAPDF2.0 - inclusive data comparison

x2/dof = 1357/1131
(HERAPDF2.0)
for Q2min = 3.5 GeV?2

tried also Q2min = 10 GeV?2
(HERAPDF2.0HiQ2)
x2/dof = 1156/1002

including jet data Q2min= 3.5 GeV?
(HERAPDF2.0Jets)
x2/dof = 1568/1340

Good descriptic;n of NC, CC data by NLO and NNLO

HERAPDF2.0
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HERAPDF2.0 - comparison to low Q2 data

NNLO H1 and ZEUS

S | Q*=2GeV? | Q*=27GeV? | Q*=35GeV: |  Q’=45GeV?
xS

® HERA NC ¢'p 0.5 fb™"
Vs =318 GeV
== HERAPDF2.0 NNLO

Description generally good, however some
problems at low x and Q2 with the turnover
related to FL.

LO H1 and ZEUS

Q*=2GeV’ |  Q'=27GeV? |  Q'=35GeV’ |  Q*=45GeV’

HHHH‘ HHU_LJ HHHH‘ L1l 7\\\\\\\\‘ 0 N
Q> =120 GeV>

® HERA NC ¢'p 0.5 fb™"
Vs =318 GeV
== HERAPDF2.0AG LO

For the lowest Q2 prediction too high,
however the turnover present as expected at
low x and Q2.
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Parton distribution functions extracted

with HERAPDF2.0

NLO H1 and ZEUS
H 1 T T T T T TTT T T T 11T ‘ T T T T T TTT ‘
Pee L
u2 =10 GeV’
08 - HERAPDF2.0 NLO ]
* uncertainties:

experimental
model
parameterisation Xiy

HERAPDF2.0AG NLO

\\\ll\‘

102 10!

1

X

xf

0.8

NNLO

xS (x 0.0

55\; S

107

102 10!

Experimental, model and parametrisation uncertainties shown separately.

H1 and ZEUS
\\\\H‘ \\\\\\\‘ \\\\\H‘ T T TTT
u2 =10 GeV?
B —— HERAPDF2.0 NNLO B
uncertainties:
B experimental
[ ] model
. . Xu,
[ parameterisation
---------- HERAPDF2.0AG NNLO /\

Friday, August 28, 2015




HERAPDF2.0 parton distributions
NNLO vs NLO

H1 and ZEUS
ot 1 T T rTTTTT o
8 u? =10 GeV’ .
f Bands show total PDF uncertainty
0s | | calculated by adding in quadrature
B8 muraror20nLO experimental, model and

—— HERAPDF2.0 NNLO

parametrisation uncertainties.

Main difference - different
shapes of gluon distributions.

i Valence quarks very similar.

10° 102 107! 1
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HERAPDF2.0 parton distributions
NLO vs LO

H1 and ZEUS

xf

0.8 -

B® HERAPDF2.0AG NLO

HERAPDF2.0AG LO

u? =10 GeV’

LO predictions needed for LO Monte
Carlo generators.

Only experimental
uncertainties shown for LO
predictions.

Gluon distribution at LO rises
much faster than in NLO.

XUy distribution softer at LO.
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NC cross —
. (g
section
dominated by\%\lﬁ
&
photon =
=)
exchange - C
much bigger a
than CC =
section. =
107
10°
107

Electroweak unification

ZEUS

H1 and

y<09
Ns =318 GeV

® HERACCep04fb!

B HERACCe'p0.5fh!
memm HERAPDF2.0 CCep

mssm HERAPDF2.0 CC e'p

O HERANC ep 04 fb™
0 HERANC ¢'p 0.5 fb!
mmmm HERAPDF2.0 NC e'p

mmmm HERAPDF2.0 NC e'p

/

O

10°

NC and CC cross
sections become
similar in magnitude
around 104 GeV2i.e.
M2z, M2.

Electroweak
unification observed
with impressive
precision!

NC e*p and ep cross
sections start to differ,
when y-Z interference
becomes important.
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XF3 structure function

~ Y. X
— - — + '}’Z ~
xF; = A (0 ne — T rne) xF;™ ~ 3 2u, + d,)

of ep and e*p NC cross sections

Weak Q2 dependence => translated to common scale and averaged.

Integrated over x:

. H1 and ZEUS
0.016 <x<0.725 =t o’ ={000 GeV? . HERA 1 b |
HERAPDF2.0 :1.165%) 023 j B HERAPDF2ONLO |
Data :1.314 + 0.057(stat) + 0.057(syst) | ; .
0.5 { _
O<x<1 I
HERAPDF2.0 :1.588"003
QPM : 5/3 0
Data :1.790 + 0.078(stat) = 0.078(syst) D

Good agreement with predictions.
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Helicity effects in CC

0o & (xU + (1 — y)*xD), T oc ® (XU + (1 - y)*xD)

H1 and ZEUS \

3 .~ HERA HERAPDF2.0 NLO
b’: 107 Vs=318 GeV Vs = 318 GeV
- m CCe'p05fh === CCe'p o _
- ¢ CCeplafb == CCcp \e+p: contributiopr of the valence quarks is
104 # Xy, = 0.008 (x15000) / Suppres d by the hGIIClty factor
- —— Xg; = 0013 (x3000) ( h|gh Q2 (h|gh y)
30
10 g ==Q~"\-:::: Xg; =0.032 (x700)

— OO0 ——g——

- .
10° - i — ﬁn—.‘.\.\. Xy; = 008 (x170)

/ ep: almost no effect, as helicity factor

=025 () applies to see quarks only
10 'I;—
; — ——o o o

1070
B Xg; = 040 (x0.1)
107
4 | | |
10 | | [
102 10° 10? 10°
2 2
Q7/ GeV
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Scaling violations

H1 and ZEUS

Interference between y and Z

2 i - e HERANC e¢p 04 fb!
o 0E B HERA NC e'p 0.5 b
Zﬁ ] o Xy = 0.00(})0362)7)%31‘ " Vs =318 GeV
oo 107 - ¥} - 0.000i113:i=1_9 0 Fixed Target
-t _,"':—-T-—* &N 000033, 117 m=== HERAPDF2.0 ¢ p NNLO
105 .- "xy; =0.0005,i=16 ~ wmmm HERAPDF2.0 ¢'p NNLO
B ,r—"*ﬂ‘“*+ mﬁﬁomm&hﬁ
- ___,_,-—-"""'*H Xy = 0.0013, i=14
w4 _,.,.f-—""""'r"_. Xp; = 0.0020, i=13
S .,,.a—"""""'.-" Xg; = 00032, i=12
L MM’M‘:‘* Xy = 0.005, i=11
103 . IR 0.008, i=10
g __'r‘_—’_1*'**,,4‘4*,**4a1. xp; = 0.013,i=9
C - emaseaertreet X =0.02,i=8
0% - i’w Xp; = 0032, i=7
B —— asnggnssreseevtnt—t_ X, =005i=6
Scaling 10 E B Bj; =0.13. i=4
: - - B = 010, 1=
(independence of Q2) - Xy = 0 195E
1 = = 0.25,i=2
1 - = 0.40,i=1
0 -
10-2;7 .=0.65.i=0
3 | | | | |
10 | | I N I B | I | I B | [ | I I
1 10 10° 10° 10° 10°
2 2
Q7/ GeV

Scaling seen only at moderate x, at high and low x no scaling due to

gluon emission and gluon splitting.
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Rise of F2 at low X

H1 and ZEUS
(g\|
&= Q% = 120 GeV?
el Q=12 GeV? e HERA NC ¢'p 0.5 fb™
- Vs =318 GeV
14 B == HERAPDF2.0 NLO
"1 Q*=65 GeV?
12 - R
L
I Q%= 1200 GeV?
08
0.6
i N
04
02
0-4 \\\\\\\‘-3 \\\\\\\‘-2 \\\\\H‘-l
10 10 10 10
Xp;

The higher Q2 the steeper rise - another demonstration of scaling violation.
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Determination of os

H1 and ZEUS

xf

0.8 -

0.6 \

\H‘
ut%:lOGeVZ

—— HERAPDF2.0Jets NLO, free aS(MZ)

uncertainties:

B experimental
|| model Xu,

|| hadronisation

[ parameterisation /\

aos determined from QCD fit

(to inclusive data + charm + jets) -
HERAPDF2.0Jets with as as a free
parameter

a,(M2) = 0.1183 +

| 0.0009(exp) +0.0005(model /parameterisa

+0.0012(hadronisation) 003 (scale)

Experimental uncertainty below 1%.
Uncertainty dominated by theory -
NNLO ep jet calculations needed.

Very good agreement with world average:
as(Mg) = 0.1185
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Longitudinal structure function FL

HI1 and ZEUS

FL structure function sensitive to gluons.

F, |
0.4 . Directly measured by H1 and ZEUS using
r A ZEUS runs with lowered proton beam energy.
02 FL measurements not combined yet.
: Consistency between H1 and ZEUS:
T . wendf = 11/8
- HERAPDFIS NNLO ABMI2 NNLO
B 1 B crionsLo B NNPDF23 NNLO R=ol/or = Fu/Fz-FL
02— - MSTWOS NNLO JR0O9 NNLO RH1=0.23+0.04 1.5 <Q? <800 GeV?
) el el Rzeus=0.105 + 0.055 - 0.037 9 < Q2 <110 GeV?
1 10 10 10°
Q? [GeV? H1 Collaboration
Xg —

H1 extracted gluon density from FLusing [

@ Hi

approximation:
3
2 2
rg(x ~ 1.77 Fr(ax
g( , Q ) ZQS(QZ) L( , @ ) 10
result consistent with gluon determined
from scaling violations. 0

- - - - xgfromF ,HERAPDF1.5 NLO

II| | | IIIIII|
100

| 10
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Summary

e Allinclusive HERA data combined in consistent set of NC and CC
Cross section measurements, spanning 6 orders of magnitude in x
and Q2.

e The inclusive cross sections used as an input to a QCD analysis
within the DGLAP formalism. Resulting parton distributions -
HERAPDF2.0 - available at LO, NLO, NNLO. Included into LHAPDF.

e All three structure functions (F»2, FL and xF3) measured.

Chapter 6 H1 and ZEUS
Introduction to Deep Inelastic . o HERANCep04
. . S . o ® HERANCe'p 05 fb
I t cattering z Vs =318 GeV
e resu S ConS I u e o 0° O Fixed Target
=== HERAPDF2.0 ¢ p NNLO
Reduced cross section for ep scattering NC:0¥inc = Fa = Y/Y4 XF3 - y2/Y, FLY.=1+(1-y) 105 === HERAPDF2.0 e“p NNLO

2F; = x Y e24[q(x) + q(x)] F2 sensitive to quarks xFa=Xx ¥ 2eqaq[q(x) - q(x)]xFs sensitive
tovalence quar distribution F ~ as x gReduced cross section for ep scattering NC:0%nc = a
e e aC O n e a r Fax Y./Y4xF3-y2/Ys FLY. =1 % (1 - y)2F2 = x T€%[q(x) + q(x)] F2 sensitive to quarks xFs= 10
X 3 2eqaq[q(x) - q(x)]xFs sensitive to valence quarks distribution FL ~ as x g
Reduced cross section for ep scattering NC:0¥inc = F2 £ Y/Y. XFa - y2/Y  FLY. =1+ (1 -y)
[ [ 2F; = x 3 e24[q(x) + q(x)] F2 sensitive to quarks xFa=x ¥ 2eqaq[q(x) - q(x)]xFs sensitive
tovalence quar distribution FL ~ as x gReduced cross section for ep scattering NC:0%nc =
ye a rS O aC I V I y. Fox Y./Y:xFs-y2/Y. FLY.=1 % (1 - y)2F2 = x T e2[q(x) + q(x)] F2 sensitive to quarks xFs= 10°

X ¥ 2eqaq[q(x) - q(x)]xFs sensitive to valence quarks distribution FL ~ as x g

10

Reduced cross section for ep scattering NC:0¥ine = Fo £ Y-/Y+ XFa - y2/Yo FLY==1x(1-y) il

2F> = x Y €% [q(x) + q(x)] F2 sensitive to quarks xFs=x 3 2eqaq[q(x) - q(x)]xFs sensitive 10 " f
tovalence quar distribution FL ~ as x gReduced cross section for ep scattering NC:0%rnc = i
Fox Y./Y:xFs-y2/Y: FLY.=1 % (1 - y)2F2 = x T e2[q(x) + q(x)] F2 sensitive to quarks xFs= 10 L H Xy = 065,10
X ¥ 2eqaq[q(x) - q(x)]xFs sensitive to valence quarks distribution FL ~ as x g £
B[ I I I I I

g0l el il il

10 10° 10° 10*

1

10
Q% GeV*
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