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HERA and luminosity

~_E, = 820,920,460,575 GeV

E..,..= 27.6 GeV

HERA (DESY, Hamburg): 1992 - 2007

» Total lumi H1, ZEUS: 0.5 bl

each

HERA-I 1992-2000 ~120 pb!

HERA-II 2003-2007 ~380 pb-!

HERA-I (E, = 820, 920 GeV) upgraded to HERA-IT (E, = 920 GeV)

Since April 2007 until the end of June
* Low energy run - LER - (E, = 460 GeV)

* Medium energy run - MER - (E, = 575 GeV)

} Measurement of F_

NC and CC cross sections

Neutral current cross section

sg 2 .
Fne (X, Q) - NC reduced cross-section

donc(e’p) _ 2md® _ Y_2
dxd@ = x “/y*U:2 L

T Vel v.=1 £ -y

Y.

Contribution from
valence and see

Directly related to gluon in
PQCD Fi ~ a; - xg(x,Q%)

Contribution from
valence quarks at

quarks (sizable only at high y) high Q?

Charged current cross section
d?es?  GEMY .
dxdQ® 2mx(Q% + M&)* <

oS P ~ (xT + xT) + (1 - y)2(xd + xs)
02.P ~ (xu+xc)+(1-y)(xd +x3)

Sensitivity to the flavor of the
valence distributions at high x

> Direct measure of structure functions (various linear combination of PDFs)

» HERA can disentangle proton PDFs with little assumptions
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Combined data - HERA-I vs HERA-IT (CC)
H1 and ZEUS H1 and ZEUS
z: Q"=300 GeV? ' Q=500 Gev' - Q‘=|ooouev‘5_ Q"= 1500 GeV* % Q'=JMG¢\": Q' =500 GeV® - Q==IMI!G¢-\’!: QF = 1500 GeV*

6, ccxQ%)

Q' =2000 GeV: | QF=3000 GeV? Q% =5000 GeV* |
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08— Q7=15000 GeV’ [ QF=30000 GeV?

NG U

Q7 = 8000 GeV*

AN

e HERAICCep
== HERAPDF1.0

U

A
- ,2 3. 23 2 2 * - 72
L QP =2000GeV’ | Q'=3000GeV: | Q'=5000GeV’ | Q' =8000GeV

1 [ [
‘b\ [ r\ [
05 : 1}\ : q\
\‘. . 'A.\ ‘\ \
. el i NS R N
08— Q'=15000 GeV' | Q' =30000 GeV’ i - " i X

Bj
0.6 — E = -1

- e HERA CC ep 0.4 b
04 L Vs = 318 GeV

}\ == HERAPDF2.0 NNLO
Ll L i

10’ 10" 107 10"

Xpgj

» Inclusion of the HERA II data reduce errors and provide new data points

» Improvement also in QCD predictions

c and b quark mass parameters

Q Charm contribution to the inclusive DIS cross section is up
to 30% (sizeable part), beauty ~3%

do—”(eip): 2o’

dxdQ’ x0*

[1+(1-yP)F(@"*)~

3

/ 7FH( 2"‘_
1+(1-y) © -

Q The F, and F,bb from the combined data allow to determine the optimal mass
parameters (using GM-VFNS RTOPT scheme)

H1 and ZEUS H1 and ZEUS
.E T T T T -E 14 = T * T T T =
NNE::. e NLO -1z e NLO -
-~ ] "< & " 10 A
el M_= 1.47 GeV Mo M, = 4.5 GeV
- D . ﬁ b=
1} il
0.5 2k
ik
n E
1;4 1.%12 1.%14 1.:46 1.‘:18 11‘5 1.:52 & TE 4 4.2 44 4.6 4.3 5
- "
‘2 3F £ 16F
T = NNLO "5 = NNLO
] 1]
& 2 M =1.43 GeV G e}
% c = M, = 4.5 GeV
! st
1} pd
0.5} 4F
2 =
oF o | ‘ | | R
T4 142 144 146 148 15 1.8 4 42 a4 4.6 a3 3 11
M_ /GeV M, /GeV
HERAPDF2.0 NLO vs NNLO
H1 and ZEUS H1 and ZEUS
& 1 I 1 I
= .
w =10 GeV? | xg ui=10 GeV?

0.8 . HERAPDF2.0 NLO

—— HERAPDF2.0 NNLO

O Total uncertainties shown

0.8 -
B herapprz.oNLO

~— HERAPDF2.0 NNLO

0.6 XS
\
04/

0.2+

O The main difference is the different shapes of the gluon distributions as
expected from the differing evolution at NLO and NNLO
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Inclusion of charm and jet data and ag(M;) determination

g [ T )
E | NLO
~, 2 23
= t ® inclusive + charm + jet data, Q. = 3.5 GeV'
e! 407 O inclusive + charm + jet data, Q= 10 GeV?
= [ 4 inclusive+ charm + jet data, Q7 = 20 GeV’
§ \aj
a) 0F ! L L ¥ . ! 1
0.105 0.11 0.115 0.12 0.125 0.13
= T T T T T T
w E | NLO
I ® inclusive data only, QF,, = 3.5 GeV?
! 401 O inclusive data only, @, = 10 GeV
= [ a inclusive data only, Q7 = 20 GeV*

QCD fit of inclusive, charm and jet data at

. NLO with a,(M>) as a free parameter
> Result of the fit: a(M,) = 0.118 (value

used in HERAPDF2.0 at NLO and NNLO)

- does not depend on Q?

min

\ Fits based only on inclusive data can

0.105 0.11 0.115 0.12 0.125 0.13 5
o 0 Tudee T ‘ i not constrain ay(M;)
= I ® inclusive data only, Q7 = 3.5 GeV*
' 401 O inclusive data only, @}, = 10 GeV:
= [ * inclusive data only, Q% = 20 GeV? > dependen‘]’ oh szin
20 -
©) - 0.105 0.11 0.115 0z 0125 0.i13_
o (M2)
Q Inclusion of jet data > HERAPDF2.0Jets 17

New results on proton structure from HERA

N. Raicevié (University of Montentenegro , Montenegro) on behalf of the H1 and ZEUS collaborations

Inclusive Deep Inelastic Scattering (DIS)

Neutral Current (NC)

H1 NC event display

Virtuality of exchanged

et (k) e (K)

boson:

Q' =—q’ =—(k=k')

Fraction of proton

momentum carried

o(p)

Charged Current (CC) ZEUS CC event display

k) QW

p(p)

by struck quark
2
X = Qo
2p-q

Fraction of energy
transferred from

p incoming lepton at
-— proton rest frame
_P-9q
g p-k

H1 and ZEUS NC and CC cross sections and PDFs

O H1and ZEUS published high precision measurements of NC and CC cross sect.

Q? from 0.045 GeV? to 40000 GeV?
x from 6-10-7 t0 0.65

> Allow PDFs to be extracted solely from these data

QO To get high precision measurements of PDFs
combined > HERAPDF sets

H1 and ZEUS results are

0 HERAPDF1.0 NLO: based on published NC+CC HERA-I data - published

(JHEPO1 (2010) 109)

Q HERAPDF1.5 NLO, NNLO and LO: based on preliminary NC+CC HERA-T +

HERA-ITI data - preliminaries

> Here: new published QCD fit from HERA based on the latest combinations

of complete HERA data

HERAPDF2.0 (at NLO, NNLO and LO) , arXiv:1506.06042

» QCD fits are performed using HERAFitter package (www.herafitter.org)

N. Raicevic
Final measurements from HERA at high Q2
H1 and ZEUS
'R T T T
E 10be, o mmancepoan | = EW unification at the Mz scale
= F o 0 HERANCEpOSH' 7
s F ®a_ === mrAPDR2ONCey 4 [ SM provides perfect description
g ik M, ARG of data over many orders of
C o S e ] magnitude
10‘3;— y<0s - Lepton probe behaves
e as expected
= ® HERA CC¢p 0.4 "'
10‘5? ®  HERA CCe'p 0.5 » HERAPDF2.0- NEW FIT based
- e L ARES on final combined measurements
o et from HERA

10°

Uncertainties e

stimation

O Experimental uncertainties were determined using the Hessian method with the

criterion Ax2=1(68 % CL)

O Model uncertainties on were evaluated by varying the assumptions (all

variations are added in quadratures)

Variation Standard Value | Lower Limit | Upper Limit - H1 and ZEUS -
lenin [Gevz] 3.5 2.5 5.0 " “-: =10 GeV?
02, [GeV?] HiQ2 10.0 7.5 12.5

08 - —_— HERAP_DFZ.!I]NL()
M(NLO) [GeV] LA 141 1.53 o
ML. (NNLO) [GCV] 1.43 1.37 1.49 i I- ::nl:::eleri;aﬁon xu,
M, [GCV] 4.5 4.25 4.75 0.6 <. HERAPDF2.0AG NLO
fe 0.4 0.3 0.5 S

O Parameterisation uncertainties: two kinds
considered, the vari ation in = Qy (from
1.6 to 2.2 GeV?) and the addition of
parameters D and E (added separately

0.4

0.2

for each PDF) = e = s ]
X
12
HERAPDF2.0 NLO vs HERAPDF1.0 NLO
H1 and ZEUS H1 and ZEUS
- 1- . 1 T —
K =10 GeV? L xe p::ll)GeVz
03 BS HERAPDF2ONLO a8 = uerarpr2onio
—— HERAPDFLONLO \: HERAPDFLONLO
X X
Q The shape of the valence distributions have become somewhat harder
O High x sea is softer and gulon is harder at HERAPDF2.0
QO Large reduction of uncertainties at large x
15

HERAPDF2.0JETS

H1 and ZEUS H1 and ZEUS

=10 GeV* u=

H1 and ZEUS

xf

10 GeV*

Q Full treatment of
uncertainties in both cases
(with fixed and free
parameters)

Q In free fit, gluon
uncertainty only slightly
larger

W =10Gev? g M%) = 0.1183 + 0.0009(exp) + 0.0005(model/parameterisation)

distribution

Set of HERAPDF2.0 is obtained the latest and most comprehensive combinations of HERA

data of a total integrated luminosity of about 1 fb!

+ 0.0012(hadronisation) *{003(scale)

Comparison of HERAPDF2.0 and HERAPDF2.0JETS
with fixed a,(M;) = 0.118

» The fits differ only slightly in uncertainty on gluon
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HERA Parton Denisty Functions (PDFs) and the LHC

e (VeiVe)

HERA:
A
o « PDF(x)x 0o
. S — — o « PDF(x,) xPDF(x,)x o
iﬁ 108 - O Atlas and CN$ -
ool et - 1 QProton structure described by
B T Wy e precise PDFs needed for making
F e o T 2 accurate predictions for any
Ep process involving protons
104r 000 =665
Wb 0 DGLAP QCD evolution provides
o2 e 3 Q? dependence of the PDFs, x
r 1 _ r I il
- ” ‘ dependence must come from data.
il | ”MMHH“ et HERA covers the most important
L L il .
. .].‘....,n::||! HHIH”p\l'\““ﬂfﬂm" region for the LHC
10 - 3 at? Wi ‘
0”7 a0 aet a4t w” w” 1 ) 4
Combined data - HERA-I vs HERA-IT (NC)
H1 and ZEUS H1 and ZEUS
oy 2 HERA HERAPDF2.0 NLO
< e HERA INCe'p e HERAPDFLO &'p < Vs = 318 GeV Vs =318 GeV
L My HERA INC ep e HERAPDFLO ep © ® NCe'p0Sfh| == NCe'p
“z 103 ® NCepldm == NCep
o —ee-s et vei  z-00 (o0 R OEr PP 1y =002 (1575)
ll’j e s e v a0 ¥ x= 0032 (x1700) ss ss seset g3 -.:"-"-‘: ':“‘3' —

= 005
= . 2
R e = it o 10 B . sy = 008 (x170)
Cee e T R T S—_ =008 (x50.0) o

[ ¢
0 i g—o—
e e =013 (x200) 10

[ —
EIP .—GM x=018 x50

gy =018 (x20)
1 1y =025 (x6)
53— 1 u
| "ﬂ“‘—.—f—%'—gi- — =025 (x2.4)
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i

10°
Q% GeV?

» Electro-weak effect at high Q?
» Inclusion of the HERA IT high Q? data improves precision at high Q? and high x

N. Raicevic 7

QCD analysis

2
Fre., Q2% = 1) Q‘

\\ e
—:;‘5/K \

General approach for PDF determination

O Parametrise the parton density functions at low
starting scale pp? = Q2 = 1.9 by smooth analytical
functions as AxB(1 - x)¢(1 + Dx + Ex2? ...) (=, Q% = 1000)

O Express the strange-quark distribution as an i -
x-independent fraction, f,, of the d-type sea P o

at ? (xs=f,xD="f,(xd +xs) #___//&\\
1072 1

QO Evolve these functions using the DGLAP equations [ Q2 = 100)
to higher Q? and calculate x-sections , :
N 4
—

DGLAP
(QCD)

O Compare the calculation to experimental data '

QO Minimisation of x? adjusting the free parameters

0 To safely remain in the kinematic region where pQCD f(x. Q — 4 GeV?)
is expected to be applicable, only cross sections for ) o
Q2 starting from Q2,,= 3.5 GeV? are used Uy~

b _of

10
T

ez} - -
b4 parametrisation

HERAPDF2.0 at NLO and NNLO

-

1——— ) 1———
n:=10 GeV? 1 p=10 GeV?

xf

—— HERAPDF2.0 NLO 0.8 - —— HERAPDF2.0 NNLO
uncertainties: 2 uncertainties:
I experimental B cxperimental
model xu | model xu
[ parameterisation b [ parameterisation 4

0.8 -

HERAPDF2.0AG NLO

o HERAPDF2.0AG NNLO

06 N 0.6 .,

04) S
xg (x 0.05)

0.4

0.2 - 02

10° 107 10? 10" 1 10 107 107 10" 1

X
Q The uncertainties arising from the variation of (¢ and Q?,;, affect
predominantly the low- x region of the sea and gluon distributions

Q At NNLO, the gluon distribution of HERAPDF2.0 ceases to rise at low x
> xg from HERAPDF2.0AG NNLO deviates significantly

QO Variants with alternative gluon parametrisation also shown
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Q?,.i, dependence
H1 and ZEUS H1 and ZEUS H1 and ZEUS
3 T : : 1 - “; 25 — i = .
-3 1.3 o RTOPTLO i =10 GeV? 2 = 10000 GeV*
o~ A RTOPT NLO -
= = RTOPT NNLO j .8 n

. HERAPDF2.0 NLO . HERAPDFL0O NLO

= HERAPDFLOHIQ2 NLO == HERAPDFLOHIQ2 NLO

xg (x 0.05)

0.4 = xg (< 0.05) N

A RTOPTNLOHERAI N XS (% 0.05)
4 0.2 0.5
0.9 - < xS (% 0.05)
L L L . L - -
5 10 15 202 . 252 10 10° 102 10 1 104 10° 10° 107 1
Qlin/GeV < .

QO Small tension between low Q? and high Q? data

» HERAPDF2.0 with Q?,;, = 3.5 GeV?
HERAPDF2.0HIQ2 with Q?,, = 10 GeV?

0 HERAPDF2.0HiIQ2 gluon at low x has higher uncertainty

O PDFs similar at higher scales
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Comparison to other sets of PDFs

H1 and ZEUS H1 and ZEUS
o 1F 1 =10 GeV? = 08F 3_ 1 =10 GeV? 5 5 A

" HERAPDF2.0 NNLO » -2 2 HERAPDF2.0 NNLO g

b —— MMHT2014 NNLO 05 a & MMHT2014 NNLO a ,
08 ___ CTIONNLO e -‘ 4HCT10 NNLO (68% CL) e
L —— NNPDF3.0 NNLO e b § == NNPDF3.0 NNLO E

= = 3
E =
03[ ~ 1 =
-] =

= =2
- -~
0.2} s 4
[ = -
L "

—
) -

s
=
3
3
=
s
2
3

£
T

xg / xg(HERAPDF2.0)
: [+

xS / xS(HERAPDF2.0)
&

5

T

O Taking the full uncertainties into account, all PDFs are compatible
Q The largest relative discrepancy at x~0.4 (~ 2.50) in the shape of the xu,

O The gluon distribution of HERAPDF2.0 at NLO at high x is softer than that
of the other PDFs 19

1 Large reduction of uncertainties at large x in HERAPDF2.0 compared to HERAPDF1.0

A measurement of as(M.?) was made using a perturbative QCD fit for which the inclusive

U O O

HERAPDF2.0 are available at LO, NLO and NNLO
HERAPDF2.0 NNLO and NLO of a similar fit quality

Small experimental uncertainties due to the high precision and coherence of the input data

cross sections were augmented with selected jet and charm production cross sections as
measured by both the H1 and ZEUS - excellent agreement with the value of the world average

(1 HERAPDF2.0 compatible with available PDFs



