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The HERA Collider

m HERA: electron-proton

—imep %45 Gev collider
LA 460 GeV .
o P ‘ with /s = 318 GeV

H1 Integrated Luminosity / pb™

27.5 GeV 920 GeV

oO— -~

m Two ep colliding experiments:

H1 and ZEUS
Integ_rlated luminosity: m Two data-taking periods: HERA | (92-00)
1fb™" (H1 and ZEUS) and HERA 11 (03-07)
m HERA-II: longitudinally polarised lepton
beam
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DIS @ HERA

ook Variables describing DIS @ HERA:

m Q? probing power, negative
4-momentum squared:
@P=-¢=—(k—k)

2fZ[WHq)

X(P) m Bjorken x, momentum fraction
of proton carried by struck
quark:
x=Q%/2P - q

m Neutral Current (NC), v or Z m Inelasticity y:
exchange. y=P-q/P-k
ep — e=X m s is the centre-of-mass energy
m Charged Current (CC), W* squared:
exchange. s= (P + k)?
e“p—vX m These are related by:
Q? = sxy
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NC and CC Events

.
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q(JP)Hq q Factorisation: 0 ~ 6 ® PDF
f\/ 4
p(P) A p remmant

Neutral Current Charged Current

[@ = 25030 GeV?, y = 0.56, M = 211 GeV]
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Structure Functions
@00

Proton Structure Functions: NCDIS

Y+F2(X Q ):F YfX’E3(X7 Qz)_y2’EL(X7 Qz)

dominant relevant at high QZ relevant at high y

2

where
Ye=1£(1-y)

— (Ve F Peac)xzFy) 2 + (V2 + a2 F 2Peveac) X3 FY

XF3F = —(ac F Peve)xzxFy % + (FPe(v2 + a2) + 2vea)xaxF{

HERA providing access
v vZ g7y _ 2 2 2 P P g
u [F2aF2 3F2] _Zq[eq72quQ7Vq+aq]X(Q+q) to e p and e’p with

u [XF;ZaXF3Z] = Zq[eqaq, Vqaglx(q — q) RH, LH, 0 polarisation.

IFL%83
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Structure Functions
oeo

Proton Structure Functions: CCDIS

\L»LI L Ml2/\/

W, Mg+ Q2
Wy = x[d +s+ 1+ ¢ Wy =x[d+5+u+]
Wyt =x[d+s—1—¢] xWy =x[d+35—u— ]

m e~ and et sensitive to different quark densities

m linear dependence on polarisation
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Structure Functions
ooe

HERA and the LHC

HERA data is indispensable for PDFs.

N> o T T T T T ™
m HERA has a large Blos. 1 s enos  SCale MPe Q?
) A & [ 1 Atlas and OMS rapidity plateau M=
kinematic reach O/107; 1 DO Central+Fwd. Jets
covering nearly the of o Come cemued Jers
. 107 = L
whole x region relevant P oo oz
for the LHC. 10°- 1 wme
3 BCDMS
m HERA PDFs can be 104 0 mees
. £ ] sSLaC
extrapolated into the 100 i
LHC region (DGLAP o %
. 10%- ]
evolution). g Mmoo ;
. 10 = ¢ ]
m HERA data crucial for i ‘ HHHHH b
. 1 il N ’ i
calculations of : e arget -
measurements and new 107 it 1
. S el el v T -
physics at the LHC. w? 10 0% 0t 10? w? w! ]

Friederike Januschek DESY On Behalf of the ZEUS and H1 Collaborations

Proton Structure and PDFs at HERA



DIS Results
[ Jele]e]

Final Pieces of NC - F,, F3

H1 Jhep oo (2012) 061 and ZEUS Phys Rev D Vol 87: 052014 published the final pieces of
HERA-II NC inclusive data.

ZEUS Y
o 0 = 200 Gev TG0l T G aas0Ged Qe 450 GoV T * ZEUS NC €p ( 305 4 pb'), QP=1500 GeV
if 1 T T ] X o — SM (HERAPDFL.5)
--SM (ZEUSJETS)
o SM (CTEQ6M)
osf T T T ] - SM (MSTW2008)
B e e st D et S
Q"= 650 GeV Q=800 GeV Q= 1200 Ge¥ Q= 1500 Ge¥
or ¢ ! o + o + o " i
Go2000Ged | QPra000GeV ] | QieSo0Ged] Qi 8000Ged

NN ALY v

£ty AN L 2 ~e ~et
i s e xF3(x, Q%) = "l (oe P—s° ")

2
"

.o

ok i <t s —Precision measurement of e” p and e p

L L L L L L
102 100 100 10° 100 10"

X NC DIS enables precise xF3 extraction.
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DIS Results
0e00

Final Pieces of NC - Asymmetry, FQA"‘Z

H1 shep oo (2012) 061 and ZEUS Phys Rev D Vol 87: 052014 published the final pieces of
HERA-II NC inclusive data.

H1 Collaboration
T

AT L
:, . A @) ] v i S _H1 qulaboratlo
0.5 —— H1PDF 2012 F
L Transformed to &= 1500 GeV
[ 1- -
O: MR R -4 B r ® HL q
E T + | S — HIPDF 2012 4
05 o A (ep) q_ B 4
[ - HIPDF 2012 <
[ = L 4
L . £ 05
E 5 -
100 10
Q[GeV] [ 7
2 o(Pe R) — a(Pe 1) L 1=
e ) e,R e, L 2
Pe,r — Pe,t  o(Pe R) + (Pe 1) [ ‘ + ’%
0
F’YZ 2eqV, 101 1
~ 4a 2 _ qa’q X
=~ eX7 aexz o agvq
F; eg

. . . . FE—Fy - P 2 (24 a2 5P 2FZ
m Direct measure of parity violation. 3 = Fy = (veFPeae)xzF)“ + (vg + a5 F 2Peveac)xZF5
\e _ , N
m A sensitive to vq. First measurement of F,'“, sensitive to vg.
m |A| increases with @*, A~ = —A™.
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DIS Results
[e]e] o]

Final Pieces of CC

H1 shep oo (2012) 061 and ZEUS EPJ C 70, Issue 4 (2010) 945-963 published the final pieces of
HERA-II CC inclusive data.

H1 Collaboration

=300 GeV?
Ecc A+ @ ©
15p E
i 3
osf E
Q= 2000 Ge¥
i 1 1
o Sz —
8 3, <
l\\.\ oo, I8
3 ag W
" —n e L ETeET
Q2= 8000 Ge¥ @ = 15000 Ge¥' 10?7 10"
04r 1 1 P=-325% x
= HiCCép
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o2r Ty ] 1 r=arow
) z ° H1CCép
. 3 .  my] —HIPDF2012
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Expected
dependence on
polarisation
shown.

Precise CC
measurements
probe quark
flavours.

do/dQ?/ do/dQ? (H1PDF 2012)
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DIS Results
[e]ele] ]

Inclusive NC and CC: HERA Textbook Plots

Linear Polarisation Dependence

Electroweak Unification

HERA

g T Ty — 3
& 1oL 4 HiepNC ]
r E # Hie'pNC E|
e f o ZEUSe p NGHERAI ]
& E o ZEUSe'p NCHERAII =
g E = SMe p NC (HERAPDF 1.5) J
S0k = SMe'p NG (HERAPDF 1.5) __|
° E y E
£ n 1
i 2 ]
3l 4
10° 4 wepce E
£ * Hiepce 1
E e+ ZEUSepGGHERAIl =
F = ZEUSe'pCCHERAN E
105k SMe p CC (HERAPDF 1.5) -
E SMe*p CC (HERAPDF 1.5) E
E y<09 =
£ P,=0 o

07— vl Ll TR |

10°

Q*[GeV?]

HERA Charged Current e*p Scattering

20— T
L e'p->vX ]
I ® H1 7
1001 o ZEUS ]
3 =HERAPDF15 -
80— ep—-vX =
[ % ® H1 ]
L 0 ZEUS 4
601~ ~HERAPDF 1.5
20l a
L A ]
2or Q? > 400 GeV® ]
r y <09 7
ol v v v v N
-100 -50 [ 50 100
P [%]

Good agreement with SM (HERAPDF 1.5) prediction.
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HERA PDFs
°

HERAPDEs

H1.and ZEUSHERA I+11 Combine PDF Fit

=106

e

— wERAPOFLS o)

HERA data allows providing PDFs exclusively
from HERA data

e = — well understood correlations, no need for
o nuclear corrections.
HERAPDF Included data Order
Version
HERAPDF 1.0 HERA-1 NC,CC data NLO, NNLO
HERAPDF 1.5 HERA-1 NC,CC data LO, NLO, NNLO
partial HERA-II data recommended
HERAPDF 1.6 HERA-I NC,CC data NLO
partial HERA-II data, jets
HERAPDF 1.0 HERA-I NC,CC data NLO
+charm charm
HERAPDF 1.7 HERA-T NC,CC data NLO
partial HERA-II data, jets, charm
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HERA PDFs
°

HERAPDEs

H1.and ZEUSHERA I+11 Combined PDF Fit

x @=10Gev?

S

RAPOFLS )

HERA data allows providing PDFs exclusively
from HERA data

e = — well understood correlations, no need for
o nuclear corrections.
HERAPDF Included data Order
Version
HERAPDF 1.0 HERA-I NC,CC data NLO, NNLO
HERAPDF 1.5 HERA-I NC,CC data LO, NLO, NNLO
partial HERA-II data recommended
HERAPDF 1.6 HERA-I NC,CC data NLO
partial HERA-II data, jets
HERAPDF 1.0 HERA-I NC,CC data NLO
+charm charm
HERAPDF 1.7 HERA-I NC,CC data NLO
partial HERA-II data, jets, charm
HERAPDF 2.0 HERA-I NC,CC data LO, NLO, NNLO
HERA-II data planned
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Charm and PDFs
@00

Charm Combination

H1 and ZEUS combined their charm data and included it in PDF fits

Eur. Phys. J. C73 (2013) 2311.

Boson-gluon-
L s L 4 s o mee_H1and ZEUS . . H1 and ZEUS
fusion—direct
02 |- E E © o2l L L
. i i access to gluon. ' \
iy 1 s [ (i AN AR
Ll o Ll ol T : T, Lot
os L Qm126a7 | Qe | Q=2 Gev® I T T N
1 I
b i ;
s, tey EQ 5
2,
o Lo o ol cod o ol ol P i S RO IR
N Q/J'EDGEV’ L ot [ oms0ce ool omoce [ ommces | ommoe
1
Y Mk £, )
%, LS
o L out? L sl L trond il T Ll sl Ll sl
0 | Qeam0Gev: | Q=50 Gov? | =2000 GeV* ool GGt | Gesoce | ‘2000 Gevt
o e e
. iEeorss
i s Large gain on
LE E]
0 Ll sl sl Lual sl TR 11‘ .. d il vl il ol sl ool
10* 107 10 107 107 10 107 107 10 prec|5|on by 10% 10° 107 10° 10° 107 10¢ 107 107
" x

combination.
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Charm and PDFs
oeo

Charm mass scan

Wi opimses  Sagotx ™ H1and ZEUS
8% Q=25 GeV? Q=5Gev: Q=7Gev
H1 and ZEUS ° L [ L
Au T T T N ¥y
S 750 Charm + HERA- inclusive 7 X2 scans of the te S o
1;( 7 RTs!a:vd‘aSvd 4 . - - » )
e : QCD fits T L B
T .
7001 awvens determining the
* .
S best charm . how I
b ool Qe Gevt | Q=120GeVE | Q=200 GeV?
650 / mass parameter
for different im- ‘ ™
sool ™ " | ‘ ] plementations N T ‘;,.ERA‘
12 14 16 18 of the VFNS.
M, [GeV]

Py PR Lol ol Ll il
10* 10° 102 10* 10° 10?7 10* 10° 10?
X

Different schemes prefer different charm mass parameters.
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Charm and PDFs
ee] J

Impact of Charm on PDFs

H1 and ZEUS H1 and ZEUS
1 T T T
& B
Q*=10GeV Q?=10 GeV? .
osl [] HERAPDF1013p ] o 1 m Reduction of
ERAPDFLO + charm
HERAPDF1.0 13p Charm

06 HERAPDFL.0 + charm dIStI’Ibutlon

function
o uncertainty.

m Influence on
gluon and light

0.2

o »
10* 10° 10° 10" 1 sea.
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PDFs and LHC
@00

Eur. Phys. J. C73 (2013) 2311 Eur.Phys.J. C73 (2013) 2509 JHEP 1206 (2012) 058

ATLAS

J Ldt-0.20p5"
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g7t
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S Data witn 04
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uncertinty

1 o s
meerinties

NLo pacDe

rarepert, camestions

1, P;) 18TI0 WItNLO POCD {CT10)
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o crEaeN L) ;QM
MSTW 2008 o 1 2 3 4

HNPDF 21

HERAPDF 1.5

T ABM1THLO

Charm data reduces

uncertainty from 6% Jets are sensitive to eluon W lepton asymmetry
to 2% for Z and W and o g is sensitive to
production ° difference u, — d,.

predictions.
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PDFs and LHC
(o] lo}

New: HERAPDF 1.5 LO

H1 and ZEUS HERA I+l Combined PDF fit
T T T

® Q=10000 GeV? E
0s -“"*"PD"S“’“"*" 1 PDFs at LO are essential for the
. proper simulation of parton showers
" ie and underlying event properties.
0.4 B Z
g
02 j 5 .
: Now: HERAPDF 1.5 LO available.
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HERAFitter

m Finding the maximum out about
proton structure
using the high precision HERA data

m Need easy access to the data and PDF
fitting — HERAFitter

m Open source project for QCD fits,
available at herafitter.org

m Easy to use, everybody can download,
include data and fit

m Heritage of HERA transferred to the
world

m About 30 developers from HERA and
LHC experiments as well as theory

m — more details in Renat Sadykov's talk
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PDFs and LHC
ooe

Phys.Rev.Lett. 109 (2012) 012001

Q7= 1.9 GeV?, x=0.023 epWZree s

+ ABKMoS .
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Conclusion

Conclusion

HERA remains the main source of information on proton structure
NC and CC HERA-II final cross sections published

Impressive precision of the data used to extract the PDFs reached
Jet and charm data included in PDF fits

Understanding of the PDFs very important for LHC

Final HERA PDF fits are on the way.

With HERAFitter a powerful open source QCD fit framework is
available.

Friederike Januschek DESY On Behalf of the ZEUS and H1 Collaborations

Proton Structure and PDFs at HERA



BACKUP

Friederike Januschek DESY Behalf of the ZEUS and H1 Collaborations

Proton Structure and PDFs at HERA



H1 and ZEUS Detectors

Uranium-scintillator Calorimeter Liquid Argon Calorimeter
Optimised for precision measurement Optimised for precision
of the hadronic final state measurement of the scattered lepton
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