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HERA: the unique ep collider 
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HERA Milestones 

1984: decision 

1981: 
proposal 

1991: first collisions 

2007: end of collisions 

G.A.Voss,	  B.	  Wiik,	  F.	  Willeke	  



Collider-mode detectors: H1 and ZEUS 
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Data sets 

•  HERA	  I	  :	  115	  pb-‐1	  
–  e+/e-‐	  27.6	  GeV	  
–  Protons	  820/920	  
GeV	  

•  HERA	  II:	  330	  pb-‐1 	  	  
–  Polarised	  e+/e-‐	  27.6	  
GeV	  

–  Protons	  920	  GeV	  
•  Le+	  x	  3	  
•  Le-‐	  x	  10	  

•  Low	  energy	  runs	  
–  Protons	  460/575	  
GeV	  



Deep-Inelastic Scattering 

CC 
Pure weak  
interactions 

Q2	  

x	  

Kinema%cs	  x,	  Q2	  can	  be	  measured	  from	  the	  detected	  par%cles	  
Charged	  current	  interac%ons	  also	  accessible	  (neutrino	  in	  the	  final	  state)	  



DIS at HERA 

Q2 ~ M2
W,Z (EW regime) 

rquark<10-18m 
“p”/1000 

ZEUS 

H1 

NC 

CC 

Charged Current (CC) 

Neutral Current (NC) 



Proton map x/Q2 
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LHC	   Tevatron	  

HERA	  
Fixed	  	  
Target	  



DIS: Cross sections, structure functions, 
partons 

F2 

F3 

FL 

quarks 

(valence) quarks 

gluons 

Leading Order picture of the proton 

gluons from scaling violations 

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

Parton	  Distribu%on	  Func%ons	  



Proton structure from HERA data 
•  Combina%on	  of	  data	  with	  consistent	  treatment	  of	  systema%cs	  
•  Extrac%on	  of	  parton	  distribu%on	  func%ons	  (PDFs)	  using	  HERA	  data	  only	  

–  A	  milestone	  of	  HERA	  physics	  program:	  HERAPDF	  1.0	  (2009)	  

perturbative QCD 

  

non-perturbative 



Full HERA Data Combination 
•  Input	  data	  —	  41	  final	  data	  sets	  with	  HERA	  inclusive	  
measurements:	  
–  21	  HERA	  I	  data	  samples	  
–  20	  HERA	  II	  data	  samples,	  including:	  

•  8	  inclusive	  HERA	  II	  Ep	  =	  920	  GeV	  
•  4	  high	  y	  data	  Ep	  =	  920	  GeV	  
•  4	  high	  y	  data	  Ep	  =	  575	  GeV	  
•  4	  high	  y	  data	  Ep	  =	  460	  GeV	  

•  Procedure:	  
–  «	  Swim	  »	  data	  to	  a	  common	  x,Q2	  grid	  
–  Average	  taking	  into	  account	  systema%cs	  
–  Include	  procedural	  errors	  

•  Total	  of	  2927	  data	  points	  combined	  to	  1307.	  
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Data Combination 
•  Grid	  	  

–  Inclusive	  grid	  for	  Ep:820	  
and	  920	  GeV	  

–  Fine	  grid	  in	  x	  for	  low	  
energy	  data	  

•  Data	  is	  swimmed	  using	  a	  
model	  

•  Data	  is	  combined	  taking	  
into	  account	  systema%cs	  
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Data combination 

•  Good	  consistency	  between	  the	  combined	  data	  sets	  
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χ2	  /	  ndf	  =	  1685	  /	  1620	  



NC data combination 
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Tremendous	  gain	  in	  precision	  from	  data	  combina%on	  



Proton map with full precision 
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e+p	  

Low	  x	  

High	  x	  



NC data sets: compared to HERA I 
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Impressive	  precision	  achieved	  at	  high	  Q2	  as	  well	  

e+p	   e-‐p	  

Lx3	   Lx10	  



HERA  I  ! II 
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CC: large precision gain with HERA II data 
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Lx10	  



Low Energy Data 
•  HERA	  ran	  at	  low	  energy:	  data	  is	  combined	  as	  well	  

–  Significant	  gain	  in	  precision	  	  
•  Sensi%vity	  to	  FL	  
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HERA Data and HERAPDF saga 
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Afer	  combina%on:	  
7	  data	  sets	  
165	  sources	  of	  systema%cs	  

HE
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The	  preliminary	  HERA	  I
+II	  combina%on	  is	  used	  
as	  a	  sole	  input	  in	  QCD	  fit	  
plagorm	  to	  determine	  
HERAPDF2.0	  (prel)	  



HERAPDF 2.0 : Ingredients 
•  QCD	  sehngs	  adapted	  to	  HERA	  sensi%vi%es	  with	  

•  Parametrisa%on	  at	  the	  star%ng	  scale	  Q0
2=1.9	  GeV2	  
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Assump%ons:	  
•  QCD	  Sum	  rules	  contrain	  the	  normalisa%on	  parameters	  A	  
•  Xubar	  -‐>	  xdbar	  as	  x	  -‐>	  0	  
•  PDF	  are	  evolved	  using	  DGLAP	  equa%ons	  at	  NLO	  and	  NNLO	  (QCDNUM)	  with	  

αS=0.118	  (MZ)	  
•  Thorne-‐Roberts	  GM-‐VFNS	  for	  heavy	  quarks	  coefficients	  
•  Chi2	  minimisa%on	  (Minuit)	  

Fit	  plagorm:	  HERAFi<er	  (mul%experiment+theory	  collabora%on)	  
hqp://herafiqer.org	  



Uncertainties 
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HERAPDF1.5 vs HERAPDF2.0 with Q2min=3.5 GeV2 
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NLO/NNLO 
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Fit quality at low Q2 (fit with Q2 cut 3.5 GeV2) 
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NLO	  Fit	  

NNLO	  Fit	  

Beqer	  (higher	  orders)	  
Theory	  does	  not	  improve	  	  
The	  fit	  at	  low	  Q2	  



Q2 cut variation 
•  Q2	  Cut	  varia%on	  is	  usually	  a	  parameterisa%on	  error	  
•  Here	  the	  compa%bility	  between	  data	  and	  NLO/NNLO	  DGLAP	  based	  fits	  is	  tested	  
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Chi2	  stabilizes	  at	  10	  GeV2	  



Data Description at low Q2 
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PDF determinations with the two options 
•  Parametriza%on	  error	  is	  dominated	  by	  Q2	  cut	  varia%on	  	  	  
•  Gluon	  determina%on	  is	  affected	  by	  Q2min>10	  
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HERAPDF2.0 with different Q2cut 
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PDFs	  compa%ble	  at	  high	  x	  
Gluon	  mostly	  affected	  by	  the	  data	  removal	  at	  low	  Q2	  



Comparison with HERA I fit (HERAPDF1.0) 
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HERAPDF1.0	  [JHEP01	  (2010)	  109]	  
▶	  It	  used	  a	  rigid	  parametrisa%on	  form	  
(10p)	  
Comparison	  with	  HERAPDF2.0:	  
▶	  Improved	  Distribu%ons	  
▶	  Sea	  is	  sofer	  at	  high	  x	  
▶	  Gluon	  is	  harder	  at	  high	  x	  



Comparison HERAPDF2.0 to HERAPDF1.5 
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Conclusions 

•  The	  full	  inclusive	  data	  set	  from	  HERA	  is	  being	  combined	  

•  Precision	  at	  high	  Q2	  improve	  a	  lot	  	  
–  Electroweak	  effects	  
–  Flavour	  disentanglement	  	  

•  HERAPDF2.0	  (prelim)	  
–  precision	  at	  high	  x,	  	  
–  tensions	  with	  data	  at	  low	  Q2	  
–  two	  versions	  provided	  	  

•  Q2>3.5	  and	  10	  GeV2	  

•  More	  studies	  ongoing	  
–  Impact	  for	  LHC	  physics	  
–  Polarised	  data/EW	  fits	  
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BACKUP 
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The physics at HERA 

Searches for  new physics  
at the ep energy frontier 

The strong force  
in a clean “laboratory” 
Jets, Diffraction, Low x 

The proton structure  
with unprecedented precision 
Parton distribution functions for the future 

The proton spin surgery 

e±	  

p	  

quarks	  



CC Data sets 
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Electroweak effects 
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CC Cross sections 

01/07/14	   QCD	  2014	   39	  

e+	  p	  



CC Data sets 
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Low Energy Data: NC 
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Significant	  gain	  in	  precision	  
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Fits 

•  Chi2	  minimisa%on	  (Minuit)	  

01/07/14	   QCD	  2014	   43	  

Fit	  plagorm:	  HERAFi<er	  (mul%experiment+theory	  collabora%on)	  
hqp://herafiqer.org	  



FL 
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HERAPDF 2.0 

•  New	  data	  sets	  and	  comina%ons	  available	  
•  The	  preliminary	  HERA	  I+II	  combina%on	  is	  used	  as	  a	  sole	  

input	  in	  QCD	  fit	  plagorm	  to	  determine	  HERAPDF2.0	  (prel)	  
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