
  

         K. W
ic hm

a nn         E PS ' 17           N
at ur e & pQ

C D

 

1

HHansestadt ansestadt HHamburg amburg TTeam: eam: 
I. Abt, A. Cooper-Sarkar, B. Foster, V. Myronenko, K. Wichmann, M. Wing

Phys. Rev. D 94, 034032 (2016), DESY-17-051 (accepted by PRD)

Does Nature know about perturbation theory? Does Nature know about perturbation theory? 
A study of HERA data at lowA study of HERA data at low  QQ22
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Q 2=−q2=−(k−k ' )2

x Bj=
Q 2

2 pq
y=

pq
pk

s=( p+k )2 Q2= xys

√s=318(300, 225, 252)GeV

Experimental luminosity (H1 & ZEUS):
 

~ 0.5fb-1 data from each experiment

Deep Inelastic Scattering at HERA

 Combined H1/ZEUS inclusive DIS cross 
sections → final word from HERA → 

HERA legacy

Neutral Current (NC)
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@ HERA low Q2 → low x
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HERAPDF2.0 @ low Q2 and low x
● HERA low Q2, low x data are not described very well by predictions @ 

NLO and NNLO
→ especially data turn-over

→ all PDF-fitting groups see similar behavior 
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Higher-twist corrections

● higher twist terms acting at low-x considered 
● their origin COULD be connected with the recombination of gluon ladders 
● Bartels, Golec-Biernat, Peters suggested that such higher twist terms would 

cancel between σL and σT in F2, but remain strong in FL

● simplest possible modification to structure functions F2 and FL as calculated 
from HERAPDF2.0 formalism tried

Phys. Rev. D 94, 034032 (2016)

→ has almost no effect, 
A consistent with 0

→ helps a lot, A ~ 4-5
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Let's be bold and fit from Q2 = 2 GeV2

Look at the excellent description at low QLook at the excellent description at low Q22
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Being even bolder - extrapolation down to Q2 ~ 1 GeV2

But beware… is this actually reasonable? 
What does FL itself look like? 

good description of 
data down to ~1 GeV2 
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FL measurements & predictions

● Various predictions 
compared to unbiased 
extraction of FL

● NNLO HHT FL prediction 
untamed at low Q2

● this approach cannot be 
pushed too far

● this comes from NNLO 
coeff. functions and 1/Q2 
term makes it worse
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The overlap region between soft and hard 
physics is of particular interest

Does Nature know about pQCD?
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Reduced cross sections

● Scaling violations well 
established

→ good description by pQCD
● No dramatic change 

observed around transition 
point ~ 1 GeV2 

Nature seems not to 
know about 

perturbation theory



  

         K. W
ic hm

a nn         E PS ' 17           N
at ur e & pQ

C D

 

11

F2 and sg*p

● Extracting F2 tricky – no unbiased way exists

● Extracting cross section for virtual photon exchange, sg*p, tricky

● Low Q2:  Regge inspired BKS

● High QHigh Q22: pQCD HHT NNLO  : pQCD HHT NNLO  

sg*p forms smooth plane
→ no abrupt features around 

transition point ~ 1 GeV2
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Possible parameterisations

ALLM parameterisation
● Inspired by Regge theory
● Incorporates ideas of pQCD

● Overall 23 free parameters 

Describes data well across 
the whole kinematic range

    Regge phenomenology

Describes data well up to < 1 GeV2

IP intercept consistent with 
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● sg*p extracted with HHT NNLO 
and BKS depending on Q2 

● Points connect smoothly at 
change-over value of 2 GeV2 

● Low & high Q2 behavior differs
→ at high Q2  sg*p drops as 1/Q2 
→ at low Q2 sg*p flattens out

● Good description by HHT-
ALLM and Regge fits (fits very 
similar)

Lack of a break in transition 
region ~1 GeV2 is striking

`

sg*p for selected W values
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Extracting l and C parameters
● HHT NNLO: Q2 > 1.2 GeV2  →  good down to ~2 GeV2

● BKS: Q2 < 2.7 GeV2 → connects smoothly to HHT NNLO ~2 GeV2 
→ Different in overlap region

● HHT-ALLM describes 
data well

● REGGE fit good up to 
~0.5 GeV2

● l can be fit with 1st or 
2nd order polynomial

→ Same conclusions for C 
(figure in backup slides)
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F2 at lowest xBj 

● As xBj falls, growing 
gap opens up between 
pQCD and Regge 
extrapolations in 
transition region 

This gap is smoothly 
bridged by data!

● Region of very low 
xBj pinpointed
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Summary & Outlook
● HERA low-Q2 low-x data well described by simple twist 4 term at FL

     → however for lowest Q2 FL gets unphysical
● Structure-function F2 and photon-proton cross section sg*p extracted 

● Using HHT NNLO in pQCD region Q2 > 2 GeV2

● Using Regge-inspired BKS for Q2 < 2 GeV2 

→ data agree well around this transition point
● Characteristics of F2, sg*p  and dF2/dlnQ2 studied in detail 
● Data well described by HHT NNLO, HHT-ALLM and HHT-REGGE fits

→ No abrupt transition between soft and hard regions observed in the data
→ Nature seems not to know about perturbation theoryNature seems not to know about perturbation theory

 
● Future electron–proton/electron–ion collider 

needed
● Presented data important for model building @ 

low x and low Q2 
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Additional slides



  

         K. W
ic hm

a nn         E PS ' 17           N
at ur e & pQ

C D

 

18

F2
HT=F2

DGLAP (1+
A2

HT

Q2
)●Introducing         has almost no effect, A consistent with 0

χ2

ndf
=1356

1131
≈1.20

χ2

ndf
=1363

1131
≈1.21

NLO

NNLO
HERAPDF2.0

χ2

ndf
=1354

1130
≈1.20

χ2

ndf
=1357

1130
≈1.20

NLO

NNLO
HHT@F2

● Introducing            helps a lot

χ2

ndf
=1329

1130
≈1.18

χ2

ndf
=1316

1130
≈1.16

NLO

NNLO
HHT@FL

FL
HT=FL

DGLAP (1+
AL

HT

Q2
)

A
L

HT = 5.5 ± 0.6 GeV2

A
L

HT = 4.2 ± 0.7 GeV2Δχ2=27

Δχ2=47

Data in fits from Q2 > 3.5 GeV2
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Let's be bold and fit from Q2 = 2 GeV2

Q2
min = 3.5 GeV2 Q2

min = 2 GeV2

NLO

NNLO A
L

HT = 5.5 ± 0.6 GeV2

A
L

HT = 4.2 ± 0.7 GeV2

A
L

HT = 5.2 ± 0.7 GeV2

A
L

HT = 4.0 ± 0.6 GeV2

Look at the excellent description at low QLook at the excellent description at low Q22
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ALLM parameterisation
● Inspired by Regge theory
● Incorporates ideas of pQCD

● Overall 23 free parameters 

Describes data well across 
the whole kinematic range

 proton mass
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How about Regge phenomenology?

● HHT-REGGE
● 3 parameters fitted to P 
● Q2 <= 0.65 GeV2

● Good description to ~0.65 GeV2

● Regge formalism expected 
to break around that Q2

● Various fits tested 
→ All fits compatible with soft 

Pomeron expectations

GVMD
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HHT-REGGE fits

● With addition of low-W PhP 
data Reggeon parameters 
can be constrained

● Within kinematic range of 
HERA data description the 
same

● Adding fixed target data 
does not improve fits
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Regge fits

Pomeron trajectory 
soft Pomeron:  
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F2 derivatives dF2/dlnQ2 → info on gluon

● Fits to extracted F2 

scalingscaling violation
depends on as (Q2)

strong scaling violation
depends on Q2

OK
not OK
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● HERA: ep collider in Hamburg
● Operation: 1992-2007
● Colliding experiments: H1 and 

ZEUS

HERA and DIS

Neutral Current (NC)
gg, Z, Z00 exchange exchange

Charged Current (CC)
WW±± exchange exchange

electronelectron

neutrinoneutrino

Deep Inelastic Scattering
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HERAPDF2.0 @ low Q2 and low x
● NLO fit for Q2

min = 3.5 GeV2

c2/dof = 1357/1131

● NNLO fit for Q2
min = 3.5 GeV2

c2/dof = 1363/1131
●

● Let's see how HERA low Q2, low x 

data are described by predictions

● Not that great...
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@ high x

@ high Q2

Text book plots of fundamental properties of particle interactions

@ low x
electron-proton
positron-proton

@ moderate x
QCD scalingQCD scaling

2015 Wolf prize for 
J. Bjorken!
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FL measurements & predictions

● NNLO HHT FL prediction untamed at low Q2

● this approach cannot be pushed too far
● this comes from NNLO coeff. functions and the 1/Q2 term makes it worse



 

Volodymyr Myronenko  |  13.04.2016  |  DIS16  |  Combined QCD and EW analysis of HERA data 31 / 14

HERAPDF2.0: settings for QCD fit

 PDFs (14p) are parametrised at Q
0

2 = 1.9 GeV2 

Au v
, Ad v

, Ag                  are constrained by QCD sum rules

  x ū →
x→0

x d̄              are constrained via AŪ , A D̄
x s̄= f s x D̄

 PDF evolution is performed using DGLAP equations 

 QCD fits are performed using HERAFitter package

 Heavy flavour coeffitients are obtained within GM VFNS (RT OPT)

χ2=Σ
i

[μ i−mi (1−Σ
j
γ j

i b j)]
2

δ i , uncor
2 mi

2+δi , stat
2 μ imi(1−Σ

j
γ j

i b j)
+Σ

j
b j

2+Σ
i

ln
δ i , uncor

2 mi
2+δi , stat

2 μ imi

δ i ,uncor
2 μi

2+δi , stat
2 μi

2
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Deep Inelastic Scattering @ HERA

ElectroweakElectroweak

Perturbative Perturbative 
QCDQCD

PDFs PDFs 
at Qat Q00

● Fix pQCD & PDFs
! Test Electroweak 

● Fix Electroweak
! Test pQCD & PDFs

● Fix Electroweak & pQCD
 ! Determine PDFs
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