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The HERA ep collider and experiments

HERA I:  ~ 130 pb-1 (physics)

HERA II: ~ 380 pb-1(physics)

combined: ~ 2 x 0.5 fb-1

e (27.6 GeV)
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Review of open charm at HERA 

recent

review:

discussion

of ~60

papers

by H1 

and 

ZEUS

+ theory,

1995-2015
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arXiv:1506.07519



Combined  D* cross sections in DIS
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customised choice:  - reduced renormalisation scale
- modified scale dependence of fragmentation
- slightly lower charm mass          (all within uncertainty) 4

PT(D*)

ηηηη(D*)

arXiv:1503.06042, JHEP 1509 (2015) 149



Charm fragmentation function
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Combination of 

H1 and ZEUS 

D* measurements

example:  z 
(energy/momentum fraction 
taken by D*) ,

shape directly sensitive 
to fragmentation 
parameters

more work on theory 
needed

5

z(D*)

arXiv:1503.06042, JHEP 1509 (2015) 149



Charm fragmentation fractions

universality

confirmed

HERA

measurements

make very

substantial 
contribution 
to world 
average
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arXiv 1509.01061, EPJC 76 (2016) 397
Lisovyi, Verbytskyi, Zenaiev



Measurement of the cross-section ratio σψ(2S)/σJ/ψ(1S)

in deep inelastic exclusive ep scattering at HERA
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courtesy N. Kovalchuk

arXiv 1605.01946



Measurement of the cross-section ratio σψ(2S)/σJ/ψ(1S)
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courtesy N. Kovalchuk



Measurement of the cross-section ratio σψ(2S)/σJ/ψ(1S)

8. 9. 16 A. Geiser,  Charm workshop 9

simultaneous

measurement of

J/ψ, ψ’ -> µµ

ψ’ −> J/ψ ππ −> µµππ

arXiv:1605.01946, Nucl. Phys. B909 (2016) 934



Measurement of the cross-section ratio σψ(2S)/σJ/ψ(1S)
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result starts
to discriminate
between 
different 
theory
predictions

(for more details
see N. Kovalchuk,
DIS16)

arXiv:1605.01946, Nucl. Phys. B909 (2016) 934
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Parton density functions (PDF)

QCD evolution

x

µ2

x

HERA

LHC   

Tevatron

parton densities from HERA and LHC data
-> cross sections at LHC, cosmic rays, … 

Higgs top,
jets,
…

gluon



Final HERA inclusive DIS combination and PDF fit
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arXiv 1506.06042, EPJC 75 (2015) 580



includes fit of inclusive charm + jet DIS data

well

described

by fit
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arXiv 1506.06042, EPJC 75 (2015) 580

PDF uncertainties only

charm:

σσσσred
cc



Constraint of gluon at very low x

Combined fit of

� HERA I inclusive data: main PDF constraint

� HERA charm and beauty data: constrain mc, mb and 
gluon at low x: 10-2 -10-4

� LHCb charm and beauty data, constrain gluon  at 
very low x: 10-3- 10-6
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arXiv 1503.04581, Eur.Phys.J. C75 (2015) 396

B+

D0

JHEP 08 (2013) 117

Nucl.Phys. B871 (2013) 1



final comparison of gluon fits 

gluon positive 
and well 
constrained down 
to x ~ 10-6

first constraint 

from data

for x << 10-4

already in use to constrain

cosmic ray prompt 
neutrino spectrum

(e.g. Ice Cube) 
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arXiv 1503.04581, Eur.Phys.J. C75 (2015) 396



Combined HERA charm data
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comparison to ABM FFNS

very good description
of data
in full kinematic range

unambigous treatment
of mc in all terms of
calculation

here:  MS running mass

(similar predictions for 
pole mass)

EPJC 73 (2013) 2311



measurement of MS charm mass

simultaneous fit of 
combined charm data   
and inclusive HERA I 
DIS data
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mc(mc) = 1.26 ±0.05exp ±0.03mod ±0.02ααααs GeV

PDG:     1.275 ±0.025  GeV (lattice QCD + time-like processes)  

NLO

EPJC 73 (2013) 2311



mc(mc) from FONLL fit of HERA data
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V. Bertone et al., arXiv 1605.01946, JHEP 1608 (2016) 050



running of αs and quark masses

� ααααs running depends on number of coulours NC and 
number of quark flavours NF

αs(Q2)  =       αs(Q0
2)

1 + αs (11NC-2NF)/12π ln(Q2/Q0
2)

� quark mass running depends on ααααs , e.g. 

m(pole) = m(m) (1 + 4/3 ααααs/ππππ )

= m(Q) (1 + ααααs/ππππ (4/3+ln(Q2/mc
2))

� part of gluon field around quark not  ‘visible’  any 
more when  ‘looking’  at smaller distances/larger 
energy scales -> effective mass decreases  
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leading
order
QCD
formulae



measurement of mc running
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extract mc(µµµµ) separately
for 6 different kinematic
ranges in µµµµ2 = Q2+4mc

2

(take log average for central scale)

H1-prelim-14-071, ZEUS-prel-14-006, + S. Moch



the running charm quark mass
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running mass
concept in QCD
is self-consistent !

H1-prelim-14-071, ZEUS-prel-14-006, + S. Moch
Prog. Part. Nucl. Phys. 84 (2015) 1

but mass is also
manifestation of
Higgs Yukawa
couplings !
yQ = √2mQ/v



Direct measurements of Higgs Yukawa couplings
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EPJC 75 (2015) 212arXiv: 1507.04548, EPJC 76 (2016) 6 

Hbb updated from PRD 92 (2015) 032008

to be updated from JHEP08 (2016) 045

vs. mass



Running
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of 

strong coupling

and

heavy quark

Yukawa couplings
(very preliminary)

relate mt, mb, mc to associated 
Higgs Yukawa couplings

LO EW (+NLO QCD) formula: 

yQ = √2mQ/v



Conclusion
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HERA can measure

almost all aspects 

of charm production

Heavy Quark 

physics is also

QCD + Higgs physics 

so far, Higgs couplings 

and their running 

as obtained from quark

masses are consistent

with directly measured 

Higgs couplings 
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Backup
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Deep Inelastic ep Scattering at HERA
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Heavy flavour contributions to F2

c

or

c

flavour
tagging

-> F2
bb, F2

cc

c

c

QCD

,

,

~

detect



Charm Fragmentation

8. 9. 16 A. Geiser,  Charm workshop 28



Comparison to NLO QCD
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detailed

study of

theory 

uncertainties

largest:

QCD scales

fragmentation
(Kartvelishvili as 
measured at HERA)

29

is it possible to
customise (choose
parameters)
such that all
distributions are
described 
simultaneously?

it is!



HERA charm data combination
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9 data sets
(HERA I, HERA II)

5 charm tagging methods

155 -> 52 data points

48 correlated systematic 
uncertainties

example:

very good selfconsistency of data:

σσσσred
cc

EPJ C73 (2013) 2311



Beauty at LHCb

JHEP 08 (2013) 117
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B+

B0Bs



Charm 

at LHCb
Nucl.Phys. B871 (2013) 1-20
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down to pT = 0 GeV

large theory uncertainty at 
NLO (~factor 2) but also 
strong mc dependence

directly sensitive to gluon
down to x~10-5 !

FONLL fits well (factor 2 
scale uncertainty not shown)

D0 D+

D* Ds



HERAPDF style parameterization with sizeable 

`negative gluon ‘  term (but net positive gluon)

in good agreement with constrained ABM11 
parameterization at low x

Comparison to ‘old’ global PDFs
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HERA + LHCb

µµµµ
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Running strong coupling „constant“ ααααs

(HERA)
(LEP, PETRA)

e.g. from jet production at e+e-, ep, and pp at DESY, Fermilab and CERN 

EPJC 75 (2015) 186



fixed flavour number scheme (FFNS)

� no charm in proton

� full kinematical  

treatment of 

charm mass
(multi-scale problem:

Q2, pT, mc  -> logs of ratios) 

� no resummation of logs
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e (27.6 GeV)

e-

e+

c

c

x

+ NLO  (+partial NNLO)
corrections,

“natural” scale:
Q2 + 4mc

2

LO mc

‘

y
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mc fit and uncertainties
use appropriate PDF set for each mass
(from inclusive DIS data only),
fit charm data

sensitivity to mc(mc) decreases with increasing scale µµµµ2 = Q2+4mc
2

‘in reality’, have measured mc(µµµµ) at each scale

-> outer error bar

H1-prelim-14-071, ZEUS-prel-14-006, + S. Moch
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the running b quark mass at LEP

LEP: Z -> bb + gluons,
measurement of phase space/
angular distributions

m(Q) = m(Q0) (1 - ααααs/ππππ ln(Q2/Q0
2))

EPJ C55 (2008) 525

charm and top mass running 
not explicitly measured 
(so far) 



mb from reduced beauty cross section
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JHEP 1409 (2014) 127

mb(mb) = 4.07 ±0.14fit
+0.01

-0.07 mod
+0.05

-0.00 par
+0.08

-0.05 th GeV

PDG:     4.18 ± 0.03  GeV (lattice QCD + time-like processes)  

uncertainty evaluation
similar to charm running case



the running beauty quark mass
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PDG
(lattice etc.)

ZEUS
LEP

translate to 2mb

arXiv:1506.07519

2mb

Prog. Part. Nucl. Phys. 84 (2015) 1
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Higgs couplings 
relate mt, mb, mc to associated 
Higgs Yukawa couplings

LO EW (+NLO QCD) formula: 

yQ = √2mQ/v

source: viXra blog 


