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Setting the scene

Summary of most relevant LHC measurements: 

* pp > D+X, at 5 TeV  
* pp > D+X, at 7 TeV  
* pp > D+X, at 13 TeV  

Heavy flavour c/b-quark hadrons

This seminar: discuss these data and their implications

pp ! D/B +X

LHCb Collaboration, JHEP06(2017) 147 
LHCb Collaboration, Nucl. Phys. B871 (2013)  
LHCb Collaboration, JHEP05(2017) 074

JHEP09(2016) 013, JHEP03(2016) 159

(* pp > B+X, at 7, 13 TeV LHCb Collaboration, PRL 119(2017) 169901)
PRL 118(2017) 052002



Introduction 
* heavy quark-pair production 
* motivation to study forward D/B production  

Studying the LHCb data 
* Defining suitable observables 
* Impact on our knowledge of proton structure  

Applications beyond the LHC 

Concluding remarks 
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Overview
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Introduction
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Exclusively reconstruct D-hadrons within experimental acceptance  
 
For example, LHCb fiducial region:

pDT < 8 GeV

2.0 <yD < 4.5

y =
1

2
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E + pz
E � pz
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 Heavy quark-pair production
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A combination of stuff: 
- perturbatively calculable 
- extracted from data
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 Heavy quark-pair production

+O

 
⇤2
QCD

ŝ

!

�pApB!cc̄X =
X

a,b

Z
dxa,bfa/A(xa, µ

2
F )fb/B(xb, µ

2
F ) �̂

ab!cc̄X (ŝ,m, µF , µR,↵s(µR))

More formally, follows from factorisation theorems

… neglected non-factoriseable corrections

Partonic cross section: computed perturbatively (Feynman diagrams)

PDFs: n.p. component extracted from data (evolved perturbatively)

d�ab!DX

dz
(z,Q,m) =

Z 1

z

d�

�

d�ab!cX

d�
(�, Q,m)FD

n.p.

✓
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Fragmentation function: n.p. component extracted from data
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 Heavy quark-pair production

+ · · ·+

2

  .  .  .  
 

d�ij!QQ̄X =
1

2sij

X
|Mij!QQ̄X |2d�n

• Process dependent 
• Organising IR divergences
 NLO QCD

The first term = perturbative fragmentation function (PFF) 
Has the job of resumming quasi-collinear logs:

: normalised energy fractionz

↵n
s ln [m/Q]k , k  n

NLO    B. Mele, P. Nason, Nucl. Phys. B 361 (1991) 626 
NNLO  K. Melnikov, A. Mitov  PRD 70 (2004) 034027

In either case, n.p. piece extracted from precise D/B spectrum at LEP

FD
i (z, µ,mh) = F c

i (z, µ,mc)⌦ FD
n.p.(z)

P. Nason, S. Dawson, R.K. Ellis, 1988  
P. Nason, S. Dawson, R.K. Ellis, 1999 * 
W. Beenakker, H. Kuif, W.L.van Neerven, J. Smith 1989 *
 NNLO QCD
M. Czakon, P. Feilder, A. Mitov 2013 
M. Czakon, P. Feilder, A. Mitov 2014 * 
… + resummation, EW+QCD, NLO>>PS

* differential
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Parton Distribution Functions (PDFs)

Global fits performed to a range of data (collisions involving a hadron) 
The main examples being fixed-target, HERA, TeVatron, and LHC
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Figure 1: The kinematical coverage in the
(

x,Q2
)

plane of the NNPDF3.0 dataset. For hadronic data,
leading-order kinematics have been assumed for illustrative purposes. The green stars mark the data
already included in NNPDF2.3, while the circles correspond to experiments that are novel in NNPDF3.0.

cross section

the latter offer some handle on the strangeness asymmetry in the proton, s− s̄. Data from this
same process are available from the ATLAS Collaboration [91], but are given at the hadron level
and thus cannot be directly included in our fit (though they could be included by for example
estimating a hadron-to-parton correction factor using MadGraph5 aMC@NLO).

Finally, we include the LHCb Z → ee rapidity distributions from the 2011 dataset [61],
which are more precise than the previous data from the 2010 run. The forward kinematics of
this data provide constraints on PDFs at smaller and larger values of x than the vector boson
production data from ATLAS and CMS. Further LHCb data from the 2011 run for Z boson
rapidity distributions in the µµ channel [92] and for low mass Drell-Yan production [93] are still
preliminary.

Concerning inclusive jet production from ATLAS and CMS, we include the CMS inclusive
jet production measurement at 7 TeV from the full 5 fb−1 dataset [62], which has been pro-
vided with the full experimental covariance matrix, and which supersedes previous inclusive jet
measurements from CMS [94]. This data has a large kinematical coverage: for example, in the
central rapidity region, the CMS data reaches up to jet transverse momenta of more than 2
TeV, thus constraining the large-x quark and gluon PDFs [95,96]. From ATLAS, we include the
new inclusive cross-section measurement at

√
s = 2.76 TeV [63], which is provided with the full

12

fi/A(x,Q
2) : momentum fraction  

: parton virtuality

x

Q2

JHEP04(2015) 040

x

Q2

i = g, d , d̄ , u , · · ·

Modern proton PDF fits: 
ABMP 
CT 
HERA 
MMHT 
NNPDF  
More specialised: LUXQED, CJ 
Nuclear: EPPS, nCTEQ, DSSZ…

PRD 96 (2017) 014011

PRD 93 (2015) 033006

EPJC 75 (2015) 580

EPJC 75 (2015) 204

JHEP 04 (2015) 040



LHCb detector provides unique information 

1. Can reconstruct D/B hadrons from 

2. Forward LHCb acceptance extends kinematic sensitivity
 15

Forward heavy quark production

g(p1) + g(p2) ! Q(p3) + Q̄(p4) +X
dominant subprocess at LHC

pT > 0 (mT ⇠ mQ)

  : momentum fraction  
  : rapidity 
  : hadronic COM  
  : transverse mass

xi

yj

mT

x1,(2) =
mTp
S

⇣
e(�)y3 + e(�)y4

⌘p
S

LO PDF sampling occurs at

p1 =
p
S/2 (x1, 0, 0, x1)
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  : momentum fraction  
  : rapidity 
  : hadronic COM  
  : transverse mass

xi

yj

mT

x1,(2) =
mTp
S

⇣
e(�)y3 + e(�)y4

⌘p
S

LO PDF sampling occurs at

g(p1) + g(p2) ! Q(p3) + Q̄(p4) +X
dominant subprocess at LHC

Beam* Beam*

Muon*Calo*

Interac;on*point*

Tracking*

Vertex*detector*

300mrad*

LHCb:*a*general*purpose*detector*instrumented*within*2*≤*η*≤*5*
Recorded*luminosity:*

J *(2010):*0.038*PJ1*** *√s*=*7*TeV*

J *(2011):*1.107*PJ1*
*√s*=*7*TeV*

J *(2012):*2.082*PJ1
*√s*=*8*TeV*

*

Introduc-on. CrossJsec;ons* Results* Conclusions*

O*O*O*

Tara*Shears* 2*

✓x1
x2

Forward heavy quark production

p1 =
p
S/2 (x1, 0, 0, x1)
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ŝ =

p
x1 x2 S � 2mb

0

0.005

0.01

0.015

0.02

0.025

0.03

)
1

(x
10

log
-6 -5 -4 -3 -2 -1 0

) 2
(x

10
lo

g

-6

-5

-4

-3

-2

-1

0
) < 8.0 GeV0(B

T
p

) < 4.504.0 < y(B
> = 1.1e-011<x
> = 4.7e-052<x

 = 7 TeVs, bb→pp

 20

x1,(2) =
mTp
S

⇣
e(�)y3 + e(�)y4

⌘

Lo
w

 x

Require a B hadron within LHCb acceptance at 7 TeV

arbitrary units

Large x



 21

M
od

er
at

e 
x

v. large-x

Require a top within LHCb acceptance at 14 TeV

)
1

 (x
10

log-6 -5 -4 -3 -2 -1 0

) 2
 (x

10
lo

g

-6

-5

-4

-3

-2

-1

0
 = 14 TeVs, t t→pp

(t) < 4.5η2.0 < 

 > = 1.5e-11< x

 > = 1.9e-22< x

arbitrary units

x1,(2) =
mTp
S

⇣
e(�)y3 + e(�)y4

⌘

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

)
1

(x
10

log
-6 -5 -4 -3 -2 -1 0

) 2
(x

10
lo

g

-6

-5

-4

-3

-2

-1

0
) < 8.0 GeV0(D

T
p

) < 4.504.0 < y(D
> = 5.1e-021<x
> = 1.5e-052<x

 = 7 TeVs, cc→pp

p
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PDF constraints from HERA charm data  
 
Shape/uncertainty determined by 
parameterisation of non-pert. gluon PDF

x � 3 · 10�5

x  3 · 10�5
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the shape at very low x is very quickly washed out. Hence, we choose to assume that this

universality in the very low x shape is already evident at input. For s+ we also set the third

and fourth Chebyshev polynomials to be the same as for the light sea, as there is not enough

data which can constrain the strange quark, while leaving all four parameters in the polynomial

free leads to instabilities.

We still have to specify the parameterisations of the gluon and of the di↵erences d̄� ū and

s� s̄. For the parameterisation of � ⌘ d̄� ū we set ⌘� = ⌘S + 2, and use a parameterisation

x�(x,Q2

0
) = A�(1� x)⌘�x

��
�
1 + ��x+ ✏�x

2
�
. (3)

The (poorly determined) strange quark di↵erence is taken to have a simpler input form than

that in (1). That is

s� ⌘ x(s� s̄) = A�(1� x)⌘�x��(1� x/x0) (4)

where A�, �� and ⌘� are treated as free parameters, and where the final factor in (4) allows

us to satisfy the third number sum rule given in (6) below, i.e. x0 is a crossing point. Finally,

it was found long ago [18], that the global fit was considerably improved by allowing the gluon

distribution to have a second term with a di↵erent small x power

xg(x,Q2

0
) = Ag(1� x)⌘gx�g

 
1 +

2X

i=1

ag,iT
Ch

i
(y(x))

!
+ Ag0(1� x)⌘g0x�g0 , (5)

where ⌘g0 is quite large, and concentrates the e↵ect of this term towards small x. This means

the gluon has 7 free parameters (Ag being constrained by the momentum sum rule), which

would be equivalent to using 5 Chebyshev polynomials if the second term were absent.

The choice k = 0.5, giving y = 1 � 2
p
x in (1), was found to be preferable in the detailed

study presented in [11]. It has the feature that it is equivalent to a polynomial in
p
x, the same

as the default MSTW parameterisation. The half-integer separation of terms is consistent with

the Regge motivation of the MSTW parameterisation. The optimum order of the Chebyshev

polynomials used for the various PDFs is explored in the fit. It generally turns out to be

n = 4 or 5. The advantage of using a parameterisation based on Chebyshev polynomials is the

stability and good convergence of the values found for the coe�cients ai.

The input PDFs are subject to three constraints from the number sum rules

Z
1

0

dx uV (x,Q
2

0
) = 2,

Z
1

0

dx dV (x,Q
2

0
) = 1,

Z
1

0

dx (s(x,Q2

0
)� s̄(x,Q2

0
)) = 0, (6)

together with the momentum sum rule

Z
1

0

dx x
⇥
uV (x,Q

2

0
) + dV (x,Q

2

0
) + S(x,Q2

0
) + g(x,Q2

0
)
⇤

= 1. (7)

We use these four constraints to fix Ag, Au, Ad and x0 in terms of the other parameters. In

7

MMHT14 gluon parameterisation (polynomial function in x):
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PDF constraints from HERA charm data  
 
Shape/uncertainty determined by 
parameterisation of non-pert. gluon PDF

x � 3 · 10�5

x  3 · 10�5
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Strategy
As a Baseline, use the NNPDF3.0 NLO Global PDF fit 

JHEP 04 (2015) 040

fi(x,Q0) = Aix
�↵i(1� x)�iNNi(x)

Pre-processing terms
Functional form 
parameterised by 
neural network

Extend the data set to include the LHCb D hadron data

See http://nnpdf.mi.infn.it/research/reweighting/



x
-610 -510 -410 -310 -210 -110 1

 ]2
 [ 

G
eV

2 T
 / 

p
2

 / 
M

2
Q

1

10

210

310

410

510

610

710 FT DIS

HERA1

FT DY

TEV EW

TEV JET

ATLAS EW

LHCB EW

LHC JETS

HERA2

ATLAS JETS 2.76TEV

ATLAS HIGH MASS

ATLAS WpT

CMS W ASY

CMS JETS

CMS WC TOT

CMS WC RAT

LHCB Z

TTBAR

NNPDF3.0 NLO dataset

Figure 1: The kinematical coverage in the
(

x,Q2
)

plane of the NNPDF3.0 dataset. For hadronic data,
leading-order kinematics have been assumed for illustrative purposes. The green stars mark the data
already included in NNPDF2.3, while the circles correspond to experiments that are novel in NNPDF3.0.

cross section

the latter offer some handle on the strangeness asymmetry in the proton, s− s̄. Data from this
same process are available from the ATLAS Collaboration [91], but are given at the hadron level
and thus cannot be directly included in our fit (though they could be included by for example
estimating a hadron-to-parton correction factor using MadGraph5 aMC@NLO).

Finally, we include the LHCb Z → ee rapidity distributions from the 2011 dataset [61],
which are more precise than the previous data from the 2010 run. The forward kinematics of
this data provide constraints on PDFs at smaller and larger values of x than the vector boson
production data from ATLAS and CMS. Further LHCb data from the 2011 run for Z boson
rapidity distributions in the µµ channel [92] and for low mass Drell-Yan production [93] are still
preliminary.

Concerning inclusive jet production from ATLAS and CMS, we include the CMS inclusive
jet production measurement at 7 TeV from the full 5 fb−1 dataset [62], which has been pro-
vided with the full experimental covariance matrix, and which supersedes previous inclusive jet
measurements from CMS [94]. This data has a large kinematical coverage: for example, in the
central rapidity region, the CMS data reaches up to jet transverse momenta of more than 2
TeV, thus constraining the large-x quark and gluon PDFs [95,96]. From ATLAS, we include the
new inclusive cross-section measurement at

√
s = 2.76 TeV [63], which is provided with the full

12
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LHCb D data LHCb D data

Kinematic coverage of Global Fit

x
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Studying the LHCb data
Data:  
* pp > D+X, at 5 TeV  
* pp > D+X, at 7 TeV  
* pp > D+X, at 13 TeV  
 
Theory baseline:  
* NLO+Pythia8, achieved with POWHEG nf=3 scheme

LHCb Collaboration, JHEP06(2017) 147 
LHCb Collaboration, Nucl. Phys. B871 (2013)  
LHCb Collaboration, JHEP05(2017) 074
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pp ! D +X
D0, D+, Ds, D

⇤+ (+c.c.)

What exactly is measured?

d2�

dpDT dyD
=

1

�pDT �yD
· Ni(D ! f + c.c.)

✏i(D ! f)B(D ! f)Lint



• Measurements performed at 3 CoM Energies (5, 7, 13 TeV) 
• 8 bins within                      , 5 bins within                        (40 total)
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pp ! D +X
D0, D+, Ds, D

⇤+ (+c.c.)

What exactly is measured?

2.0 < yD < 4.5pDT < 8.0 GeV

d2�

dpDT dyD
=

1

�pDT �yD
· Ni(D ! f + c.c.)

✏i(D ! f)B(D ! f)Lint

Number of events

efficiency to 
measure f

branching 
fraction to f

hardware 
efficiency

lumi

bins

In total approximately 480 data points
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Figure 2: Charm quark rapidity distributions at
p
S = 13 TeV.

at 13 TeV, and possibly be sensitive to the (mostly gluon) PDF in regions where it is
not yet well constrained by data. In the rest of the paper we analyse more quantitatively
these statements, focusing on the potential of the LHCb and, partly, ALICE experiments
to combine results from the forthcoming 13 TeV runs and previous 7 or 8 TeV runs. As
part of this work, we also update to 13 TeV the complete predictions for absolute cross
sections presented in Ref. [28]. We refer to this work for the detailed description of the
general framework of our calculations, and for references to the earlier literature.

2 General considerations

The strong scale dependence in charm and bottom pair production is mostly the conse-
quence of the large corrections [34–36] at the next-to-leading-order (NLO), and possibly
beyond. This is due in part to the intrinsically large value of ↵S(µ) at the relevant scales
µ ⇠ mQ, and in part to the emergence of new processes at O(↵3

S). The large uncertainty
can be mitigated in the regime of pT � mQ, where the dominant higher-order contribu-
tions have a universal logarithmic behaviour that allows for their resummation [37]. At
lower pT values, where we can only rely on the fixed-order NLO QCD calculation,4 the
scale dependence reaches values in the range of ⇠ 100% in the case of the charm quark,
and of ⇠ 50% for the bottom quark. This situation is shown in more detail in Figures 2

4NNLO results for heavy-quark pair production are in principle known [38]. In practice, their use is
limited today to the case of the heavy top quark, due to the intrinsic instability of the numerical evaluations
for masses in the few-GeV range. The extension of the NNLO results to this light mass range will therefore
require future dedicated numerical studies by the authors of the original NNLO calculations.

3

taken from arXiv 1507.06197

�̂ij(�,m, µF ) =
↵2
s(µR)

m2
Q

⇣
�(0)
ij + ↵s(µR)

h
�(1)
ij + �(1)

ij (µF , µR)
i
+ ...

⌘

Scale uncertainties at low energy scales overwhelming

µ ⇠
q
m2

Q + p2T,Q ⇠ 2.2GeV ↵s(2.2GeV) ⇠ 0.3
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Measurements performed double differentially in       and       .     

Measurements performed at multiple hadronic CoM values

pDT yD

N ij
X =

d2�(X TeV)

dyDi d(pDT )j

�
d2�(X TeV)

dyDrefd(p
D
T )j

Rij
13/X =

d2�(13 TeV)

dyDi d(pDT )j

�
d2�(X TeV)

dyDi d(pDT )j

x1,(2) =
mTp
S

⇣
e(�)y3 + e(�)y4

⌘

CoM Energy
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Measurements performed double differentially in       and       .     

Measurements performed at multiple hadronic CoM values

pDT yD

N ij
X =

d2�(X TeV)

dyDi d(pDT )j

�
d2�(X TeV)

dyDrefd(p
D
T )j

Rij
13/X =

d2�(13 TeV)

dyDi d(pDT )j

�
d2�(X TeV)

dyDi d(pDT )j

pros: theoretical (and experimental) uncertainties highly correlated 
 
cons: PDF uncertainties also correlated (lose sensitivity to PDFs)
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taken from arXiv 1507.06197

Ratio of cross-sections 
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Figure 7: Ratio of charm quark rapidity distributions in pp collisions at
p
S = 13 TeV

and
p
S = 7 TeV collisions in the LHC.

Figure 8: Ratio of bottom quark rapidity distributions in pp collisions at
p
S = 13 TeV

and
p
S = 7 TeV collisions in the LHC.
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taken from arXiv 1507.06197

Ratio of cross-sections 
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Figure 7: Ratio of charm quark rapidity distributions in pp collisions at
p
S = 13 TeV

and
p
S = 7 TeV collisions in the LHC.

Figure 8: Ratio of bottom quark rapidity distributions in pp collisions at
p
S = 13 TeV

and
p
S = 7 TeV collisions in the LHC.
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2

these observables. The ratio measurements, R13/7 and
R13/5, are available for y

D ∈ [2.0, 4.5] in five bins and for
pDT ∈ [0, 8] GeV in eight bins. The 5 TeV and 13 TeV
absolute cross section measurements extend to higher pDT
values, however these additional points are excluded from
the fit since they might be affected by large logarithmic
contributions [22]. In this way, data in a fixed kinematic
region is included either through cross-section ratios or
normalized cross-sections. The reference rapidity bin in
the normalized distributions N ij

X in Eq. (1) is chosen to
be yDref ∈ [3.0, 3.5], as in [15], since we have verified that
this choice maximizes the cancellation of scale uncertain-
ties for the considered data. We restrict our analysis
to the {D0, D+, D+

s } final states, ignoring that of D+∗

which has an overlapping contribution with that of D0

and D+.
The theoretical predictions forD meson production are

computed at NLO+PS accuracy using POWHEG [23–25]
to match the fixed-order calculation [26] to the Pythia8

shower [27, 28] with the Monash 2013 tune [4]. The
POWHEG results have previously been shown to be con-
sistent [14, 29] with both the NLO+PS (a)MC@NLO [30,
31] method and the semi-analytic FONLL calculation [32,
33]. The NNPDF3.0 NLO set of parton distributions
with αs(mZ) = 0.118, Nf = 5 and Nrep = 1000 replicas
has been used, interfaced with LHAPDF6 [34]. The in-
ternal POWHEG routines have been modified to extract
αs from LHAPDF6, and the compensation terms [32] to
consistently match the Nf = 5 PDFs with the fixed-
order Nf = 3 calculation [26] are included. The cen-
tral value for the charm quark pole mass is taken to
be mc = 1.5 GeV, following the HXSWG recommenda-
tion [35], and the renormalization and factorization scales
are set equal to the heavy quark transverse mass in the
Born configuration, µ = µR = µF =

√
m2

c + p2T .
Other settings of the theory calculation, such as the

values for fragmentation fractions, are the same as those
in [14]. We have verified that the choice of Pythia8 tune
(comparing Monash 2013 with 4C or A14) as well as
the modelling of charm fragmentation (using for e.g. a
Peterson function with ϵD = 0.05 and varying ϵD by a
factor 2) on the observables of Eq. (1) leads in all cases
to variations that are negligible as compared to PDF un-
certainties.

The impact of the LHCb D meson data on the
NNPDF3.0 small-x gluon can be quantified using the
Bayesian reweighting technique [36, 37]. We have studied
separately the impact of the three data sets of normalized
distributions, N5, N7 and N13 and the two cross-section
ratios, R13/5 and R13/7, as well specific combinations
of these, always avoiding double counting. The exper-
imental bin-by-bin correlation matrices are included for
the cross-section ratios R13/X , while for the normalized
cross-section data the (cross-section level) bin-by-bin cor-
relations, which are only available for N5 and N13, are
not included.

We find that NLO theory describes successfully both
the cross-section ratios R13/7 and R13/5 as well as the
normalized cross section data at all three CoM energies.
To illustrate this agreement, we compute the χ2/Ndat

for each of the five datasets, for different combinations
of data used as input in the PDF fit. These results are
summarized in Table I, where the data that has been
included in each case are highlighted in boldface, and
the number in brackets indicates Ndat for each data set.
For example, the first row corresponds to the baseline
PDF set, the second row indicates the resultant χ2/Ndat

for each data set after the N5 data has been added to
NNPDF3.0, and so on.

N5(84) N7(79) N13(126) R13/5(107) R13/7(102)

1.97 1.21 2.36 1.36 0.80

0.86 0.72 1.14 1.35 0.81

1.31 0.91 1.58 1.36 0.82

0.74 0.66 1.01 1.38 0.80

1.08 0.81 1.27 1.29 0.80

1.53 0.99 1.73 1.30 0.81

1.07 0.81 1.34 1.35 0.81

0.82 0.70 1.07 1.35 0.81

0.84 0.71 1.10 1.36 0.81

TABLE I: The χ2/Ndat for the LHCb D meson measurements
considered, N5, N7, N13, R13/7 and R13/5, for various combi-
nations of input to the PDF fit (highlighted in boldface).

We find that the normalized distributions, N5, N7 and
N13, as well as the ratio R13/5, have a similar substan-
tial pull on the gluon, both for central values and for the
reduction of the PDF uncertainty. It is found that the
R13/7 ratio data has only a minor impact on the cen-
tral value and resultant uncertainty of the small-x gluon.
This can in part be understood due to the fact that this
data is less precise in comparison to the R13/5 data, and
additionally less sensitive to the rate of change of the
gluon PDF at low-x. We find it reassuring that includ-
ing each of the available LHCb data sets to NNPDF3.0,
one at a time, improves the description of all other data
sets. In Fig. 1 we show the 1-σ relative PDF uncertain-
ties for the gluon at Q2 = 4 GeV2 in NNPDF3.0 and
in the subsequent fits when the various LHCb D meson
data sets are included.
In the following we show results for two representative

combinations of the LHCb measurements, namely N7 +
R13/5 and N5+N7+N13. In Fig. 2 we compare the small-
x gluon in NNPDF3.0 with the resultant gluon in these
two cases, as well as the central value from the N5+R13/7

fit. The central value of the small-x gluon is consistent
for all three combinations, down to x ≃ 10−6, and, as
expected from Fig. 1, we observe a dramatic reduction of
the 1-σ PDF uncertainties. We have verified that these
updated results are consistent with our original study [14]

Observable Number of data points

�
2
/Ndat =

X

i,j

(Oi � Ti)�
�1
ij (Oj � Tj)
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Theoretical uncertainties/cross checks

µ0 =
q
p2T,Q +m2

Q , µ0 =
q
p2T,Q + (2mQ)2

Choice of dynamical reference scale used in calculation

Impact of varying charm quark pole mass in calculation*

mpole
c = (1.3, 1.5, 1.7) GeV

*Baseline is NNPDF3.0 with mc = 1.275 GeV, in a future 
global PDF better to correlate mc used throughout fit

• Check impact of placing pT > 1, 2 GeV in analysis 

• Change underlying parton shower tune (Monash, T4C, TA14) 

• Fragmentation model/parameters (Peterson, Bowler)
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pT cut dependence

 48
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Interim summary

• Dust settling on the LHCb data now…. 

• Normalised cross section/ratio data lead to consistent results 

• Low-x gluon PDF previously unknown

Our LHgrids (100 member replica set) are available here: 
5 flavour PDFs  

http://pcteserver.mi.infn.it/~nnpdf/NNPDF30LHCb/NNPDF30_nlo_as_0118_L13L7L5.tar.gz 
 

3 flavour PDFs  
http://pcteserver.mi.infn.it/~nnpdf/NNPDF30LHCb/NNPDF30_nlo_as_0118_L13L7L5_nf3.tar.gz

Disclaimer: Didn’t discuss exclusive J/Psi - Jones et al. arXiv: 1610.02272
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Applications beyond the LHC
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Applications I
Ultra High Energy (UHE) neutrino-nucleon cross section

d2�(⌫(⌫̄)N)

dx dQ2
=

G2
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4
W

4⇡x(Q2 +M2
W )

⇣
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3 (x,Q2)� y2F ⌫(⌫̄)

L (x,Q2)
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Applications I
Ultra High Energy (UHE) neutrino-nucleon cross section
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the ⇡/K and charm
components of the atmospheric ⌫µ spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.

A purely atmospheric explanation for these events is
strongly disfavored by their properties. The observed
deposited energy distribution extends to much higher en-
ergies (above 2 PeV, Fig. 2) than expected from the ⇡/K
atmospheric neutrino background, which has been mea-
sured up to 100 TeV [9]. While a harder spectrum is ex-
pected from atmospheric neutrinos produced in charmed
meson decay, this possibility is constrained by the ob-
served angular distribution. Although such neutrinos
are produced isotropically, approximately half [27, 28]
of those in the southern hemisphere are produced with
muons of high enough energy to reach IceCube and trig-
ger our muon veto. This results in a southern hemisphere
charm rate ⇠50% smaller than the northern hemisphere
rate, with larger ratios near the poles. Our data show no
evidence of such a suppression, which is expected at some
level from any atmospheric source of neutrinos (Fig. 3).

As in [11], we quantify these arguments using a likeli-
hood fit in arrival angle and deposited energy to a com-
bination of background muons, atmospheric neutrinos
from ⇡/K decay, atmospheric neutrinos from charmed
meson decay, and an isotropic 1:1:1 astrophysical E�2

test flux, as expected from charged pion decays in cos-
mic ray accelerators [30–33]. The fit included all events
with 60TeV < Edep < 3PeV. The expected muon
background in this range is below 1 event in the 3-year
sample, minimizing imprecisions in modeling the muon
background and threshold region. The normalizations of
all background and signal neutrino fluxes were left free
in the fit, without reference to uncertainties from [9],

FIG. 3. Arrival angles of events with Edep > 60TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by the expected backgrounds and a
hard astrophysical isotropic neutrino flux (gray lines). Col-
ors as in Fig. 2. Variations of this figure with other energy
thresholds are in the online supplement [29].

for maximal robustness. The penetrating muon back-
ground was constrained with a Gaussian prior reflecting
our veto e�ciency measurement. We obtain a best-fit
per-flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2

�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties from a profile like-
lihood scan. This model describes the data well, with
both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-fit
atmospheric-only alternative model, however, would re-
quire a charm normalization 3.6 times higher than our
current 90% CL upper limit from the northern hemi-
sphere ⌫µ spectrum [9]. Even this extreme scenario is
disfavored by the energy and angular distributions of the
events at 5.7� using a likelihood ratio test.

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E

�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E

�2 ansatz, an unbroken E
�2 flux

at our best-fit level predicts 3.1 additional events above
2 PeV (a higher energy search [10] also saw none). This
may indicate, along with the slight excess in lower en-
ergy bins, either a softer spectrum or a cuto↵ at high
energies. Correlated systematic uncertainties in the first
few points in the reconstructed spectrum (Fig. 4) arise
from the poorly constrained level of the charm atmo-
spheric neutrino background. The presence of this softer
(E�2.7) component would decrease the non-atmospheric
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Earth
cosmic ray (proton)
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D+ ⌫
X

Ecr = 105 TeV l+
p
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p
2mNEcr ⇡ 14 TeV

At the LHC 
p
S = 13 TeV

Atmospheric production of heavy quarks

Dominant background for: 

UHE astrophysical neutrino 
measurements (IceCube, …)
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31

From the LHC to Neutrino Telescopes 
Use collider data to provide state-of-the-art predictions for backgrounds at Neutrino Telescopes

Include LHCb forward charm production data in the global fit!

Validate perturbative QCD calculations on collider data, and constrain the small-x gluon!

Compute optimised predictions for prompt neutrino fluxes at high energies!

!

The LHCb forward charm production data cover the same kinematical region as prompt neutrino 
production in high-energy cosmic rays
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Figure 11: Left plot: The NNPDF3.0 small-x gluon, evaluated at Q = 2 GeV, comparing the baseline
global fit result with with the new gluon obtained after the inclusion in the fit of the LHCb charm
production data. In the latter case, we show both the reweighted results (rwg) and those after the
unweighting procedure. Right plot: comparison of the percentage PDF uncertainties for the NNPDF3.0
gluon at small-x both with and without the LHCb data.

at 13 TeV. A tabulation of our results is provided in Appendix A, and predictions for di↵erent
binnings and other meson species are available from the authors.

4.1 Forward heavy quark production at
p
s = 13 TeV

First of all, we provide the theory predictions needed to compare with the upcoming LHCb data
on charm and bottom production at the LHC Run II with

p
s = 13 TeV. We will assume the

same binning as for the 7 TeV measurements [32,33], and provide the complete set of theoretical
uncertainties from scales, PDFs, and charm/bottom mass variations. The predictions for any
other binning are also available upon request from the authors. Predictions will be given using
the improved NNPDF3.0+LHCb PDF as input.

First of all, in Fig. 12 we show the predictions for the double di↵erential distributions,
d2�(D)/dyDdpDT , for the production of D0 mesons at LHCb for a center-of-mass energy ofp
s = 13 TeV, both in a central and in a forward rapidity bin. We compare the results of the two

exclusive calculations, POWHEG and aMC@NLO matched to Pythia8. Theory uncertainties
are computed adding in quadrature scale, PDF and charm mass uncertainties. This comparison
shows that there is good agreement between the two calculations, both in terms of central values
and in terms of the total uncertainty band. This agreement also holds for other D mesons and
rapidity regions, not shown here. Thanks to using the improved NNPDF3.0 PDFs with

p
s = 7

TeV LHCb data, PDF uncertainties turn out to be subdominant even at
p
s = 13 TeV, with

scale variations being the dominant source of theoretical uncertainties.
The corresponding comparison for B0 mesons is shown in Fig. 13. As in the case of the

charm, there is a good agreement between the POWHEG and aMC@NLO calculations, from
low pT ' 0 to the highest values of pT available. The agreement between the theory uncertainty
bands in the two independent calculations provides confidence on the robustness of our results.

The tabulation of the results shown in Figs. 12 and 13 is provided in Appendix A, in particular
in Tables 3 (for D0 mesons) and 4 (for B0 mesons).
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Calculation being already used by IceCube and KM3NET

Juan Rojo                                                                                                                     Institute for Subatomic Physics, Utrecht, 27/09/2016
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Applications II
Atmospheric production of heavy quarks

JHEP 02 (2016) 130
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Applications III

= Typical* precision of      that LHeC could probe
* Depends on beam energy, polarisation, … etc.

FL

LHeC, High energy pp collider, forward photons at the LHC, …
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Summary
• Precise measurements at LHC(b) providing unique information 

• Many implications of the LHCb D-hadron measurements 
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Back-up slides
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Partonic cross-section

+ · · ·+

2
  .  .  .  .  .  
 

d�ij!QQ̄X =
1

2sij

X
|Mij!QQ̄X |2d�n

• Process dependent 
• Organisation of IR divergences

P. Nason, S. Dawson, R. K. Ellis, 1988  
P. Nason, S. Dawson, R. K. Ellis, 1989 * 
W. Beenakker, H. Kuijf, W.L. van Neerven, J. 
Smith 1989 *

 NLO QCD

 NLO QCD interfaced to PS
S. Frixione, P. Nason, B. R. Webber 2003  
also with G. Ridolfi 2007

M. Czakon, P. Fiedler, A. Mitov, 2013 
M. Czakon, P. Fiedler, A. Mitov, 2014 *

 NNLO QCD

 NLO QED/WEAK

* Denotes differential calculation

Kuhn, Scharf, Uwer , 2005, 2006 *  
W. Bernreuther, M. Fucker, Z. G. Si 2005 * 
W. Hollik, M. Kollar, 2006 *

… + exhaustive list of resummation 
calcs.



The first term = perturbative fragmentation function (PFF) 
Has the job of resumming quasi-collinear logs:

 61

Fragmentation Functions (FFs)

: normalised energy fractionz

↵n
s ln [m/Q]k , k  n

NLO    B. Mele, P. Nason, Nucl. Phys. B 361 (1991) 626 
NNLO  K. Melnikov, A. Mitov  PRD 70 (2004) 034027

In either case, n.p. piece extracted from precise D/B spectrum at LEP

FD
i (z, µ,mh) = F c

i (z, µ,mc)⌦ FD
n.p.(z)

Underlying hadronisation details depend on methodology: 
- String (Pythia) or Cluster model (Herwig, Sherpa, ..)

In Parton Shower (PS), time-like evo. also resums collinear logs

FQ,peterson
n.p. (z) =

NH

z


1� 1

z
� ✏q

1� z

�
e.g.



�62

B cross-section (absolute)
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1) Differential and fiducial rate measurements  
* Test of pQCD predictions, and baseline for other analyses
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B cross-section (normalised)
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1) Differential and fiducial rate measurements  
* Test of pQCD predictions, and baseline for other analyses  

2) Normalised cross-section measurement  
* Test of shape of pQCD predictions (generally more precise)
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B cross-section ratio

1) Tests the rate of growth of gluon PDF at both small and large-x 
* See for example:
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Figure 5: Ratio of the B± cross-section at 13TeV to that at 7TeV as a function of (left) pT or
(right) y. The black points represent the measured values, the red-dashed line and cyan band
represent the central values and uncertainties of the FONLL prediction [26].

0 < pT < 40GeV/c and the rapidity range 2.0 < y < 4.5. The 7TeV results are consistent
with previously published results [6, 7], with improved precision in the low y region. This
measurement supersedes previous results. The ratio of the production cross-section at
13TeV to that at 7TeV is also measured. All results are in agreement with theoretical
calculations based on the FONLL approach.
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A Tabulated results

The measured B± double-di↵erential cross-section in bins of pT and y is given in Tables 2
and 3 for 7TeV data, and Tables 4 and 5 for 13TeV data. The measured B± single-
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Figure 3: Measured B± di↵erential cross-section at 7TeV as a function of (left) pT or (right) y.
The black points represent the measured values, the red-dashed line and cyan band represent
the central values and uncertainties of the FONLL prediction [26]. The error bars include both
the statistical and systematic uncertainties.

Figure 4: Measured B± di↵erential cross-section at 13TeV as a function of (left) pT or (right) y.
The black points represent the measured values, the red-dashed line and cyan band represent
the central values and uncertainties of the FONLL prediction [26]. The error bars include both
the statistical and systematic uncertainties.

completely correlated; and all other uncertainties are considered to be uncorrelated. The
systematic uncertainty on R is summarised in Table 1. In Fig. 5, the ratio of the cross-
section at 13TeV to that at 7TeV as a function of pT or y is compared with the FONLL
predictions. The measured results agree with the FONLL predictions in both the shape
and the scale.

6 Summary

In summary, the double-di↵erential production cross-sections of B± mesons are measured
as functions of the transverse momentum and rapidity, using pp collision data collected
with the LHCb detector at the Large Hadron Collider. The integrated luminosities of
the data samples are 1.0 fb�1 and 0.3 fb�1 at the centre-of-mass energies of 7TeV and
13TeV, respectively. The measurements are performed in the transverse momentum range
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6 Summary

In summary, the double-di↵erential production cross-sections of B± mesons are measured
as functions of the transverse momentum and rapidity, using pp collision data collected
with the LHCb detector at the Large Hadron Collider. The integrated luminosities of
the data samples are 1.0 fb�1 and 0.3 fb�1 at the centre-of-mass energies of 7TeV and
13TeV, respectively. The measurements are performed in the transverse momentum range
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Cross-section ratio
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Figure 2: Cross-section at 13 TeV center-of-mass energy (b), and cross-section ratio (c) for
13TeV/7TeV as functions of ⌘ for �(pp ! HbX), where Hb is a hadron that contains either a b

or an b quark, but not both. The smaller (black) error bars show the statistical uncertainties
only, and the larger (blue) ones have the systematic uncertainties added in quadrature. The solid
line (red) gives the theoretical prediction, while the shaded band gives the estimated uncertainty
on the prediction at ±1 �, the cross-hatched at 2 �, and the dashes at 3 �.

Table 5: Cross-sections for pp ! HbX in ⌘ bins for 7 TeV and 13 TeV collisions and their ratio,
where Hb is a hadron that contains either a b or an b quark, but not both. The first uncertainty
is statistical and the second systematic. To get the di↵erential cross-section in each interval
multiply by a factor two.

⌘ 7 TeV (µb) 13 TeV (µb) Ratio 13/7
2.0–2.5 13.6±0.2±1.5 22.6±0.8±2.4 1.67±0.07±0.16
2.5–3.0 15.0±0.1±1.4 28.7±0.4±3.0 1.92±0.03±0.16
3.0–3.5 14.9±0.1±1.4 29.2±0.6±2.9 1.96±0.04±0.16
3.5–4.0 12.9±0.1±1.1 27.3±0.4±2.7 2.12±0.04±0.17
4.0–4.5 9.5±0.1±0.8 21.6±0.5±2.2 2.29±0.06±0.19
4.5–5.0 6.3±0.1±0.6 14.6±0.5±1.5 2.34±0.08±0.22
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B cross-section:                   data B ! Dµ⌫

results from real charm hadron decays that form a vertex with a charged track that is
misidentified as a muon and the other is from b decays into two charmed hadrons where one
decays either leptonically or semileptonically into a muon. In most cases the requirement
that the muon forms a vertex with the charmed hadron eliminates this background, but
some remains. The background from fake muons combined with a real charmed hadron,
and a real muon combined with a charm hadron from another b decay as estimated from
wrong-sign muon and hadron combinations is 0.7% at 7 TeV and 2.0% at 13 TeV. The
fake rates caused by b decays to two charmed hadrons where one decays semileptonically
have been evaluated from simulation and are about 2%, when averaged over all charmed
species.

The inclusive b-hadron cross-sections as functions of ⌘ are given in Fig. 2, along
with a theoretical prediction called FONLL [34]. These results are consistent with and
supersede our previous results at 7 TeV [4]. The ratio of cross-sections is predicted with
less uncertainty, and indeed most of the experimental uncertainties (discussed below) also
cancel, with the largest exception being the luminosity error. In Fig. 2 (c), we compare the
⌘-dependent cross-section ratio for 13 TeV divided by 7 TeV with the FONLL prediction.
We see higher ratios at lower values of ⌘ than given by the prediction, which indicates
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Figure 2: The cross-section as a function of ⌘ for �(pp ! HbX), where Hb is a hadron that
contains either a b or a b quark, but not both, at center-of-mass energies of 7 TeV (a) and 13 TeV
(b). The ratio is shown in (c). The smaller error bars (black) show the statistical uncertainties
only, and the larger ones (blue) have the systematic uncertainties added in quadrature. The
solid line (red) gives the theoretical prediction, while the solid shaded band gives the estimated
uncertainty on the predictions at ±1 �, the cross-hatched at ±2 �, and the dashes at ±3 �.
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Figure 2: Cross-section at 13 TeV center-of-mass energy (b), and cross-section ratio (c) for
13TeV/7TeV as functions of ⌘ for �(pp ! HbX), where Hb is a hadron that contains either a b

or an b quark, but not both. The smaller (black) error bars show the statistical uncertainties
only, and the larger (blue) ones have the systematic uncertainties added in quadrature. The solid
line (red) gives the theoretical prediction, while the shaded band gives the estimated uncertainty
on the prediction at ±1 �, the cross-hatched at 2 �, and the dashes at 3 �.

Table 5: Cross-sections for pp ! HbX in ⌘ bins for 7 TeV and 13 TeV collisions and their ratio,
where Hb is a hadron that contains either a b or an b quark, but not both. The first uncertainty
is statistical and the second systematic. To get the di↵erential cross-section in each interval
multiply by a factor two.

⌘ 7 TeV (µb) 13 TeV (µb) Ratio 13/7
2.0–2.5 13.6±0.2±1.5 22.6±0.8±2.4 1.67±0.07±0.16
2.5–3.0 15.0±0.1±1.4 28.7±0.4±3.0 1.92±0.03±0.16
3.0–3.5 14.9±0.1±1.4 29.2±0.6±2.9 1.96±0.04±0.16
3.5–4.0 12.9±0.1±1.1 27.3±0.4±2.7 2.12±0.04±0.17
4.0–4.5 9.5±0.1±0.8 21.6±0.5±2.2 2.29±0.06±0.19
4.5–5.0 6.3±0.1±0.6 14.6±0.5±1.5 2.34±0.08±0.22

10

Absolute cross-section

Cross-section ratio
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B cross-section:                   data B ! Dµ⌫
Normalised cross-section
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1) Shape of normalised distributions not well described by pQCD  
 

2) Large `dip’ observed in the region of  
 

3) Such behaviour not observed in B (->J/PsiK) or D-hadron rapidity distributions

⌘B 2 [2.0, 2.5] , PT,B > 0 GeV
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1) Please always provide systematic bin-by-bin correlations 
* Can then construct normalised distributions  
* Needed to test consistency of theory to data  
* … important when including data in PDF fit 
 

2) Is it possible to clarify the consistency of these two B-hadron measurements?

Cross-checks

Future studies
1) With large data samples, measurement of B hadron production at large-pT 

* Probes region of quasi-collinear gluon emission + sensitivity to large-x gluon 
 

2) Are (can) the bin-by-bin cross correlations between different CoM be provided? 
* Would allow construction of `shifted CoM ratios’, see RG JHEP (2017) 2017:84  
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Figure 10. Left: The LO B hadron cross section as a function of the x1,2 within the LHCb
acceptance for specific B hadron rapidity regions at 7 and 13 TeV. Right: NLO predictions for the
ratio R13/7 of inclusive B production with respect to yB .

can be achieved by introducing the shift

�y = ln


13 TeV

7 TeV

�
= 0.62 . (4.5)

With this shift, one can specifically align (separate) the x̄1 (x̄2) sampling regions by intro-

ducing the observable

R13/7 [d�(pp ! BX)/dyB] =
d�13(pp ! BX)

dy0B

�
d�7(pp ! BX)

dyB
, (4.6)

where the rapidity shift is introduced in the numerator through y
0
B = yB+�y. An example

of this alignment is shown in Fig. 10 (left), where the LO B hadron cross section at 7 TeV is

shown as a function of x1,2, integrated within the region of yB 2 [2.0, 2.5]. The same cross

section is shown at 13 TeV with the shifted integration region of y0B 2 [2.0+�y, 2.5+�y],

demonstrating the alignment of the large-x regions. The benefits of introducing this shifted

ratio are that the dependence on large-x region is eliminated in favour of sensitivity to the

low-x region, since the low-x sampling regions are separated by a factor of x̄132 ⇡ (7/13)2x̄72.

At the same time, the theoretical uncertainties due to scale and mb variation are also

reduced, since very similar values of mT are probed when evaluating the partonic cross

section. This can be seen by examining the NLO+PS accurate predictions for the observable

R13/7, which are provided in Fig. 10 (right). Although no data is currently available for

this ratio (which requires the shifted kinematics), future analyses of the LHCb data would

have access to this observable in the region of yB 2 [2.0, 4.0]. Such a measurement would

be very useful for understanding the tension observed in the ⌘B dependent measurement.

An important feature of the shifted ratio observable is that the partonic kinematics

which enter the evaluation of the partonic cross section become highly aligned. Conse-

quently, the kinematic dependence of the ratio on partonic cross section is extremely mild,

and this observable is essentially only sensitive to the growth of the low-x gluon PDF. This

– 16 –

y0B = yB + ln


13 TeV

7 TeV

�

See for example PROSA analysis (Maria V.’s talk)
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Bunch of `useful’ plots below
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Figure 5. The normalised double di↵erential B+ cross section for yB 2 [2.0, 2.5] (left) and yB 2
[2.5, 3.0] (right). For both plots, theory and data are normalised to the central data point in each
bin.

In summary, the 7 TeV B ! J/ X cross section data (both absolute and normalised)

are consistent with the theoretical predictions presented di↵erentially in p
B
T and yB. There

is some tendency for the normalised B hadron data (observed for B
+, B0 and Bs final

states) to undershoot the theoretical predictions in the region yB 2 [2.0, 2.5] and p
B
T <

7 GeV. This same trend is observed for the pseudorapidity dependent measurement at

7 TeV (but not at 13 TeV). It will be interesting to see if similar behaviour is observed

in a corresponding 13 TeV measurement. In addition, as proposed in [2, 3], it would be

useful for the ratio of 13 and 7 TeV cross section measurements to be performed (double)

di↵erentially in p
B
T (and yB).

4 Ratio of B hadron cross section data

The general motivation for considering a ratio of cross section measurements at di↵erent

CoM energies is that the theoretical (and many experimental) uncertainties for a specific

process are correlated between di↵erent CoM energies. Therefore, many sources of un-

certainty partially cancel when constructing such a ratio. In some cases, this results in a

dramatic reduction in scale uncertainties allowing sensitivity to PDFs, or both experimen-

tal and theoretical uncertainties may be reduced to an extent that these measurements

can be used for luminosity determination of searches for the e↵ects of physics beyond the

Standard Model [57]. As mentioned in the Introduction, this method is particularly useful

when considering B (and D) hadron production, as this is a process which is otherwise

overwhelmed by large scale uncertainties. At the same time, the rate of the cross section

growth with increasing CoM energy provides information on the shape of the gluon PDF

at both small- and large-x.

To better understand the behaviour of the B hadron ratio data considered in this

Section, it will be useful to introduce the following quantity

↵
e↵.
g (x,Q2) =

@ ln
⇥
xg(x,Q2)

⇤

@ lnx
, (4.1)

– 11 –
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Figure 6. Left: the evolved gluon PDF xg at the scale Q
2 = 50 GeV2. Right: the e↵ective gluon

exponent ↵
e↵.
g also at the scale Q

2 = 50 GeV2. In both cases, the approximate PDF sampling
regions of forward B hadron production are highlighted.

which e↵ectively describes the logarithmic growth of the gluon PDF with respect to x, and

has recently been used to study the asymptotic behaviour of PDFs [58]. This is a useful

quantity when considering the ratio of B or D hadron production measurements, since this

observable is sensitive to exactly this growth. The computation of ↵e↵.
g (x,Q2) for di↵erent

PDF sets can be performed numerically using the LHAPDF interface, for which the PDF

sets are provided as data files on grids in x and Q
2 space. The derivative in Eq. (4.1)

can be performed at each x point on the grid by fitting a polynomial to the values of

ln
⇥
xg(x,Q2)

⇤
obtained for the neighbouring grid points in x. For the results shown in this

work, a polynomial of order 3 is fitted to the central x point and the four neighbouring

points in either direction. The results of this procedure are shown in Fig. 6, where both

the gluon PDF (left) and ↵
e↵.
g (x,Q2) (right) are shown for the baseline NNPDF3.0 NLO

PDF, as well as the MMHT14 [59] and HERA2.0 [60] gluon PDFs. While not shown here,

the e↵ective exponents for the NLO gluon PDF from CJ15 [61], ABM11 [62] and CT14 [63]

PDF fits exhibit the same behaviour as those shown. That is, at large-x (x ⇠ 0.1) the gluon

PDF grows extremely quickly as it is generated by the valence PDF content, while at low-x

the logarithmic growth becomes approximately constant. As demonstrated in Fig. 1, both

large- and small-x regions are important for describing the forward B hadron ratio data.

The remainder of this Section will be dedicated to studying various incarnations of cross

section ratios.

4.1 Fiducial and di↵erential ratio

Before discussing the di↵erential data, it is instructive to first consider the ratio of the

fiducial cross section measurements. This observable is defined as

R
fid.
13/7 =

�
fid.
⌘B (13 TeV)

�fid.
⌘B (7 TeV)

, (4.2)

– 12 –

What do normalised cross section and ratios probe? 

Essentially the rate of change of the gluon PDF within an x-range
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gPDF Correlations

Gluon PDF correlation with inclusive 
LHCb 13/7 Charm ratio measurement
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Useful plots
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Wish to determine the impact of new data
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Use a reweighting technique of PDF replicas
see - arXiv:1012.0836, NNPDF collaboration

1. NNPDF provide replica ensemble of PDFs (from global fit)
2. These replicas are conditional on input data (and th. assumptions)
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Use a reweighting technique of PDF replicas
see - arXiv:1012.0836, NNPDF collaboration
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Wish to determine the impact of new data
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How do the data actually look?

7 Comparison to theory

Theoretical calculations for charm meson production cross-sections in pp collisions atp
s = 13TeV have been provided in Refs. [1] (POWHEG+NNPDF3.0L), [2] (FONLL),

and [3] (GMVFNS). All three sets of calculations are performed at NLO precision,
and each includes estimates of theoretical uncertainties due to the renormalisation
and factorisation scales. The theoretical uncertainties provided with the FONLL and
POWHEG+NNPDF3.0L predictions also include contributions due to uncertainties in the
e↵ective charm quark mass and the parton distribution functions.

The FONLL predictions are provided in the form of D0, D+, and D
⇤+ production cross-

sections for pp collisions at
p
s = 13TeV for each bin in a subdivision of the phase space,

pT < 30 GeV/c and 2.0 < y < 4.5. Ratios of these cross-sections to those computed for pp
collisions at 7TeV are also supplied. The calculations use the NNPDF3.0 NLO [44] parton
densities. These FONLL calculations of the meson di↵erential production cross-sections
assume f(c ! D) = 1 and are multiplied by the transition probabilities measured at e+e�

colliders for comparison to the current measurements. No dedicated FONLL cross-section
calculation for D+

s production is available.

0 1000 2000 3000 4000
s(pp ! cc̄X) [µb]

LHCb D0

LHCb D+

LHCb average

POWHEG+NNPDF3.0L (absolute)

POWHEG+NNPDF3.0L (scaled)

FONLL

arXiv:1506.08025

arXiv:1506.08025

0 < pT < 8 GeV/c, 2 < y < 4.5 LHCbp
s = 13 TeV

Figure 9: Integrated cross-sections (black diamonds), their average (black circle and blue
band) and theory predictions (red squares) [1, 2] are shown (left) based on the D0 and D+ for
0 < pT < 8 GeV/c and (right) for measurements based on all four mesons for 1 < pT < 8 GeV/c.
The “absolute” predictions are based on calculations of the 13 TeV cross-section, while the
“scaled” predictions are based on calculations of the 13 to 7 TeV ratio multiplied with the LHCb
measurement at 7 TeV [16].

The POWHEG+NNPDF3.0L predictions are also provided in the form of D0 and D
+

production cross-sections for pp collisions at
p
s = 13TeV for each bin in a subdivision of

18
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How do the data actually look?
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Figure 7: Measurements and predictions of the prompt D0, D+, D+
s , and D⇤+ cross-section

ratios between
p

s = 13 and 5 TeV. The dash-dotted lines indicate the unit ratio for each of the
rapidity intervals and the dashed lines indicate a ratio of two. Each set of measurements and
predictions in a given rapidity bin is o↵set by an additive constant m, which is shown on the
plot. Only central values are provided for the GMVFNS predictions.
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How do the data actually look?
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Figure 5: Measurements and predictions for the absolute prompt (top) D0, and (bottom) D+

cross-sections at
p

s = 13TeV. Each set of measurements and predictions in a given rapidity bin
is o↵set by a multiplicative factor 10�m, where the factor m is shown on the plots. The boxes
indicate the ±1� uncertainty band on the theory predictions. In cases where this band spans
more than two orders of magnitude only its upper edge is indicated.
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