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Focus is on

• Motivations: benefits of forward measurements

• Observables: data and theoretical description

• Results 1: 7 TeV data and PDF reweighting

• Results 2: consistency with 13 TeV data

pp ! D +X
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Motivations: 
benefits of forward heavy flavour measurements
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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*
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Why study forward ?
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Forward top quark production discussed in:
hep-ex: LHCb observation - arXiv:1506.00903, see Will’s talk (last one today)
hep-ph: Kagan et al. - arXiv:1103.3747, RG - arXiv:1311.1810, arXiv:1409.8631
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ŝ

(e(�)y3 + e

(�)y4)pp ! bb̄

0
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016

)
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

) < 4.502.0 < y(B
> = 3.6e-021<x
> = 1.3e-042<x

 = 7 TeVs, bb→pp

Lo
w

-x

Moderate-x

Require one of the 
B hadrons within 
LHCb acceptance:
2.0 < y(B) < 4.5

0 < pT (B)[GeV] < 8

mb = 4.75 GeV

Forward beauty quark production discussed in:
hep-ex: LHCb B measurement (7 TeV) - arXiv:1306.3663
hep-ph: Cacciari et al. - arXiv 1205.6344, PROSA - arXiv:1503.04581
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Require one of the 
B hadrons within 
LHCb acceptance:

0 < pT (B)[GeV] < 8

mb = 4.75 GeV

4.0 < y(B) < 4.5

Forward beauty quark production discussed in:
hep-ex: LHCb B measurement (7 TeV) - arXiv:1306.3663
hep-ph: Cacciari et al. - arXiv 1205.6344, PROSA - arXiv:1503.04581
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Require one of the 
D hadrons within 
LHCb acceptance:

0 < pT (D)[GeV] < 8

2.0 < y(D) < 4.5

pp ! cc̄

mc = 1.5 GeV

Forward charm quark production discussed in:
hep-ex: LHCb measurement (7/13 TeV) - arXiv:1302.2864 / 1510.01707
hep-ph: Kniehl et al. - arXiv:1202.0439, Cacciari et al. - arXiv 1205.6344, PROSA - 
arXiv:1503.04581, Gauld et al. - arXiv 1506.08025, Cacciari et al. - arXiv:1507.06197
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hep-ph: Kniehl et al. - arXiv:1202.0439, Cacciari et al. - arXiv 1205.6344, PROSA - 
arXiv:1503.04581, Gauld et al. - arXiv 1506.08025, Cacciari et al. - arXiv:1507.06197
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This talk - focus on the low-x region

1) Improve understanding of the structure of the low-x gluon PDF
2) Study the application of pQCD to forward D-hadron production  

(useful to have predictive rates for D/B for rare decays etc.)
3) Important input for modelling of soft QCD at the LHC
4) Input for neutrino astronomy - the `prompt neutrino flux’
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Observables: 
data and theoretical description  

(I’m focussing on charm)
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Figure 1: Mass and log
10

(IP�2) distributions for selected D0! K�⇡+ and D+! K�⇡+⇡+

candidates showing (a) the masses of the D0 candidates, (b) the log
10

(IP�2) distribution of D0

candidates for a mass window of ±16MeV/c2 (approximately ±2�) around the fitted m(K�⇡+)
peak, (c) the masses of the D+ candidates, and (d) the log

10

(IP�2) distribution of D+ candidates
for a mass window of ±11MeV/c2 (approximately ±2�) around the fitted m(K�⇡+⇡+) peak.
Projections of likelihood fits to the full data samples are shown with components as indicated in
the legends.
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candidates showing (a) the masses of the D0 candidates, (b) the log
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(IP�2) distribution of D0

candidates for a mass window of ±16MeV/c2 (approximately ±2�) around the fitted m(K�⇡+)
peak, (c) the masses of the D+ candidates, and (d) the log

10

(IP�2) distribution of D+ candidates
for a mass window of ±11MeV/c2 (approximately ±2�) around the fitted m(K�⇡+⇡+) peak.
Projections of likelihood fits to the full data samples are shown with components as indicated in
the legends.
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Mass requirement Displaced vertex

pp ! D +X
2.0 < yD < 4.5

pDT < 8.0 GeV

Prompt D measurement at LHCb
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Mass requirement Displaced vertex

Measurement performed 
double differentially in: 

d2�D(pT , y)

dpT dy

pT , y

pp ! D +X
2.0 < yD < 4.5

pDT < 8.0 GeV

Prompt D measurement at LHCb
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Theoretical description
Differential D-hadron production pDT < 8.0 GeV

2.0 < yD < 4.5Public tools (NLO QCD accuracy): 
HVQMNR (Mangano,Nason,Ridolfi) - Fixed-Order
FONLL (Cacciari, et al.) - Fixed-Order +
NLO+PS - POWHEG (Frixione,Nason,Ridolfi), MC@NLO (Frixione, Nason, Webber),
                  HERWIG, SHERPA, aMC@NLO 

O �
↵3
s(↵slog [pT /mQ])

k
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mpole

c = 1.5± 0.2 GeV

��̂(0)
ij

2TF↵s(µ2
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Q
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�↵s = �PDF =

Fixed-Order calculations: 
1) nf = 3 (Charm massive), Input PDFs  nf = 3 and corresponding PDF alphas running
2) quark mass = pole mass - Generally converted from accurate MSbar extractions
 

Alternatively: 
1) Use nf = 4, nf = 5 VFNS Input PDFs and corresponding PDF alphas running



20

Theoretical description
What I’ll show: 
a) Fixed-Order predictions (using FONLL framework, thanks to Matteo Cacciari)
b) POWHEG+Pythia8 (** Monash Tune, turning off nf=4,5 splittings in shower **) 

Input PDF set: NNPDF3.0 NLO as(mz) = 0.118 VFNS (100/1000 replica set) 
 
Fragmentation fractions: taken from LHCb measurement arXiv:1302.2864

Scale uncertainties: 

Factorisation and Renormalisation scales varied independently by factor of two 
Observables:

f(c ! D±) = 0.246 , f(c ! D0) = 0.565 , f(c ! Ds) = 0.080 , f(c ! D⇤) = 0.224

µcen. =
q

m2
c + p2T , µalt. =

q
4m2

c + p2T

d2�D

dpT dy

d2�D

dpT dy

�
d2�D

ref

dpT dy

d2�D
13

dpT dy

�
d2�D

7

dpT dy
Ratio 13 / 7 TeVNormalised 7 TeV



21

Theoretical description
d2�D

dpT dy

d2�D

dpT dy

�
d2�D

ref

dpT dy

d2�D
13

dpT dy

�
d2�D

7

dpT dy
Ratio 13 / 7 TeV

Normalised 7 TeV

Subject to strong scale uncertainties:

↵s(Q = 1.275GeV) ' 0.37

Logarithmic dependence on 
regularisation scale partially cancels  
(provided bin kinematics are similar) 
 
Suitable if 13/7 TeV not available

Logarithmic dependence on 
regularisation scale cancels 
(independent of beam energy)
see discussion: 1206.3557 1507.06197

x1,(2) =
mTp
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(e(�)y3 + e

(�)y4)
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Results 1: 
7 TeV data and PDF reweighting

Data 0-8 :  2.0 < y < 2.5, pT < 8 GeV 
Data 9-16: 2.5 < y < 3.0, pT < 8 GeV
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Data Point Index
0 5 10 15 20 25 30 35 40

R
at

io
 to

 L
H

C
b 

D
at

a

0

0.5

1

1.5

2

2.5

3

3.5
LHCb data
FONLL, scales
FONLL, PDFs

 unnormalized+-7 TeV D

d2�D

dpT dy

�
d2�D

ref

dpT dy

Normalised to Data 8

Data 0-8 :  2.0 < y < 2.5, pT < 8 GeV 
Data 9-16: 2.5 < y < 3.0, pT < 8 GeV 
….
Showing Theory/Data for observable

Data 0-8 :  2.0 < y < 2.5, pT < 8 GeV 
Data 9-16: 2.5 < y < 3.0, pT < 8 GeV 
….
Description already rather good!
�2/Ndat(D

0) = 39/37

Theory on low-side
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Reweighting NNPDF3.0
RG, J. Rojo, L. Rottoli, J. Talbert - arXiv:1506.08025

1) Normalise LHCb differential charm data to high-pt, low-y bin
2) Reweight the 100 replicas based on compatibility with LHCb data  

(here we use the FONLL predictions provided by Matteo)
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http://arxiv.org/abs/1506.08025
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Similar analysis first performed 
by PROSA collaboration: 
arXiv: 1503.04581

• HERA+LHCb Data PDF fit

• FFS, NF=3

• Normalise to ‘middle’ 
rapidity bin for each pT

• HERAfitter framework

Results very consistent! 

Comparison of our result?
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Results 2: 
Consistency with 13 TeV data



13 TeV Differential cross section (D0)

15 

 Charm production: Results 
Ratio between 7 and 13 Tev 

D0 � K��+

•  Data cross-section high wrt to theory but within uncertainties 

•  Small discrepancy at high y (low pt) and low y (high pt) in ratios 

LHCb-PAPER-2015-041 
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Data: LHCb measurement (13 TeV) - arXiv:1510.01707
Theory: POWHEG+NNPDF3.0 reweighted with LHCb 7 TeV data arXiv:1506.08025  
              FONLL+NNPDF3.0, Cacciari, Mangano, Nason arXiv:1507.06197  
              GMVFNS - Kniehl et al.  arXiv:1202.0439
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Scientific fit to data
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Preliminary Results…..
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13 TeV / 7 TeV Ratio
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Resultant gluon PDF
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Include ratio data into original NNPDF fit

Using 1000 PDF Replica set

Perform Reweighting 6 times:

µcen =
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q

4m2
c + P 2

T

mpole

c 2 {1.3, 1.5, 1.7} GeV

1) Take envelope of central result
2) Take total envelope of uncertainties
3) Include all data (131) high pT data(64)
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Resultant gluon PDF
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Summary
1) First attempts to include D data in PDF fits with normalised 7 TeV 

data seemed successful
i) Description of normalised distributions good at NLO
ii) Little dependence on choice of bin for normalisation

2) The 13 TeV data does not have same behaviour
Normalised cross section
i) Description quite poor (reweighted and original PDF set)
ii) Dependence on choice of bin, and input theory settings  
(mc, reference scale) stronger
Ratio of 13/7 TeV
i) Can describe data well after reweighting
iii) Very little dependence on input theory settings
iv) Requires a steeply rising low-x gluon PDF

*Not dicussed: Onia/top production at LHCb or any Pb-p results 
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Ratio to original NNPDF3.0
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Figure 8: Ratios of di↵erential cross-sections between measurements at
p
s = 13TeV andp

s = 8TeV as a function of y integrated over p
T

for (left) prompt J/ and (right) J/ -from-b
mesons. The FONLL calculation [62] is compared to the measured J/ -from-b production ratio.
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Figure 9: Ratios of di↵erential cross-sections between measurements at
p
s = 13TeV andp

s = 8TeV as a function of p
T

integrated over y for (left) prompt J/ mesons and (right)
J/ -from-b mesons. Calculations of NRQCD [63] and FONLL [62] are compared to prompt J/ 
mesons and J/ -from-b mesons, respectively.

calculation, only uncertainties associated with LDME are considered since these are the
dominating uncertainties for the absolute production cross-section prediction. The FONLL
calculation [27] is compared to the measurements of the J/ -from-b cross-section as a
function of transverse momentum integrated over y in the range 2.0 < y < 4.5 in Fig. 11
(right). The FONLL calculation includes the uncertainties due to the b-quark mass and
the renormalisation and factorisation scales for the prediction of the absolute production
cross-section. Good agreement is found between the measurements and the theoretical
calculations.

Fig. 8 (right) shows the ratio of the cross-sections as a function of y integrated over p
T

15

Similar behaviour in LHCb J/Psi data
arXiv:1509.00771

Ratio of 13/8 TeV:
data exhibits larger gradient

Ratio to original gluon PDF
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D0, D± D0, D±, D∗ D0, D±, D∗, Ds

Settings PT range (GeV) χ2/Ndat Neff χ2/Ndat Neff χ2/Ndat Neff

mc = 1.3 GeV 0 < pT < 8 338/75 9 400/104 10 460/131 8

µlow 4 < pT < 8 124/36 19 151/51 20 177/64 19

mc = 1.3 GeV 0 < pT < 8 284/75 18 339/104 18 395/131 17

µhigh 4 < pT < 8 109/36 23 132/51 25 157/64 23

mc = 1.5 GeV 0 < pT < 8 306/75 18 364/104 18 422/131 17

µlow 4 < pT < 8 113/36 23 138/51 25 163/64 23

mc = 1.5 GeV 0 < pT < 8 253/75 22 303/104 23 357/131 21

µhigh 4 < pT < 8 99/36 27 121/51 31 145/64 28

mc = 1.7 GeV 0 < pT < 8 280/75 20 334/104 21 390/131 20

µlow 4 < pT < 8 107/36 25 131/51 28 155/64 26

mc = 1.7 GeV 0 < pT < 8 230/75 22 278/104 22 330/131 21

µhigh 4 < pT < 8 93/36 29 114/51 36 137/64 32

Table 1. The χ2/Ndat and number of effective replicas when performing a reweighting of the LHCb
ratio data. The results are provided for the full data set, as well as that of a limited pT range, and
for different combinations of D hadron flavours. In each case, the reweighting is performed with
different theoretical inputs.

Original Reweighted (all data) Reweighted (all data pT > 4 GeV)

χ2/Ndat(all data) 390/131 114/131 131/131

χ2/Ndat(all data pT > 4 GeV) 155/64 51/64 60/64

Table 2. The χ2/Ndat

3 Reweighting

4 Phenomenology

4.1 LHC 14 TeV

4.2 FCC 100 TeV

5 Conclusions
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Figure 3. Theoretical predictions for the total pp ! cc̄ cross-section as a function of

the laboratory energy E
lab

at LO (dotted), NLO (dashed), NNLO (solid) QCD accuracy

in the pole mass (left) and in the MS mass scheme (right) using the central set of the

ABM11 PDFs in the FFNS with n
f

= 3. The scales were chosen as µ
R

= µ
F

= 2mpole

c

with mpole

c

= 1.4 GeV in the on-shell scheme and as µ
R

= µ
F

= 2m
c

(m
c

) with

m
c

(m
c

) = 1.27 GeV in the MS mass scheme, respectively. See text for details and

references on the experimental data from fixed target experiments and colliders (STAR,

PHENIX, ALICE, ATLAS, LHCb).
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Figure 4. Sensitivity of the total cross-section for pp ! cc̄ to the factorization scale

µ
F

at LO (dotted), NLO (dashed), NNLO (solid) QCD accuracy, in the pole mass (left)

and in the MS mass scheme (right). The charm mass and PDFs were fixed as in Fig. 3.

The central line at each order denotes the choice µ
R

= µ
F

. The upper and the lower lines

at NNLO denote the cross-sections from the mass variation mpole

c

= 1.40 ± 0.15 GeV and

m
c

(m
c

) = 1.27 ± 0.03 GeV, respectively. The arrows indicate the scale µ
R

= µ
F

equal to

2mpole

c

(left) and 2m
c

(m
c

) (right), respectively.

strates the stability of the perturbative expansion of the �
pp!cc̄

cross-section through

NNLO up to very high energies and good consistency of the predictions with the ex-

perimental data.
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Figure 5. Sensitivity of the total cross-section for pp ! cc̄ to the factorization scale µ
F

with the same PDFs and charm mass central values as in Fig. 4. The central line at each

order denotes the choice µ
R

= µ
F

, the upper and the lower line the choices µ
R

= µ
F

/2

and µ
R

= 2µ
F

, respectively. The vertical bars give the size of the independent variation of

µ
R

and µ
F

in the standard range mpole

c

/2  µ
R

, µ
F

 2mpole

c

and m
c

(m
c

)/2  µ
R

, µ
F


2m

c

(m
c

), respectively, with the restriction that 1/2  µ
R

/µ
F

 2. Again, the arrows

indicate the scale µ
R

= µ
F

equal to 2mpole

c

(left) and 2m
c

(m
c

) (right).
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Figure 6. Dependence of the total cross-section for pp ! cc̄ on the PDF choice at LO

(dotted), NLO (dashed), NNLO (solid) QCD accuracy in the MS mass scheme. The charm

mass and the scales were fixed as in Fig. 3. The upper and the lower lines at NLO and

NNLO indicate the total 1� PDF uncertainty band for ABM11 (left) and NNPDF3.0 PDF

set (right) with n
f

= 3. Experimental data are the same as in Fig. 3.

Related to the heavy quark mass renormalization is the choice of the numerical

value for the charm quark mass. The Particle Data Group (PDG) [52] reports a very

precise value of m
c

(m
c

) = 1.275 ± 0.025 GeV in the MS scheme. In case of charm,

the conversion of the MS to the pole mass su↵ers from well-known convergence

problems, see, e.g., Ref. [53]. In addition, the definition of the pole mass is based on

– 11 –

Ren/Fac/Mass/Scheme dependence examined in 1507.01570 (Garzelli et al)p
s = 1.4 TeV
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2

the electromagnetic (↵) couplings in the following way

A

QQ̄
FC =

↵

3
s�

s(0)
a + ↵

2
s↵�

se(0)
a + ↵

2
⇣
�

e(0)
a + ↵s�

e(1)
a

⌘

↵

2
s

⇣
�

s(0)
s + ↵s�

s(1)
s

⌘
+ ↵

2
⇣
�

e(0)
s + ↵s�

e(1)
s

⌘
. (2)

Here the terms �s(0)
a and �

se(0)
a correspond to the asym-

metric NLO QCD and mixed NLO QCD-EW contribu-

tions, respectively, while �

e(0)
a and �

e(1)
a represent the

pure EW asymmetric contributions and the correspond-
ing leading QCD corrections. In the denominator, our
calculations include the LO symmetric QCD and pure

EW contributions �

s(0)
a and �

e(0)
a as well as the associ-

ated QCD corrections �s(1)
a and �

e(1)
a .

Analytic formulas for the term �

s(0)
a can be found

in [14]. Approximate results for the contribution �

se(0)
a

are also provided in this article, but these results are
not applicable in the resonant region mQQ̄ ' mZ , which
is relevant for the bottom-quark and the charm-quark

asymmetries. We have therefore computed �

se(0)
a with

the help of FeynArts [20] and FormCalc [21]. The cor-

rections �

e(0)
a and �

e(1)
a have been calculated utilising

the helicity amplitudes needed for [22] and include the
O(↵s) corrections associated to the final-state heavy-
quark lines. The asymmetric terms have been calculated
consistently in the massless limit mQ = 0, and we have
verified that power-suppressed terms are numerically in-
significant. All symmetric contributions to (2) have been
obtained for physical heavy-quark masses with MCFM [23],
which uses the matrix elements of [24]. Further details
on our computations, including analytic formulas for all
asymmetric terms will be presented elsewhere [25].
Our numerical results are obtained for the following

choice of input parameters [26]: mt = 173.25GeV, mb =
4.75GeV, mc = 1.5GeV, mW = 80.385GeV, �W =
2.085GeV, mZ = 91.1876 GeV, �Z = 2.4952 GeV and
GF = 1.16638 · 10�5 GeV�2. To describe the Z reso-
nance, we adopt the complex-mass scheme (see e.g. [27])
and we determine the sine of the weak mixing angle and
the electromagnetic coupling from s

2
w = 1 � m

2
W /m

2
Z

and ↵ =
p
2/⇡GF m

2
W s

2
w, respectively. All contribu-

tions to (2) are computed with NNPDF2.3 NLO par-
ton distribution functions (PDFs) [28] using ↵s(mZ) =
0.119. In addition, we also provide predictions for the
expanded asymmetry where the symmetric LO QCD
cross section is computed with NNPDF2.3 LO PDFs
and ↵s(MZ) = 0.119. A scale uncertainty is evalu-
ated by simultaneously computing the numerator and
denominator of each asymmetry for the specific choices
µ = µF = µR = {mZ/2,mZ , 2mZ} of factorisation and

renormalisation scales. The central value of AQQ̄
FC is then

found by averaging the di↵erent predictions, and a un-
certainty is associated to the envelope. [Uli 21/1/2015:
Maybe one has to change the above text a bit, depending
on how we determine the final numbers!?]

COMPARISON WITH
p
s = 7TeV DATA

In order to compare our predictions with the avail-
able data, a fixed-order analysis is performed including
appropriate experimental cuts to mimic the LHCb selec-
tion requirements. Jets are clustered using the anti-kt
algorithm [29] with a distance parameter R = 0.7 —
since in the data the reconstructed jets are corrected to
the parton level, this procedure should allow for a fairly
good comparison. The reconstructed jets are required to
be within the pseudo-rapidity range 2 < ⌘ < 4, to have
a minimum transverse energy of ET > 20GeV and are
also constrained in the transverse plane to have a opening
angle of �� > 2.6. The calculation of Abb̄

FC is then per-
formed di↵erentially in the following invariant mass bins,
mbb̄ 2 [40, 75]GeV, [75, 105]GeV and mbb̄ > 105GeV to
match the LHCb analysis. [Uli 22/1/2015: Rhorry now
you are a theorist, so c = 1!]

[Uli 22/1/2015: Stu↵ below untouched!]

The choice of binning allows the large contributions

The resultant scale uncertainty, evaluated from simul-
taneous scale variation of both numerator and denomi-
nator, is extremely small in all cases. The O(↵3

s) con-
tribution to the numerator exhibits similar scale depen-
dence to the denominator of the asymmetry (LO symmet-
ric QCD) and introduces an artificial cancellation of the
evaluation of possible higher-order e↵ects. On the other
hand, the choice of PDFs used in the evaluation of the LO
symmetric QCD cross section has a large impact on the
asymmetry. This is mainly a consequence of the di↵er-
ence in the behaviour of the gluon PDF for values of x >

0.1 for LO and NLO PDFs. In this region, the considered
NLO gluon PDF is substantially softer in comparison to
both LO 119 and LO 130 gluon PDFs. When comput-
ing the symmetric NLO cross section, higher-order cor-
rections and the presence of the qg-initiated subprocess
compensate this e↵ect. The absence of these e↵ects in
the computation of the LO cross section results in an
underestimation of the symmetric cross section �

s
s(0) —

hence an overestimation of the asymmetry. As a con-
servative approach, the resultant asymmetry in all three
cases is provided. Recent work [11? ] has shown that this
uncertainty is reduced with the inclusion of higher-order
terms.

PREDICTIONS FOR
p
s = 13TeV

CONCLUSIONS
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Neutrino aside

3

Atmospheric hadroproduction
• Cosmic rays colliding with 

atmospheric nuclei incite a 
‘cascade’ of particle production 
and decay.
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1

• Hadrons, including pions, kaons, 
B and D mesons, are formed in 
the initial collisions. 

Atmospheric neutrinos 
!  Cosmic rays bombard upper 

atmosphere and collide with 
air nuclei 
 

!  Hadron production: 
pions, kaons, D-mesons ... 
 

!  Interaction & decay  
� cascade of particles 
 

!  Semileptonic decays 
� neutrino flux INFN-Notizie  No.1 June 1999 

R. Enberg: Charm in the atmosphere 

4 

• While propagating through the 
atmosphere, these hadrons both 
re-interact with atmospheric 
nuclei and also decay leptonically, 
producing a flux of atmospheric 
leptons…

Slide, courtesy of J. Talbert

RG, J. Rojo, L. Rottoli, S. Sarkar, J. Talbert - arXiv:1511.06346
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Neutrino aside
RG, J. Rojo, L. Rottoli, S. Sarkar, J. Talbert - arXiv:1511.06346
prompt neutrino flux background to extraterrestrial neutrinos
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How do p-Pb differ from pp?

208
82 Pb1

1H

Ep = 4 TeV En = Z/A · 4 TeV

= 1.58 TeV

p
spn ' 5 TeV

Lab frame is not Centre-of-Mass frame!

yp =

1

2

Log


1 + �p

1� �p

�
�p =

|~pp|
Ep

�y = yp � yn

= 0.465
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Is the distribution of partons the same in bound and free nuclei?

f

A
i (x, µ2

F ) = R

A
i (x, µ

2
F )⌦ f

free
i (x, µ2

F )

Nuclear modification of PDFs,  
extracted from data! e.g.: 
 
nCTEQ15 - arXiv 1509.00792  
EPS09 - arXiv 0902.4154  
DSSZ - arXiv 1112.6324  
HKN07 - arXiv 0709.3038   0.2

0.6

1.0
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y0 shadowing

antishadowing

EMC-
effect

Fermi-
motion

Figure 1: An illustration of the fit function RA
i (x) and the role of the parameters xa, xe, y0,

ya, and ye.

2.3 Experimental input and cross-sections

The main body of the data in our analysis consists of ℓ + A DIS measurements. We
also utilize the DY dilepton production data from fixed target p+A collisions at Fermi-
lab and inclusive neutral-pion production data measured in d+Au and p+p collisions
at RHIC1. Table 1 lists the sets included in our analysis and Fig. 2 displays their
kinematical reach in the (x, Q2)-plane. We will use the following notation:

RA
DIS(x, Q2) ≡

1
AdσlA

DIS/dQ2dx
1
2dσld

DIS/dQ2dx
, RA

F2
(x, Q2) ≡

F A
2 (x, Q2)

F d
2 (x, Q2)

RA
DY(x1,2, M

2) ≡
1
AdσpA

DY/dM2dx1,2

1
2dσpd

DY/dM2dx1,2

(6)

Rπ
dAu ≡

1

⟨Ncoll⟩
d2NdAu

π /dpTdy

d2Npp
π /dpT dy

min.bias
=

1
2Ad2σdAu

π /dpT dy

d2σpp
π /dpTdy

.

The kinematical variables in DIS are the Bjorken-x and the virtuality of the photon Q2.
In DY M2 denotes the invariant mass of the lepton pair, and x1,2 ≡

√

M2/s e±y where
y is the pair rapidity. The inclusive pion production is characterized by the transverse
momentum pT and rapidity y of the outgoing pion. The average number of binary
nucleon-nucleon collisions (in the centrality class studied) is denoted by ⟨Ncoll⟩. In
this analysis we only consider minimum bias data, and do not focus on the transverse
coordinate dependence of the nPDFs. The kinematical cuts we impose on the data are
M2, Q2 ≥ 1.69 GeV2 for DIS and DY, and pT ≥ 1.7 GeV for inclusive pion production.

All cross-sections are calculated in the collinear factorization formalism folding the

1In contrast to our previous analysis [4], we do not include the BRAHMS forward rapidity charged
hadron d+Au data here. These data will be separately discussed in Sec. 4.

4

How do p-Pb differ from pp?
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Is the distribution of partons the same in bound and free nuclei?
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nCTEQ15 - arXiv 1509.00792  
EPS09 - arXiv 0902.4154  
DSSZ - arXiv 1112.6324  
HKN07 - arXiv 0709.3038  

25

Figure 21: Comparison of the nCTEQ15 fit (blue) with results from other groups: EPS09 [12] (green), DSSZ [11]
(orange), HKN07 [14] (red). The left panel shows nuclear modification factors for lead, and the right panel the

actual PDFs of a proton bound in lead. The scale is Q = 2 GeV.

will revisit this point later when we compare our result
to the other nPDF groups.)

Comparing the cos� with the ��2
e↵ plot, there is no

big surprise; the same experiments are important in con-
straining the u

v

and d
v

PDFs according to both metrics.
As already mentioned, we see that the DIS experiments
are primarily driving the fit of the valence PDFs. The
DY and pion data have a relatively small influence on
these PDFs.

E. Comparison with di↵erent global analyses

We now compare our nCTEQ15 PDFs with other recent
nuclear parton distributions in the literature. Specif-
ically, we will consider DSSZ [11], EPS09 [12], and
HKN07 [14]. Our data set selection and technical as-
pects of our analysis are closest to that of EPS09. In
Figs. 21 and 22, we plot nuclear modifications for the

PDFs of a proton bound in lead, fp/Pb/fp (left), as well
as the bound proton PDFs themselves, fp/Pb (right), for
di↵erent flavors for a selection of Q scales.
For the ū and d̄ PDFs at Q = 2 GeV, nCTEQ15 has

significant overlap with the other sets through much of
the x range with a stronger shadowing suppression at
small x. Our results at x < 10�2 are extrapolated since
they are not constrained by data due to the cut Q > 2
GeV which was imposed in order to reduce higher twist
contributions. Therefore, it is likely that the uncertainty
band at x < 10�2 underestimates the true PDF uncer-
tainties. While this trend repeats itself for the strange
quark PDF, the spread at small x is increased.19 In fact,
at Q = 2 GeV the small-x behavior of the strange PDF

19 In this analysis the s-quark nuclear e↵ects are completely deter-
mined by the ū and d̄ nuclear PDFs and by the gluon nuclear
PDF through evolution. Due to these constraints the error of

Q = 2GeV
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x1
x2

p-Pb probe shadowing (low-x) 

Pb-p probe anti-shadowing (x~0.05) 
 
Rfb simultaneously sensitive to 
these effects 
 
Increasing D pT gains sensitivity to 
anti-shadowing regime!
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Cross section and Rfb predictions for Pb-p
More details provided in arXiv: 1508.07629 RG

Double differential cross sections 
predictions provided  
 
POWHEG+Pythia8  
NNPDF3.0LHCb + EPS09
+compensation terms for VFNS 
 
 
All 5 and 8 TeV predictions can be 
provided on request.

In run-II p-Pb collisions at 8.16 TeV

Could also measure: 
 
 
nPDF effects ~ cancel for p-Pb / p-Pb
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Cross section and Rfb predictions
More details provided in arXiv: RG 1508.07629
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Forward D predictions for pPb collisions, and sensitivity to cold nuclear matter e↵ects

Rhorry Gauld1, ⇤

1Institute for Particle Physics Phenomenology, University of Durham, DH1 3LE Durham, United Kingdom
(Dated: August 30, 2015)

Predictions are provided for double di↵erential cross sections and forward-backward ratios of
D

0 production in pPb (forward) and Pbp (backward) collisions at 5.02 TeV. The e↵ect of nuclear
corrections on the ratio of di↵erential cross sections ratios is estimated to be ' (10-30)% in the
kinematically accessible region of LHCb, and interestingly this ratio is approximately flat with
respect to pT (D

0) due to a compensation of shadowing and anti-shadowing e↵ects arising from the
input nuclear PDFs. In comparison to J/ measurements which have already been performed with
the available data, the cross section for D

0 production is expected to be two-orders of magnitude
higher.

INTRODUCTION

Measurements of D hadron production in Pb-Pb [1]
and Au-Au [2] collisions show evidence for the suppres-
sion of the di↵erential D cross section as compared to
references pp collisions. This suppression can be success-
fully described by in-medium energy loss e↵ects expected
in the presence of a Quark-Gluon Plasma [3–7]. However,
a suppression of D production in heavy ion collisions is
also expected in the absence of a hot nuclear medium
due to cold nuclear matter (CNM) e↵ects [8] alone. Such
e↵ects arise as the colliding constituent nucleons of the
heavy ion are not free. To interpret the suppression of
D production in heavy ion collisions due to hot medium
e↵ects, it is necessary to first quantify the size of CNM
e↵ects with independent measurements. One way of dis-
entangling these e↵ects is to perform measurements in
pA collisions, where only CNM e↵ects are expected to be
present.
Measurements of J/ production in pPb collisions at

5.02 TeV, which are subject to these CNM e↵ects, have
been performed by both ALICE and LHCb collabora-
tions [9, 10]. In both cases, di↵erential measurements of
the ratio of J/ production in pPb (forward) and Pbp
(backward) collisions in the nucleon-nucleon centre-of-
mass (COM) frame are presented, an observable defined
as

dR

fb

dx

⌘ d�

pPb(x)

dx

,
d�

Pbp(x)

dx

. (1)

This observable is measured with respect to the J/ 

transverse momentum (p
T

) and rapidity (y), and a size-
able suppression is observed by both collaborations. The
data has also been compared to LO and NLO predic-
tions which incorporate CNM e↵ects through a nuclear
modification of the free proton and neutron parton distri-
bution functions (PDFs). The NLO predictions [11, 12],
which describe both p

T

and y distributions, incorporate
the NLO EPS09 nuclear PDF (nPDF) modifications [13]
and provide a reasonable description of the data — in
particular the calculation based on a parton energy loss

model [11]. Although this indicates that nPDFs describe
the dominant CNM e↵ect, it is unclear whether addi-
tional CNM e↵ects (such as parton energy loss or al-
tered heavy-quark fragmentation functions [14]) are also
required to describe the data. Given that the size of
CNM e↵ects in pPb lead collisions are important for the
interpretation of the observed D (and J/ [15]) suppres-
sion in Pb-Pb collisions, they should be validated with
measurements of other final states in a similar kinematic
regime 1.

It has previously been shown that pQCD predic-
tions [16–25] provide a satisfactory description of the for-
ward D production as presented by the LHCb collabora-
tion for 7 TeV pp collisions [26]. In recent work [24, 25], it
then been demonstrated how the inclusion of this data in
a global QCD analysis of the proton provides substantial
improvement in the description of the low-x gluon PDF.
The main point being that, forward D production at low-
p

T

provides sensitivity to incoming partons at moderate
(low) values of Bjoerken-x1,(2) ' 2 ·10�2(5 ·10�5), where
x1,(2) is the fraction of momentum carried by the con-
stituent parton of the forward (backward) travelling pro-
ton. Therefore, measurements of D production probe a
similar kinematic regime to J/ production, albeit with
slightly larger average values for x1, x2, and Q

2.

As the ratio of D0 [26] (D0 will refer to the sum of D0

and D

0
mesons) and J/ [27] production cross sections

measured within the LHCb fiducial region in pp colli-
sions at 7 TeV is approximately 100, and even larger for
moderate p

T

values, a significant improvement in the sta-
tistical precision of di↵erential R

fb

measurements in pPb
collisions can be expected for D hadrons as compared to
J/ . Furthermore, the relative systematic uncertainty
of the double di↵erential D0 measurements performed in
pp collisions is slightly smaller than those for the corre-

1
The ALICE collaboration has presented a measurement of the

rate of D production in pPb collisions in the central region [2].

As compared to a pp reference, these results are consistent with

unity within large uncertainties of about (15-20)%.

1) D predictions better understood than J/psi  
2) Higher stats, and better systematics?


