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Focusison pp — D+ X

e Motivations: benefits of forward measurements

e Observables: data and theoretical description

* Results 1: 7 TeV data and PDF reweighting

 Results 2: consistency with 13 TeV data



Motivations:
benefits of forward heavy flavour measurements



Why study forward pp — Q3Qs + X ?

x; : fraction of momentum
Yj :rapidity T1,(2) =
Vs - partonic COM

mT: transverse mass
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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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pp — bb {l’l,(z) = n\g(e(_)% + e”y‘*)J

pp—bb, Vs =7 TeV
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Moderate-x

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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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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pp % CE £$17(2) = n\}g(e(—)ys _|_6()y4)J

pp—CC, \s =7 TeV
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Forward charm quark production discussed in: Moderate-Xx
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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pp % CE £$17(2) = n\}g(e(—)ys _|_6()y4)J

pp—CC, \s =7 TeV

Require one of the < °F 'p' ('DE,)'<'8'_O'G?GV' AR R R
D hadrons within 8 I aoeymheas L
LHCb acceptance: B ) S S S
4.0 < y(D) < 4.5 -3 — """""""""""" """"""""""" """"""""" - .
0 < pr(D)|GeV] < 8 ; 4 ‘ """""""""""" — :

me = 1.5 GeV 3l ospe -

_6_g | | | .

5 4 3 2 1 0
IC)910()(1)

Forward charm quark production discussed in: Moderate-Xx
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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gluon PDF, ag(MZ) = 0.118, Q* = (173 GeV)?
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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
(’'m focussing on charm)
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Theoretical description
Differential D-hadron production pr < 8.0 GeV

D
Public tools (NLO QCD accuracy): 2.0 < Yy < 4.5
HVQMNR (Mangano,Nason,Ridolfi) - Fixed-Order

FONLL (Cacciari, et al.) - Fixed-Order + O (a2 (aslog [pr/mg])")
NLO+PS - POWHEG (Frixione,Nason,Ridolfi), MC@NLO (Frixione, Nason, Webber),
HERWIG, SHERPA, aMC@NLO

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

mP°® = 1.54+ 0.2 GeV

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

(o) 21 o
5043 — z(;)) - (IMR)

2Tras(ug) p
Loo | FE _ <0> FQs(HR Hr
3 Log | SPDF = oy == Lox | [y
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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
flc—= D*¥)=0246, f(c— D% =0.565, f(c— Dy)=0.080, f(c— D*)=0.224

Scale uncertainties:

Hcen. =— \/mg = p’% 9 Halt. — \/4mg T p’%

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

2D d?o? / d*c2, d*ot) / d*o?
dpr dy/ dpr dy dpr dy/ dpr dy
dpr dy

Normalised 7 TeV Ratio 13 /7 TeV
20




Theoretical description

d20'D

dpr dy

d?ol / d’c2,
dpr dy/ dprdy
Normalised 7 TeV

d*of) / d*o
dpr dy / dpr dy
Ratio 13/7 TeV

Subject to strong scale uncertainties:

as(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
T (s 4 (Dva)

L1,(2) = \/§
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Results 1:
7/ TeV data and PDF reweighting
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Data 9-16: 2.5 <y < 3.0, pT <8 GeV
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7 TeV D" unnormalized
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Reweighting NNPDF3.0

RG, J. Rojo, L. Rottoli, J. Talbert - arXiv:1506.08025
1) Normalise LHCDb differential charm data to high-pt, low-y bin

X2/Naat (D° + DT + h.c.) = 56/75

NNPDF3.0 NLO 0,=0.118

B 1o LHCb D°,D* data

Percentage PDF uncertainty

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

Comparison of our result?

c 2 2
.. N O Q°=10 GeV
Similar analysis first performed = 60 |- 1 PROSA FENS HERA ’
. 3
by PROSA collaboration: S | | PROSAFFNS HERA +LHCb
arXiv: 1503.04581 2 40 b [ NNPDF3.0 + LHCb FFNS (Nf=3)
o 40 R
o
=
(@)

N
o
T T

e HERA+LHCb Data PDF fit
e FFS, NF=3

e Normalise to ‘middle’
rapidity bin for each pT

o HERAfitter framework

Results very consistent!

relative uncertainty
o
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Results 2:
Consistency with 13 TeV data
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13 TeV Differential cross section (DO)

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
GMVFENS - Kniehl et al. arXiv:1202.0439
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13 TeV / 7 TeV Ratio (DO)

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
g L L L L L L L L L L L L EOL L L L L
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13 TeV / 7 TeV Ratio (DO)

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
g L L L L L L L L L L L L EOL L L L L
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Scientific fit to data
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Preliminary Results.....
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Resultant gluon PDF

NNPDF 3.0 nlo, o (M,) = 0.118, 1o CL

N> i
Include ratio data into original NNPDF fit & . ) vPDF3.0xg 1oL i
_ _ TI- . Central Envelope §
Using 1000 PDF Replica set 5 i
g i
. . . o 10 —
Perform Reweighting 6 times: X 0<pl<8GeV, Ny =1313
__ 2 I

Hcen = \/mg + Pr

1
10° 10° 10* 10 10% 107"

— 2 2 NNPDF 3.0 nlo, o (M,) = 0.118, 1o CL
Halt = \/ 4mz + P7

X

%; . NNPDF3.0 xg 16CL |

pole O 107 E
mC E {137 1-57 17} Gev TI- .Central Envelope §
1) Take envelope of central result 3 I
2) Take total envelope of uncertainties 2 10 4<p<BGeV, N, =64
3) Include all data (131) high pT data(64) — .

1
3 10° 100 10* 100 10% 107!
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Resultant gluon PDF

PDF Comparison, Q =2 GeV
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2 _
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Il === MMHT14 central ]
N —
e] _
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6 10 I ]
S §
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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
i) Little dependence on choice of bin for normalisation

2) The 13 TeV data does not have same behaviour
Normalised cross section

1) Description quite poor (reweighted and original PDF set)

i) 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

i) 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
34



Ratio to orlgmal NNPDF3.0

Ratio to original gluon PDF

Similar behaviour in LHCb J/Psi data
arXiv:1509.00771

Ratio of 13/8 TeV:
data exhibits larger gradient
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Ratio of rewelghted gluon PDF to orlglnal for Q% = 4 GeV?

. Central Envelope, 0 < p> <8 GeV
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DY D* D°, D* D* D°, D* D* D,
Settings Pr range (GeV) | x*/Naat | Negt | X*/Naas | Neg | X?/Ndat Nefr
me = 1.3 GeV 0<pr<8 338/75 | 9 | 400/104 | 10 | 460/131 | 8
[H1ow 4<pr<8 124/36 | 19 | 151/51 | 20 | 177/64 | 19 : :
me = 1.3 GeV 0<pr<8 284/75 | 18 | 339/104 | 18 | 395/131 | 17 ChI-Squared for performlng
[ihigh 4<pr<8 109/36 | 23 | 132/51 | 25 | 157/64 | 23 reweig hting for different
me=15GeV | 0<pr<8 306/75 | 18 | 364/104 | 18 | 422/131 | 17 theoretical inputs
[ow 4<pr<8 113/36 | 23 | 138/51 | 25 | 163/64 | 23
me = 1.5 GeV 0<pr<8 253/75 | 22 | 303/104 | 23 | 357/131 | 21
[inigh 4<pr<8 99/36 | 27 | 121/51 | 31 | 145/64 | 28
me = 1.7 GeV 0<pr<8 280/75 | 20 | 334/104 | 21 | 390/131 | 20
[how 4<pr<8 107/36 | 25 | 131/51 | 28 | 155/64 | 26
me = 1.7 GeV 0<pr<S8 230/75 | 22 | 278/104 | 22 | 330/131 | 21
[high 4<pr<8 93/36 | 29 | 114/51 | 36 | 137/64 | 32

Table 1. The x?/Nga.; 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 pr range, and
for different combinations of D hadron flavours. In each case, the reweighting is performed with Reweighted Members

different theoretical inputs. — T

m, = 1.7 GeV, M=V4m§+p$ il

Minimum weight = 0.1
I NNPDF3.0 xg 1oCL

— Reweighted members

— Reweighted central value

Surviving replicas with large
weights




Theoretical uncertainty, pp — Q3Q4 + X

Ren/Fac/Mass/Scheme dependence examined in 1507.01570 (Garzelli et al)

\/_—14 TeV
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b-quark forward-backward asymmetry

QCD dominates

v

— AN B N R BN B L R R — [ T T T | T | —
>, 5[ —t— LHCb data 11b™, PRL 113,082003(2014) -
o O - -
ID<'-'- - NLO Ap>2.6 .
- 20<n<4.0 -
4r LO E,>20GeV A
[ NNPDF2.3 (N)LO, a,(m2) =0.119 i
EW dominates [ ve=TTeY B
2’:_\ ---------------- -
1 ]
(] R * ----------------------------------------------------------- —
[ | I | I | | | I | | | I | =
40 60 30 100 120
m - [GeV]
1
ado® +a2aci® + o2 (080 + a,05)

QQ _
Apc =

% (ai(o) + 04305(1)) + a? (05(0) =+ asag(l)) |

RG, Ulrich Haisch, Ben D. Pecjak, Emanuele Re, arXiv:1505.02429
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Neutrino aside
RG, J. Rojo, L. Rottoli, S. Sarkar, J. Talbert - arXiv:1511.06346

Atmospheric hadroproduction

- Cosmic rays colliding with
atmospheric nuclei incite a
‘cascade’ of particle production
and decay.

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

While propagating through the
atmosphere, these hadrons both
re-interact with atmospheric

nuclei and also decay leptonically,
producing a flux of atmospheric
leptons...

NA — hY — X

| —

Slide, courtesy of J. Talbert
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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

nA— (D —1X)+Y | Ourresult blue!

/]

Prompt Neutrino Flux (BPL)

)

GeV?2
cm? s sr

E3 qb(




How do p-Pb differ from pp?

1 H s2 b
E,=4TeV E,=Z/A-4TeV
= 1.98 T'eV
VSpn =20 TeV
Lab frame is not Centre-of-Mass frame!
wog weatel i Mo
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How do p-Pb differ from pp?

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

i (z, p3) = R (w, pf) © £ (@, uf)

Nuclear modification of PDFs,
extracted from data! e.g.:

NnCTEQ15 - arXiv 1509.00792
EPSQ9 - arXiv 0902.4154
DSSZ - arXiv 1112.6324
HKNO7 - arXiv 0709.3038

1.5 —
Ya-

antishadowing Fermi-

shadowing

motion

10
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How do p-Pb differ from pp?

Is the distribution of partons the same in bound and free nuclei?
A 2 A 2 f 2
fi(z, py) = Ry (o, up) @ f7° (2, i)

18 | — nCTEQ15|
Nuclear modification of PDFs, Le | EPSOS
d from data! e.q.: >
extracte 'e.g.. @1.4— — HKNO7
1.2
nCTEQ15 - arXiv 1509.00792 & .. %\
EPS09 - arXiv 0902.4154 Sy a
DSSZ - arXiv 1112.6324 = 0q I
HKNO7 - arXiv 0709.3038 x 0.4
3 02~ () = 2GeV
o1 ) S




LHCDb kinematics

g 15 6352 EPS09 NLO, Q = 3.0 GeV 1o CL
g — —— EPS09 NLO, Q =5.0 GeV
: e N R DSSZNLO,Q=30GeV_ o S
p-Pb probe shadowing (low-x) e U e |
o 05 :_Rg;';b frozen _
Pb-p probe anti-shadowing (x~0.05) X 03E & L Tev, 247 3 (0% <408
3 = COM .
: . 3 025 = 0 r—l |
Rfb simultaneously sensitive to s F X -1.0<p, (D) <40 ul
O o2 E X, -1.0<p. (D) <4.0
these effects o VB o 09540 ==
0.15F ----%, -p, (D°)>4.0 | |
Inc_reasing D pT gai_ns sensitivity to 01E |r ]
anti-shadowing regime! 005 E- . “Prdal _i
OE._...1_._.I..|....|....|....L.._._.I....|..L.-..:-.-.l.'.'-=.=.L
S 45 -4 35 325 2 o151 05 ( ())
og(x
> A
<
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Cross section and Rfb predictions for Pb-p
More details provided in arXiv: 1508.07629 RG

Double differential cross sections <
-y . O
predictions provided O]
0
=.
POWHEG+Pythia8 >
NNPDF3.0LHCb + EPS09 =
+compensation terms for VFNS %'_
gb
O
All 5 and 8 TeV predictions can be ;:
provided on request. =

In run-1l p-Pb collisions at 8.16 TeV p.(D°) [GeV]
d*co d*co

dy dpr |5TeV dy dpr |8TeV

Could also measure:

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