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Status of theory for_
pp/pp — cc + X, bb + X, tt + X

* NLO QCD + EW corrections available
(Nason et al., 1988, Beenakker et al., 1989....., Kuhn et al. 2006....)

* NNLO QCD + NLO EW accuracy:

— at the differential level, exact predictions only for tt (Czakon et al., Catani et al.)
— for the total o, approximate N3LO QCD predictions (Muselli et al, 2015)

* Predictions including resummations of various kinds of large logarithms
(matched to fixed-order cross-sections):

— heavy-quark hadroproduction close to threshold,

high-energy (small-x) log resummation

resummation of Sudakov logarithms

— resummation of (pr/mgq) logs at high pr,
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Heavy-flavour hadroproduction
*x My, Mg, Mg << /\QCD
= ag(mu), ag(md), ag(ms) > 1
= Light quarks hadronize at a scale Agcp,
where QCD becomes non-perturbative

* Me, Mp >> /\QCD
= ag(mc), ag(mb), <<1
= Heavy quarks hadronize at a scale ~ m,

where QCD is still perturbative.
= m can not be fully neglected in the calculation!

* me, mp << present collider energies

= Multiscale issues, appearence of large logs.

In the massive calculation, the mass of the quark acts as a regulator of the
collinear divergences which would appear if m = 0. Both the hard scale of the
process and m are finite, so the logs are finite, but might become big (quasi-
collinear logs). It is possible to resum them in an effective way, by adopting the

perturbative FF approach.
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From parton production at NLO to heavy-flavour

hadrons
Different descriptions of the transition are possible:

1) fixed-order QCD + Parton Shower + hadronization:

match the fixed-order calculation with a parton-shower algorithm (resum-
mation of part of the logarithms related to soft and collinear emissions
on top of the hard-scattering process), followed by hadronization (phe-
nomenological model).

Advantage: fully exclusive event generation, correlations between final
state particles/hadrons are kept.

Problem: accuracy not exactly defined, it is not an rigorous resummation
procedure to all orders in perturbation theory.

2) Convolution of partonic cross-sections with Fragmentation Functions
(see the following).

Both methods 1) and 2) used here.
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Flavour Number Schemes

my, mg, ms = 0 always, m; # 0 always
mc, myp, treatment depends on scheme
And, depending on the kinematics and E.,,, it may happen that p7.. >> m., m

* Fixed flavour number scheme (FENS):

- ¢ (b) masses are retained at all scales in all components of the calculation.
These quarks can only be produced as final states.
They are excluded from initial states.
problem at high pr: log (p%—’c/mg) (log (p%-‘b/mi)) may become so big that
they may spoil the convergence of the perturbative series!

x Zero-mass variable flavour number scheme (ZM-VENS):

- ¢ (b) massless quarks at all scales in all components of the calculation.
These quarks are present in the initial state above fixed thresholds.
problem at low p7: powers of (mg/p%-‘c) missing!

* General-mass variable flavour number schemes (GM-VFNS):

- ¢ (b) mass retained in part of the calculation;
meant to combine optimal features of FFNS and ZM-VENS at different pr.
advantage: logs resummed and powers (at least the leading ones) present.
problem: some arbitrariness in the combination (different variants possible)
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QCD factorization

for 1-particle inclusive heavy-hadron hadroproduction

do(NiNy — H+ X) = 3,0 PDFN (xa, e ) PDF ) (xp, piF 1) ©

® dBapsext(Xar Xb, Z, 1UF i F, £ BR) ® FFH(z, pr f)

da: differential perturbative partonic cross-section,
its m, dependence, neglected in the ZM-VFNS, is instead kept in the GM-VFNS.

1F, g reabsorb IR and UV divergences (truncation of P.T. series).

PDFs: perturbative evolution with factorization scale yif ;,
non-perturbative dependence on x:p*'/PR,'.

FFs: perturbative evolution with factorization scale jif r,
non perturbative parameterization in terms of z = Pﬁ/pc+ frequently used.

QCD uncertainties

* luF i, LF,r and pgr choice: no univocal recipe.

* Approximate knowledge of heavy-quark mass values my, (SM input parameters).
* Choice of Variable Flavour Number Scheme (several possibilities!)

* PDF (+ as(Mz)) fits to experimental data

* Fits to experimental data of the non-perturbative part of the FF
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Status of theory for single-inclusive open
heavy-flavour production (pp — H + X)

* pr spectrum finite for pr — 0 in the FFNS (thanks to mq # 0).

* Logarithms of p1/mgq can be large in the high-pr tail of pr distributions, depending on
kinematics and Ecpy.

* At small p1, FFNS works; however, at large p1 one needs to resum the logs.
Open question: how large ?

* ZM-VENS: massless quarks. LL and NLL contribution effectively resummed through
evolution of PDF/FF.
Works at large pr, but divergence at pr — 0. Powers of mg/p7 missing !
x GM-VFNS: ideal combination of FFNS at low p7 with ZM-FNS at large pt.
But some arbitrariness in the way the combination FFNS + ZM-VFNS
is done.

Various approaches: FONLL (Cacciari et al.) and GM-VFENS (Kniehl et al.),
which both combine fixed-order (NLO) predictions
with LL4+NLL resummation,
but differ in the way the combination is done.

All used in LHC studies!
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GM-VFNS at small and large pr

* The massless limit of the massive FFNS calculation does not coincide with the
genuine ZM-VFNS calculation due to the use of different regularization procedures
(non-zero mass vs. dimensional regularization).

* Subtraction terms are needed to combine the massive and the massless calcula-

tions:
dUs”b _ |imma0 dUFFNS B dO_ZM7VFNS
dUGM—VFNS — d(TFFNS _ 3 do’SUb

* At large pr (or m — 0) the GM-VFNS — ZM-VFNS.

* At small pr the FONLL GM-VENS — FFENS, but there is some assumption in
the transition FENS/ZM-VENS (functional form of a = a(pr, m)).

* At small pr the SSACOT GM-VENS (a = 1) does not automatically reduce to
the FFNS (unless p7 = 0), due to the presence of divergent contributions including
heavy-quark initial states in which the heavy-quark is treated as massless. These
contributions can be switched off by an ad-hoc choice of the factorization scale:
PDF(ur < me) =0

pE =&\ /pF+mE<me = pr<m./1/2 -1
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GM-VFNS predictions

D* + X at LHCb at 5 TeV
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x Large PDF uncertainties (CT14nlo), increasing at low pr / large y.
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NLO+PS predictions vs experimental data for pp —
D= + X at LHCb at 5 TeV
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* PROSA PDF fit (reduced uncertainties with respect to CT14nlo)
* agreement theory/experiment within large (ug,/tF) uncertainty bands.
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Comparison data/theory for the pp — D* + X LHCb data
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* Puzzle: at small rapidities the D* data at /s = 7 TeV turn out
to be described better than those at 5 TeV, whereas we do not expect
significant modifications of the physics: are the experimental data at
different energies compatible among each other ?
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Further investigations: adding data from other
experiments

* LHCb open-charm data o’ 2<y<s A |
(2<y<45b) 0 oom | <25
* ATLAS (and CMS) 'l
open-charm data g «f
(Iyl <2.5) g .
« CDF open-charm data (|y| < 1) s o'}
x ALICE open-charm data o |
(Iyl < 05) o A
+ further open-bottom data et e et e

Different experiments span (@2, x) regions partially overlapping:
good for verifying their compatibility and for cross-checking their
theoretical description.
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Pulls for the LHCb, ALICE, CDF open-charm data

pp->(D*+D )X pp > (D" + D) X
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 Fluctuations for D=, while a trend is visible for D°.

% In case of D°, data at a fixed p7 seem to be reproduced similarly
well/bad, indipendently of the /s and of the y probed.

% This implies that the difference in shape between theory predictions
and exp. data can not be washed out by modifying PDFs at low x's.
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Temptative explanations of the discrepancies
data/theory at p;r ~ a few GeV

* PDF effect ?
No, because for the D° we see similar discrepancies at different /5.

« Fragmentation Function / Hadronization effect ?
Unlikely to be so large, see the next slides.

x Higher-order effects ?
Possible modification of shapes, because scale variation uncertainty.
is very large.

x Alternatively, one could think to a combination of small effects.
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Theory predictions vs. ALICE exp. data at /s =7 Tev

pp--->prompt D* + X, |y| < 0.5, sqrt(s) =7 TeV pp-—>promptD®+X, |y|<0.5 sqrt(s)=7 TeV
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* GM-VFNS + FF predictions and NLO+PS+had predictions
compatible among each other up to pr ~ 20 TeV.

* Very different treatment of fragmentation.

*x FFNS + non-pert FF predictions overestimate data at large pr.
+* POWHEGBOX + PYTHIA agrees better with D* than with D data.
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Theory predictions vs. ALICE exp. data at /s = 2.76 TeV

pp--—-->prompt D* + X, |y| < 0.5, sqri(s) =2.76 TeV p p ----> prompt DO+ X, |y|<0.5, sqri(s) = 2.76 TeV
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* GM-VFNS + FF predictions and NLO + PS + had predictions
compatible among each other for small for pr, up to at least 10 GeV.

* POWHEGBOX + PYTHIA agrees slightly better with D* data
than with D data.
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Theory predictions vs. CDF exp. data at /s = 1.96 TeV

da/(dpr) lyl<1.0 (pbc/GeV)

p antip ----> prompt D* + X,

lyl < 1.0, sqrt(s) = 1.96 TeV

p antip ----> prompt D° + X,

lyl < 1.0, sqrt(s) = 1.96 TeV
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x Similar observations as before.

* Analogous picture for other experiments....
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Pulls for the LHCb, CMS, CDF open-bottom data

pp-—->(B" +B )X
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% A trend is visible for B*: data at a fixed pr seem to be reproduced similarly
well/bad, indipendently of the /s and of the y probed.

+ This implies that the difference in shape between theory predictions
and exp. data can not be washed out by modifying PDFs at low x's.
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Why improving the description of heavy-flavour
hadroproduction matter ?

* Constraints of PDFs at low x's, which in turns is relevant for

@ forward physics and multiple parton interactions, already in the LHC era:

with increasing precision of the LHC data,
improving the description of these aspects matters!

o future high-energy colliders: FCC-hh, etc.....
(see the study in the FCC-hh SM report [arXiv:1607.01831]).

* high-energy astroparticle physics applications:

o High Energy Cosmic Ray physics and prompt neutrino fluxes

x disentangling cold and hot nuclear matter effects
(in pA and AA collisions).
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x coverage of HERA and LHCb

HER A Inclusive 0535007230000 oV, 3324107 cx, <0 65
ZEUS braatty 6.5- 0600 Gel, 1510 1 =3 S10®
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LHCb data allows to cover x regions uncovered by HERA data,

experiments

| i

1u" 1u4

both at low x's (especially open charm data)
and at large x's (especially open bottom data).

102 1
gluan mmeﬂtumfracmnxt

Larger rapidities of the emitted quark and/or larger collision energies

correspond to more extreme x's
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PROSA PDF fit: comparison between three variants
from PROSA collab., EPJC 75 (2015) 471

) " Q= 10 GeV2 S " Q= 10 GeV2
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Three variants of the PDF fit:

1) one only with HERA data;

2) one also including LHCb absolute differential cross-sections;

3) another one with reduced uncertainties: for each fixed LHCb pr bin, use the ratios of
distributions (do/dy)/(do/dyo) considering different rapidity intervals
(i.e. normalized to the central bin 3 < yp < 3.5):
in the ratios theoretical uncertainties partly cancel.
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PROSA atmospheric prompt (v, + 7,) flux:
QCD scale, mass and PDF uncertainties

(v + anti-vy) flux
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from [arXiv:1611.03815]
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PROSA NLO+PS computation of D°-meson
production w.r.t. LHCb fixed-target data

p + He ---> DO + X, LHCb cuts, E¢y, = 86.6 GeV

T T T T T T T
scale variation
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o
™

2,

o
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=]

=
o

10
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x pA effects broaden the distribution!

* pp theory underestimate the high pt tails....
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PROSA NLO+PS computation of D°-meson
production w.r.t. LHCb fixed-target data

p + Ar---> DO + X, LHCb cuts, E¢y, = 110.4 GeV

T T T T T T

scale variation
PROSA NLO POWHEG+PYTHIA pp theory central +
exp data uncorr 1 ]
exp data corr " ]

o
N

2,

=)
)

Q
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i
S

S
[
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% exp. (p+He) and (p+Ar) similarly enhanced with respect to theory
at large p7: final state effect ?
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PROSA NLO+PS computation of D°-meson
production w.r.t. LHCb fixed-target data

P+ He > D0 + X, LHCb cuts, Eq, = 86.6 GeV P+ Ar > DO + X, LHCb cuts, Eqp = 86.6 GeV

T T T T T
150 scale variation S
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* Big scale uncertainties, especially at large y
x Before discussing intrinsic charm, one has to disentangle pA effects:
they can impact on the shapes of the distributions.
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PROSA NLO+PS computation of D°-meson
production w.r.t. LHCb fixed-target data

« Total cross-sections for Dy + Dy after LHCb rapidity cuts:
Theory: o = 76.1 + 116 (scale) - 35 (scale) microbarn/n
LHCb: o = 80.8 £+ 2.4 &+ 6.3 microbarn/n

« Total cross-sections for Dy + Dy inclusive:
Theory: 0 = 148.7 + 229 (scale) - 83 (scale) microbarn/n
LHCb: o = 156.0 + 13 microbarn/n
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Forward A. hadroproduction in pp collisions

At 2<y<45
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GM-VENS + FF NLO + PS + had

% LHCb experimental data at /s = 7 TeV above the theory bands (differences within 20).

+ Update of branching ratios and fragmentation fractions needed:
big uncertainties on these elements (~ 25% and 8%).

* What happens at 13 and 5 TeV ?

* LHCb has measured A./D° ratios in p — Pb collisions.
= Extension to pp would be important for assessing fragmentation/hadronization
mechanisms

x A rapidity dependence might be expected/should be experimentally checked.
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Total NNLO

M.V. Garzelli
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* Scale uncertainties larger than

50% even at NNLO.

+ Consistency between different

PDF sets in the values of the Ry3/7

ratio, within uncertainties.
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Conclusions: how to do better ?

* NNLO QCD corrections to heavy-quark production can help,
but they are probably not enough!

* NNLO FFs (perturbative + non-perturbative components):

o PFF formalism already extended to NNLO since long (Mitov et al.),

@ 3-loop timelike splitting functions necessary for the DGLAP evolution
equations mostly known (but not yet fully: see talk by V. Magerya),

o hard-scattering coefficients for the inclusive production of a parton in ete™
annihilation known since long,

o first NNLO fits of the non-perturbative FF (heavy-quark — heavy-meson)
using ete™ data recently performed [arXiv:1904.08718], [arXiv:1904.09832].

x NNLO + PS matching (see e.g. MiNNLOpg, [arXiv:1908.06987],
although the accuracy of the PS so far is still the usual one....)

* Improving the description of collinear radiative emissions from heavy-quark and
g — QQ splittings in (N)NLO+PS approaches (in the POWHEG framework,
first steps in the work of L. Buonocore et al., [arXiv:1711.06281])
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