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Cross section

● FPF detectors will be able to measure neutrino cross sections in the unexplored TeV 
regime. 
- <400GeV: Accelerator based experiments measured nu and nubar separately. 
- >10TeV: Icecube measured nu+nubar flux-averaged cross section. Below the absorption 

effect becomes negligible and measurements very correlated with flux normalisation. 
● What neutrino cross-section predictions do we have? 
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FIG. 2. FASER⌫’s estimated ⌫-nucleon CC cross section sensitivity for ⌫e (left), ⌫µ (center), and ⌫⌧
(right) at Run 3 of the 14 TeV LHC with an integrated luminosity of 150 fb�1 collected from 2021-
23. Existing constraints are shown in gray. The black dashed curves are the theoretical predictions
for the average deep inelastic scattering (DIS) cross section per tungsten-weighted nucleon. The
solid error bars correspond to statistical uncertainties, the shaded regions show uncertainties from
neutrino production rate corresponding to the range of predictions obtained from di↵erent MC
generators, and the dashed error bars show their combination.

of statistical and production rate uncertainties, added in quadrature, is shown as the dashed
error bars. These sensitivity estimates take into account the geometrical acceptance, vertex
detection e�ciency, and lepton identification e�ciency, and assume that the measurement
is background free. We can see that FASER⌫ significantly extends the neutrino cross sec-
tion measurements to higher energies for both electron and tau neutrinos, while for muon
neutrinos, FASER⌫ will fill the gap between the existing measurements from accelerator ex-
periments and IceCube. An additional interface detector between FASER⌫ and the FASER
spectrometer will further be able to distinguish ⌫µ and ⌫̄µ events, as discussed in Sec. VI.

In addition to detecting collider neutrinos and anti-neutrinos of all three flavors and
measuring their cross sections at higher energies than observed from any previous human-
made source, FASER⌫ can explore several other topics related to the physics of neutrino
production, propagation, and interaction at the energy frontier:

Tau Neutrino Detection: Of the seventeen particles in the standard model of particle
physics, the tau neutrino is the least well measured. The DONuT and OPERA exper-
iments have each observed about 10 ⌫⌧ events [9, 13], and these data sets provide the
primary information about tau neutrinos at present. Additionally, SuperKamiokande and
IceCube have recently reported higher statistics ⌫⌧ appearance in atmospheric oscilla-
tions [14, 15], although with considerably larger uncertainties, resulting in a measurement
with precision comparable to DONuT and OPERA. During LHC Run 3, FASER⌫ will
accumulate about 20 ⌫⌧ CC interactions, of which about 13 ⌫⌧ events are expected to be
identified. This will significantly increase the worlds supply of reconstructed ⌫⌧ neutrinos
and will allow them to be studied at much higher energies E⌫ ⇠ TeV.

Event Shapes and Kinematics: Due to its high spatial resolution, the FASER⌫ detector
will be able to resolve the shape of each neutrino event, including, for example, the
multiplicity and momentum distributions of charged particles. These event shapes will
provide valuable input to tune MC tools used to simulate high-energy neutrino events,
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Data Vs Model
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● DIS becomes dominant in this energy regime. 
● Structure functions are the key ingredient. 
- Bodek-Yang: structure functions constructed using LO expressions and including correction 

factors to describe the low Q2. Widely used in the few GeV regime. 
- CSMS/BGR: structure functions using NLO coefficient function in pQCD. Main models used in 

the neutrino telescope community. 
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x-Q2 phase space
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● Neutrino-nucleon interactions probe different regions of the x-Q2 phase space  
- <1TeV: Low Q2 become relevant. 

• pQCD formalism fails for low Q2 -> models apply a low Q2 bound.
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pQCD

Alfonso Garcia     |    FPF meeting, 31/01/2022 5

● Lower Q2 bound has a significant impact at E<1TeV. 
● 10-15% contribution from charm production: 
- CSMS and BGR use different heavy quark formalisms -> almost identical charm contribution. 

● Using same integration boundaries and heavy quark formalism, still 5% discrepancies. 
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PDFs
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● In the TeV regime x>0.01 and Q~10GeV dominates. 

● PDFs disagreement ~5-10% in this region (F3~uv/dv and F2~∑). 
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Figure B.2. Comparison between NNPDF3.1sx+LHCb (used as reference for the normalisation),
CT18, and HERAPDF1.5, with the corresponding one-sigma uncertainty bands. We display the
gluon, the total quark singlet, the up and down quark valence distributions, the up and down quark
sea, and the total strangeness at Q = 15 GeV in the x region relevant for neutrino-nucleus scattering
with E⌫ ' 5 ⇥ 103 GeV. The HERAPDF1.5 error band includes only the contribution from the
experimental uncertainties but not from the model and parametrisation errors.

which smoothly transitions onto a fit of structure functions for Q . 2 GeV, or a model-
dependent extrapolation as in [138].

B.2 Dependence on the input PDF set

As indicated in Table B.1, another difference between the CMS11 and BGR18 calculations is
the input PDF set, HERAPDF1.5 and NNPDF3.1+LHCb respectively. While the former is
restricted to HERA structure functions, the latter is a global analysis which also includes the
constraints from fixed-target DIS and weak gauge-boson production at colliders, among other
processes. For neutrinos of energy E⌫ ' 5⇥103 GeV, it can be shown that the inclusive cross-
section is dominated by the region around Q ⇠ 15 GeV and 0.04 . x . 0.6. The comparison
between these two PDF sets in this kinematic region is displayed in Fig. B.2, where the
corresponding results for the recent CT18 global analysis [107] are also shown. Specifically,
we show the following (combinations of) PDFs: the gluon; the total quark singlet; the up and
down quark valence distributions, the up and down quark sea, and the total strangeness.

Before studying the differences in the PDF sets, it is useful to note the PDF combina-
tions which enter the leading-order structure function predictions for an isoscalar target—see
Eq. (4) and Eq. (5) of [23]. For example, the prediction for F2 is proportional to the quark
singlet combination, while the leading contribution to F3 is from the valence content. From
the comparisons in Fig. B.2 one can observe that in general the quark PDFs are higher in
HERAPDF1.5 as compared to NNPDF3.1+LHCb. For instance, the quark singlet is 5% lar-
ger at x = 0.2, and the up valence distribution is 10% larger at x = 0.04. Combined with the
above information, the ' 5% difference found between the CMS11 and BGR18 calculations
in the region E⌫ ⇠ 5 ⇥ 103 GeV can be traced back to the use of different input PDFs.
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Figure B.2. Comparison between NNPDF3.1sx+LHCb (used as reference for the normalisation),
CT18, and HERAPDF1.5, with the corresponding one-sigma uncertainty bands. We display the
gluon, the total quark singlet, the up and down quark valence distributions, the up and down quark
sea, and the total strangeness at Q = 15 GeV in the x region relevant for neutrino-nucleus scattering
with E⌫ ' 5 ⇥ 103 GeV. The HERAPDF1.5 error band includes only the contribution from the
experimental uncertainties but not from the model and parametrisation errors.

which smoothly transitions onto a fit of structure functions for Q . 2 GeV, or a model-
dependent extrapolation as in [138].

B.2 Dependence on the input PDF set

As indicated in Table B.1, another difference between the CMS11 and BGR18 calculations is
the input PDF set, HERAPDF1.5 and NNPDF3.1+LHCb respectively. While the former is
restricted to HERA structure functions, the latter is a global analysis which also includes the
constraints from fixed-target DIS and weak gauge-boson production at colliders, among other
processes. For neutrinos of energy E⌫ ' 5⇥103 GeV, it can be shown that the inclusive cross-
section is dominated by the region around Q ⇠ 15 GeV and 0.04 . x . 0.6. The comparison
between these two PDF sets in this kinematic region is displayed in Fig. B.2, where the
corresponding results for the recent CT18 global analysis [107] are also shown. Specifically,
we show the following (combinations of) PDFs: the gluon; the total quark singlet; the up and
down quark valence distributions, the up and down quark sea, and the total strangeness.

Before studying the differences in the PDF sets, it is useful to note the PDF combina-
tions which enter the leading-order structure function predictions for an isoscalar target—see
Eq. (4) and Eq. (5) of [23]. For example, the prediction for F2 is proportional to the quark
singlet combination, while the leading contribution to F3 is from the valence content. From
the comparisons in Fig. B.2 one can observe that in general the quark PDFs are higher in
HERAPDF1.5 as compared to NNPDF3.1+LHCb. For instance, the quark singlet is 5% lar-
ger at x = 0.2, and the up valence distribution is 10% larger at x = 0.04. Combined with the
above information, the ' 5% difference found between the CMS11 and BGR18 calculations
in the region E⌫ ⇠ 5 ⇥ 103 GeV can be traced back to the use of different input PDFs.
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Conclusions

● FPF offer a unique opportunity to measure neutrino interaction in the TeV regime. 

● Different formalisms are available to explore neutrino cross sections in this range. 

● Several aspects still unclear. 
- A single model can not describe DIS from few GeV to PeV energies. 
- Effect of nucleon and nuclear PDFs. 
- Parton showers using >LO formalism. 
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