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Introduction
Neutrinos at the LHC

* The hadron collisions at the LHC produce a myriad of hadrons, which can produce
neutrinos via weak decays

— The neutrinos are never observed by central experiments e.g. ATLAS, CMS

- Similarly, there might be long-lived particles that are not observed at the IP

New forward

‘ O ( 1 0 Om ) experiments!
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* LHC neutrinos observed by FASER and SND@LHC!

- However, only little statistics expected during LHC Run Il

A — Hi-Lumi LHC: purpose-built detectors are proposed for studying the v beam
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What about neutrino flux uncertainties?

Predictions for the incoming neutrino flux can be obtained using e.g. various
generators, based on different models for neutrino production

- Model assumptions affect shape & magnitude of resulting neutrino spectra,
predictions differ greatly

— Previously unexplored kinematic region, MC generators will need new tunes

Important step in understanding SM and the stream towards refining BSM
searches: large differences between flux predictions, uncertainties are potentially
large. Ensure physics effects are not covered by uncertainties!

Using Fisher information, estimate the ultimate uncertainty for the flux by
parametrizing correlations between a broad set of different predictions

- Projections for various exclusion bounds at existing and proposed detectors

~
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Workflow

/Predictions for \

Software package available at github
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Parameters p changing
produced v distr.

Param. p’ cmanging
observed v distr.

Find info matrix for observed spectrum m(A,p,p’) # profiling » constraints


https://github.com/makelat/forward-nu-flux-fit

The neutrino spectra

Separate spectra for neutrino flavors (no outgoing lepton charge discrimination here)
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Physics applications — enhanced strangeness
and the cosmic ray muon puzzle

Primary Cosmic Rays °

- -
-
-

A
K35 2024/5/16
NCBJ

See e.g. arXiv:2105.06148 [hep-ph] for a review

Muon puzzle: 8o deficit of high-E muons in air
shower simulations (QCD) vs measurements

Is the distribution of produced secondary particles
predicted correctly by current models?

- Enhancement of s production would increase
number of muons

- Should lead to less pions and more kaons at
LHC (Enhanced strangeness hypothesis)

Reweigh the counts of neutrinos associated with
pions by (1 - f;), and those from kaons by (1 + F f;)

Phenomenological factor,
account for difference in
Tt | K production rates

arXiv: 2202.03095 [hep-ph]:
f.=0.5 could explain the cosmic ray muon excess



Enhanced strangeness
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At LHC energies,
fs might also have

lower values \

FLARE f; < 0.01 (FASERv 100% data x eff.)
FLARE f; < 0.003 (FLARE 10% data)

FLARE f, < 0.001 (FLARE 100% data)
FLARE f,=0.5 =
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Discovery potential:
examine cases with
non-zero baseline f;

Baseline (f=0.0), 3 radial bins

FLArE baseline unc. (100% data)

102 103
E, [GeV]

101

102
E, [GeV]

103

~0.5
Possibilities for
solving CR puzzle
FASERv disc. (SIBYLL, low E,_, no v¢)

FASERv discovery (SIBYLL)

FASERV (QGSJET, eff. cuts) Ultimate

constraints
restrict the
FASERv (EPOSLHC, eff. cuts) _q g region
already at
FASERv (SIBYLL, eff. cuts) FASERv

For further
possibilities,

power already

at 10% of gl ARE (SIBYLL)
FPF data
1074 1073 102 10! 10°

fs



Non-standard interactions (NSI)

(See doi:10.1007/JHEP10(2021)086)

 Extend the SM Lagrangian by dimension-6 EFT terms
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Projected FPF limits improve the
constraints significantly already
after 10% of data taking. Full result
will improve select operators’ limits
by an order of magnitude

Profiled over all A (3 R bins)

FASERv (90% CL)
—— FASERV2 (10%) (90% CL)
—— FASERV2 (100%) (90% CL)
Previously excluded
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https://link.springer.com/article/10.1007/JHEP10(2021)086

Neutrino tridents

W A
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 (Observations claimed at
- CHARM I, 30, E,~20 GeV

- CCFR, 30
E ~160 GeV
- NuTeV v

~
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Neutrino-induced charged lepton production in Coulomb fields of heavy nuclei
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SM BSM: also Z’
vy N — VgN£+€_ (W, Z)
o This work:
vyN — vy NO™Y (Z) focus on
wN — vp NOTI— (W) charged

* NuTeV identified additional b.g. (diffractive
charm) not considered in other measurements

-  How conclusive are the results?

* LHC forward experiments:
— region of interest up to ~5 TeV
- New E, range, but below W production




Many thanks to M. Fieg, F. Kling
and FPF colleagues!

The SM trident signal . Tizht mesons | Charm hadrons
cS  (nK) (D, A)
: : : : = @ SIBYLL 2.3d | SIBYLL 2.3d
e Consider processes with two muons in the final state % :’%{ EPOS_LHC BKSS
_ : - R - O o - BKRS (NLO)
Background: DIS dimuon production, incoming v, £ 5 QGsIET II-04 | BDGIKR (NLO)

- Trident signal: incoming v,, v,, v, (v, dominates)

— High-z targets optimaI! Possibilities for other charged leptons
-~ — N
Name Mass | Target | On(Off)- Li_n%,TeVu o Neutrino Tridents, vN — v N1 (™
[tons| | nucleus | -Axis x10'7 [em™?] [pfp | ptp (fs=05) | ete | 7h7 | efp® | efrT | pfr¥
Run 3 (150 fb~1)
FASERv 1.1 \WY% On 252 0.22 0.54 0.24 | 0.0029 | 0.83 | 0.035 | 0.060
SNDQ@QLHC 0.83 W% Off 252 0.024 0.06 0.03 | 0.0002 | 0.10 | 0.004 | 0.004
HL-LHC (3 ab™ ')
FASERv2 20 \WY% On 252 40 97 44 0.51 150 6.3 10
AdvSNDQLHC (Far) | 5 W Off 252 2.2 5.3 27 | 002 | 90 | 03 | 04
FLArE 10 LAr On 8.56 4.5 11 4.5 0.07 16 0.7 1.2
FLArE-100 100 LAr On 8.56 26 63 27 0.37 91 4.1 6.8
NuTeV-like (Fe) 95 Fe On 65.4 21 52 i 0.29 76 3.4 5.5
NuTeV-like (Pb) 135 Pb On 154 48 116 57 0.45 190 7.0 10

QQ) 2024/516  Trident processes computed using codes of 1406.2332 [hep-ph]
NCBJ and 1902.06765 [hep-ph], many thanks to W. Altmannshofer!



Signal vs background

front

veto Interface _VEt0 iron
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Signal event ....................................................
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matching

* Signal: two muons originating from one vertex
* Expect a high- and low-E muon in signal events
* To resolve the signal, apply the cuts:
- Require exactly 2 muon tracks
- Maximum decay length: 2 mm

- - Max. angle between muons: 0.1 rad
&@3 2024/5/16
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Great potential for E, [GeV]
conclusive observation
of v tridents at FASERv2!



Constraining 4-Fermi muon interactions

* Parametrize new physics interfering with
muonic interactions by modifying the vector
and axial couplings

qy = 1-+éisﬂf20pv + Agy
ga = —1+ Aga,
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04r(Agy, Aga) = osm contours for W, v,

— E, =3 GeV
— E, =10 GeV
— E, =32 GeV
—— E, =100 GeV
— E, =316 GeV
E,=1TeV

—4 -3 —2 -1 0
negligible, rendering g,, g, behavior symmetric




Constraining 4-Fermi muon interactions

The high E enables

FASERvV2 to complement
projected DUNE bounds
even with limited statistics!
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At high energies muon mass becomes
negligible, rendering g,, g, behavior symmetric

A vuN-v,u
— FASERL2 = —"
....... FASERV2 (50%)
31 ---- DUNE (25% unc.)
CCFR
2_ ::: Pl ~
oy :
| ;
: A
11 _e;
| H]
1 i
w\ 1
0 ~ -
i /
_1_ ~~~~~~~~~~~~~ g
Z_M :
_5 —4 -3 -2 -1 0
Agy




Summary and outlook

* Presented a model & public software package for evaluating ultimate
precision and effects of various physics cases on forward neutrino spectra

 LHC forward neutrinos have the potential e.g. for
— Solving the cosmic muon ray excess
— Great constraining potential for neutrino NSI & 4-Fermi interactions

— Conclusive observation of neutrino trident interactions
* Probe physics at the EW scale and below
* Also non-u+u- final states may be possible (no prior observations!)

) Thanks for your
&8 20245116 attention!
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