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. . SSC and LHC,
Collider neutrinos as probes of QCD s coliisions to make

pions, kaons, charm
hadrons, etc, that decay
into neutrinos + X.

Early discussions
including:

deRujula & Ruckl (1984)
Winter (1990)

deRujula, Fernandez & Gomez
(1993)

Vannucci (1993) and others.
Al i ‘ Currently, FASER» and
atlas.cern/about :
deRujula and Ruckl, 1984 SND@LHC installed for
Run 3 based on this idea.

CERN TH 3892
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Purpose-built Forward Physics Facility initiative
Underground facility ~620 m far forward from the ATLAS IP, shielded by ~200 m concrete

and rock. FPF expemments to detect|~ 10° neutrino 1nteract10nsl energies up to a few TeV.
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Relatively low cost —
neutrinos are free!

Need the facility
infrastructure and

detectors designed
for Standard Model

and BSM Physics.

FPF White Papers: arXiv:2203.05090 (“long paper”), see also Anchordoqui et al. Phys. Rept. 968 (2022) 1 (“short paper”)l




" Purpose-built facility (FPF)

" Suite of experiments for standard model and BSM
physics, a versatile program.

= Exploit HL-LHC with relatively low cost.

sterile
neutrinos

axion-like

lepton
particles P

universality

dark
photons V non- v /
. standard tal,"
quirks ‘{ interactions neutrinos

millicharged  neutralinos neutrino
particles MCs

Beginning Fall 2020: CERN PBC civil
engineering study started. Preferred
location identified.

nuclear
PDFs

orwarriysics GOy - sFeL

dark
sectors

DM -
. . . . dynamics
Possible timeline: scattering | )
inelasti intrinsic low-x
inelastic charm ’ PDFs

DM

* Civil engineering, construction of experiments

forward
hadron
production

inflaton prompt
DM atmospheric
indirect heutrinos muon

detection puzzle

during long shut-down.
" Beginning of Run 4 — installation of services.
* Mid Run4 — installation of experiments.
(Access FPF during LHC running.)

FPF White Papers: arXiv:2203.05090, edited by J. Feng, . Kling, J. Rojo, D. Solding, MHR.
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How torward 1s forward? New kinematic regimes

Run 3 Detector FASER» 1.2 ton, 25 cm x 25¢cm
Name Mass Coverage | Luminosity _ g5
FASERv | lton | 7> 85 150 fb—1 on axis, 1) > ©.
SNDQLHC | 800kg | 7<n <85 | 150 fb~* SND@LHC 800 kg, 39 cm x 39 cm
FASERV2 20 tons n 2 8.5 3ab & | off axis, 8.5 >n > 7
FLArE |10 tons n27.5 3 ab~!
AdvSND | 2tons [7.2<1n<9.2[ 3ab! Run 3: Detectors are installed and
AdvSND (“near in range 4 < 7] < 5 taking data with ~30% emulsions.
SND@LHC B , FASERy
O/of;qe y Charged forward jets charged particles (p<7 TeV) \‘\,\C““\(\ I"S m
Neutrinos RES N ﬂ\“ﬁﬁ;@'
e e > il
AW ES—— LHC bl LHC magnets =
= 100 m rock magnets p-p collision at IP 480 m ~100 m of rock 5
’c:% = of ATLAS \f\\’
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LHC neutrino physics
FASERv pilot: demonstration of

H()W fOfWﬂfd iS forward? potential and neutrino candidate events.

Detector
Name Mass Coverage |Luminosity
FASERv | 1 ton n > 8.5 150 fb=!
SNDQLHC | 800kg | 7<n <85 | 150 fb~*
FASERv2 (20 tons| n 2 8.5 3 ab~!
FLArE |[10tons| n=>7.5 3 ab~!
AdvSND | 2tons [7.2<1n<9.2| 3ab*!

AdvSND (“near”) in range 4 <n < 5

SND@I.HC

SCATTERING AND I}
NEUTRINO DETECTOR

_—l
100 m rock

7/18/2022

oo™ B\

Charged

magnets

480 m

p-p collision at IP

FASER, Phys. Rev. D 104 (2021) 1.091101

beam collision axis

29 kg “suitcase size” prototype detector,
480 m from interaction point, for 12.2 fb !

in pp collisions at 13 TeV.
| FASERv
forward jets charged particles (p<7 TeV) \‘\,\C“)ﬂ(\e I~5 m
'""'""""""Héﬂ}}};{gfﬁé}fﬁ,ﬁg{gﬁ ............. > FA\SER
LHC magnets gq’

\
~100 m of roclj
[

480 m ~
o

of ATLAS

~
N
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* Purpose-built facility (FPF)

* Suite of experiments for standard model and BSM
physics, a versatile program.

* Exploit HL-LHC with relatively low cost.
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dark
photons v npbn- v (
tau
i . . neutrinos
quirks { injeractions
neutrino

millicharged  peutralinog
particles Mes

Beginning Fall 2020: CERN PBC civil
engineering study started. Preferred
location identified.

nuclear
PDFs

iy sics Ol BrkL

dark
sectors

DM .
Possible timeline: scattering | dymamies
. . . . . . . . intrinsic low-x
* Civil engineering, construction of experiments e charm w PDFs
during long shut-down. nflaton prompt hadron
. . . . . DM atmosp'herlc roduction
* Beginning of Run 4 — installation of services. indirect | neutrinos muon P
detection puzzle

* Mid Run4 — installation of experiments.
(Access FPF during LHC running.)

FPF White Papers: arXiv:2203.05090, edited by J. Feng, . Kling, J. Rojo, D. Solding, MHR.
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QCD 1in pp and vA collisions

hadron propagation

neutrino interactions
(all 3 tlavors, from

different hadron

sources) on

hadron production
that ultimately

yields neutrinos
of all 3 flavors

FPF

neutrino DIS at
the TeV scale {’

hadron
fragmentation

probing intrinsic charm

nuclear targets

strangeness
from dimuons

BFKL dynamics,
non-linear QCD, CGC

forward D-meson
production

constraints on proton &
nuclear PDFs from neutrino
structure functions

ultra small x proton structure

arXiv:2203.05090



QCD 1in pp and vA collisions

hadron propagation

‘ 1. Neutrino fluxes

ATLAS

hadron

probing intrinsic charm ermerE

BFKL dynamics,
non-linear QCD, CGC

forward D-meson
production

q.8
/

ultra small x proton structure

FPF Snowmass white

paper, 2203.05090.
7/18/2022

o

Mary Hall Reno, University of Iowa

2. Standard model

FPF neutrino interactions

neutrino DIS at
the TeV scale

? on nuclear targets

-

strangeness
from dimuons

74W

constraints on proton &

nuclear PDFs from neutrino
structure functions

3. Briet astroparticle

physics connection.
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Neutrino fluxes



V; + v; fluxes at detector

— — N2:=
K —— DA

Fluxes in forward region evaluated with several
MC generators of hadronic interactions for
cosmic rays and forward physics + Pythia 8.2

Monash.

Kaons dominate lower energy v, + V,.

Pions dominate lower energy Vy + Vy.

High energy neutrino fluxes from charm —

perturbative QCD

In fact, v; + v; all from charm.

5/26/2022

arXiv:2203.05090

see also Kling & Nevay, PRD104(2021)113008

Neutrinos [1/bin] Neutrinos [1/bin]

Neutrinos [1/bin]
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X [m]

y [m]

Hadrons to neutrinos

Kling & Nevay, PRD 104 (2021) 113008

Neutrinos from hadron decays:

—— beam pipe —— proton beam . . .
or0| - By Ry 1 | = Full simulation with
I R A BDSIM/Sibyll 2.3d to estimate
0.00 T collimators IlCUtl'lIlOS ffom dOWﬂStfeam
—O-OS-W hadronic showets.
TAS . —_
~0.10] A Sub-dominant, e.g., v, + V;:
o10] == bemae jp U 28 preBlEEN 0.4% of total E,>1 TeV
—— 't with E=1TeV - nt with E=2TeV
O'OS'JLWH\— LM_L 4% of total E >30 GeV
0.00 -—————-————‘“5’/’_\ B
. OSW Most neutrinos at FPF come from
hadrons that decay in the beam
—0.101
0 221_3 Quadrupi)l‘: > Dlp7(')5Ie 100 125 15Do2 oeee 175 200 Plpe-
z[m]
7/18/2022 Mary Hall Reno, University of lowa 12



v + V; tluxes at detector

NLO perturbative QCD evaluation, PDF and

MC evaluations — all charm. large scale variation uncertainties (green). Tied
DPMJET & Pythla IlOt tuned for charm. to LHCDb charm producmon
""" 13
10% .1m><1m- Ve + D¢ | --- DPMJET 3.2017  —:— Pythia8 10 ‘ e S
] [ — SIBYLL 2.3d
510 e T 110w
2 T R SR 2
s | iy <
45‘ 1010 - ’_lj_.J ”J——- — 1| : E
= - = 101
I N ABMP16'”m'T”2' |
100 ~ NNPDF3.1, mps
L u 10 R
L0 - 402 103 10 10! 107 103
Neutrino Energy [GeV] o E, [GeV]
Bai, Diwan, Garzelli, Jeong, Kumar, MHR,
arXiv:2203.05090 2112.11605 and 2203.05090, central set PROSA19,

see also Kling & Nevay, PRD104(2021)113008 Zenaiev, Garzelli et al.,, JHEP 04 (2020) 118. 13



ATLAS FPF

Charm production e

Forward neutrino 1,, correlated with ..

meson=charm meson

CASE [: 7.2< Nmeson <8.6

«  Many opportunities:

" PDFs, small x and large x p \
o ®m PDFs, intrinsic charm

" Treatment of heavy flavor + > B;b\@z_.. v

+ ™ Fragmentation, spectator effects,

forward baryon production

" Higher order effects, intrinsic kT

"l = Particle/antiparticle asymmetnes
A. Di Crescenzo for SND@ILHC, 3™ FPF Meeting

Short white paper 2109.10905
02 Dec 2021 Mary Hall Reno, University of Iowa 14



Charm production for neutrinos

New kinematic regimes. Small-x region for PDFs:

forward charm: high rapidity, X; > X, in gluon PDF ® PDF fits and uncertainties

10° " Jarge In(1/x) and resummation
D-meson " collinear and kT factorization approaches
s production " small-x gluon saturation
2 21| for FPF
o 1071 L NNPDF31sx DIS only, Q = 100 GeV
@ : N N
% Y \\ gluon PDF ratio \\
= — S
5 ;% 11 = §
g 10% 4 M 5
£ : ~ \\\X\\
£ S 1.0 >\\ \\\\\\\W\\\\\\\\\\\\\\?\\\W\\\
E ~
S oo § with and without \
5 O small-x resummation \
0.8
100 Ny NNLO
D

10-7 106 105 10~* 103 102 10! 100 | | —NNLO+NLLx | |
. 0-7 L1 L1t L1 vl L1 1 111l 1
Momentum Fraction x 10-6 10-5 10-4 10-3 10-2 10-1 10°

arXiv:2203.05090 )
7/18/2022 Mary Hall Reno, University of Iowa 15



Charm production for neutrinos

Large-x region emphasized:
forward charm: high rapidity, x; > X, in gluon PDF

" charm sea and potentially intrinsic

103
charm, e.g.: fitted charm (a la CT),
D-meson
, meson cloud model, BHPS model
= production 1 Pock ’
% Loz for FPF wit OCKk states w CC
5 : See also, e.g., Glannini et al, PRD 98 (2018) 014012
E 3 & ~ 0 0
: 10° N D° + DY Dz
S _ NG TF = pmaz
(IC) 101 - :5- 102 Rl z
5 £
= 3 1 .
© 10 N
N3 .
< N
0 no IC, total N
100 , . 10" I BHPS?2, total - - - - - N
107 10-6 10-° 104 1073 102 1071 10° MC2, total ——~ N )
Momentum Fraction x 1! SL2, total -- -- - N N

0 01 02 03 04 05 06 07 08 09
X
F

arXiv:2203.05090
7/18/2022 Mary Hall Reno, University of Iowa 16




Standard Model neutrino
interactions



Neutrino interactions

2203.05090
Detector Number of CC Interactions

Name Mass Coverage |Luminosity Vet Vg vty 7

FASERv | 1 ton n > 8.5 150 fb=1 || 901 / 3.4k | 4.7k / 7.1k | 15/ 97
SND@QLHC | 800kg | 7<n <85 | 150 fb—! 137 /395 | 790 / 1.0k | 7.6 / 18.6
FASERv2 |20 tons n 2 8.5 3 ab~1 178k / 668k | 943k / 1.4M | 2.3k / 20k
FLArE |10 tons n275 3 ab—! 36k / 113k | 203k / 268k | 1.5k / 4k
AdvSND | 2tons [7.2<17<9.2| 3ab* 6.5k / 20k | 41k / 53k | 190 / 754

Estimated number of CC interactions for Run 3 and HL. LHC. Sibyll 2.3d/DPM]Jet 3.2017

Ur Ur Vr + Vs Vr + Vs
(;J,R, ,U,F), (k’T> (1, 1) mr2, 0.7 GeV
scale(u/1) PDF(u/l) Tint
FASERv2 2296 | 1088 | 3384 | +3144/-2519 | +786/-1089 + 77
Ny > 8.5, 20 tons (W)
Ny, > 6.9, 10 ton (Ar) || 529 | 257 786 +692/-575 +152/-229 +11
(/,LR, ,U,F), (k‘T> (1, 2) mr, 1.2 GeV (]., 1) mr 2, 0.7 GeV
PDF PROSA FFNS NNPDF3.1 CT14 ABMP16
FASERv2 3808 | 1804 | 5612 3552 6492 4338
N, > 8.5, 20 tons (W)
My > 6.9, 10 ton (Ar) || 953 | 465 1418 748 1202 944

Estimated number of CC interactions for HL. LHC, from NLO QCD w PROSA pdfs.

Ballpark for CC at
HIL-LHC:

= 200 Kv, + v,
" T My, +v,

= 5 Kv;+v;

Bai, Diwan, Garzelli,
Jeong, Kumar, MHR,
2112.11605 &
2203.05090
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Neutrino CC DIS cross sections
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" Charge separation for muon neutrinos and tau neutrinos.

Neutrinos and antineutrinos.

" Many more tau neutrinos!

7/18/2022

Mary Hall Reno, University of Iowa

v, spectrum I(a.u.)

102 10° 10*
E, (GeV)
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Q? [GeV?]

VA collisions

106 |_r NC DIS LHCW () LHCZ2j Excluded by cuts 1_]
F CCDIS () FTDY () LHCbD® 3

LHC Z () LHCx

5
10 '§_ Hard-scattering data on nuclear targets

* Extends (x,0) coverage for nuclear

as targets.
WE 1 TeV v . SIS o SCLS .
0L o g { ™ Shown here, for 1 TeV neutrino
f — energy, along with hard scattering data
107 Y L on nuclear targets
o] oozfzogoo * Tungsten, argon targets
IUCICI .' . yv 4 3 , aIg geLs.
10° 3 'l:. -t: .i 4 L’J i )
10-!
ol co ol sl Lol sl L
105 10° 10+  10° 102 10" 100
xZ
2203.05090
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Nuclear etfects in neutrino scattering

charged leptons neutrinos

———W=0 1o neutring
T

. :.............:........S ...... E.....E....,:....E...i...Z.....................:_ .......... ..i........: ...... :,.....E.. ..:...{.._:_ 0'80_ ................. :,............:........,:......E ..... E.....:....E...i...: .................... :,.........,.i ........ '......:,.....E....i....i..
: . — —— w=00 only neutrino data | | = : . ——— w=i00 only neutrifio data | |

i i I S R N N | i I i i 1 I B A i i R S S T

50_95 ___’i, ...... R O s ot e Tl ..... s ,,‘ .....

1072 107" 1 1072 10™"
X X

Fits from Kovarik et al, PRL 106 (2011) 122301, as shown in 2203.05090 for Q* = 5 GeV~.

= Ratios of I, for iron and free nucleon for a) charged leptons (BCDMS & SLAC
experiments) and b) neutrino scattering (NuTeV).
* Difficult to satisty lepton EM and neutrino CC scattering with nuclei.

7/18/2022 Mary Hall Reno, University of lowa 21



Straﬂge PD F " inclusive DIS

" dimuon production (neutrino

sat 10 Gev production of charm)

3.0 4 [Z—1 NNPDF4.0 (global) (68% c.l.)
3 =1 NNPDF4.0 (no neutrino DIS) (68% c.l.) B fol dxx[s(z, Q) + §(z, Q)]
o 2.5 S — 1 _ —
C Jo dzzla(z, Q) + d(z, Q)]
© 2.0 . .
3 K,=05| | K, =1
S .. | ATLAS-epWZ16 | = i
= s s
S 1.0 | |
= ¥— cTig !
© i i
=05 — CT18A |

0.0 . . . . : —+— MSHT20

0.2 0.4 0.6 0.8 1.0 i i
X : —e— NNPDF4.0:(gIobaI)
NNPDF4.0 normalized to central value of default PDF set. i —«&— NNPDF4.0i(no v DIS)
| I | | I |
' 0.2 0.4 0.6 0.8 1.0 1.2
Figs. from 2203.05090. Ks(Q = 1.6 GeV)
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QQuasi-elastic, resonant, shallow interactions

Batell et al.
DISCOVERING DARK MATTER AT THE LHC THROUGH ITS ... PHYS. REV. D 104, 035036 (2021)

TABLE I. Expected event rates for charged current quasielastic (CCQE), charged current resonant (CCRES), neutral current
elastic (NCEL), and neutral current resonant (NCRES) interactions of neutrinos in the FASERv2, FLArE-10, and FLArE-100
detectors. The results for CC interactions are given for each neutrino flavor separately, while, for the NC events, all the contributions

are summed up.

CCQE CCRES NCEL NCRES
Detector v, v, Yy Uy v, U, v, v, Yy Uy v, U, All All
FASER»2 57 50 570 355 1.9 1.6 170 183 1.6k 1.1k 5.4 5.1 170 1.3k
FLArE-10 43 40 425 260 2.0 1.6 120 140 1.2k 860 5.6 5.1 130 940
FLArE-100 325 290 3.3k 2k 20 15 930 980 9.2k 6.8k 54 50 980 6.5k

FASER22 and FLLAtE-10 with 10 tons, FLArE-100 100-ton LAfTPC. Numbers for LHC-HL 3 ab-! with Sibyll 2.3¢
in CRMC.

* About 10% of acc(VN) is from 0<1.3 GeV for E;, = 100 GeV in “DIS” evaluation.

" Resonant production below a TeV (p™) for V, € scattering, Brdar et al. PRD 105 (2022) 093004
7/18/2022 Mary Hall Reno, University of lowa 23



Astroparticle physics connections



Astroparticle physics connections — prompt
atmospheric neutrinos

10-2 BPL=broken power law; H3a=cosmic ray flux Prompt neutrinos are a baCkngU—nd
| PROSA FENS | to the diffuse astrophysical flux for
Yyt Yy, — y:all ----- y>0 o 2<y<45 - .
_____ is underground neutrino detectors.
— S<y<72 y>172
'_I;-d
Tm 103+ — Conventional BPL __— LHCDb

______
-
—‘ ~§~ -
’
T . ST
/1/' ~2
’ ~
/// ~~
’ ~
, ~
', ~
// S
7’ S
’
.

charm production and decay

\ : prompt atmospheric neutrinos

T R T R ‘ 'y 1s charm rapidity in collider frame

E, [GeV]
2203.05090, see also Jeong, Bai, Diwan, Garzelli, Kumar, MHR, 2107.01178
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Interplay between FPF and cosmic ray measurements

and modeling

Cosmic ray air shower Monte Carlos
Energy distributions of pions and kaons relative to EPOS.

" Neutrinos as proxies for charged mesons:

'— T T T T T T 1] T T T T "'" T l—|
n| > 7 HT .
I Pion and kaon spectra at 14 TeV ] .8, encrgy distribution of
0.6 bmocrotro. ___(ggelatlve to EPOS) Hls - = Modeling of cosmic ray air showers.
"""""""" w1 1]+ = Hadron multiplicities. Ve/ Vi
0.2- l‘ 7 ® FPorward strangeness and atmospheric
P e ] muons: the muon problem (too many
—0.2+ i Y I B - - -
______ 4 [ ] muons in HE cosmic ray air showers).
06 | See, e.g., Anchordoqui et al., JHEAp 34 (2022) 19.
[ — QGSIET-T1-04 — charged pions ]
1 ¢ ——SIBYLL 2-:131) o --1 cllla‘rg"cd kaons | s
10 10° 10
FE [GeV]
7/18/2022 Mary Hall Reno, University of lowa 26
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Summary and final remarks

= Neutrino fluxes:

" High energy neutrinos and all of tau neutrinos and antineutrinos come from
heavy tlavor decays. Very forward means large-x and small-x regimes for PDFs.
Can tie heavy tlavor predictions to LHCb and DsTau (NA65) with 400 GeV
proton beam, also to the prompt atmospheric neutrino flux.

" Prediction of neutrinos from light meson decays related to simulations of
cosmic ray air showers: Monte Carlo developments.

" Ongoing assessments of Monte Carlo modeling, hadronization/fragmentation,
intrinsic pT, beam remnants, particle-antiparticle asymmetries.

Mary Hall Reno, University of Iowa 27



Summary and final remarks

" Neutrino fluxes:

" Neutrino interactions:

" Cross sections - dominated by DIS but also contributions of QE and RES, new
information for neutrino Monte Carlos.

" Nuclear effects

= PDFs in new kinematic ranges.

* Forward Physics Facility — a relatively low cost facility and experiments can leverage
the HL.-LHC interactions to do interesting physics to better understand the
fundamental physics of elementary particles, and perhaps, discover new particles
and forces (lots more in the Snowmass White Paper).

" QOur understanding of fundamental standard model physics (at the FPF and more
broadly) is required to “explore the unknown.”

Mary Hall Reno, University of Iowa 28



7/18/2022

Mary Hall Reno, University of Iowa

29



Costs and timeline

Very preliminary:

= 25 MCHEF for Civil Engineering
= 15 MCHEF for Services

" say $10M/experiment

Possible timeline:

* Civil Engineering during long shutdown

= [nstallation of services at start of Run 4

" Install experiments to be ready during
the last stages of Run4 and HL era

Mary Hall Reno, University of Iowa
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