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Forward Physics at the LHC has become a very active topic

Many models predict an intense flux of BSM particles in the forward
direction

SM predicts intense neutrino beam of all 3 flavors



Forward Physics — Neutrinos

FASERV: v, + Ve

Neutrinos dominantly
produced from hadron decays

Highest energy neutrinos made
in a lab setting

In Run 3, > 10! neutrinos
passing through FASERv, and
O(1000) neutrino interactions
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Forward Neutrinos

* Once a background,

* Now a signal, LHC neutrinos have
been discovered at FASER and
SND

* Can neutrinos be used as a tool?

A. Neutrino-Induced Backgrounds

“...a very forward detector might be
able to detect a sizable number of
neutrino events...”

\

First Direct Observation of Collider Neutrinos with FASER at the LHC
FASER Collaboration




Forward Physics
Neutrino-nucleon cross section

One of the primary targets is the
neutrino cross section at uncharted
neut”no energ|es Accelerator v LHC v High-energy cosmic v
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Forward Physics at the LHC :
A Neutrino lon collider

FT DIS (current) ® FASERv @ FLArE10 ® AdvSND

° TeV neutrino energy Offers new EIC FASERv2 @ FLArE100
measurements in small Bjorken- AL L A &
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Outline

1. DIS pseudodata generation
2. Forward Physics Experiments
3. (n)PDF fitting results

4. Phenomenology implications



Deep-inelastic Scattering

Neutrino scattering off a nucleon can be described via

* Bjorken-x momentum fraction, Q2 momentum transfer, E,,
Two processes of interest

* Inclusive DIS

* Charm-tagged DIS

Charm-tagged DIS




Pseudodata Generation

* In bins of (x, QZ,EV) can write the binned event rate as

(4) (4) (7)
f ?nax Tmax Emax dNI/(EV) (dQO-(xa Q27 EV)
Q@

2() ) ) Jp@) dE, dzd()?

min min min
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V-nucleon cross-section



Pseudodata Generation (charm)

* In bins of (x, QZ,EV) can write the binned event rate as

; Q12n(211.2( I'l(;i?ax EI(]?lc}iX dN E d2 vN—fl+e+X (. 2 E
N9 = npLyp f | f | / | v(Ey) ( d (z,Q", Ey) )A(m,QQ,E,,)dQQda:dEU
’ Qf}fiﬁ :1:1(111211 * Exg:i)n dEV

drdQ?
Qcoming Vv fID Experimental acceptance

V-nucleon cross-section
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Neutrino Flux

 Well known that there are flux
uncertainties in forward neutrino

distribution

* v, is smallestat ~ 10 — 20%

. dN
* Measurements constrain dT X o

* Future measurements and modeling will
improve on this leading to better
predictions of the flux
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DIS structure functions

* Double differential cross-section for (anti-)neutrino free-nucleon CC
scattering can be expressed with structure functions, F4

d2 vA 2 G2 4
o d(:j;ycg ay) - (1+5§j7;; )2 [Y+F21/A(1;’Q2) —yQFfA(:B,QQ) +Y_73F§’A(:UQ2)]
w
d2 A 2 G2 4 i ) )
- dgcxc;ycg . (1 +5§;r:2 3 (Y FE @ @) —y R (@, @) — V-2Ff (2, @)
w

e Structure functions contain PDF information
* Different quark flavor dependencies between NC and CC
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DIS structure functions — NC vs CC

e For illustration, with ny = 4 and diagonal CKM, structure functions for
CC neutrino NC lepton scattering can be expressed as (with Q% « Mé)

. CC: FyP(2,Q%) = 2x(fa+ fatfs+ fo) (2,Q%)
fqi = fqex Jg

NG FP@.@) = o (gl + fer)+ g U+ S]] (0,QP)

— Best sensitivity on quark flavor separation is to use CC from FPF and
NC from EIC



FPF Experiments

We consider experiments for Run 3 and HL-LHC
* Run 3 : FASERv and SND
e HL-LHC / FPF : FASERv2, AdvSND, FLArE-10, FLArE-100

* We assess the uncertainties and acceptances related with
reconstructing (x, 02, E)) or equivalently (£, E,,0,)

Ey En + B,
Q> = 4(En+ Eg)E;sin® (0,/2)
A(Ey + Ep)Ey sin? (00/2)
ZmNEh

BT =



FPF Experiments - kinematic coverage

* Increase reach in x and Q% by
almost an order of magnitude in
each direction

energy proposed at EIC

* Small-x region relevant for heavy
boson production in central
region
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FPF Experiments — systematics

Detector Rapidity Target Charge 1D Acceptance Performance
[
We study DIS event rate fpr — r—— S
ungsten
e I ECt rO n a n d m U 0 n n e Utr| n OS FASERv N, > 8.5 T ) muons tanfly < 0.025 (charge ID) 00y ~ 0.06 mrad
. .1 tonnes _ ) .
u SI ng SO m e be n C h m a rk reco E), & charm ID SEy ~ 30%
Syste m at|CS SND@QLHC7.2 <1, <84 AL g e n/a Ee, Ep 2,20 GeV n/a
(0.83 tonnes) 0, <0.15,0. <0.5
* Cuton Ehr Eg, 93
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Ch a rge I D a n d Ch a rm I D AdvSND-fdi:2 < 7, < 84 N muons 6, <0.15,6,. <05 n/a
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y
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FPF experiments —v,, event distribution at
FASERv2 and FLArE*

* O(1M) total event rate > ~500k after acceptance cuts

* Reach x~10°3
* Lower energy thresholds at FLArE
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FPF experiments — inclusive (charm) event rates

Detector N, Ny, N,, + Ny, N,, Na, N,, + Np,
FASERv 400 (62) 210 (38) | 610 (100) || 1.3k (200) | 500 (90) | 1.8k (290)
SND@LHC 180 (22) 76 (11) 260 (32) 510 (59) | 190 (25) | 700 (83)

FASER»2 116k (17k) | 56k (9.9k) | 170k (27k) || 380k (53k) | 133k (23k) | 510k (76Kk)
AdvSND-far 12k (1.5k) | 5.5k (0.82k) | 18k (2.3k) || 40k (4.8k) | 16k (2.2k) | 56k (7k)

FLArE10 44k (5.5k) | 20k (3.0k) | 64k (8.5k) || 76k (10k) | 38k (5.0k) | 110k (15k)
FLArE100 290k (35k) | 130k (19k) | 420k (54k) || 440k (60k) | 232k (30k) | 670k (90k)

* v, dominates the event rate over v, by a factor of 2-3
e HL/FPF brings ~ 250x more events beyond Run 3 counterpart
e Charm production is ~15% of event rate = strange PDF
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Systematics uncertainties at FASERv2

e Uncertainties of
~10 — 30%

* Dominated by energy

reconstruction

e Statistical errors <
10%
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PDF fitting strategy

* PDF4LHC21 - proton We take two cases

 xFitter with Hessian profiling with

prior proton PDF sets 1. Statistical uncertainty only

« 5N =N
« NNPDF4.0 - proton m—>
* Direct inclusion into global PDF fit
* Cross-check for robustness and 2. With systematic uncertainties
stability with PDF4LHC21 added in quadrature

 EPPS21 — Tungsten Nucleus
* Nucleus correction *See paper for PDF fitting details



PDF fit summary

We make lots of comparisons in the paper
e FASERv(2)

 Statistics vs systematics
e Charm ID vs no charm ID
* Charge ID vs no charge ID

* Experimental comparison
 FASERv2 vs AdvSND, FLArE10
* Total FPF data

* NNPDF

e Consistent and robust results

* EPPS21

* Tungsten Nucleus
e gualitatively similar to proton PDF improvement

| will highlight a few



PDF fits — FASERv vs FASERv2
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oxu/xu,

PDF fits — FASERV2 stat vs systematics

1.05[%

dxg/xg
5Xs/xs

@?=10*GeV?
44 Baseline (BL)
< BL+FASERv2, stat

1.05

oxd,/xd,

o.gsl- - ol
sl A sl
10°° 102 10" N

s el i

P | .

MR | i

sl "

102 10" 10°° 102 107!

* PDF4LHC21 includes existing neutrino DIS measurements

* FPF still manages to improve!
* Gluon PDF unaffected - expected for a neutrino scattering experiment

* Huge improvement in strange quark
* Consequence of charm tagging!
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PDF fits — FASERv2 vs FLArE-10

(stat only)
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PDF fits — total FPF

* Results marginally improved with inclusion of additional data
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PDF fits —charm ID
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PDF fits —charge ID

SO S R XK XX S 5

t
B R 1>4r‘100‘
N RO &

T
AT,

B RS A N

I.’.F«;.«)AVJ
yaireeewmy

‘ LS NN N,
OOEZE RS
AN .y, v.v. Y
Hawaraaat v
, ISYX XX LS
AR AVAY4 Yava W

l_r"v”.”.” LA XD N

|||||||||

bbbbbbbb
44444444

-

\ﬂlﬂ"{.““ S X X XXX X XX XX et O
e — AR L TATATA ATATAT . ahhRe

XFitter

Ll

1 1 | I 1
~ ™ o
- o
A A
px/"pxQ
M -
o
o i
B
[+
L
o &
o S
2 R ]
= S\
o TN AN 7
1 6 i
A2 ]
O guwuw
<« 200
of g« 1
- =
o L L
n o + +
ST e e | -
Comm .
ANV ; :
1 1 1
n - n
S o
- o
Mx/ nxQ

1072 107"

1073

X

* Small improvement up, down

1072 107"

1073

tant

impor

ing =2 charge ID not i

in remain

* Negligible improvement

27



Phenomenology Implications

* What can we do with improved PDF
fits from FPF data?

* With collected data, have improved
understanding of proton quark content

I'LL SCRATCH )
YOUR BACK IF |
YOU'LL SCRATCH
MINE

ATLAS/CMS

-

* Look at quark-initiated processes of
heavy bosons at LHC!

* Excellent complementarity

LYMCH
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Phenomenology Implications

* Baseline vs systematics (FPF*) vs stat only (FPF)

* Forward measurements improve central predictions!
* Including process relevant for my, , and sin?8,, measurements

pp—= Hj+X  pp—=Z—U+X pp—)HW —>H€z/g+X
PDFALHC21_FPF*| — - I .
PDF4LHC21 FPF | — 1| — It —
PDFALHC21 | | e
1.5 L5 950 1000 0.0440 0.0445

g [pb} o {pb] o [pb]
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Conclusions

* We calculate neutrino scattering rates at the FPF, with detection
systematics folded in

* Neutrinos are a target and a tool for FPF

* We explore the impact that DIS measurements at Run 3 and the
FPF can improve PDF fits

* Despite wealth of existing data, FPF still manages to improve PDF
* Greatest gains in strange content due charm tagging
* Charge ID has small improvement

* Fits from FPF can improve predictions at ATLAS

* Future work includes using gluon PDF at small-x to constrain
production
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Faserv2 stat vs sys
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aserv2 charm vs no charm
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Faserv2 charge vs no charge
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aserv2 vs AdvSND
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aserv2 vs flare
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Fpf total
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Tungsten

10*GeV?
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Pheno pdf4
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