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FASER - Motivation
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Heavy New Physics

WIMP Dark Matter
ΩX ∝ 1

<σv>
=

M2
X

g4
X

Anomalies: (g − 2)µ

Hierarchy Probelm

Energy Fronitier

High pT signaures
⇓

σ(@LHC ) ∼ pb− fb
⇓

NL
int=300 fb−1

events ∼ 103 − 106
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Light New Physics

WIMPless Dark Matter
ΩX ∝ 1

<σv>
=

M2
X

g4
X

Anomalies: (g − 2)µ, 8Be

Pelthora of models: A′, a, hD , N , ...

Long-Lived Particles

Intensity Fronitier

Extraordinary event rates
Dedicated experiments:

beam-dumps

fixed-target

low-E colliders

conversion experiments

....
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The FASER Pitch / Summary Slide (1/2)

Look for Long-Lived Particles @LHC

Huge Event Rate

σinel
pp ∼ 75 mb @

√
s = 13 TeV

NL
int=300 fb−1

pp ∼ 1016

Forward
θ ∼ ΛQCD/E ∼ 1 mrad

for E ∼ 100 GeV − 1 TeV

Accelarator Infrastructure
Magnets + Absorbers

New Detector

L = 480 m downstream
from ATLAS/CMS IP{
R = 20 cm

∆ = 10 m
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The FASER Pitch / Summary Slide (2/2)

FASER can explore the Lifetime Frontier

small ⇒ relatively cheap

concurrent with LHC - no beam cost

Huge event rate NL
int=300 fb−1

pp ∼ 1016

large boosts ⇒ long propagation

LHC filters backgrounds

FASER: “The acronym recalls another
marvelous instrument that harnessed
highly collimated particles and was
used to explore strange new worlds.”

Photos by J. L. Feng

@Seattle StarTrek Museum exhibit
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Outline

LHC infrastructure and the FASER location

Learn by example - The dark photon physics case

Model characteristics

Production in the forward region of pp-collisions

Detector considerations

Backgrounds

Sensitivity Reach

Complementary experimental ideas

Outlook

Conclusions
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LHC Infrastructure

The LHC beam-lines run in tunnels which consists of 8 straight,
545 m long Intersections and curved Arcs connecting them.

The forward region is common to IP1 and IP5 and includes the LHC forward
physics experiments: LHCf, TOTEM, CASTOR, ALPHA

Iftah Galon - Rutgers, NHETC April 4, 2018 HL/HE LHC Meeting 9



LHC Infrastructure

Intersection

Arc
IP D1 D2TAN

ArcIntersection

0 100 200 300 400  L[m]

D
TAS

far location

 x[cm]

 0

 +5

 +10

 +15

 -5

 -10

 -15

0 50 100 150  L[m]

Q1 Q2 Q3TASIP D1 TAN D2 Q4

ne
ar

 lo
ca

tio
n

 proton beam

 proton beam

proton ~ 4.5 TeV 

proton ~2 TeV 

neutral particles

dark photon

TAS: 1.8 m of copper, rhole = 17 mm θ ∼ 0.85µrad
TAN: γ, n: 5 m steel, marble, copper

D&Q magnets:

{
focus beams

deflect charged
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LHC Infrastructure

LHC infrastructure =⇒ filter of non-proton beam particles

FASER position: L = 485 m - after LHC curves

The Arc starts at L = 272 m, and the beam axis leaves the tunnel at L =∼ 350 m
=⇒ Rock shielding

Beam crossing angle at ATLAS/CMS IP 285 µrad vertical/ horizontal plane.
At HL-LHC, 590 µrad, orientation not fixed yet, and may change throughout run.
=⇒ At the L = 485 m this shifts the FASER vertical/horizontal location by 14.3 cm.

Iftah Galon - Rutgers, NHETC April 4, 2018 HL/HE LHC Meeting 11



LHC Infrastructure - Layout
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LHC Infrastructure - The TI18 Tunnel

Old LEP remnant. Now: tunnel has a detour.
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LHC Infrastructure - The TI18 Tunnel

Beam line passes through TI18

Image by Mike Lamont
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LHC Infrastructure - The TI18 Tunnel

The UJ18 hallway

Image by Mike Lamont
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LHC Infrastructure - The TI18 Tunnel

The TI18 tunnel. Note the incline ∼ 0.5 m

Image by Mike Lamont
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LHC Infrastructure - The TI18 Tunnel

The TI18 tunnel in FLUKA geometry + line-of-sight intersection

Images by F. Cerutti
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Learn by example:
The Dark Photon Physics Case

Other models studied:
Dark Higgses, Feng, IG, Kling, Trojanowski arXiv:1710.09387
HNLs, Kling, Trojanowski arXiv:1801.08947

Current work:
ALPs, Feng, IG, Kling, Trojanowski
iDM, Kling & Berlin
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Dark Photon - Model Characteristics

General motivation - Dark Matter =⇒ Dark Sector

The Vector portal

After field redefinition, and bringing to canonical form

Lint ⊃ −εeA′µJ
µ
EM

i.e., the A′ inherits the photon couplings to fermions: −εeQf ψ̄ /A
′
ψ

assuming mA′ � mZ the mixing is primarily with the photon. For heavier masses, there could be a dark Z ′
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Dark Photon - Model Characteristics

Dark Photon production σ ∝ ε2

Dark Photon decay width

ΓA′ =
ε2e2mA′

12πBe (mA′ )

[
1−

(
2me
mA′

)2 ]1/2[
1 +

2m2
e

m2
A′

]

Dark Photon mean propagation distance

d̄ ≈ (80 m) Be

[
10−5

ε

]2 [ EA′
TeV

] [
100 MeV

mA′

]2

competing effects: production & propagation

swath of uncovered parameter-space{
mA′ > 10 MeV

10−6 < ε < 10−3

Current status for visibly decaying A′

US Cosmic Visions 2017
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Production in the forward region of pp-collisions

Hadron decays: h→ A′X , primarily light neutral mesons
Decay driven by the chiral anomaly

B(π0 → A′γ) = 2ε2
(

1− m2
A′

m2
π0

)3

B(π0 → γγ)

B(η → A′γ) = 2ε2
(

1− m2
A′

m2
η

)3

B(η → γγ)

other modes are Phase-Space suppressed or have small branching fraction to γs

A′-bremsstrahlung in coherent-proton scattering, pp → ppA′

evaluated in the FWW approximation

QCD-like hard-processes
large uncertainties of PDFs at low-Q2, and small x
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Production in the forward region of pp-collisions

The forward hadronic spectrum

Traditionally - from UHECR

Recently: LHCf, TOTEM, ALFA, CASTOR
MC’s tuned to new data ⇒ now consistent
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Production in the forward region of pp-collisions

Representative point: ε = 10−4, mA′ = 20 MeV
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Note:

“inherited” spectra, p lab
A′ | ≈

1
2
pπ0,η[1 + cos θA′ + (m2

A′/m
2
π0,η

)(1− cos θA′ )]

spectra centered around pT ∼ ΛQCD

bremsstrahlung spectrum ∼ 1/p2
TA′ , Q

2 > Λ2
QCD
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Detector considerations

Decay-in-volume probability

Pdet
A′ (pA′ , θA′) = (e−Lmin/d̄ − e−Lmax/d̄) Θ(R − tan θA′Lmax)
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Many surviving A′’s, mostly with high-energy
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Detector considerations
N
s
ig
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R [m]Lmax

pT ∼ ΛQCD ⇒ π0, η contribution
saturates quickly

Bremsstrahlung saturates slower
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Detector considerations

Signal Characteristics:

two simultaneous opposite charge tracks with E > 500 GeV

tracks meet at a vertex inside decay volume

combined momentum points back to IP

small opening angle: θtracks ∼ mA′/EA′

for mA′ = 100 MeV, EA′ = TeV⇒ θtracks = 100µrad

Requirements

High granularity detector: pixel, strips ...

magnetic field hB ≈ ec`2

E
B = 3 mm

[
1 TeV

E

] [
`

10 m

]2 [ B
0.1 T

]
magnetic field: rough energy estimate (TeV vs. GeV)

can be probably achieved with 0.1T
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Backgrounds

LHC & FASER location natural filter

Magnets deflect charged particles away from FASER

LHC Absorbers & rock surrounding FASER provide shielding

cosmic rays have typically wrong directionality, wrong energy
(rock shielding), or cannot give two-simultaneous tracks

Most particles are either deflected or absorbed

What’s left ?

Neutrino induced backgrounds

Beam induced backgrounds
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Backgrounds - Summary

No significant background identified - “Zero-background” ?

For a reliable estimate:

Experimental data ⇒ put prototype

detailed simulation tools: FLUKA, MARS with full LHC
geometry in place.

Use results to (re-)optimize detector
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Yield & sensitivity reach
A
ϵ
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Bremsstrahlung

FASER: far location
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L=300fb-1, EA'>100GeV

*

*

mA' [GeV]

∼ 100% 2-track decays:
e+e−, µ+µ−, π+π−

large ε (or mA′ )⇒ prompt

smaller ε (or mA′ )⇒ long-lived

competes with production σ ∝ ε2
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SHiP
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mA' [GeV]

assumes: 0-Bkg, 100%-eff

Similar reach for small, known, and
well-understood Bgk’s

upper reach similar to Seaquest, and
SHIP, (mA′ε)

2 ∝ Lmax/p
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Complementary experimental ideas

SHIP

∼ 1000 m3, ∼ 100M CHF

Alekhin et al. (2015)

MATHUSLA

∼
2× 105 m3 ∼1 IKEA, $50M

Chou, Curtin & Lubatti (2016)

Curtin & Peskin (2017)

CODEX-b

∼ 1000 m3

Gligorov, Knapen, Papucci, Robinson (2016)

FASER

∼ 1 m3 ∼ 5µIKEAs

Feng, Galon, Kling & Trojanowski (2017)
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Outlook

The FASER collaboration is broadening

Real life considerations for detector-optimization
Location constraints: line of sight exact intercept with tunnel

Detector geometry : fiducial volume, radius

Technology: pixel, strips, caloremeter ...

magnetic field vs. resolution

preliminary Geant4 simulation underway (D. Casper, S. Hsu)

cost $$$

Joined the CERN PBC study

Background study underway by CERN radiation study group
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Sensitivity reach Vs. Optimization
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Conclusions

The null results of NP searches at the high-pT region of pp-collisions at the
LHC are disappointing, and call for new ideas to hunt for NP.

FASER will be a small, relatively cheap, extremely forward detector, running

concurrently with the LHC. It will be sensitive to a large swath of

parameter-space in a variety of NP models, and benefit from:

the high pp-collision event rate
the filtering of background by the LHC
the high c.o.m energy which results in large boosts and distinct
signatures

The plan is to get a prototype during LS2 (2019-2020), and full detector in
LS3 for the HL-LHC phase
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Thank You - BBT, a SoCal advantage
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Backup Slides
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FLUKA Modeling

by Francesco Cerutti
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FLUKA Modeling

by Francesco Cerutti
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Alternative point: ε = 10−5, mA′ = 100 MeV
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Neutrino Induced Backgrounds

Neutrino source: mainly from νµ in π±

decays-in-flight before D1 magnet

similar contribution from heavier mesons
(arXiv:1110.1971)

νs propagate towards FASER and interact with
the material inside or before the detector

νN → µX ∼ 8/kg detector for E > 100 GeV

2-track events: νN → µπX ∼ 10−1/kg

low nuclear recoil: π-soft, → Eπ/Eµ < 0.05

Similarly: ν → KL,S contribute negligibly

N
ν
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]
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Background estimates - back of the envelope

Neutrino background:

Nπ
∣∣{

Eπ > 1 TeV

θπ < 0.5 mrad

∼ 1015

Probability to decay before the D1 magnet

Pπ = 1− exp

(
−LD1 mπ±

pπ±τπ±

)
≈ 10−3

[
TeV

pπ±

]
with LD1 ≈ 59 m, pπ = 1 TeV, τπ = 2.6× 10−8s

Pν ' ∆ σ(Eν) ρdet NA ' 6×10−12

[
σ(Eν)

10−35 cm2

] [
0.1 m2

Adet

] [
Mdet

1 kg

]
,

Then
NπPπPν ∼ 10/kg

for Lint = 300 fb−1 and Eν ∼ 200 GeV
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Beam Induced Backgrounds

Particles from IP direction must pass magnets & ∼ 50 m of rock
⇒ only muons could be relevant

ATLAS beam-gas induced background study (2011)
⇒ Φ ∼ 10−3Hz/cm2 for Eµ > 100 GeV
typically deflected

Upper bound on coincident muons: ∼ 0.1(0.01) per LHC-year
given a detector resolution of 100(10) ps.
muons arrival corresponds to bunch crossings: 25 ns bunch spacing and 1 ns bunch crossing time
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Background estimates - back of the envelope

Pδt = ΦAdet
tspacing

tbunch
δt ∼ 3× 10−9

Assume Poisson distribution

Nµ+µ− = P2
δt T/

(
δt

tspacing

tbunch

)
∼ 0.1

with T ∼ 107 for an LHC year and
tspacing

tbunch
= 25, δt = 10 ps, and

Adet = π(0.2 cm)2 ≈ 1300 cm2
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Other models
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Dark Higgses

The Higgs portal

After EWSB, can be reparameterized as

L ⊃ −1

2
m2
φφ

2 − sin θ
mψ

v
φψ̄ψ − λvhφφ + . . .

Couples to mass. sin θ ∼ θ � 1
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Dark Higgses

@LHC: Production: NB � NK ∼ Nπ
Decay: B(B → φ)� B(K → φ)� B(η, π → φ)

=⇒ B & K are the dominant decay modes
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Dark Higgses - via B-mesons

B(B → Xsφ) ' 5.7
(

1− m2
φ

m2
b

)2

θ2

simulate B spectrum with FONLL
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B-mesons: pT ∼ mb

φ’s not as collimated as A′’s
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Dark Higgses - via K -mesons

B



K± → π±φ

KL → π0φ

KS → π0φ

 =




2.0× 10−3

7.0× 10−3

2.2× 10−6

 2p0
φ

mK
θ2

p0
φ - dark higgs momentum in the Kaon rest frame
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Dark Higgses - detector considerations

K ’s, B’s heavier than π’s, η’s

Yield slowly saturates with R

⇑ pT → ⇑ R more efficient
N
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Dark Higgses - Yield & sensitivity reach
A
θ
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CODEX-b
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For dark higgs ⇒ better coverage with a bigger detector R = 1 m

Parameter space ⇒ complementarity of proposed experiments
Sensitivity: 2mµ < mφ < 2mτ (not too prompt/long-lived)

SHIP is better at longer lifetimes, where it does not require large boosts:
Emax−SHIP
φ = 400 GeV, Emean−SHIP

φ = 25 GeV

Example: θ = 10−4 ⇒ E ∼ TeV for d̄ = LSHIP
max = 120 m ⇒ exp(−TeV/Eφ) suppression

lower θ’s need lower Eφ’s
@FASER - overshoot/not in angular cone, @SHIP - sensitive with lower Eφ’s
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Axion Like Particles (ALP) - Preliminary

Non renomalizable portal Focus on

L ⊃ −1

2
m2

aa
2 − 1

4
gaγaF

µν F̃µν + . . .

@beam-dumps: “ALPtraum”: p Nuc → p Nuc a
@LHC: does not work → forced to fixed-target kinematics

Instead:

LHC+FASER = photon beam-dump

Huge forward γ flux

TAN / TAXN = dump

Primakoff production

f

γ a

γ∗

f

gaγ
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Axion Like Particles (ALP) - Preliminary

dσPrimakoff

dθaγ
≡ dσγ Nuc→a Nuc

dθaγ
=

1

4
g 2
aγαZ

2F 2(t)
p4
a sin3 θaγ

t2

F (t) - structure function of the nucleus
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suppressed nuclear-recoils (t is small)
pa ≈ pγ
@high-E: γ-a collinearity, θa ∼ θγ
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Axion Like Particles (ALP) - Preliminary

Large event yield:
competitive with NA62, SHIP.

semi-open questions:
photon identification - ECAL
two photon-separation
backgrounds ?
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