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We propose a novel way to search for feebly interacting massive particles, exploiting two properties
of systems involving collisions between high energy electrons and intense laser pulses. The first
property is that the electron-intense-laser collision results in a large flux of hard photons, as the
laser behaves effectively as a thick medium. The second property is that the emitted photons
free-stream inside the laser and thus for them the laser behaves effectively as a very thin medium.
Combining these two features implies that the electron-intense-laser collision is an apparatus which
can efficiently convert UV electrons to a large flux of hard, co-linear photons. We further propose to
direct this unique large and hard flux of photons onto a physical dump which in turn is capable of
producing feebly interacting massive particles, in a region of parameters that has never been probed
before. We denote this novel apparatus as “optical dump” or NPOD (new physics search with
optical dump). The proposed LUXE experiment at Eu.XFEL has all the required basic ingredients

More talks on LUXE: by Yan Ben ham mou and Shan Huang ] of the above experimental concept. We discuss how this concept can be realized in practice by

adding a detector after the last physical dump of the experiment to reconstruct the two-photon

decay product of a new spin-0 particle. We show that even with a relatively short dump, the search
can still be background free. Remarkably, even with a 40 TW laser, which corresponds to the initial
run, and definitely with a 350 TW laser, of the main run with one year of data taking, LUXE-NPOD
will be able to probe uncharted territory of both models of pseudo-scalar and scalar fields, and in
particular probe natural of scalar theories for masses above 100 MeV.

LUXE NPOD paper: 2107.13554
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https://arxiv.org/pdf/2107.13554.pdf
https://arxiv.org/pdf/2107.13554.pdf
https://arxiv.org/pdf/2102.02032.pdf
https://arxiv.org/pdf/2102.02032.pdf
https://indico.lip.pt/event/592/contributions/3153/
https://indico.lip.pt/event/592/contributions/3189/

LUXE: tests of strong-field QED

4 Schwinger critical field: eg = mZc>/efi ~ 1.32 - 10'® V/m.
4 Not achievable in terrestrial laboratories.
4 May use lasers — in certain rest frames the field of lasers can be enhanced by the system’s boost.

First discussions by Sauter, Heisenberg & Euler

First calculations by Schwinger: €

Electric field €

0 — 0 Ax —>®
N
— -_\_f»l p=—

E144 at SLAC first to approach ¢¢ (reached € — ¢¢/4)

LUXE: reach ¢ and beyond

+ Effort to reach €, and beyond
4+ Test basic predictions of novel Quantum Mechanics

The probability to materialize one virtual e e~ pair from the vacuum:
¢

P ~ exp(—a—s), a numeric constant, non-perturbative when ¢ — €,
€
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A Brief ldea about the LUXE physics

Laser Und XFEL Experiment

High-power
Laser pulse o 40/350 T“;) laser The rate of laser assisted one photon pair production
SENEra e asymptotically

large E-field : . :
resembles to that of the spontaneous pair production in vacuum.
Hartin et.al. Phys. Rev. D 99, 036008 (2019)

- “see” a larger . COLUXE “'SSOTW 3um
Electron beam , field by E, /m, | - e o 1 R
' - in its rest frame - &=16.5 GeV
€=14.0GeV . i A
e=11.0Gev 40 TW, 3umgr

l..I....I........l.....I.I...I.I..........‘....l....l....l.....‘ .‘.‘.."\‘Ql'.l‘ ......................

Pair production

Astra-Gemini

. . 10
laser intensity parameter &

Compton process followed by
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036008
https://arxiv.org/pdf/2102.02032.pdf
https://arxiv.org/pdf/2102.02032.pdf
https://arxiv.org/pdf/2102.02032.pdf

LUXE at the EU.XFEL

4z, W LUXE will start running from 2024.

", Y Run up to 2029 in two phases.

% First physics result around

S0k ot 2025/2026.

oy *”*Crltlcal Decision 0 from DESY
=it received.

LUXE
experimental
hall

XFEL: Running since
2017

1/2700 bunches/train, ~1+9 Hz (collisions+background), spot rxy=5 um, 1,=24 um

Ti-Sapphire, 800 nm, 40/350 TW, up to ~10 J, ~10 Hz repetition, 60% losses
-

S S ——

Laser

E.up to 16.5 GeV, with N, = 1.5x10° e-/bunch and a bunch charge up to 1.0 nC,
Electrons ‘
- - _ _ elgctrons |

~30-200 fs pulse length, down to 3x3 um2 FWHM spot with up to /~1021 W/cm?
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New Physics @ LUXE gnore today

. S _ 5
Focus on axion-like-particles (ALP) L8aedey €

 Well motivated BSM scenario

* [he axions propose as a solution to strong
CP problem.

* |If very light, it is a dark matter candidate.

* Light ALPs arise in variety of models
motivated by Goldstone theorem.

* Focussing on the Primakoff production

[ER
-
ds

SUMICO

|/A[TeV™']

* Displaced decay of ALPs to 2 hard photons

SN1987a

RN

G,

* Everything applies to scalar with:

U
-
&

o a—)¢,ﬁﬂy—)Fﬂy,l}/5—>1
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https://link.springer.com/article/10.1140/epjc/s10052-019-6587-9

Concept of Optical Dump Laser puls

“Optical Dump”
 High flux of GeV photons emitted from the LUXE’s electron-laser interaction region.

Beam
dN _L_D _LV+LD
o Na ~ geﬁJdEy_yG (E,Z) (e i — e ILa ) of electron
dE. a4~ 7
y Free GeV

photons

Time scales: w; ! < T, St KT,

x1/w; ~ 0.4 fs: good to use laser as a background field to a leading order. “Optical Dllmp”
*7,, ~ O0(10* — 10°) fs: treat the
photons in the laser as free streaming. ALPs
*x7, ~ O(10) fsand 7;, ~ O(20 — 120) fs.
*laser behaves as a thick target for electrons.

Photons
. 7L Dum
Production ump

e v A

Muon det.

<€

I,=1m L,=25m

Background
Production

0/o—
e —> }/ —)KL.__

_

7 e——

8

Pulse duration 2z[fsl

2.06

Pulse waist size w, [um] | € JT K\k . .

N/E > 1 GeV)/10° per BX




C oy : all
» Spectra of photons per initial electrons |
. primary

* Primary photons from the interaction point . secondary

* Secondary photons from the shower in the : all

dump : rea . primary
‘ : secondary

* For phase I, there are many photons per initial :
electron —— Bremsstrahlung

« ~3.5 photons for E}, > 0 GeV

« ~1.7 photons for E}, > 1 GeV

hase0: | ‘ph 1
* More photons if the electron beam is sent directly E) . — 75 f E) A5 — 120
to the dump 10731~ Tpulse = S .~ Tpulse — S
- Wy =65 um =w,= 10 yum
* More signal, but -E=24 -t=34

- Ny/e < 1 - Ny/e — 35 or 1.7 le}’ > 1 G@V
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(no energy cut)

Background Estimation:

 SM particles produced in the dump during the shower

Neutrons

e Charged particles: electrons, muons and hadrons.

e Can be bent away from the detector surface by a magnetic field.

Particles arriving at the detector per BX

* Fake photons: mostly neutrons.

* Real photons: EM/hadronic interactions from the close to the end of the dump
or from meson decay.

*Background estimated from the Geant4 simulation
900 1000 1100 1200 1300 1400 1500

*Got 0 photons and 10 neutrons (with £ > (0.5 GeV) in the — e T

2 BX simulated for the 1 m long dump. 3 Bt '
*Photons can be statistically limited here. T Fitges%Cl
*Unfortunately simulation is computationally expensive. ' '

% Way out: photon production is correlated with neutron production in

hadronic processes

% The number of photons can be estimated from the photons to neutron ratio at the
shorter dump where there are more number of photons.

Dump length [cm]
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Use of timing information

1 | |

o
w

LUXE CDR m,: 130 MeV, 1/A: 10 GeV”’

+N— a+N

0.8 !
a—=yy
E, >0.5GeV m,: 416 MeV, 1/A: 4x10° GeV’

m,: 200 MeV, 1/A: 10° GeV' —

Normalised counts

O
N

0.6 _
dump length: 0.3 m *SIGNAL*
end of dump at 1.15m (MadGraph)

30 cm long dump
detector at 3.65
0.4 clecloral=sem E> 05 GeV

Normalised counts

At

N B
15 20 25

*BACKGROUND*
30 cm long dump

: Neutrons
. —— Protons

KO

--------------- ;—Take Liyy=30 cm -dump
. here just to havie stats.
:(nominally: L, = 1 m)

time [ns]

% Signal and background particles take different time to travel the distance between the

dump and the detector face.
% Signal ALPs are faster than background neutrons/protons.

% Trigger at £, (Eu.XFEL clock) and then open a short time window At.

% Most signal and background photons will arrive within At ~ 0.5 ns
Y Almost all hadrons will arrive after that.

% Background rejection < 1073 — 10~ from kinematics and timing.
% Neutron to photon fake rate < 107> — 1074
% Considering one year of data taking (10’s), the number of total background is < 1.

September 8, 2021 Arka Santra
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for ma:1/Aa

[%0]

130:1e-4

Rneutrons -~ 10—3
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Su m m a ry Setting the number of observed signal-like events to N, = 3,

the 95 % CL equivalent for background free search

 LUXE is a new experiment with baseline plan of testing
strong field QED.

 Regions never been explored in a clean environment.
* Plan to start taking data by 2024/2025.

* Search for new physics
» Using optical dump feature of this experiment

* Proposal is easily added to the experiment with
essential background free search.

 The reach of LUXE is comparable with NAG62
and FASER .

e | UXE reach in the mass 40 MeV to 350 MeV above
1/A > 107°GevL.

September 8, 2021 Arka Santra 11
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LUXE Planning

2021 2022 2023 2024 2025 2026 2027 2028 2029
Ql Q2 02 Q4 Q1 02 Q3 04 01 Q2 3 04 01 02 Q3 04 01 02 O3 04 01 2 3 04 01 02 Q3 04 Q1 Q2 Q3 Q4 Q1 Q2 @3 Q4

Beamline Finalize design
Prepare installation
Infrastructure installation
Beamline installation -
Commission beamline
Laser Clean room installation
Finalize design
install diagnostics
JETI| 40 installation
JETI40 & diag. commission
350 TW laser installation
350 TW laser commission
Detectors Finalize design & prototyping
Construction & indiv. testing
Combined testing
Install & commission
upgrades installation (tbc)

Commission h
Data taking phase-0 e-laser/y-laser

phase-| - lasey-lasr S

© CDR released in Feb 2021 & passed an international review. Now working toward TDR for 2022
© Experiment must be installed by 2024 during the long shutdown of the Eu. XFEL

© Phase-0: data taking 1n 2024 with the 40 TW laser 1n e-laser mode and move to y-laser in 2025
© Phase-1: upgrade laser to 350 TW 1n 2026 and run until the Eu.XFEL needs the tunnel (~2029)

From Noam Tal Hod, WIS 15




[ >< T T
Experimental setup oo
é e, phase-1 ete—
'8 Yy phase-0
- hase: / p
Ya1ps detector (TBD) S T P 0 .
e'laser Setup ALPs +° _‘é Yo Phase-1
A
t in scal . . oo 7 qump §f 2 ’
(NO 5¢ e) Backscattering calorimeter 1 = Z o
. : .
Shielding ) e .
| | y-profiler ° o LUXE CDR
Scint. screen 4; é
e’ e . . R
Dipole magnet 2 2 3 4 5 6 7 8910
y-converter Shielding .
Calorimetor Compton y’sm%v qu Electron beam dump L L]/ XE T (;DR p r:a'S;:Ol ——
e Cherenkov counter 0.8 E
behind a Scint. screen —&=0. -
—&=1.0 ~
—&=1.9 =
—&=4.4 i

y

-

Electron beam
from the XFEL

Number of photons/BX/0.35 GeV

N I IR BN PP
10 12 14 16
September 8, 2021 Arka Santra Photon Energy [GeV] &




luaser

Phase-I: the JET140 40 TW laser loaned
to LUXE by Helmholtz Institute Jena Laser room

Phase-II: looking up towards a 350 TW
laser with as small as 3x3 um? spot size

Challenge: exact knowledge of the
intensity at the IP
e with the laser being ~10’s of meters
away from it
e and with a remote diagnostics system

September 8, 2021 Arka Santra



Laser diagnostics

® Measure laser parameters to infer the intensity, / E €— pulse energy

e can be indirect and direct, relative and absolute I _

A X T €— pulse spot size X duration

 Small fluctuations 1n 7 lead to large rate fluctuations
® air movement, vibrations, temp-drift,
pump discharge variations, etc.

® The laser beam will be attenuated and 1maged on the return
path to the diagnostics 10s of meters away from the IP

Beam

to laser rﬁ Ideal
| al| Gaussian Deviation from

area
autocorrel
«——ideal (phase or
Amplitude noise

ation+2w
X l‘/aberratlons
\

Diagnostics il
® relative intensi
, ty INSIGHT —_ Y Y
® pulse duration i iA¥T
. pulse length
© beam S1ZC (Wizzler)
energy fluence Contrast

diagnostics diagnostic S .
calorimeter+CCD (image of IP) (Sequoia)

\I\

Intensity

\
\
'

Arka Santra
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MadGraph settings

Generate this process: a nuc -> ax nuc where a is photon, nuc is the nucleus of the tungsten dump and ax
is the ALP (a BSM pseudoscalar particle).

* Primakoff production mechanism.
 The dump is stationary.

The nuclear form factor was obtained from Iftah Galon and implemented
in the model.

The MadGraph generated output in the standard LHE file format.

* Converted to root using ExRootConverter

diagram 1 NP=2, NUC=1, QCD=0, QED=0

The root file contained these branches:

* Particle four momentum, PDGQG, Status (incoming/outgoing) etc.
\ViF=Te[Clg=Telg the vertex position, so all collisions happen at z=0, t=0.

 Moreover MadGraph decays ALP instantaneously - so we have two photons in the final state.

 The 2 photons are produced at z=0 and hence we need to displace them according to the ALP’s lifetime

19



Acceptance Calculation

&

outgoing
incoming photon photon 1

QALP’ ¢ALP

outgoing ‘ [ =25
photon 2 D R

 The distance of decay (r,,,) for each ALP is obtained by randomly drawing a length from the decay length
distribution of the ALP.

« Decay length is obtained using L, = ct4pa/my4; p-

e 1, . randomly drawing a number from exp(-L,).

* The direction is determined by the momentum of ALP.
» Once the 7, is determined, photons are shifted to that position.

oix | €08(84 p) is more than the dump length (Lg = 1.0m) and less than (Lg + L, = 3.5m), then we

e If |7
proceed to next stage, other wise the event is rejected.

« Given the opening angle of the photons and the distance still need to travel to detector, one checks if the
photons are caught by the detector or not.

 If both the photons are caught by the detector (and E > 0.5 GeV), then that event is accepted.

« If at least one photon has energy less than 0.5 GeV or/and at least one photon is outside geometric
acceptance, the event is rejected.

« Acceptance & = events with both photons passing the energy cut and geometric constraints/total number

of events generated.
20
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Pa

ALPs production

N ~ P JdE o (E Z)( e )ng L= N Ny =220 R
a% a— e a — @ a p—
eff }/dE eft BX7AWmO pa ,@\/E}/Z_mg
o N

.= 1.5 x 10” is the number of electron per bunch and Npy( = 107) is the number of BXs assumed
o L, 1s the incoming photon energy

o ZL . 1s the effective luminosity, where py;, is the Tungsten density, Ay, is its mass number and X, 1s its
radiation length. m, ~ 930 MeV is the nucleon mass

o [ 1s the ALP propagation length, where 7, 1s 1ts proper lifetime and p,, 1s 1ts momentum

® aa(Ey, 7)) 1s the Primakoff production cross section of the ALP in the dump

o &/ is the angular acceptance times efficiency of the detector
® dNy/ dE}, 1s the differential photon flux per initial electron, includes photons from the electron-laser interaction,

as well as secondary photons produced 1in the EM shower which develops 1in the dump
e Ly =1 m is the dump’s length. The dump is positioned ~13 m away from the electron-laser interaction region
e L, = 2.5 mis the length of the decay volume

o The decay rate of the ALP into two photons is I' = m>/(64nA2)

a—=vyy

From Noam Tal Hod, WIS 21



LUXE ALP reach:

e The line Is drawn where
LUXE expects at least 3
ALP events.

* Result coming from
phase 1 incoming
photon distribution.

e Yotam Soreq obtained
the result analytically, |
got the same result
using simulation.

22



Particles from ¢/y-beam on 1m W dump

Each simulation in the following is equivalent to about 2 BXs (1.e. 3¢9 primary ¢’s)
Showing the number of particles - only those which arrive at the detector surface

X 106 & - X F .

SAET T T T T T T T T T T T T T T T T T T T 7= X FTTTTTTTTTT T T T T T T T T T IT:
> = — No E cut - > - — No E cut

h - 107 =

10° |- E>0.5GeV : D E A

- . 10 E

4 — ] m -

- e-on-dump - 10° y-on-dump  _

10° E - -

i S 3 . - 102 i =

102 _ |8 = : 5 >

- 2 5 1E - A S neutrons .

- s ERD EE - 10 - E

10 §§ = o = - .

: =S X - B .

1 = = -

=3 I A N || | 1 | = || | 1 1 | | =

v Je- et v, § MW opk v, § T- w+ now op- p+ KE KgK"‘ K- d t 2 Y)e e+t v, ¥ W out v, v T- m+ nom op- p+ KE KcS>K+ K- d t ?

photons
From Noam Tal Hod, WIS 23



Probablhty to get 2 real photons

o 4,=0.013 = 0.004 since the fit gives R, = 0.0013 * 0.0002 and

¢+ - z z -

e ~ | & Electrons on dump:
2 “ 0.009_ ................................ 5 ................................... ]
1 A R / ' = Ft&95/CI —Ft&95/CI 55
yin 1 = ; ; —
—_— _I_ ' - =
b 0.007 __ .................................. N __
' e 5 =
/ ; = ; =
n }/ n \‘ 0.006 _"é""5{;;53'.4'1","ﬁ;,;;'é't)?.b'déééblbb'd'z' ........... S I ___________________________________ B
+ ' * ]

N .

X T |
(Or lIl the e_on_dump case: A{ ~ () 26 _|_ O 04 for 00042—:;/\‘ ................. ................................... __________________________________ __________________________________ _;

since NV, ~ 10, Wlthxl = NR},/n ] +

----------
----------

ﬂ 26 _ﬂ}, Dump length [cm]
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Probability to get 2 fake photons

o P —

n—-y — Jn-y

o A, =A,(1 m) =10 (orin the e-on-dump case: 4, =~ 42.6)

o m —A

nne n
P =) ——CQ2m, P,_.)
m,=2 ne
@ [ )M m! i O\ Afne ™ X Pr_ X (1 =P, )™>
O Pzn—>2y:z v v — vP”*VX(l_P”—W)n _Z ! — 2!
— N\ m,! 2!(m, —2)! — 2!(m, —2)!

2! k! 2 k!

k=0

Pie ", 22(1-P,_ ) P2 e 2 (& (1 =P, )\ P2 e 2 & 4t

- —Pyy) 2 2
P2 A2 et =Py A 42.6
_ n=rin _p2 AP _."n _ cn2  —10f - et L, X
N > =P, e Y SOf,_.e r(or in the e-on-dump case: > € r)

From Noam Tal Hod, WIS
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m, —)

Probability to get 1 real + 1 take photons

e Y
, Forphotons: 4, = 0.013 +£0.004, P, = —— = P, = Ae ™"
’ m},!
00 m, ,—A,
_ Forneutrons: P, ,, =f,,, 4,=10%23, P, = » ”m —C(1,m,, P,_.,)
m,=1 ne
> m”e_’ln m ' o /lr’;nne_/ln X Pn—> X (1 T Pn—> )mn_l
Plnaly:Z(n | )(1' - I'Pn—ﬁ’X(I_Pn—W)mn_l>:Z ( y_l)' :
mel m,! l(m, — 1)! el m, !
Ar(1=P,_.) © (4,1 =P, ) = xK
_ —4, _ L Y — —A, " nr — —Ay _
Pln—>1}/_Pn—>}/e ﬂn(lﬁ—/’tn(l Pn_>},) | X | ) —Pn_>ye /In(];) I —Pn—>}/e /In ~ Iz

_ 4 A(1=P,_ ) _ AP
Py, =P, A e ( ) = P, e ‘A,
» For one neutron and one photon: P, ,_,,, = Py, - P}, = (ﬂn ﬁHye_’infnw> : < ﬂye—ﬂy> ~ 0.128f, _)ye—lof,w

(or in the e-on-dump case: 1.12f, _, e —42.0%-y)

From Noam Tal Hod, WIS
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Background estimation

© Assuming
 one year of running with T ~ 10’ live seconds, i.e. recorded BXs
o rejectionis R < 1072 — 10™* from kinematics & timing
» neutron-to-photon fake rate is f,_,, < 107> — 10~

—y ~

o Number of bkg two-photon events 1s Ny, = Ppy R
e bkg =2y
e bkg = 2n — 2y (sub-dominant)
e bkg=y+n-2

selT operation

© The probabilities are given by Poisson and Binomial laws:
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Synchronisation & Trigger

Injector LINAC Experimental Hall
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Synchronisation of the XFEL.: ol [ |Meanot S5 bunches]
o Optical clock (master laser oscillator, MLO) provides stable pulsed optical 2 L ,
reference (Phase-locked to radio frequency (RF) oscillator (MO)) g of 2118 rms\m -
e Optical reference distributed via length-stabilised optical fibre links for é ° ﬂ“\
laser locking and RF re-sync b
LUXE?’s laser oscillator: I A
e connected to the optical sync system, which will 1n turn trigger the detectors - yms—m——
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