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Strong electric fields

4 Spontaneous e e~ pair production in a strong static electric field in Vacuum: prediction of QED.
4 Schwinger gave the critical field: eg = mezc3/eh ~ 1.32-10'® V/m.

4 The probability to materialise one virtual ee ™ pair from the vacuum: P ~ exp (—aes/e)

a numeric constant

First discussions by Sauter, Heisenberg & Euler

Electric field €
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First calculations by Schwinger: €
E144 at SLAC first to approach ¢¢ (reached € — ¢¢/4)

LUXE: reach e¢g and beyond

4 Goal of LUXE experiment:

4+ Effort to reach €, and beyond

4+ Test basic predictions of novel Quantum Mechanics regime
4+ Search for Beyond Standard Model Physics
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A Brief Ildea about the LUXE phySICS e vruotuen

Laser Und XFEL Experiment

The rate of laser assisted one photon pair production asymptotically 4 Nonlinear Compton scattering: e + ny; — e+
resembles to that of the spontaneous pair production in vacuum.

Hartin et.al. Phys. Rev. D 99, 036008 (2019) i ] ] 4+ —
+ Nonlinear pair production: y+ny; — e'e

Laser pulse

Electron beam

Pair production il o= L SRR

it ;P - »
ey LAy P vy & ok . IR AR
. Sch e g-l le)&-fi(: “Hamburg %+
\ ) y 7 L ‘-.: - - .‘ v i £} .-

A phe

1!
T
3

\ N Ahaih N
. l .d\\ «;. 3 -
.. | | N \ / ? »

$) LY

LN
) ’

» 'y
—
"
"L
\

sdorferBorn ‘ - DESY-Bahreliel o=t
3 ; ‘ e 24 \‘\‘ \, < .;.H_ \ :s 3 ‘1.‘ » .

4 (e

> g o !
P L ¥, ~ p A )
- A ~ - v » vy
AR A Ay » el
5 oy - ? 4
. g 0 W P a )
‘l A & > .
\
‘ -~

:\\ '\\'-_ L i
A &\'\\'}:\-\. O S “.c.’(&‘\

vvvvv

December 22, 2020 Arka Santra 4


https://arxiv.org/abs/1909.00860
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036008

Experimental setur

WP+ Absorber

Backscattering calorimeter

Shielding
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LANEX screen

Electron beam from XFEL

December 22, 2020

e~ system

e-laser setup
(Not in scale)

R b

LUXE’s tracker
designed at WIS
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4 Physics arriving at the first set of the
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Phys. Rev. D 60, 092004

®Observed the strong rise as "
— still perturbative

®Well described by theory
| ®Laser’s peak E-field was
~0.5%1018 V/m

The €, in the ¢ "¢ rest frame

4 Plan to measure the rate I, and I+ E144 has

| | achieved
4 Use of dimensionless parameters € <el4

I'J

-

no. of positrons / laser shot

4 Laser intensity parameter: £ « €/¢;

4 Quantum parameter: y, , « (£, /m,)(€/€)

LUXE CDR

e e+laser JETI40
e+laser Phasell
v+laser JETI40
v+laser Phasell

High Intensity Compton Scattering rate
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.60.092004

Beyond Standard Model search with LUXE

4 Axion like particles (ALP): &, = —aF,, F*" + g .aéy’a

4 Mass m_, and photon coupling: 1/A

4 Electron coupling: g .
4 Primakoff production

. . v ’
" ' s
e L N - LG | - ’
s & o .
(LN Y . ' " N
e L LT R, o 4 et .
ol ' . s N \\ St -r® 0
. -y > - " 3 " Se  eat ;
e AV - * * b el e / . J '
e ’ . 5 ., ' LilUcCA. .
-, . ., . L % . ‘' n
e Ses . ) LY. > -
g se . ; . '
.. e “ ’ . .
ue "sedy . . o
T A -~ -l ¥ . . 1 PP s
{ s ,‘,-:’.'--, ‘.‘ LIlUcA. _"’_,
.............................. - 14 » X o eama

el ASERY the most

IS N ) sensitive
------------- Y here

Ls=0.5m, detector=1m:

Lp=5.5m (black)

— Primary+Secondary photons from

LUXE dumped on lead Plot done with:
= — Secondary photons from XFEL 4+ The ALPs can also be produced at the IP E, =175 GeV
= electrons dumped on lead o ~ 5 N =6x 10°
g 4+ Similar for scalars: a - ¢, F - F and y° — 1 0k
< . e . . L=
= LUXE s a clean 4+ Looking also at milli-charged particles production e

free-GeV- . lop = S
photons 1n Stl‘()ng ﬁeld Rp — 1 Hz
machine E
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The LUXE experiment: in a Nutshell

4 The critical field €, will be reached in the centre of mass of the e "e ™ pair in a clean environment for the first time.
4 The Strong-field may uncover new physics effects.

4 The collaboration is small (~50 people).

4 The timeline is very streamlined (conclude within this decade).

Accel. Prepare& install operation
design

Laser
30TW

Laser
300 TW

Civil Con.

Detectors

Simulation

LUXE Timeline
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DiLepton ClockWork search @




A very brief overview

ths Lett. B 796 (2019) 68

Resonant searches 2019 ATLAS Internal
\'s =13 TeV, 139 fb™

4 The new particles/interactions search is in general a bump/tail hunting.
4 Very challenging to spot other kind of signals.

4 Signals with very low event rate

4 Signals with periodic structure

RN RN
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e Data
—— Background-only fit
--=- Generic signal at 1.34 TeV, I'/'m=1.2%
Generic signal at 2 TeV,I'/m=1.2%
-+ Generic signal at 3 TeV,I''m=1.2%

|

139 b Data, ee selection with Backgroud fit vs Clockwork signal FFT ee (9996 toys)
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ATLAS e Data LL, A=18 TeV
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Non-Resonant searches, 2020 ;
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Constructive Interference

I - This is invisible 4+ The Fast Fourier Transformation, being
5 ' one-dimensional, not helpful to point the
i mww to our usual searches position of the signal.

03 05 10 20 40 6.0
JHEP 11 (2020) 005  Mge [TEV]
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https://doi.org/10.1016/j.physletb.2019.07.016
https://link.springer.com/article/10.1007/JHEP11(2020)005?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201110

Transformation from Mass space to Frequency space

One toy_, ee One toy_ - Fit_ ee

RS ?y“‘i | ' 4+ Continuous wavelet transformation:
ignal only

— Background fit 4+Preserves the mass window of the signal.
—— Signal+Background ‘ 4+ Classify the signal and background using
| cutting edge Neural Networks, e.g.

Autoencoders.
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Backup
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Details of the LUXE system

Eeup to 17.5 GeV, with Ne = 1.5-6%x10° e-/bunch and a bunch charge up to 1.0 nC,

Electrons

~1/27700 bunches/train, 1+9 Hz (collisions + background), spot rxy=5 um, 1,=24 um

Ti-Sapphire, 800 nm, 40 TW(—350), ~1 J(—>10), 25-200 s pulse, 1-10 Hz rate

8x8——3%x3 um2 FWHM spot with up to I~ 3.5%x101° W/ecm2(—>1.5%1021), 60% loss

December 22, 2020 Arka Santra 14



Lasers strong field “how-to”

® Laser-assisted one photon pair production, OPPP (SPP — OPPP)
® the laser’s E-field frequency 1s », with momentum « = (w, k)
® the laser’s E-field strength 1s |e|, with I~ |¢|?
® The e*e™ pair picks up momentum from the laser photons

® OPPP rate 1s a function of the laser intensity £ and the photon recoil y:

. s elel[ m, |€]
Laser intensity : & = =
Dimensionless and wni, @ €g
[LLorentz-invariant | k-k w, |e
Photon recoil : y, = &= (14 cosb)
mg m, €

K;
Initial photon : k; = (w;, K)) JWW\<

pi

15



Understanding ¢

ml = Infinite E-field plane

twwmwm~w wave with frequency o
y T v v

Electron “‘at rest”

The electron will oscillate with frequency » and radiate 1n turn: ¢E = m,a

: L. el 1
The electron’s maximum velocity 1s: v, ,, =a- At =—
m,
- 1% ek : : : :
Normalise to ¢: &= "% = (dimensionless & Lorentz-invariant)
C wm,c

¢ reaches unity for e.g. a 2 = 800 nm laser at an intensity of 7 ~ 10'®* W/cm?

16



k -k ww; (1 +cosl) ee

Understanding y

Recoil parameter: y = E=(1+cosb)
m€2 me EC

cos(r — 60) = — cos O

Scattering geometry: k- k = ww, — |k| | k; | cos(z — 6) = waw; (1 + cos 6)

. €

l a)l
;= = (1 + cos 6)

2 2
m m; wm,c m, €g

17



OPPP rate: Toppp o F(&, 1)

Fy(& x4) Z e [2J%(z,) + (20 — 1) (2,1 (20) + J2, (20) — 2J2(20))]

n>n 1 ’\/1’(1’ o 1)
4€24/1 + &2 .»
Zy = f \/ T { [l_? ('1_?” — (*)]1/2, Vp = Xry >

As the laser intensity ¢ increases
® the threshold number of absorbed photons increases
® more terms 1n the summation drop out of the probability

Assumptionl: the laser E-field 1is a circularly polarised infinite plane wave

Assumption2: we can produce a mono-energetic photon beam with ~O(10 GeV)

18



Mass shift

® Electron motion 1n a circularly polarised field, ¢,, with frequency o, :
® Force: F| =ee; =ma=mpy*/R = R =my?/ee,
® VelOCitYZ v=w,R=wmy’*lee;, = v=eeloym,=_¢
© Momentum: p, = my = m ¢
® Energy: E=m62+?2=m62+pi+p”2=m€2(1 +§2) +p”2=n'13+p”2
® Mass shift:
me—>n7ze=m€\/1+cfz
® The 4-momentum of the electron inside an EM wave 1s altered due to

continuous absorption and emission of photons
e the laser photon 4-momentum 1s: %,

@ outside the field, the (free) charged particle 4-momentum 1s: p,
e 1nside the field, the effective 4-momentum (g,) and mass are:

2.2
< rr B o
Q//t_p//t ! z(kp) U e q,uq — e

19



Mass shift — kinematic edge

® 1f » 1s the number of absorbed laser photons 1n the nonlinear Compton process,
the energy-momentum conservation: g, + nk, = g, + k,

@ The maximum value for the scattered photon energy, »’, corresponds to the

minimum energy, or, “kinematic edge” of the scattered electron. 1t depends on

the number of absorbed laser photons:
. = ” —, where m, = me\/l + &2
1 + 2n(k - p)/m2

® This energy decreases with increasing number of photons absorbed

® The electron 1s effectively getting more massive with £ and recoils less
® the min energy of the scattered electron (kinematic edge) 1s higher

20



Compton edges

® With increasing laser intensity é&:

® higher order (n) contributions become more prominent

® edge shifts to lower energies due to electron’s higher effective mass

The rate is a series of
Compton edges for

n=1,2,3,... absorbed
photons

Lcy (.s\"‘

HICS: 41—

10-¢

107- — &=001. r=609000.1s

_1 E=0.1.1r=6100.1s
10~

— =02 . r=1530.1s

104 — E=05.1=256.fs
. &C:l..T:.?:.]’.S
105

gC::.. T::-i.:l'.\.

]U_h’ E=S5.. . r=7 86fs

| | A l‘A L

0 1 2 3 4 5 6 7 8 9 1011121314 1516
welGeV]

21



History: E144 (@ SLAC

pair spectrometer

E144 at SLAC
during the 90s

Phys.Rev. D60 (1999) 092004

® 46.6 GeV electron beam

® 5%10° electrons per bunch

® Bunch rates up to 30 Hz

® Terawatt laser pulses

® Intensity of ~0.5x1018 W/cm?

® Frequency of 0.5 Hz for
wavelengths 1053 nm, 527 nm

: PCAL
Py  TLpicku amma D% ooy
> laser / positrons - convertormagni[/fmﬂ COM2
47 GeV = paotons | 1] = -~
' T —
e pulse scattered || EC31 EC37 47 GeV e's T GCAL
electrons SCAL
ECAL
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® clectrons-laser crossing angle: 17°
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nonperturbative
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History: E144 (@ SLAC
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FIG. 44. The dependence of the positron rate per laser shot on
the laser field-strength parameter 7. The line shows a power law fit
to the data. The shaded distribution 1s the 95% confidence limit on
the residual background from showers of lost beam particles after
subtracting the laser-off positron rate.

FIG. 49. Number of positrons per laser shot as a function of
1/Y . The circles are the 46.6 GeV data whereas the squares are

the 49.1 GeV data. The solid line 1s a fit to the data.
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Phys.Rev. D60 (1999) 092004
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History: E144 (@ SLAC

® Measured non-linear Compton scattering
with » = 4 photons absorbed and pair |
pTOdUCtiOn (Wlth n= 5) 0.100 -

0.050 -

the ~probability of laser-assisted OPPP

0.500 |

Fy(sty)

® Observed the strong rise ~ £2" but not 0010,
asymptotic limit (still perturbative) &

0.001 -

® Measurement well described by theory .0 s s’ o

@ Large uncertainty on the laser intensit
- g 4 RN 02504

R N1/14 < X <1/6

® Di1d not achieve the critical field - the
peak E-field of the laser: 0.5%1018 V/m
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ZLint = €qX7" YA, mass - m,, fractional charge - g

*
4
detector
similar to SLAC mCP
similar production as eTe ™ PRL, 1998
m,—>m,, e — qge
_|_
Schwinger critical field £
& 106/ m, \°
&€, q 0.5keV
ﬁ)(_

ely _ 2
& L = me/)(/eq

From Yotam Soreq



Z int = €qX }/'u)(A,u

LUXE
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Clockwork theory 1n a nutshell

4 Mechanism for generating light particles with exponentially suppressed interactions in theories with no small parameters at the
fundamental level. Can be implemented as a discrete set of new fields or through an extra spatial dimension 1n its continuum version.
Exhibits novel phenomenology with a distinctive spectrum of closely spaced resonances.
4 The most exciting application is the clockwork graviton, offering a novel solution to the naturalness problem of the electroweak scale and
providing a dynamical explanation for the weakness of gravity
<4 1n one implementation, the theory describes a tower of massive spin-two particles, which can be interpreted either as the Kaluza-Klein
excitations of the 5D graviton or as the continuum version of the clockwork gears

<4 This theory has only two parameters: the fundamental gravity scale Ms and the mass k

4 Here, R does not measure the proper size of the extra dimension, which is much larger than its natural value 1/Ms. As a result, the
hierarchy Mp/Ms5 1s explained by a combination of volume (as in LED) and warping (as in RS): MI% = (M53 / k) (eZ”kR — 1), while to

account for the hierarchy one needs kR ~ 10
4 The KK gravitons masses are m, = 0, m,% = k% + (n/R)* withn = 1,2,3,... and they couple to the SM stress-energy tensor as:

L~ — (I/Ag’))iz/(/t’?T”” where A(((;)) = Mp and Ag’)z = M537TR (1 + (kR/ ”l)z)

4 The zeroth mode is the massless graviton, while the rest of the KK modes appear after a mass gap of order & and their couplings to the
SM are not suppressed by Mp.

4 The KK modes form a narrowly-spaced and approximately periodic spectrum above the mass gap with splittings greater than or
comparable to the experimental resolution 1n the range of interest

4 The near-periodicity of mass distributions is with characteristic separations in the 1-5% range



In dileptons

Emulated k? m
, 1 x Landau(m,,, u, 6) X exp | ——= Z G(m,,,m,,6,) X de
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Continuous Wavelet Transformation

Eur. Phys. J. C 80, 192 (2020)

4+ Assume (7) is a basis function localized in both time and frequency space.

4 The Continuous Wavelet Transformation of a signal f(7) at a scale a > 0 and translational parameter
b € &£ is given by a projection over rescaled and shifted version of (7):

| t—b
W(a,b)z—J A1) w*( )dt

a d

4 In practice, it is a measure of how much a certain frequency is present in the signal at a given time.
—- 2
7 (o)

+00
4 Mother wavelet y(?) is required to have: J | w(?) dt < oo and Cy = ZﬂJ P dw < oo
— Q0 — Q0 @
1 .
4+ Morlet wavelet as y: y(f) = e~ !/B (eZZ”Ct — e‘”zBCz).
\/ Br


https://doi.org/10.1140/epjc/s10052-020-7746-8

Working 1in Frequency domain

Thousands

of these...

Neural Net
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