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Introduction
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Why torward region?

@® Light particles produced at particle beam experiments
fly in forward direction because of boost factor

Ex)B— K+ ¢ / _—

in rest frame B in lab frame B

/ N

® pp-reaction cross section @ LHC is very large in the
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https://arxiv.org/abs/1812.08283

Why long-lived particles?

@® Strong coupling between SM & BSM particle has been
already excluded for light mass case

Ex.) Dark photon

M. Bauer, P. Foldenauer, and
J. Jaeckel, JHEP 2018 (2018) 94

Mixing

Mass

MAf [GeV]

@® For background reduction, thick shield needs
Ex.) muons with EM/HD shower
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https://link.springer.com/article/10.1007/JHEP07(2018)094
https://link.springer.com/article/10.1007/JHEP07(2018)094

Various experiments

Place Year Beam Shield length

> CHARM CERN 1979 p, 400GeV 480m

XD y-Cal | Serpkhov 1989 p, 68.6GeV 64m

S E137 SLAC 1988 e, 20GeV 179m
T BDX JLab 20277 e=, 11GeV 20m

X SHiP CERN LHC Run4  p, 400GeV 120m
"~ |LC beam dump lwate ? ? e”/et, 125GeV  70m

L g Place Year Beam +/s Distance
S © FASER ATLAS Present p, 14TeV 480m
M O

FASER? ATLAS HL-LHC p, 14TeV 620m?

Various future experiments in forward region
Light & feebly interacting particles will become hotter!
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ILC beam dump
experiment
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International Linear Collider

ILC (International Linear Collider)

- Electron-positron linear collider
- 250 GeV center-of-mass energy (-> upgrade to 500 GeV, 1TeV)
- 250 fb~ 1! integrated luminosity

ER #3.2km (@8 Damping Ring -
approx. 3.2 km in circumference § -— — %J[/??'?‘JI\

BFMIES
eeeeeeeeeeeeeeeeeee
— BEFE

BFH
Electron Gun s = ERINEER Positron Source
- — Beam Delivery System
2K #20km
approx. 20 km in length
7t B B FRIANE SR
Positron Accelerator

=PIV R
RTML

ILCHNERE DS RURE

Schematic illustration of ILC

From ILC official homepage
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https://www2.kek.jp/ilc/en/

International Linear Collider
Beam dumps at |[LC

Main beam dump
- Absorber : liquid water

- Covered by iron shield and concrete
- 11 m length

I : Electron Beam Dr
1 : Positron Beam Dump

From Morikawa san’s slide
[LCWS2019]
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https://agenda.linearcollider.org/event/8217/contributions/44792/attachments/35087/54305/LCWS2019-morikawa.pdf
https://agenda.linearcollider.org/event/8217/contributions/44792/attachments/35087/54305/LCWS2019-morikawa.pdf

International Linear Collider
Beam dumps at |[LC

Main beam dump

- Absorber : liquid water
- Covered by iron shield and concrete

I—

- 11 m length ghat ] vvaste)

S —

Almost all et & e~ arée dumped at main beam dump

Use them for beam dump experiment
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[LC beam dump experiment

Beam dump experiment at ILC

ldump~11m lsh ~70m ldec ~50m
<€ > € > € >

Muon shield Decay volume Detector

Beam dump

------- ILC main beam dump experiment

-+ 125 GeV et or e™ beam
- Liquid water target
- Thick muon shield for removing background
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[LC beam dump experiment
Advantage

O Intensity frontier
- Produce large number of light weakly-interacting BSM particles
by high-intensity beam & fixed target

ILC beam dump experiment and ILC main experiment are
in complementary relation

ILC experiment

O Energy frontier
- Produce heavy interactive BSM particle by high energy beam

O Low cost of construction and operation
- Possible to use beams and beam dumps for ILC main experiment
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[LC beam dump experiment
Advantage

- Can use positron beam
- Production by pair annihilation between e* beam and e~ in H,0

Proton beam dump has higher sensitivity
than electron one X /Other process I

* et al et et
%_ gy Bremsstrahlung
e

Our question

How much better does positron beam
dump perform than electron one 7

) X
7
\MW;;; Primakoff procesy
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L ong-lived Particle
@ [LC beam dump

Based on
“New physics search at ILC positron and electron beam dumps”, K. Asai,
S. lwamoto, Y. Sakaki, and D. Ueda, JHEP 09 (2021) 183, arXiv:2107.07487
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https://doi.org/10.1007/JHEP09(2021)183
https://arxiv.org/abs/2105.13768

Basic strategy

Production & Detection
1, LLPs are produced and fly in forward direction
2, LLPs pass through long shied
3, LLPs decay into SM visible particles in decay volume
4

Visible particles are detected at detectors

beam dump
(fixed target) decay volume

~u

beam—— ' _NeVV_parﬁC’e

shield detector
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Long-lived particle search

Calculation of event number

ldump Ish 55 o ldec "

Muon shield Decay volume Detector

Beam dump

beam

(# of signal event)

= (# of produced BSM particles) x (Acceptance) x (Branching ratio)
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Long-lived particle search

Calculation of event number

ldump Ish 55 o ldec "

Muon shield Decay volume Detector

Beam dump

beam

(Acceptance)

= (Probability of decay in decay volume) x (Angular cut)
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Long-lived particle search

Calculation of event number

ldump lsh ldec
< > < 5 @ .
Beam dump Muon shield Decay volume Detector
o —
beam
e L
(Acceptance) 0 ldec

= (Probability of decay in decay volume)
BSM particles reach decay volume and are detected by decay into visible particles
Probability of decay between 0 ~ [gec

deec . 1 ldump + lsh + 2 (lab) . .
- zglj“b) exp (— lgéab) ) ZX : Decay length in laboratory frame
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Long-lived particle search

Calculation of event number

&

ldump ldec
Muon shleld Decay volume Detector

Beam dump
<:IIrdet
n e —— e = — e — - - AL .
e beam _ I

(Acceptance) i dﬂfﬁ
- (Angular cut)

Produced particles have angles with respect to initial particles

For large angle (deviation from beam axis 7 1), visible particles in decay
volume do not hit detector

Angular cut : @(Tdet — 71)
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Long-lived particle search

Calculation of event number (e* beam dump experiment)

ldump lsh ldec
<€ > € > € >

Muon shield Decay volume Detector

Beam dump

(Number of signals)
= (# of produced new particles) x (Acceptance) x (Branching ratio)
dl; m d?c(i + j — X + others)
:Neinj/dEidEi /dEX/O dox

dExd6b 2 1
A X / dzl—e_z/ld%@(rdet — 11 ) X Br(X — visible)
Z1 dec

Coupling to SM _’ —— # of production J Acceptance (Iifetime)-i
:: 8

# of signals is defined by competition of two effects

Secluded "
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,,,,,
nnnn
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,,,,,
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L LP search at ILC beam dump

Production Process

X X X
et - Y g ei - ei
(a) Pair-annihilation (b) Primakoff process (c) Bremsstrahlung

dark photon v/ v/
ALP v/ v/ v/
scalar v/ v v/
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LLP SearCh at Dark photon

Sensitivity region
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Sub-GeV Dark Matter
@ [LC beam dump

Based on
“Sub-GeV dark matter search at ILC beam dumps”, K. Asai, S. lwamoto,
M. Perelstein, Y. Sakaki, and D. Ueda, arXiv:2301.03816
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https://arxiv.org/abs/2301.03816

Light Particle + Dark Matter

In light particle (LP) search at ILC bean dump, it is
assumed that they couple only to SM particles

e
| P = =nee SRR <
o=

LP Detectable

It light particles dominantly decay into DMs,

(i) myLp < 2mpwMm case (i) mpp > 2mpy case

| P | P sssssgussssssnnnnnnnnnns >
No visible signal !
LP DM can be detected at ILC

LP Detectable beam dump experiment ?
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BDX (Beam Dump eXperiment)
MeV-GeV dark matter search experiment @ JLab

O DMs are produced in electron beam dump
() 11 GeV electron beam BDX collaboration (2016), arXiv:1607.01390
i k—— 10 m > ¢— 10 m —
O 1022 electron on target R WL i
X

O 1m?3 Csl (T]) scintillator  Bem

ILC beam dump Detector
125 GeV e* beam,

4x10%1/year et on target

Dump Detector

Optional

Shielding

» Powerful DM search like BDX @ [LC beam dump !
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https://arxiv.org/abs/1607.01390

ILC-BDX

MeV-GeV dark matter search experiment

@ [LC beam dum
O DMs are produced in et beam dump P

(O 125 GeV e* beam O 4%x10?%1/year et on target
O cylindrical Csl (TI) scintillator

11m 70m 50m 0.64m
Jaump Lsn U Lec , et
Muon shield i Decay volume (Multi-layer tracker) - Detector

Beam dump

Kento ASAI (ICRR, Univ. of Tokyo) =~ New Physics Search at Long-Lived Particle Search Experiments = 3 International Joint Workshop @ Jeju (Nov 14, 2023)



ILC-BDX

Two types of DM signals
(D Electron recoil X X

DMs scatter with electrons in detector material A

elastically, and recoil electrons are detected.

(2 Visible decay ”

Heavy DM state is produced at beam dump

and decay into light DM state and SM particles. Al e
Visible daughter SM particles are detected. e~

Kento ASAI (ICRR, Univ. of Tokyo) =~ New Physics Search at Long-Lived Particle Search Experiments = 3 International Joint Workshop @ Jeju (Nov 14, 2023)



Dark matter search

Calculation of event number (e* beam dump experiment)

ldump lsh ldec ldet
—> <€ > € > —>
Muon shield Decay volume (Multi-layer tracker) Detector
Beam dump

eibeam

7
7
7
7z
z
F 3
7

\ !
oa
vy \\
vy N
\/ N

(Acceptance)
= (Probability of reaction with visible SM particles) X (Angular cut)

Visible decay # probability of heavy dark state decay

e~ recoil # probability of e™-DM elastic scattering
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Fx.) Pseudo-Dirac DM

Two-component Weyl fermion with nonzero dark U(1) charge

1
—L D mpné + —muy(n® + ) + He.
2 in low-energy theory
For mp > my > 0, DM mass eigenstates
1 1
X1 = \/5(77—5), X2 = \/5(77 §)

with masses my, , = mp F muy

DM-dark photon coupling is off-diagonal
JI =1ix27"x1 + H.c.
Inelastic DM
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Projected sensitivity

Fx.) Pseudo-Dirac DM (small mass splitting)

e” beam dump
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Projected sensitivity

Fx.) Pseudo-Dirac DM (small mass splitting)

e” beam dump
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Projected sensitivity ez

Ex.) Pseudo-Dirac DM (large mass splitting) [@p =01 ma = my,

e~ beam-dumn et beam dump
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O ILC e* beam dump experiment has higher sensitivity to light
(S 1GeV) weakly-interacting particles than past beam dump
experiments

O ILC-BDX can probe interesting parameters of the sub-GeV DM
model, and can reach the relic target.

(O Although pair annihilation processes occur in both electron and
positron beam dumps, positron case is more sensitive to heavy
mass region because of primary et beam

Thank you for your attention |
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International Linear Collider
Beam dumps in [LC

Total 15 beam dumps in ILC

- for electron, positron, and photon

- Absorber (water, graphite, aluminum alloy)
Energy (5, 15, 125 GeV e~ & e™, average 8 MeV y)
Normal operation — E-5, E-8 (e7), E+5 (e*), E+7 (y)

I : Electron Beam Dump

From Morikawa san’s slide

3 : Positron Beam Dump [LCWS2019]
= : NS 50w
S, = : -y
E-3 E-6 / ¢/¢/
gokw  BOKW e7 g4 EEISE ES Esd E+6  E+3
60kWV 400kW 5.3MW 5.3MW 60kW  60KW
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https://agenda.linearcollider.org/event/8217/contributions/44792/attachments/35087/54305/LCWS2019-morikawa.pdf
https://agenda.linearcollider.org/event/8217/contributions/44792/attachments/35087/54305/LCWS2019-morikawa.pdf

[LC beam dump experiment

PreViOUS WOI’k S. Kanemura, T. Moroi, T. Tanabe, PLB 751 (2015) 25-28,

arXiv : 1507.02809 [hep-ph]

107 E Dark photon =
Dark photon search by ILC electron beam ; P 5
L () p(X) _ € patem) (%), ™X o :
— — = - em - Beam dump

L =Lswm 4F,w F 2F;u/ F,7 + 5 X, X, O 10 b -
Veto Detector
Beam Beam Dump Shield _‘._...-.-.' i g E
| 10 g SNy SHIP e ;
i N 10-2 0.1 1 10

i i > < - > ~— , X (GGV)

€ Ldump LSh Ldec

7 A
VA

/' dark photon f : SM particle
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https://doi.org/10.1016/j.physletb.2015.10.002
https://arxiv.org/abs/1507.02809

L LP search at ILC beam dump

PreViOUS Work S. Kanemura, T. Moroi, T. Tanabe, PLB 751 (2015) 25-28,

arXiv : 1507.02809 [hep-ph]

10-4
Dark photon search by ILC electron beam
10-°
— _ —pX) (X) (em) (X)
L =Lsm 4F;w F 2F;w F -I- 5 XX W 10-
Veto Detector
Shield 10-7

"
Beam Beam Dump _,_‘.-.-.. ‘
q | 10-8 =

10-% 0.1

Ldump L sh L dec

Sensitivity of ILC beam dump experiment to light particles

\IIIIIIlTI IIIIII|T| T TTTIT

—_
—_
—_
—_—— -
-_——
-

-------

1 IIIIIIII | 1 1 1 11170

1
mx (GGV)

is much higher than

10

those of past beam dump experiments and comparable to that of SHiP experiment
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https://doi.org/10.1016/j.physletb.2015.10.002
https://arxiv.org/abs/1507.02809

L LP search at ILC beam dump

Pl’eViOUS WOI’k Y. Sakaki, D. Ueda, PRD 103 (2021) 3, 035024, arXiv : 2009.13790 [hep-ph]

- Electromagnetic shower (e & u & ) in ILC electron beam dump
- Production of Axion-like particle and light scalar by bremsstrahlung process
from e & u, Primakoff process from y

P ldump - Ish - lec R
Muon shield Decay volume Detector
Beam dump
e e‘\& e - - - - - - - - - - > < Ir det
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https://doi.org/10.1103/PhysRevD.103.035024
https://arxiv.org/abs/2009.13790

L LP search at ILC beam dump

Previous work Y. Sakaki, D. Ueda, PRD 103 (2021) 3, 035024, arXiv : 2009.13790 [hep-ph]
O Axion-like part:g,_lse VAN a4t N O Light scalar - |
S SAl e EaLL mra W EeaL e T
a‘ 10—4 ; X 10_3 %
R ?
! / S S ) poo ]
Primakoff ?1075_,-’ SN 1987A C\ T . Bremsstrahlung 107 :
§10‘8é ______________________ 4 10_7: — ILC-250 (1 year) 1
: — ILC-250 (1 year) ; F — ILC-250 (20 years) 3
-9 —ILC- cars : F Model A ]

10™* 103 102 10" _10° 10':
M |GeV] | mg|GeV|

Productions by secondary particles are important
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https://doi.org/10.1103/PhysRevD.103.035024
https://arxiv.org/abs/2009.13790

L LP search at ILC beam dump

. K. Asai, T. Moroi, A. Niki, Leptophilic Gauge Bosons at IL.C Beam Dump Experiment,
Previous work PLB 818 (2021) 136374, arXiv : 2104.00888 [hep-ph]

O U(1),,_;, 8auge boson OU(1),,_ 1. gauge boson

Bremsstrahlung

_— “_._,.{...-....I.....I.-‘-.-I..:.I..I.I..I....----‘-._,.I..-:_.:-‘I"‘III | o “I: é 10-9 o l o I”_
107 10t 10° 101§ b 102 10! 10° 10
my (GeV) my (GeV) |

Sensitivity of ILC beam dump experir.nent to light leptophilic gauge bosons
is much higher than those of past beam dump
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https://doi.org/10.1016/j.physletb.2021.136374
https://arxiv.org/abs/2104.00888

Long-lived particle search

Calculation of event number

eibeam

(# of produced new particle) .

= (Luminosity) X (Production cross section)

—

Dependent on beam Dependent on particle species
and beam dump

Kento ASAI (ICRR, Univ. of Tokyo) =~ New Physics Search at Long-Lived Particle Search Experiments = 3 International Joint Workshop @ Jeju (Nov 14, 2023)



Long-lived particle search

Calculation of event number (ef beam dump experiment)

eibeam

(# of produced new particle)

= (Luminosity)
|| N+ =4 x 10%! /yr
(# of incident particles into beam dump) nx = pr,0Na/Am,o0 = 4 x 107

X (# density of target particles in beam dump )/ Ne- = pH.0NaZm,0/Am,0 = 3 x 10%
X (Track length of shower particles)
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[LC beam dump experiment
EM shower

Large number of positrons are produced by electromagnetic shower
in both electron and positron beam dumps

Annihilation process occurs in positron beam dump

How much better sensitivity of positron beam dump to search
for new light particles than that of electron one ?
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Long-lived particle search
‘rack length

- Beam particles produce electromagnetic shower in beam dump
- Beam dump particles react with initial beam & shower particles

- More shower particles & passing through beam dump longer
< More LLP production

Evaluation of how many beam are shower particles produced
& how long do they pass through beam dump

»tracklength ______ peam | e @

From Sakaki san’s slide

Kento ASAI (ICRR, Univ. of Tokyo)

target
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http://www-het.phys.sci.osaka-u.ac.jp/~seminar/pdf_2021_zenki/210608Sakaki.pdf

Long-lived particle search

Track length
d(track length)/dE;

= % (# of shower particles i with energy E; ) x (pass length)

Track length of particle i (ILC beam dump)

beam = e~ (eV)

102 T I LI L B IR B B B ] target
= : @
T L8 L U >
E r
i r e+
109
dl; -
Ei 5 10
dE’I, E Lelectron - » + / + /
-2 i
" g Lpositron = \
1036 Monte Carlo simulation
E - - - - Fit function L. —
- YT +
10—4 i | 1 1 I | 1 1 I 1 | 1 I | 1 I 1 | | /\/\/\/\/ /\/\/\/\/

0 0.2 0.4 0.6 0.8 1

u (= E;/Fpeam) From Sakaki san’s slide
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http://www-het.phys.sci.osaka-u.ac.jp/~seminar/pdf_2021_zenki/210608Sakaki.pdf

Long-lived particle search

Branching ratio

(O Dark photon search (O Heavy neutral lepton search
(Visible branching ratio) =1 (Visible branching ratio) < 1
[ e'e : 13y hadrons
1 X 10" —
T ey |
\3 < eev
= m
- 10_1: 10—2 —_— |
f LMLV, _ Jerv, gty ]
- 1071 1 10
10~ my [GeV]
N
M, [GeV]
M. Bauer, P. Foldenauer, and FASER collaboration, PRD 99 (2019) 9,
J. Jaeckel, JHEP 2018 (2018) 94 095011
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https://link.springer.com/article/10.1007/JHEP07(2018)094
https://link.springer.com/article/10.1007/JHEP07(2018)094
https://doi.org/10.1103/PhysRevD.99.095011
https://doi.org/10.1103/PhysRevD.99.095011

Angular acceptance

Angle of initial particle i

(16 mrad - GeV /E.+ (for shower electrons and positrons),
8 mrad - GeV/E, (for shower photons)

Production angle of new light particle

" Ox (for Primakoff process & bremsstrahlung)
0  (for pair annihilation)

(92:<

\

Decay angle of SM particle from X
0. — T x
> 9F
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Angular acceptance

Typical deviation of emitted SM particle
from beam axis

TJ_(Z) — \/‘9% (ldump + lshield + ldec)2 + Hg(ldump + lshield + ldec>2 + 9% (ldec — Z)2

detector

, (ic\e__p-
u shield visiple P2 Im Tdet

At — 2

AN ) lgec

S -

ldump  lshield decay volume
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Angular acceptance

Averaged angled of initial particles

(16 mrad - GeV/E,+ (for shower electrons and positrons),
8 mrad - GeV/E, (for shower photons)

Shower y (e*) with E, < 0.52 GeV (E
always result in r; > rget

y (e*) < 1.05 GeV)

In reality, 8, has a distribution, and shower particles
with smaller momentum may pass the angular cut
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AX|on—I|ke partlcle caee#o%w—cm:o loop induced

E— : £328 a@“a——ma + Yy %ca%—m Yol = 9y 0F
Sensitivity regio Lo AT AT

-1
10 A ! lllll"l ! IIII"II ! lllll? 10_ \I\I‘IIIIIII I~!IIII‘I A 1 IIIIIIII 1 IIIIIIII 1 Illllla
10-2 | ] Effect from
e primary beam
. 107k 1 < L
> g 1 = E137
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= 107 1 =10 E
i - S ~ e .
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Axion-like particle

Cace 0, Capp = Carr =0 loop induced

LD %@a@"a —

Sensitivity regio
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Scalar part|c|e Ge/Me = g,,b/mﬂ - gT/mT loop induced

Sensitivity regio

L= (a S)? — —mSSz
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L ow mass boundary
ALP model (Case 1)

107" g 107"
1072 E 1 102k

< 1071 4 7 107°%F
3 I > -

3 3
= 107 { < 107 E
= - 3 = - 3
o O - .
Q B -1 Q B -
— E ILC-250 i — 2 ILC-250 3
. - 1yr. 20 yr. .
No dis. 1yr _2_(3_y_r L . - No dis yr ....y.r. d/ 4

Eth mlnlmal enel’gy 1 -6 lGeV' - U 10_6 1 GeV — U
for detection ——&E; _ % | T

-7 10~/

10907 102 102 107 400 10" 10 10° 102 10" 10° 10
m, [GeV] m, [GeV]
(a) electron beam dump (b) positron beam dump

Low mass boundary is sensitive to energy threshold
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# of events @ [LC-BDX

(Number of signals)
dl; " d?c(i +j — A’ + others)
— N..n; [ dE; 6.4
et / dE, /0 4 dE 1 df 4

(D) Electron recoil e~ recoil probability

Br(A" — DMs) x Acc

rdet/(ldump+lsh+ldec) dP
Acc(recoil) = / deX e @(Tdet — Tﬂ_ec) ) Precoil
0 db,
angular distribution N
of DM emission decay probability

2 Visible decay

Tdet/(ldump‘|‘lsh) ldec
Acc(decay) = / do, / dz Wang  dPdec - O(rger — r1*°)
0 0
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(M) . Ish - ldec R
Muon shield Decay volume Detector

Beam dump

2~ .

Acceptance

Decay probability

deec . 1 exp | — ldump + lsh + z
dz lg-ab) lgl(ab)

Angular distribution of DM emission

dP,, 1 , ?

Kento ASAI (ICRR, Univ. of Tokyo) ~ New Physics Search at Long-Lived Particle Search Experiments | 3 International Joint Workshop @ Jeju (Nov 14, 2023)



ldump lsh ldec
€———> € €

Acce D tance ’

Angular cut
Long-lived particle search :
Tl (Z) — \/Hg(ldump + lsh + ldec)2 + 6)2 /(ldump + lsh + ldec)Q + Hais(ldec - Z)2

Dark matter search :

Tji_ec(z) ~ \/93 + 6%, + H%M ' (ldump + lsn + Z) <ViSib|e deCay)
rt = \/92 + 6%, + 02 - (lqump + lsh + ldec) (e~ recoil)

0. = 16 mrad - GeV/E_ + : angle of shower electron & positron
(by MC simulation)
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Beam-induced v flux
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Backgrounds
@ Beam-induced /[N 1/year for Ein = 1GeV]

Neutrino-electron scattering

ve —ve , Ve —ve 5
/[ ~ 2 x 10*/year ]

__ I+ Quasi-elastic scattering -
S CC: vyn—{€p ip—Iltn
L NC : vp—vp, vp—vp, vn—vn, vn—vn
| . .
Q Neutral pion production /[ < 2 x 10%/year ]
cC: v,n— uprY, v,p — unmd —
NC: v,p— V'upﬂ'o, vup — Dﬂpwo, V,n — Vumro, v,n — Dumro
D >
o 8 Strange meson production ~ 12 /year
L 0 CC I/MTL—>/L_KOp, v KO8T
>

Kento ASAI (lCRR,UmV OfTO : V“,n % VII‘KOAO, Vll,p % VII‘KOZ—F, V“ln % V“,Kozm

Detector-dependent reduction



Backgrounds

(2) Cosmic-ray induced cosmic muon flux

-1
10 Cosmic muon flux
-9 ———
G @ 10 -~ ~. at sea level
~ 0(10) " €veto & -3
g 10
o 107*
O(10) ~ 10 year (operation time § 100
_ : & ¢ beam d
x 10~* muon/cm? /s (cosmic muon flux at beam dump area, S 107 at beam dump area
x 100? cm? (detector area from top view 1077

1072 107' 10° 10t 102 10°

x 10~*/muon (hit rate per cosmic muon Kinetic energy [GeV]

\_/\_/\_/\_/\_/

x 1312 x 5 bunch/s (bunch number per second
x 100 ns/bunch. (time window per bunch\

N,

time window
100 ns
> >

1312 bunches

1

0.73 ms

200 ms
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