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Berkeley community of wakefield colliders
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Options for 10 TeV-scale colliders

** Muon collider

100 TeV pp

¢ Challenges
* beamstrahlung

* Challenges

“ Challenges
* 16 T dipole magnets * muon cooling
* 100 km tunnel * neutrino radiation « et acceleration
* fast ramping magnetsk° staging /

* radiation-hardness



Plasma wakefield

¢ Drive beam (laser, e~ beam, or etc.) blows out plasma e~

s Strong EM field emerges: “wakefield”
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Joshi, “Plasma accelerators”. Scientific American ‘06
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Plasma wakefield acceleration

** Pros
e Strong acceleration gradients
upto~ 0(100) GV/m
cf. RF limited < 0(100) MV/m

¢ Cons (or “challenges”)
 Small bunch size 2 beamstrahlung
« e' acceleration & focusing

* Multiple stages needed
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Beam geometry

*» Relatively compact beam

HL-LHC
® @ 9 @ o0 ©
R RA
Fry ~ 10 pm
2 -
% 1011 40M &, =~ 3l mm
[ O
Ty = 1 jmM
iy ~ 1
10° AL 10 PWFA Try ~ 1 0m | SeRplsyeifogedes-
ay ~ L pm
% Geometric luminosity slide by Kevin Langhoff
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Beam-beam interaction and beamstrahlung

«» Beam-induced EM field leads to

* Disruption

* Beamstrahlung

¢ Particle-in-cell (PIC) simulation
* WarpX: advance open-source PIC code

Figures and animation by Arianna Formenti & Remi Lehe




Beamstrahlung
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*» Field strength parameter

eV =5 v 2|
Y = ma \“(Fuvpe) Yokaya & Chen ‘92
2aNE 10741 (HLLHC, MuC 1
OYmaXz afZe ~ 5( _ uc) ; cf. L «
Meoz(0y+0y) 10> (wakefield) OxOy

s Strong beamstrahlung for wakefield collider

* Flat beam (o, > 0y,) can reduce beamstrahlung while keeping luminosity
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Collider options I: ete” vs e"e” vs yy

*» What to collide? Difficulty
c ete” ERR Challenging
*Yy
e e s Relatively easy

< yy option with inverse Compton scattering

Barklow, et al. [2306.10057] (SLAC) s, =125GeV

v(62.5 GeV v (62.5 GeV)
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Collider options ll: flat vs round beams

*» Beam shape? Difficulty
* Flat: g, > oy nee Challenging
* Round: oy ~ 0, - Normal

“ Summary of collider options
* 5 options: ete” flat/round vs. e"e~ flat/round vs. yy

* Let’s compare physics reach!

Beamstrahlung

Low

High
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Luminosity profile

107

s Universal setup
e /s =10 TeV
* Logom = 7.52ab  yr™*

107

¢ Sizable portion of collisions
still have M =~ 10 TeV!

103
102

e~ initial state

e~ e initial state

e~ 7 initial state
— T T T T T T T T T

Collider configuration
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— e ——————

ete™ round e~e” round ~7y
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Luminosity profile L

e~ e initial state

s Universal setup
e /s =10 TeV
* Logom = 7.52ab  yr™*

¢ Sizable portion of collisions
still have M =~ 10 TeV!

dZ

Collider configuration
ete” round
ete” flat

e~ e~ round
e~ e flat

7Y

Center-of-mass energy M [TeV] Center-of-mass energy M [TeV]
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Luminosity profile

107

s Universal setup
e /s =10 TeV
* Logom = 7.52ab  yr™*

10°

=
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% Sizable portion of collisions Sé
still have M =~ 10 TeV! e 08
102
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e~ e initial state
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Collider configuration
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2 4 6 8 2 4 6 8 10

Center-of-mass energy M [TeV]

Center-of-mass energy M [TeV]

13



Chargino production rate

m,+=1.5 TeV _ m,+=3.0 TeV
< Consider pair production 2
te~ tym e | | i
ceteT/yy o x'x Sl ”\““T
* Large 0 @ prod. threshold ¢ 7 ——— f\
<8 0 “ ollider configuration it J ]
10 §—6+e’ round == e¢”e” round == yy ?
! :‘—.efe‘lﬂe.tt. = f.f‘e“ fliat ........ e ]
< We found... MR o
cefe” >yy>ee” = 1032_
> i
* Round = Flat e
: Z 10
* Round beam is better for I ;
. . 0L
production despite the folklore ':
1071 L
0

Center-of-mass energy M [TeV] Center-of-mass energy M [TeV]
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Models and search channels

% Heavy SU(2), multiplets with mass difference in charged/neutral components
* Higgsino-like doublet

mXJ_r
* Wino-like triplet
mXo
<+ Different search strategies depending on Am,,
Low background High background

Disappearine track
]

Stable
Multi-jets

WW + missing energy Mono-X

So Chigusa @ 2nd Hokkaido Workshop on Particle Physics at Crossroads 15



Example: disappearing track

% Search for long-lived particles
decay in the tracker region

“* Require transverse flight length

o by <br < 4Lrsg

PDF [cm ™}

PDF [em ™}

109 —————————
C Collider ]
ete” round |1
= = cte” flat
N e~ e round
10_1 : e e~ flat 3
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eTe™ round

Disappearing track reach

T Thermal Higgsino |
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** 10 events contour

“* Sensitivity comparison
cete">yy>ee”
* Round > Flatup to afew TeV
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Towards full use of profile P et mitialstate
' M—=1TeV
i — M=8TeV :
T _K )_
s i 5
= 10% ¢
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Towards full use of profile P e cte imifialstate

M =1TeV

— M =8TeV

— m, =1000 GeV (yield=6.15e+05)

S ]
» Example : —— m, =2400 GeV (yield=3.19e+04)
°* mass extral | —— m, =4500 GeV (yield=3.99)
angle of 2 (
-
-I- 1 1 1 1 1 Il_I 1 1 1
€ -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

cos6
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Conclusion

“* Wakefield acceleration: interesting venue with unique challenges

% Comparison of collider options
cete”" >yy>e"e”

* No clear benefits from flat beams

< Sizable fraction of beam remain to be @ /s/2 ~ 5 TeV

20



Conclusion

s+ Wakefield accele

s Comparison of c{

cete">yy>e

* No clear benef

+» Sizable fraction
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Event Yield
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Backup slides

25



Duck wake (fii#ig - B =iR)

So Chigusa @ 2nd Hokkaido Workshop on Particle Physics at Crossroads
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https://ja.wikipedia.org/wiki/%E8%88%AA%E8%B7%A1%E6%B3%A2

Progress Iin e~ acceleration

*» Tremendous efforts and technological improvements!

10%  _Blumenfeld, - p—— :
yatae 207 - = Collider Goal ||
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o Wy * @
8 “_ Litos, %
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% Also at our place... ATAP group @ LBNL

1 2 T T T T
—e— Results
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L i amiv2022
8l Gonsalves, |
PRL 2019
6r ]
Leemans,
4+ PRL 2014 1
2r ]
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Figures by Spencer Gessner
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Staging demonstrated

“ BELLA LWFA facility at LBNL

Stage I: Plasma
gas jet lens  Plasma-mirror
tape
— -
- - -
0.10 = 7 c?tfgf I ——
. = p— T el ISChar ,
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I | Laser2
r
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- ()
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Steinke, et al. Nature ‘16
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High-quality beam state-of-the-art

* FLASHForward PWFA facility

Broad-bard
E) -5 d spechomate
Bunchas ‘l > Hghsssoiution
dipuie speckromeler
e GAGG Ca
\ areen
GandOx A
e :

X [pm)
3

Spoctrdd dercdy

-
S o

pc mav )

e v

. . . ‘.
200 400 0 800
Shots (chrorolagion! )

1ot 1020

Suctson densty (an’)
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* Emittance, energy spread, charge preserved
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Quantum region of beamstrahlung

s Parameter of EM field strength

=50 ) = 22

* Y K< 1: classical synchrotron

* Y = 1: quantum

Sokolov-Ternov spectrum formula

cf: x = (w/E,)Y in strong QED

2.5 -

Normalized spectral shape

-=-= C(lassical

—— ST (x=0.03)
ST (x=0.3)

— ST (x=1.0)

0.0 . - . . . .
0.0 0.5 1.0 1.5 2.0 2.5 3.0

wW/w¢
* More compact beam, stronger field
e Y ~ 2aNEe 10~%~! (HLLHC, MuC)
max -

meaz(ox+ay) | 10° (wakefield)

Yokaya & Chen ‘92
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Q. Is 10 TeV wakefield collider really 10 TeV? A. Yes!

Collider Bunch size [nm] Integrated luminosity [pb "]
configuration o oy LV LY Jo.20 / L0 Ji o,oﬁ
ete” round  1.55 1.55 1.5 x 107 1.2 x10% 8.0% | 3.6 x 10> 2.4%
ete™ flat 6 0.4 2.5 x 10 1.2x10% 46.9% | 6.5 x 10° 25.9%
e—e” round 1.55 1.55 7.4 x10° 4.6 x 10> 62.3% | 2.6 x 10° 35.4%
e~ e~ flat 6 0.4 6.8 x 10° 5.2x10° 75.5% | 3.5 x 10° 50.8%
v~y collider [round e~ e~ initial beams with laser back-scattering]

e e 1.55 1.55 4.0 x 10° 6.8 x 10* 16.8% | 2.0 x 10* 5.0%

Yy 87x10° 7.1x10* 81% \5.0 x 102 0.06%{

31



Longitudinal boost

¢ Collision between primary and secondary particles leads to large boost

109 eTe” initial state e~ e~ initial state
E ! 1 ! ! ! 1 ' ' ' 1 ' ' ' 1 ! ! ! 1 ! E E ! 1 ! ! ! 1 ! ! ! 1 ! ! ! 1 ! ! ! 1 ! 3
M =1TeV 1 F Collider configuration
4 [ —— M =8TeV 1 i eTe™ round e~ e~ round 2%
—_ 10 E_ K ) _ E_ ete™ flat e~ e flat _
| N i N i
O i 1 I ]
= 103 F i F .
_= : U 1 :
= 102k 1 F
= 101 3 {1 k
N 5 1
10"
10—1 I N TR T R S

—2 —1 0 1 2
Rapidity Y Rapidity Y



Other new physics scenarios?

¢ Let’s check production rates!

¢ Pair production cross section is. -
Qo

----- PDFs é

Beamstrahlung

large around prod threshold  F

s Then...

cete”" >yy>e"e”

e Round = Flat

5(3) [arb units]

* Round beam is better for
production despite the folklore

V'§ [TeV]

Figure by Toby Opferkuch
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Comparison with other colliders

Triplet 50(20)
eTe” round
ete™ flat
e e~ round ]
e"e” flat References

7Y
W Han+ 2009.11287

PP /5 =100 TeV Saito+ 1901.02087
PP /5 =14 Tev [ ATL-PHYS-PUB-2018-031

Disappearing
Track

Te~ round

eTe flat
e~ e round
e e flat
Yy [
©p ‘
PP /5 =100 Tev | Gori+ 1410.6287
PP /s =14 TeV ] ATL-PHYS-PUB-2018-048

€

WW + MET

Te~ round

ete” flat
e e round 1
e"e flat . 10 ab
7Y
W ] Han+ 2009.11287
PP s =100 TeV | ———— 30ab! Han+ 1805.00015
PP s =14TevV | ] 3 ab~! Han+ 1805.00015

(&

Mono - X

eTe” round
ete™ flat
e~ e~ round
e e flat
Yy
©p
PP /5 =100 TeV 1TV Feng-+ 1505.02006

HSCP

pp Vs =14 TV [RPFFFFFFIA 139 fh! CERN-EP-2022-029

1 2 3 4 ) 6
Triplet mass m,+ [TeV]
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DT search implications to tracker design

€T4 [Cm]

Doublet Collider
eTe™ round |]

- = cTe™ flat

e~ e~ round |4
e e~ flat
e i

nl <3

.

e ~.
~

:EThermal TS~
[ i Higgsino ’

1 2 3 4
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WW + MET search

 MET, Hy, M,,,;sc & my, cuts works well to significantly reduce backgrounds

200

—_
-
-

Events / 1 ab™! / 0.1 TeV

Events / 1 ab™! / 0.1 TeV
o
=

BG

signal
1

BG

e e flat []
my+ = 3 TeV ||

| 400

1 200
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20

BG

(&
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1

e~ round

BG
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—— .
e~ e~ round [|
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1
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4
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L‘;&igm] ]
L 1 L 1 — N

2 4
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Massive stable charged particle search

mXi =1.5 TeV

mxi =3.0 TeV mxi =45 TeV

T =—

103 §

10" £

Collider
10-1 E|=—— ¢te™ round

— cte™ flat

s Timing resolution
« At ~0(1) ns —
+ 0(1) efficiency o

NEvents (At > Atmin)

T T TTTTTg T T T T T T T TTTTTg T T T T T T T T

1071 101 103 1071 10% 103 107! 10 103
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Mono-e* search

< Binned analysis with ps ,iss and Miss (still huge background)

Significance

Doublet

: Thermal
: Higgsino

Collider configuration

ete™ round e~ e~ round

etet flat e~ e~ flat

1.2
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Soft pion search

0.05 . R —

i Collider
- - ete™ round ||
0.04 : T eTe” flat |-
: e~ e~ round |1
. 0.03 I | e~ e flat _
= ; Y |
= 0.02 | my+ = 1.5TeV |
i Am, = 500 MeV -
0.01 | 3 ]

0.00 |
1 2 3
Nyt E .+ |GeV]
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