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WHY MUON COLLIDERS?

* Muons are fundamental particles, so same
advantage as e*e” colliders:

O Energy of interaction is full energy of particle, not of
constituent quarks or gluons (factor ~10)

» Synchrotron radiation by muons is less than for
electrons by factor of (m¢/m,)*~ 6 x107*°

O Energy lost by synchrotron radiation must be put
back by rf power (cost of power for operation)

0 Muon beam can have narrow energy spread (>107°)
[0 High energy collider can be much smaller!
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PHYSICS ISSUES

 Is there a light Higgs boson? Data suggest “yes”

 If only one light Higgs boson, crucial to measure
properties — SM or SUSY?

» At muon collider, Higgs produced through s-channel

e Can measure CP properties of Higgs bosons through
asymmetries with transversely polarized p* and p~
beams

* A muon collider in the Higgs mass range is a step
towards a high energy (3-4 TeV) muon collider.
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WHY MUON COLLIDERS?

S-CHANNEL H
10° ;
The Higgs boson couples to mass, -
SO cross section at s-channel Higgs -
pole is very large (Fig.) 10°
O Small beam energy spread 2 10°¢
can allow measuremént of my, =
to few hundred keV © 10" 5,

O Direct measurement of
Higgs width I, to ~ 1 MeV

O A Higgs Factory
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IGGS PRODUCTION

Sy (GeV)

(From T. Han, talk at FNAL, May 22, 1998)
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LOW MASS HIGGS BOSON?
FITS TO PRECISION ELECTROWEAK DATA
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POSSIBLE IMPLICATIONS FOR
SUPERSYMMETRY?

* Light Higgs boson (my, ~ 120 GeV) indicates large value of tan

» Possible disagreement of muon anomalous magnetic moment (g—2)“
with SM prediction also may indicate large tan 3

+ In decoupling limit, lighter Higgs boson h® has couplings like SM Higgs,
but heavier Higgses H°, A? have non-SM couplings: coupling to gauge
bosons is suppressed

» For larger values of tan 3 there is a range of heavy Higgs boson
masses (H°, A%) for which discovery at LHC or e*e™ linear collider is not
possible

» Heavy Higgs bosons are largely degenerate in MSSM
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NEED FOR SUSY HIGGS FACTORY?
%jz - =t bH", H > 7w ATLAS
S SLdt=300 fb™'

K= h—>yyand
Wh/tth,"ﬁ»w

For larger values of tan 3, =
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We might need a muon
collider to discover them. 2
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Muon collider?
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DEGENERATE HEAVY HIGGS BOSONS

Separation of A° & H° by Scanning
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WHY MUON STORAGE RINGS?
* Muons decay:

U —€VVeor Ut —eve
« A muon storage ring can produce 109 to 1021
muon decays per year
0 The stored muons can have energy 20-50 GeV
[0 The stored muons can be polarized

[0 There is no comparable source of electron
neutrinos and antineutrinos

[0 Intense beams of neutrinos can be produced to
study neutrino oscillations and possible CP
violation

0 A Neutrino Factory
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NEUTRINO OSCILLATIONS

L = 2800 km, sin? 26,,=0.04

» A neutrino factory can

‘ 02!
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" s e LSMW
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NEUTRINO OSCILLATIONS

For three electroweak doublet neutrinos, the
neutrino mixing matrix is described by

E C12C13 Ci13512 SRR
— Te) Te) r
U ‘EH329,512‘5135230128.| C12C23_SlZSlSSZSe. C13523§< ,
7515553 7513C12C25®°  SpaC1575120235138°  C1oCosf]
where c;; = cosé}, s; = sing;, and K' = diag(1, e'4, e®)

(The phases ¢, and ¢, do not affect neutrino oscillation.)

Neutrino mixing depends on four angles 8,,, 6,3, 653, 0
and two differences of squared masses.
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NEUTRINO OSCILLATIONS

* In the absence of any matter effect the probability
that a weak neutrino eigenstate v, becomes v, after
propagating a distance L is

3 R
Py ~ ) =0,=4 SRe(K, Jsi = 1= ;

sind—_os
e f

U Uu'U . and Amijzzm(vi)z—m(vj)2
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« We can take
Amzsol = AmZZl = m(Vz)Z - m(vl)2

¢ One possible hierarchy is

(or 50% Vp and 50% v,)

Amzatm = AmZSZ = m(VS)Z - m(Vz)Z

2.~ Am? 2.~ AMZ. = Am?2
AmM%,; =AMy << AMZyy = AM%g, = AMZyyy,

¢ Neutrino beams from a muon storage ring have
extremely high purity and would be 50% Yy and 50% v,

Kavli Institute for Theoretical Physics, April 22, 2003
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NEUTRINO OSCILLATIONS
* Invacuum, CPT invariance implies P(v, -V, ) = P(v,- V),
so for b =a, P(v, -V, ) = P(v,-V,). The transition
probabilities for the CP-transformed reaction v, - ¥, and

the T-reversed reaction v, - v, are given by the formula
for P(v, - v, ) with the sign of the imaginary term reversed.

» For long baseline neutrino experiments, there is only one
relevant mass scale: Am?,,

» Then CP(T) violation effects are negligibly small so that in

vacuum
P(Vy— V) = P(Vy— V)
P(Vy— V) = P(Vy— V)
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NEUTRINO OSCILLATIONS

* In matter, even in the absence of CP violation
P(Vam V) # P(Vy - Vp)

* With a Neutrino Factory one can use the wrong-sign
muon appearance spectra as functions of Am232 ata
baseline of ~3000 km for both y* and i~ beams to
determine the sign of Am?;, as well as the value of

sin?(20,3)
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RIVERSIDE NEUTRINO OSCILLATIONS :
* = well or easily meas.; O = meas. poorly or with difficulty; [l = not meas.
Measurement Tvbe Conventional Neutrino
yp beam Factory
V-V, V,—~ U |survival O *
V,— Ve, Ve — € | appearance O O
Vo Vo Voo T | gnpearance a 0
. _>£e‘, M) PP
ve - velve - e+ SUI‘VIV8| D *
Ve . \TH'T)H_' p* appearance 0 *
V, - V, V- T,
™ (e+' w) appearance 0 O
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NEUTRINO OSCILLATIONS
- Wrang sign muon appsarance 20GeY muons 2800km
ﬁ 80 w'beam ibeam
M an’ <0 oopsoey? T <0
~. 80
For 1020 muon decays £
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o 0.0050 ev* B
o 20 : .l-.=
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2
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NEUTRINO OSCILLATIONS
IAm2,,| = 0.0035 eV 2
CP Violation: ~ 100, IAm2,,1 =5 X 105 eV? |
> sin?28,; =0.004 )
* Widths of bands show t, ok e
predictions as CP %
violating phase dvaries < 1
from —-1Y2 to 172 I’;i
,r 0.1k
» Statistical error bars 2
correspond to 102 y = 0o1-
decays and a 50 kton
detector 2000 4000 6000 8000
Baseline (km)
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NEUTRINO OSCILLATIONS

* A neutrino factory can measure
0 63 fromve - v,
0 The sign of Am232 using matter effects

[0 CP violation in the leptonic sector if sin2(2913) ,
sin?(26,,) and Am?,, are sufficiently large
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Studies carried out:

Induction linac No.1

* Feasibility Study |

A
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NEUTRINO FACTORY FEASIBILITY STUDIES

Schematic of a Neutrino Factory
Two detailed feasibility — Study Il Version

proton driver

target

and mercury containment

radli

100 m mini—cooling
at Fermilab drift 20 m 3.5mof LH, 10 m drift
Induction linac No.2
80 m bunching 56 m
. R drif
FeaSIblllty StUdy Il In(il;c:zi(z)gllinac No.3 cooling 108 m
at Brookhaven e  Linac 2.5 GeV
National Lab e
Recirculator Linac U Shoenigs dii
2.5 -20 GeV 20 GeV
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NEUTRINO FACTORY FEASIBILITY STUDY II:
Target and Capture | ks
| — |
Target, capture solenoids A g Containment

: Fef Cu Coils .
s H
%_—_
4 - ‘ B Window

I:l:’:p:h:\:i\ g Podd
-15K) -

BNL Experiment E951:
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1-cm-diameter Hg jet in 2 ><1O12 protons at =0, 0.75,2, 7, 18 ms,
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NEUTRINO FACTORY FEASIBILITY
STUDY II: Cooling

Cooling channel:
w,apsoeer — SOlenoidal focusing Simulation results:

o0 Transverse & Long Emittance
1e (Normalized)

rr ettt
92 4 S0 R0 IR 120 14D im)

* E2DNmm.mRad.) * BLong{etn, mRad.)
Magnet Coil 201.25 MH‘; RF Cavity
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PHYSICS PATH TO A MUON COLLIDER

* Neutrino Oscillations
— Intense neutrino beams (“Superbeams”)
— Neutrino Factories

* Physics with Intense Cold Muon Beams
— Rare and forbidden decays: U N - €™ N, 4 - ey,
Uu-eee e - et
Muon decays: T,, hon (V-A)
Muon moments: Oy~ 2, edmll
Muon spectroscopy
Muonic atoms
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GOING FROM A NEUTRINO

FACTORY TO A MUON COLLIDER

* Much of what has been learned from the neutrino factory
feasibility studies can be applied to a muon collider
Targetry
Capture and Decay

Transverse Cooling
Accelerating a Large Beam

* A muon collider requires the muon beams to be cooled by
several orders of magnitude compared with a neutrino factory.

« All the muons must be in one bunch

Kavli Institute for Theoretical Physics, April 22, 2003 Gail G. Hanson 25

U ) V)
- HIGGS FACTORY PARAMETERS ﬁ\/{
RI Collaboration

Baseline para meter s for Higgs factory muo nc olider. Higgs/year assum es a
crosss ection of5 x10 % fb, Higgswi dthof 2.7 MeV, ly ear = 10’ s. From “Statu s
of Muon Co lider Researcha nd Development andF uture Plans ,”M uon Colider
Collabo ration, C. M. Anken bran dtet al., Phys. Rev. ST Accel. Beam s 2,081001

(1999) .

COM energy (TeV) 0.1

penergy(GeV) 16

p’s/bu nc h 5 x 10 12

Bun che s/fill 2

Rep. rate (Hz ) 15

p po we r (MW ) 4

u/ bunch 4 x 10 2

M po we r (MW ) 1

Wal power (MW) 81

Colider circum. (m) 350

Av ebe ndingf ield (T) 3

rms dplp (%) 012 001 0.003

6D g4, (M) 17 x 10 7t 17 x 10 7t 17 x 10 7t

rms &, (Tmm mrad) 85 195 290

B (cm) 41 9.4 14. 1

o, (cm) 4.1 9.4 14. 1

o, spot (um) 86 196 294

0o IP (mrad) 21 21 21

Tune shift 0051 0.0 22 0.0 15

Nyms (effective) 450 450 450

Luminosity (cm “2s7%) 1.2 x 10 %2 22 x 103! 103t

Hi gg s/yr 1.9 x 103 4x10° 39 x10°3
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UN HIGH ENERGY MUON COLLIDER  jud
PARAMETERS 4

Baseline parameters for high energy muon colliders. From “Status of Muon Collider
Research and Development and Future Plans,” Muon Collider Collaboration, C. M.
Ankenbrandt et al., Phys. Rev. ST Accel. Beams 2, 081001 (1999).

/

n Collaboration

COM energy (TeV) 0.4 3.0

p energy (GeV) 16 16

p'slbunch 25x10% 2.5x 108

Bunches/fill 4 4

Rep. rate (Hz) 15 15

p power (MW) 4 4

W bunch 2 x 102 2 x 10"

H power (MW) 4 28

Wall power (MW) 120 204

Collider circum. (m) 1000 6000

Ave bending field (T) 4.7 5.2

rms dp/p (%) 0.14 0.16

6D g5 (T)* 1.7x107° 1.7x107°

rms g, (tmm mrad) 50 50

B (cm) 2.6 0.3

a, (cm) 2.6 0.3

o, spot (um) 2.6 3.2

gy IP (mrad) 1.0 11

Tune shift 0.044 0.044

Ny, (effective) 700 785

Luminosity (cm2s™) 10% 7 x 10*
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¢ One of the most crucial
R&D issues for a muon
collider is “cooling” the

muons — making the beam
smaller in 6D phase space

Ring Cooler Higgs Factory:

Kavli Institute for Theoretical Physics, April 22, 2003
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POSSIBLE HIGGS FACTORY
SCHEMATIC

Muon Collider SCHEME
(SCHEME V)

Target
RF phase rotation
Matching

15 MHz Solenoidal
Ring Buncher

200 MHz Solenoidal
Ring Cooler

Lithium Lens Channel

Accelerate
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1000 . .
E SRAST Start
Emittance exchange overview 100 L3 Tev 1
Dipole (bend — Ee FS1FO3
ipole (bend) £ F = Collider NFPJK
By £ " gy CONtOUT VBHEL5
u-beam 0 B Baseline
— . g
- 3p & 10 scenario Ring Cooler 4
\> F
Dipole X=>%+ 3PP wedge Absorber [ 100 GeV
:‘i:::r‘g:: . reduces energy spread s SRAS15
TE H 1l 1 3
0.1 1 10

From R. Fernow et al.
x 100 cooling needed in each transverse and in
longitudinal direction (~10° in 6D emittance) compared
with W's from mtdeca
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EMITTANCE EXCHANGE

BENT SOLENOID BUNCH STACKING

Emittance Exchange Schematic Diagram

radiius {Arbitrary Unit)

-20 0 20 40 60

scale (m)

Kavli Institute for Theoretical Physics, April 22, 2003 Gail G. Hanson 30

Dr. Gail Hanson, UC Riverside (KITP Neutrinos Program 4/22/03)



Muon Collider and Neutrino Factory R&D

UNIVERSITY OF CALIFORNIA 2N %
R_I ‘."‘ F R_SI I ]]_'" Muon Collaboration

BALBEKOV RING COOLER

Q‘HHIHH |I|| 3 ‘
& LLLLLLLL] HHHH\ \ " —— X emittance (cm)
6.68 m 45 5 | —— Y emittance (cm)
:7: Hendling magnetD 619 m : — g | Z emittance (cm)
== = = Eo | \ —— Trans. w/o decay
= — 45 e, Ri=S0i00 = — 2 —— Trans. with deca
— —J|=— Solenoid coils D1.85m [ — ® : ¥
Tl? — Direct. of magnetic field ¢lj{ 5
— 1| [LH2 main absorber e § 1
— —|| m LiH wedge absorber = = £
==l = . =i =
[ 205 MHz cavity A== LIEJ
1.744m -
N\ X 0 ‘ |
S&deIIIIiIIIIB 0 5 10 15
\LLLLLLL ==L L] Revolution number
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Performance

Injection/Extraction Simulation done with Maxwellian Fields
Vertical Ki cker

Merit 162
/@: J:” {J@% 1o / no 0.54
. 5 Y ‘ o - n/ no 0.
;f\.\vy @ﬁ 200MHz if 12 MV/ m
= éﬂ Hydrogen Absorbers -
iy 3Bmc ircumference g 100
“%:‘iﬂ e = — Alternating Salenoids b g 14.4
‘,«;& Tilted for BendingBy g ¢ 4.6
«z,/ J%ﬂ E 45 /
@f ﬂ%@ A -
=i e
£
— 01 E
- e
€ (I niti D L e, €6 302.0
. c |
M t—i:— transmission - 1? : —
(flnal) 0 100 200 300 400
6 lengh (m)
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Tilt Focus Coils for Bend .

Tilted Solenoids (shown x 2)

2.5 a,
Axial digtance (m)
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DETAIL OF RFOFO LATTICE

—_ RF Cavitips H2 Absorber
3 100} P R .
i Rl
z ,moly ok g :
o 00 2.5 5.0 75
o 0301
F 018p ¥ = =
£ 010 LT W R
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2
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QUADRUPOLE RING COOLER
(A. Garren’ H. Klrk) Performance at 500 MeV/c

40 T
X : mm-rad
:35\ ¥ * mm-rad
Dipole Only Lattice (focus with gradient field at end) 2 ao0l: Ziuu
c
% 25 \ 10 deg. Wedges
u g0 \ |
z
5 = = 1 £ w6
g 10 s
5 |
0
(4] 50 100 150 200
4 Full Turns
i (mij b D(m] 100 Transmission, %
] \ Do
X A~ | 3
—~ £ | @ a0
_’// / '\.ﬁ %
P . S &0
» E
g 0 z w0
0 1 2 o
Path Length (m)
Ua 50 100 150 200
Full Turns
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SUMMARY OF PROGRESS TOWARDS
MUON COLLIDER COOLING

* Neutrino Factory feasibility study simulations show
cooling to e =2 mm and g, = 30 mm (bunched!)

* Ring Cooler cools ~ x 5 transverse, x 2 longitudinal

 Lithium lens (or other?) needed to cool
~x 10 to sub-mm in &gy
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MUON COLLIDER DETECTORS

Detector

Tungsten shielding from y's from_
showering e’s from p decay

Background rates similar to
LHC experiments
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INTERNATIONAL MUON IONIZATION

COOLING EXPERIMENT - MICE
Proposal submitted to Rutherford Lab

Coupling Coils 1+2 |

s || Matching
colls 2.1+2.2

Spectrometer
solenold 2

Liquid Hydregen absorbers 12,3 | |
fl

Trackers 14 2
measurement of emitiance in and oul
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SUMMARY

» Development of muon storage rings can lead
to neutrino factories and muon colliders.
Considerable R&D has already been
accomplished, but much more is needed.

* Neutrino factories may enable us to measure
CP violation in the leptonic sector.

* A muon collider at 3—-4 TeV center-of-mass
energy may be possible. A muon collider
may be needed to discover the
supersymmetric heavy Higgs bosons HO, A9,
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