SteveGeer

27 May 1999 Tunnel Visions, FNAL

1. Introduction 2. High-Energy Neutrino Beams 3. Muon Storage Ring ν Source 4. Tilted Storage Rings 5. ν Source - A First Step Towards a μ Collider ?

Non-Oscillation Physics Long Baseline ν Oscillations Very Long Baseline Possibilities

Neutrino Beams at a Muon Collider Facility

Introduction

Lets assume that muon colliders prove to be technically feasible.

ν physics has been identified as a potential

bonus that can be pursued at a muon collider accelerator complex.

1. What ν beams could be produced at a muon collider accelerator complex ?

2. What is the physics potential of these

ν beams ?

3. Could a muon storage ring neutrino source be built as a step towards a muon collider ?

Note: These are not questions that have benefited from an army of people working for years (yet).

Workshops

1. Workshop on Physics at the First Muon Collider & at the Front-End of a Muon Collider, Fermilab, November 6-9, 1997.

2. Workshop on the Potential for Neutrino Physics at Future Muon Colliders, BNL, August 13-14, 1998.

3. ICFA/ECFA workshop on Neutrino Factories Based on Muon Storage Rings, Lyon (France), 5-9 July 1999.

π Production

Target

Pion Decay Channel

Muon Cooling Channel

Muon Accelerators

Muon Collider

Proton Accelerator

16 GeV/c

100 MeV/c muons

1.5 x 1022 protons / year

1.5 x 1021 muons / year

High Energy muons μ+ μ−

10 GeV muons

4

Detector

Conventional neutrino beams

Stopped π −> μν ?

Neutrinos from muon storage rings

Intense High- Energy Muon & Neutrino Beams

Parasitic Neutrino Beams

4. Exploit neutrino beams downstream of the straight sections within the muon acceleration system (RLAs), or the straight sections within the collider ring.

3. Use dedicated muon storage ring neutrino sources.

Neutrino Beams options at a Muon Collider

1. Exploit 4 MW proton source beam to produce a high-intensity conventional

(π/K decay channel) neutrino beam.

2. Exploit the ~10^{22} low energy charged pions / year collected from the pion production target -> stopped pion decays.

A muon collider accelerator complex is a prolific source of neutrinos

Cold Muon Source:

~ 1020-1021 μ+ (μ-) per year AND THEY ALL DECAY !

"A millimole of muons per year" (Chris Quigg)

If the muons are at high energies the resulting CC interaction rates are enormous.

~1020-1021 νe, νμ, νe, νμ per yr ! - -

1. CC Interaction Rates 2. Non-Oscillation Physics

High-Energy Neutrino Beams

8

Consider an unpolarized 250 GeV/c muon beam stored in a ring with a straight section (25% of the circumference) pointing at an experiment at L = 1 km

3.2 x 10^{20} νe m^{-2} yr^{-1} 3.2 x 10^{20} νμ m^{-2} yr^{-1}

2 x 10^7 CC interactions kg^{-1} yr^{-1} !

5 x 10^6 CC interactions yr^{-1} in a 10 cm long, 10 cm radius cylinder of Liquid Hydrogen

1.5 x 10^5 CC interactions/ yr in a 300 μm thick, 10 x 10 cm^2 plane of Silicon -> compact highly instrumented detector with good vertexing & tracking -> a revolution in neutrino detectors !

S.Geer,Workshopon physics at the front end of a muon collider, FNAL, Nov. 1997

Energy

0 200 200 0 dN / dE

2 x 10^{13}ν & 1 x 10^{13}ν CC events kT^{-1} yr^{-1} -

CC Rates: Dedicated ν Source

RLA 1 RLA 2 RLA 3 RLA 4 E(start) (GeV) 1.0 9.6 70 250 E(end) (GeV) 9.6 70 250 2000 No. Turns 9 11 12 16 Arc Length (m) 30 175 520 3500 Linac Length (m) 100 300 533 2800 Gradient (MV/m) 5 10 15 20 Decay Losses (%) 9.0 5.2 2.4 3.6

9 CC Rates: Parasitic ν Source

In the baseline muon collider designs, Recirculating Linear Accelerators (RLA’s) are used to raise the

μ energies from O(1) GeV to several hundred GeV.

LINAC

LINAC Arc

Steering Phasing

Steering

Separator ν

Turn Number 1 2 3 4 5 6 7 8 9 10 11 12 RLA 1 Eμ(start) (GeV) 1.0 1.96 2.92 3.88 4.84 5.8 6.76 7.72 8.68 9.64 Eμ(end) (GeV) 1.48 2.44 3.4 4.36 5.32 6.28 7.24 8.2 9.16 <Eμ> (GeV) 1.24 2.2 3.16 4.12 5.08 6.04 7.0 7.96 8.92 <γ> 11.7 20.8 29.9 39.0 48.1 57.2 66.3 75.3 84.4 γcτ (km) 7.72 13.7 19.7 25.7 31.7 37.8 43.8 49.6 55.7 f_{decay}=100m/γcτ (%) 1.3 0.73 0.51 0.39 0.32 0.26 0.23 0.20 0.18 N_{decay}/bunch (x10^{10}) 6.5 3.7 2.6 2.0 1.6 1.3 1.2 1.0 0.9 N_{decay}/year (x10^{18}) 9.8 5.5 3.8 2.9 2.4 2.0 1.7 1.5 1.4 RLA 2 Eμ(start) (GeV) 9.6 15.1 20.6 26.1 31.6 37.1 42.6 48.1 53.6 59.1 64.6 70.1 Eμ(end) (GeV) 12.4 17.9 29.4 28.9 34.4 39.9 45.4 50.9 56.4 61.9 67.4 <Eμ> (GeV) 11.0 16.5 22.0 27.5 33.0 38.5 44.0 49.5 55.0 60.5 66.0 <γ> 104 156 208 260 312 364 416 469 521 573 625 γcτ (km) 68.7 100 140 170 210 240 270 310 340 380 410 f_{decay}=300m/γcτ (%) 0.44 0.30 0.21 0.18 0.14 0.13 0.11 0.10 0.088 0.08 0.07 N_{decay}/bunch (x10^{10}) 2.0 1.4 0.97 0.83 0.64 0.60 0.51 0.45 0.40 0.36 0.34 Ndecay/year (x10^{18}) 3.0 2.1 1.5 1.2 0.96 0.90 0.77 0.68 0.60 0.54 0.51 RLA 3 Eμ(start) (GeV) 70 85 100 115 130 145 160 175 190 205 220 235 Eμ(end) (GeV) 77.5 92.5 108 123 138 153 168 183 198 213 228 243 <Eμ> (GeV) 73.8 88.8 104 119 134 149 164 179 194 209 224 239 <γ> 698 840 982 1124 1266 1408 1550 1692 1834 1976 2118 2260 γcτ (km) 460 550 650 740 840 930 1000 1100 1200 1300 1400 1500 f_{decay}=533m/γcτ (%) 0.12 0.10 0.08 0.07 0.06 0.06 0.05 0.05 0.04 0.04 0.04 0.04 N_{decay}/bunch (x10^{10}) 0.52 0.42 0.35 0.31 0.27 0.25 0.23 0.21 0.19 0.18 0.16 0.15 N_{decay}/year (x10^{18}) 0.78 0.63 0.53 0.46 0.41 0.37 0.34 0.31 0.28 0.26 0.25 0.23

C. Ankenbrandt & S. Geer, Fermilab-Conf-98/086.

1 0 Neutrino Beam Pulses from

Recirculating LINACs

1 4 Deep Inelastic Scattering

Simulation of NuTeV (CCFR) exposed to 1 turn 600m downstream of RLA3 (250 GeV muon decays)

Kevin McFarland

Multiple neutrino interactions (+ a bunch of muons)

Factor of 1000 more than present νμN rates !

Can use small precision detectors:

Beam spot small (90% ν within 40cm)

Emulsion: (Reay)

Scint. target + CAL + μ range (K. McFarland)

With special purpose 250 GeV ring -> 800 000

ν interactions / year in a 10 kg detector (S.Geer) so why not use Si Pixel target ?

Bubble Chamber at 15 Hz (H. Schellman)

H_2 Target + C + CAL + μ(B. King)

^

Factor of 1000 more than present νμN rates !

K. McFarland & D. Harris: hep-ex/9804009v2 Simulation of NuTeV (CCFR) exposed to one turn 600m downstream of RLA3 -> (250 GeV muon decays) Six interactions + 3 traversing muons. Need fine-grained detector !

RLA-1 RLA-2 RLA-3 Shielding distance 23.3 m 163 m 582 m Containment r(90%) 75 cm 75 cm 60 cm DIS events/yr (x 10^6) n/a 0.49^{*)} 0.92^{*)}

Calorimeter Signal & Background rates/pulse

downstream of "dumb" filter after RLA-3, in a 40cm x 40cm 10λ0 calorimeter.

RLA-1 RLA-2 RLA-3 Muons/turn 0.015 0.06 0.4

ν DIS events/turn 0.05 0.07 0.27

*) per gm/cm2, r < 150 cm

1 1 Interaction Rates downstream of RLA3

Proton Str. Fu: Measure directly using RLA-3

(250 GeV muons) + 1m long LH_2 target-> 10^7 ev/yr

See K. McFarland & D. Harris: hep-ex/9804010

Sin^2θ_W ... NC/CC ratio. Main systematic from charm production -> measure it ! Estimate can get to ΔSin^2θ_W < 0.5% -> Δm_W~ 20-50 MeV.

Spin physics: Polarization of strange sea quarks.

B-physics: νμu -> μ+ b ... 20 events per year in a 3m long LH_2 target-> |Vub|^2

Charm production: 100 000 reconstructed events per year in 1m long LH_2 target -> |Vcd|^2, s, s.-

Plenty of ideas on how to exploit very intense highenergy neutrino beams:

See B. King, Proc. of the workshop on physics at the First Muon Collider and Front End of a Muon Collider, Fermilab, Nov. 1997.

1 2 Non-Oscillation Physics 1 3

1. Neutrinos from μ Decays

2. Oscillation Physics Potential

Neutrino Beams at a Muon

Storage Ring ν Source

1 4

ν μ To avoid an impractically long decay channel

(τμ ~ 100 τπ) use a storage ring with long

straight sections :

This is an old idea. Example: The P-860 proposal in 1992 to search for neutrino oscillations using the Fermilab Antiproton Debuncher as a muon storage ring neutrino source. Good idea ... but the problem is to get sufficient neutrino flux to make it really interesting.

Muon Storage Ring Neutrino Source

A muon storage ring neutrino source using

the muon source required for a Muon Collider, could produce very large neutrino fluxes (S. Geer, PRD 57, 6989 (1998)).

1 5 Neutrino Source Schematic

Proton Synchrotron

Target

Decay Channel

Cooling Channel

Muon Acceleration

Linac

Muon Storage Ring

ν_e + ν_μ

μ+

H-

where x = 2Eν/mμ, θ is the angle between the

neutrino and the muon spin, and P is the muon polarization.

1. Pure ν flavor content with large νe component μ+ -> e+ νe νμ− μ- -> e- νe νμ− 50% νe (νμ)− 50% νe (νμ) − 2. Precisely known neutrino fluxes & kinematics

νμ:_{dxdΩ 4π} dn = 1 [2x^2(3-2x) - 2x^2(1-2x)P cosθ] + ν_e:_{dxdΩ 4π}

dn = 1 [12x^2(1-x) - 12x^2(1-x)P cosθ] +

In the μ+ rest-frame, the distribution of neutrinos from muon decay is given by: -

1 6 Neutrinos from Muon Decays

3. If the muons are polarized then as the spin precesses the νe component in the forward direction is switched on/off.

4. At high muon energies (Eμ >> mμ) x -> Eν/Eμ , yielding simple expressions for the νμ and νe spectra:

1 7 5. At high muon energies (Eμ >> mμ) CC interaction charged lepton spectra are also given by simple expressions:

1 8

dNμ+ / dz ~ 1 + 20z^2 - 32z^3 + 11z^4 dNe- / dz ~ 5 + 6z^2 - 32z^3 + 21z^4 dNμ- / dz ~ 5 + 4z^2 - 16z^3 + 7z^4

dNe+ / dz ~ 1 + 30z^2 - 64z^3 + 33z^4

where z = El / Eμ

1 9 6. "Narrow-Band" Beam :

2 0

Within the framework of two-flavor

oscillations, the flavor eigenstates (να & νβ) are related to the mass eigenstates (νi & νj) by :

The probability that, whilst traversing L(km), a

να oscillates into ν_β is given by:

Where Eν is in GeV, & Δmij2 = mj2 - mi2 (eV2/c4)

Within the framework of 3-flavor oscillations, the

mixing is described by a 3x3 CKM-like matrix

Neutrino Oscillations

να = ν_i cos θ - ν_j sin θ νβ = ν_i sin θ + ν_j cos θ

P(να -> ν_β) = sin^2(2θ) sin^2(1.267Δm_{ij}^2 L/E_ν)

To fully determine the mixing matrix ideally

would like to measure the parameters for all

να & νβ -> NEED νe AND νμ beams !

να νβ νγ νi νj νk ( ( ) ))(^{3 x 3=}

2 1 Charged Current Event Rates

S. Geer, PRD 57, 6989 (1998)

Experiment CC Rates (per kt-yr) (L = 732 km) νμ νe

MINOS (WBB) Low Energy 458 1.3 Medium Energy 1439 0.9 High Energy 3207 0.9

μ-ring

10 GeV 2200 1300 20 GeV 18 000 11 000 50 GeV 2.9 x 10^5 1.8 x 10^5 250 GeV 3.6 x 10^7 2.3 x 10^7

-

Assume 8 x 10^{20} μ- decays/yr in storage ring with 25% are in the beam-forming straight section.

Conclude :

1. If you want an electron-neutrino beam, even a very low energy muon storage ring might be interesting.

2. If you want a muon-neutrino beam, rates become interesting for muon energies > 20 GeV.

Rate ~ E3

2 2

FNAL->Soudan L = 732 km

μ^- Decays

sin^22θ = 1 Eμ = 250 GeV Ideal Detector

Δm^2 ντ CC Events

(eV^2/c^4) (per kt-yr) 0.0020 3100 0.0025 4900 0.0030 7000 0.0035 9400 0.0040 12000

νμ −> ντ Appearance

Barger, Geer, Whisnant ... Preliminary

Barger, Geer, Whisnant ... Preliminary

2 4

FNAL->Soudan (L = 732 km) } μ^- Decays

Eμ = 250 GeV

Search for wrongsign muons in a 10 kt detector

νe -> νμ Appearance

Barger, Geer, Whisnant ... Preliminary

2 5

FNAL->Soudan L = 732 km

μ^- Decays

sin^22θ = 1 Eμ = 50 GeV Ideal Detector

Δm^2 ντ CC Events

(eV^2/c^4) (per kt-yr) 0.0020 410 0.0025 630 0.0030 910 0.0035 1240 0.0040 1610

νμ −> ντ Appearance Barger, Geer, Whisnant ... Preliminary

2 6

FNAL->Soudan (L = 732 km) } μ^- Decays

Eμ = 50 GeV

Search for wrongsign muons in a 10 kt detector

νe -> νμ Appearance

Barger, Geer, Whisnant ... Preliminary

2 8

Very Long Baseline Possibilities

Neutrino Beams at Tilted

Muon Storage Ring

2 9

A muon storage ring neutrino source can be compact. If the plane of the ring is tilted down at a large angle -> Trans-Earth baseline.

Very-Long Baselines ?

-100

-200

-300

-400

-500

-600 -700

-800 ft_{Glacial Till - Aquifer}

Silurian Group - Aquifer (primarily Dolomite)

Maquoketa Group - Aquifer (primarily shale)

Galena/Plattevile Group - Aquatard (primarily Dolomite)

Ancel Group - Aquifer (primarily Sandstone)

FNAL

Gran Sasso

35o

780 ft

Blast & Drill tunneling at large dip angles is a known technology. Example: using an Alimak "raise climber" an 867 m long tunnel (6 m^2 cross-section) with a dip of 45o was completed in 1988 at Vetlefjord, Norway -> 25 m / week.

3 Design of Neutrino F actory

NEUTRINO F A CTOR Y

e.g.

�

Proton Driv er (e.g. A GS)

T arget

Phase Rotate #1 (42 m rf )

Mini Co oling (3.5 m H

2

)

Drift (170 m)

Phase Rotate #2 (56 m ind / 10 m rf )

Co oling (80 m)

Linac (1.7 GeV)

Recirc. Linac #1 (1.8-7.5 GeV)

Recirc. Linac #2 (7.5-30 GeV)

Storage Ring (30 GeV, 800 m circ)

Neutrino Beam

* V ery Preliminary Design in Collab oration with Keil & Johnsen (CERN)

Palmer, Johnson, Ki

Similar to the Geer , Neuffer, Johnston e scheme ... but with some additional go od

Alternative Toy Sce

Alternative Toy Sce

Very different from the other 2 scenar

2 GeV Proton

Proton Linac: LEP cavities. RF Power = 34 MW 43 klystrons, 352 M

Muon Collection: Quad. channel. Beam radiu s = 11 mm, divergence 2

Bunch Rotation: Ωιγγλερ. D E = 200 MeV -> 40 M ες. D t = 50 ps -> 800 ps

Recirculator: Δογ−βονε. D E/passage = 5 GeV. Linac length = 500

Accumulator: 20 GeV.

1. Ωηατ n beams could be pro duced at a muon collider accelerator comple x n e , ν m , n e , ν Very high CC rates at high energies (10 7 CC events / kg-yr

Possibility of very long baselines for oscillations. Ex:

2. What is the poten τιαλ οϕ τηεσε n beams High energy beams. Εξαμπλε: Ε m

Trans-Earth Baselin

n e −> ν μ : Cover most of th ν m −> ν τ : Φορ D m 2 ~ 0.003 eV 2 , μεασυρε D m 2 n e −> ν τ : Φορ D m 2 ~ 0.003 eV 2

Non-Oscillation : B, C, Spin, Str. Fu., sin 2 q

ν m −> ν τ : Φορ D m 2 ~ 0.003 eV 2 , Ε m

to O(1%) (stat), se αρχη ϕορ ϕεω % n events for sin 2 2 q = 10

region (all of it a

n σ χοντριβυτιον μεασυρε D m 2 to O(1%) (stat), s

Lower energy beams. Εξαμπλε: Ε m ν m −> ν τ : Φορ D m 2 ~ 0.003 eV 2 , μεασυρε D m 2 to few % (stat), se arch for few O(10%) n n e −> ν τ : Φορ D m 2 ~ 0.003 eV 2 for sin 2 2 q = 10

Need (part of) the muon collider proto n source, the decay channel, small part of the c ooling

3. Could a muon stor age ring neutrino source be buil t as a step towards a muon collider

Can have many muon bunches -> less nee d for high-gradient l ow frequency rf sys

Plenty of ideas on how to design a mu on storage ring neutri no source ... but n ot enough has yet been done t o put together a co mplete strawman scenario, and assess its viab