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Tevatron  !   LHC

"  14 TeV p-p collisions 
Expect to turn on late 2009
 ~25 ns between proton bunches
Low luminosity running (1033 cm-2s-1) to 
accumulate ~10 fb-1 by 2011
Will eventually record ~100 fb-1 per year
By 2012 will produce ~100,000 Higgs 
events per week (MH = 120 GeV           
at 14 TeV)

1.96 TeV p-p collider 
396 ns between bunches
Has delivered  ~6 fb-1 of data since 
2002, and running smoothly:

expect ~10 fb-1 by end of 2010
Total of  ~10,000 Higgs events 
produced (MH = 120 GeV)

1 km 4.2 km

Tevatron:   CDF & D0
• 36x36 bunches
• bunch crossing 396 ns 
• Run II started in March 2001
• Peak Luminosity:3.5E32 cm-2 sec-1

• Run II delivered: ~7 fb-1

• Run II Goal: 12 fb-1 end of 2011

Peak øp Burn Rate:
3.5 ! 1032 cm! 2sec! 1 ! 100 mb = 3 .5 ! 107/sec

Peak øp Collection Rate:
7 ! 107/sec

Peak Intergrated Luminosity:
3.5 ! 1032 cm! 2sec! 1 ! 3 ! 107sec" 10fb! 1/yr
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Peak øp Burn Rate:
3.5 ! 1032 cm−2sec−1 ! 100 mb = 3 .5 ! 107/sec

Peak øp Collection Rate:
7 ! 107/sec

Intergrated Luminosity:
3.5 ! 1032 cm−2sec−1 ! 107sec = 3 .5fb−1
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Peak øp Burn Rate:
2× 3.5× 1032 cm! 2sec! 1 × 100 mb = 7 × 107/sec

Peak øp Collection Rate:
7× 107/sec

Peak Intergrated Luminosity:
3.5× 1032 cm! 2sec! 1 × 3× 107sec≈ 10fb! 1/yr
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Project X: (Proton Driver)

 
3 

commissioning. The Indian motivation is to leverage their participation in Project X into a 
full domestic capability to design and construct a multi-MW proton facility on Indian soil. 
 

Construction Period 

The earliest start dates for Project X, as communicated to Fermilab in fall 2009 are: PED 
funding FY2012, construction start FY2015. 
 

Other Applications 
The technologies required for Project X have broad potential applications in areas beyond 
research in elementary particle physics, including 
 

• Accelerator-driven energy systems 
• Rare isotope production for nuclear physics 
• Neutron sources 
• X-ray FELs 
• Energy recovery linacs  
• Muon facilities for materials research 

 

 

 

 

 

 

 

 

 

 

 

Project X, a high-power proton facility, would support world-leading programs in long-baseline neutrino 
physics and the physics of rare processes. It would be unique among accelerator facilities worldwide in its 
flexibility to support multiple physics programs at the intensity frontier. Project X is based on a 3 GeV 
continuous-wave superconducting H- linac. Further acceleration to 8 GeV, injected into Fermilab's 
existing Recycler/M ain Injector complex, would support long-baseline neutrino experiments. Project X 
would provide 2.0-2.1 MW of total beam power to the 3 GeV program, simultaneously with 2 MW 
to a neutrino production target at 60-120 GeV. A multilaboratory collaboration with international 
participation has undertaken the development of Project X. 

1 gm protons per year



  Brinkman/Dehmer  Visit, August 13th, 2009

Project X and LBNE to Homestake

• 5% of the time line, the 3 GeV linac feeds a simple Rapid Cycling 
Synchrotron (RCS), 500m circumference, to strip, accumulate and 
boost the energy to 8 GeV

• Six pulses of the SAB are transferred to the recycler, filling the 
existing recycler, and every 1.4 sec transferred to the Main Injector 
for acceleration to high energies (60 GeV to 120 GeV)
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  Brinkman/Dehmer  Visit, August 13th, 2009

Project X and 2 GeV beams

• The greatest potential for rare processes comes from 2 MW 
continuous beam. Intensity experiments need continuous beam: pile 
up is the main limitation in pulsed beams
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1 gm protons per yr
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Neutrinos:



ÒTheÓν Standard Model

• 3 light (mi < 1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active ßavors (no steriles): e, µ, τ

• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases(α2, α3)

|νe, νµ, ν! 〉Tflavor = U" i |ν1, ν2, ν3〉Tmass

U" i =




1

c23 s23

−s23 c23








c13 s13e! i#

1
−s13ei# c13








c12 s12

−s12 c12

1








1

ei"

ei$





Atmos. L/E µ → τ Atmos. L/E µ ↔ e Solar L/E e→ µ, τ 0νββ decay

500km/GeV 15km/MeV
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Mixing Matrix:

Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates,|! i〉, are a Mixture of Flavor States,|! ! 〉:

|! " 〉 = U" i |! i〉. (using sij = sin #ij and cij = cos #ij)

U! i =

!

"
1

c23 s23

−s23 c23

#

$

!

"
c13 s13e−i"

1
−s13ei" c13

#

$

!

"
c12 s12

−s12 c12

1

#

$

=

!

"
c13c12 c13s12 s13e−i"

−c23s12 − s13s23c12ei" c23c12 − s13s23s12ei" c13s23

s23s12 − s13c23c12ei" −s23c12 − s13c23s12ei" c13c23

#

$

Atmos. L/E µ → $ Atmos. L/E µ ↔ e Solar L/E e→ µ, $

For Majorana NuÕs

U → U

0

@
1

ei! 2

ei! 3

1

A
Phases! 2, ! 3 are unobservable in oscillation
phenomena, (U! iU

∗
# i).

Important in neutrinoless double beta decay.
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sin2Θ23
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(msol
2
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2

! !sinΘ13

! !sinΘ13

Solar Sector: { 12}

|U! j |2
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Reactor/Accelerator Sector: {13}
CPT⇒ invariant ! ↔ −!
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δm2
sol = +7.6 ! 10! 5 eV2

|δm2
atm| = 2.4 ! 10! 3 eV2

|δm2
atm| " 30 # |δm2

sol|
√

δm2
atm = 0.05 eV <

∑
m! i < 0.5 eV = 10! 6 # me

∑
m! i =

f 1 $ cos2 θ" " 68%

f 2 $ sin2 θ" " 32%
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! m2
sol = + 7.6 ! 10! 5 eV2

|! m2
at m | = 2.4 ! 10! 3 eV2

|! m2
at m | " 30# |! m2

sol |
!

! m2
at m = 0.05 eV <

"
mνi < 0.5 eV = 10! 6 # me

sin2 "12 $ 1/ 3

sin2 "23 $ 1/ 2

sin2 "13 < 3%

0 % ! < 2#
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! m2
sol = + 7.6× 10! 5 eV2

|! m2
at m | = 2.4× 10! 3 eV2

|! m2
sol |/ |! m2

at m | ≈ 0.03
!

! m2
at m = 0.05 eV <

"
m! i < 0.5 eV = 10! 6 ∗me

sin2 "12 ∼ 1/ 3

sin2 "23 ∼ 1/ 2

sin2 "13 < 3%

0≤ ! < 2#
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! m2
sol = + 7.6× 10! 5 eV2

|! m2
atm| = 2.4× 10! 3 eV2

|! m2
sol|/ |! m2

atm| ≈ 0.03
!

! m2
atm = 0.05 eV <

"
m! i < 0.5 eV = 10! 6 ∗me

sin2 "12 ∼ 1/ 3

sin2 "23 ∼ 1/ 2

sin2 "13 < 3%

0≤ ! < 2#
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Neutrinos



At 2! we have the following limits:

sin2 "13 < 0.04

| sin2 "12 !
1
3

| < 0.04

| sin2 "23 !
1
2

| < 0.12

sin2 "13, | sin2 "12 ! 1
3 |, | sin2 "23 ! 1

2 | "
(

! m 2
21

! m 2
31

)n
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At 2σ we have the following limits:

sin2 θ13 < 0.04

| sin2 θ12 −
1
3

| < 0.04

| sin2 θ23 −
1
2

| < 0.12

Close to Tri-Bi-Maximal: accident or symmetry ?

sin2 θ13, | sin2 θ12 − 1
3 |, | sin2 θ23 − 1

2 | ∼
!

δm 2
21

δm 2
31

" n
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At 2σ we have the following limits:

sin2 θ13 < 0.04

| sin2 θ12 !
1
3

| < 0.04

| sin2 θ23 !
1
2

| < 0.12

Close to Tri-Bi-Maximal: accident or symmetry ?

In numerous models:

sin2 θ13, | sin2 θ12 ! 1
3 |, | sin2 θ23 ! 1

2 | "
!

! m 2
21

! m 2
31

" n

Experiment has probed down to n # 1
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At 2! we have the following limits:

sin2 " 13 < 0.04

| sin2 " 12 !
1
3

| < 0.04

| sin2 " 23 !
1
2

| < 0.12

Close to Tri-Bi-Maximal: accident or symmetry ?

In numerous models:

sin2 " 13, | sin2 " 12 ! 1
3 |, | sin2 " 23 ! 1

2 | "
(

! m 2
21

! m 2
31

)n

Experiment has probed down to n # 1/2 to 1 !!!
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CP

! µ ! ! e " # ø! µ ! ø! e

T $ $ T

! e ! ! µ " # ø! e ! ø! µ

CP

CPT across diagonals:

• First Row: Superbeams where ! e contamination %1 %

• Second Row: ! -Factory or " -Beams, no beam contamination
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CP

νµ ! νe " # ν̄µ ! ν̄e

T $ CPT across diagonals $ T

νe ! νµ " # ν̄e ! ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination %1 %

• Second Row: ν-Factory or β-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!
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where
!

Pat m = sin ! 23 sin2! 13 sin∆31

and
!

Psol = cos! 23 sin2! 12 sin∆21

where
!

Pat m = sin ! 23 sin2! 13
sin(∆31∓aL )
(∆31∓aL ) ∆31

and
!

Psol = cos! 23 sin2! 12
sin(aL )
(aL ) ∆21
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where
√

Pat m = sin ! 23 sin 2! 13 sin ! 31

and
√

Psol = cos ! 23 sin 2! 12 sin ! 21

where
√

Pat m = sin ! 23 sin 2! 13
sin(∆31! aL )
(∆31! aL ) ! 31

and
√

Psol = cos ! 23 sin 2! 12
sin(aL )
(aL ) ! 21
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νµ ! νe

Pµ ! e =
∣∣∣

∑
j U "

µj Uej e
# im 2

j L/ 2E
∣∣∣
2

Elimate U "
µ1Ue1

usingunitarity of U.
Use ∆ij = δm2

ij L/4E = 1.27δm2
ij L/E

Pµ ! e =
∣∣ 2U "

µ3Ue3 sin∆31e# i ! 32 + 2U "
µ2Ue2 sin∆21

∣∣2

Square of Atmospheric+ Solar amplitude:

U "
µ3Ue3 = s23s13c13e$ i δ for ν and øν:

Approx. U "
µ2Ue2 " c23c13s12c12 + O(s13):

Pµ ! e "
∣∣ 2s23s13c13 sin∆31e# i ( ! 32±δ) + 2c23c13s12c12 sin∆21

∣∣2

Interference term different for ν and øν: CP violation !!!
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! µ → ! e

Pµ→e =
!
!
!

"
j U∗µj Ueje

−im2
jL/2E

!
!
!
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ! ij = "m2

ijL/ 4E = 1.27"m2
ijL/E

Pµ→e =
!
! 2U∗µ3Ue3 sin ! 31e−i∆32 + 2U∗µ2Ue2 sin ! 21

!
!2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓i! for ! and !̄ :

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
!
! 2s23s13c13 sin ! 31e−i(∆32± ! ) + 2c23c13s12c12 sin ! 21

!
!2

Interference term di! erent for ! and !̄ : CP violation !!!
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Vacuum LBL:

Pµ! e ! |
"

Patme" i(∆32± ! ) +
"

Psol |2

0 when ∆31 = ! / 2

0 in vacuum

a = GF N e/
"

2 = (4000 km ) " 1, ∆ij = |" m 2
ij|L/ 4E

and ± = sig n (" m 2
31)

⇑
⇑

2θ13
θcr it

∼ (aL)! 13

⇓
⇔

∼ ! 31 cot ! 31
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2
!

PatmPsol cos(∆32 ± δ) = 2
!

PatmPsol cos ∆32 cos δ (9)

∓2
!

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol

ÐTypeset by FoilTEX Ð 17

P (! µ ! ! e) = | U∗
µ 1e

−im 2
1L/ 2E Ue1 + U∗

µ 2e
−im 2

2L/ 2E Ue2 + U∗
µ 3e

−im 2
3L/ 2E Ue3 |2

= |2U∗
µ 3Ue3 sin ! 31e

−i ! 32 + 2U∗
µ 2Ue2 sin ! 21|2

= |
√

Patm e−i (! 32+δ) +
√

Psol |2

where
"

Patm = sin " 23 sin 2" 13 sin ! 31
and

"
Psol # cos " 23 sin 2" 12 sin ! 21

Pµ →e # Patm + 2
√

Patm Psol cos(! 32 ± #) + Psol (6)

Pµ →e # Patm + 2
√

Patm Psol cos ! 32 cos # + Psol (7)

$ 2
√

Patm Psol sin ! 32 sin # (8)

P = Psol
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2
√

PatmPsol cos(! 32 ± δ) = 2
√

PatmPsol cos ! 32 cos δ (9)

! 2
√

PatmPsol sin ! 32 sin δ (10)

CPC only CPV

P = Psol
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2
!

Patm Psol cos(! 32 ± δ) = 2
!

Patm Psol cos ! 32 cos δ (9)

∓2
!

Patm Psol sin ! 32 sin δ (10)

cos(! 32 ± δ) = cos ! 32 cos δ ∓ sin ! 32 sin δ (11)

CPC only CPV

P = Psol

– Typeset by FoilTEX – 17



P (! µ → ! e) ≈ |
!

Patm e! i ( ! 32+ δ) +
!

Psol |2

In Vacuum:
√

Pat m = sinθ23 sin2θ13 sin ! 31

√
Psol = cosθ23 sin2θ12 sin ! 21

! = |δm 2|L
4h̄cE = 1.27|δm 2|L

4E

For L = 1200km
and sin2 2θ13 = 0.04

phase varies
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P (νµ ! νe) " |
!

Patm e! i (! 32+δ) +
!

Psol |2

In Vacuum:
!

Pat m =sin θ23 sin 2θ13 sin ! 31

!
Psol =cos θ23 sin 2θ12 sin ! 21

! = δm 2L
4h̄cE = 1.27δm 2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04
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x 3

P (νµ → νe) ≈ |
√

Patm e! i (! 32+δ) +
√

Psol |2

!
Patm = sin ! 23 sin2! 13 sin ! 31

!
Psol = cos! 23 sin2! 12 sin ! 21
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In Matter:
!

Pat m = sin ! 23 sin2! 13
sin(∆31−aL )
(∆31−aL ) ! 31

!
Psol = cos! 23 sin2! 12

sin(aL )
(aL ) ! 21
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± = sig n ( ! m 2
31) , a = GF N e/

!
2 " (4000 km ) ! 1

P ( ø" , ! m 2
31, ! ) = P (" , # ! m 2

31, ! + # )

dash es $ sol id and sol id $ dash es

a % # a and ! % # !

Anti-Nu: Normal Inverted
dashes ! = # / 2
solid ! = 3# / 2

ÐTypeset by FoilTEX Ð 4

Pµ! e ! |
"

Patme" i(∆32± ! ) +
"

Psol |2

0 when ∆31 = ! / 2

0 in vacuum

a = GF N e/
"

2 = (4000 km ) " 1, ∆ij = |" m 2
ij|L/ 4E

and ± = sig n (" m 2
31)

⇑
⇑

2θ13
θcr it

∼ (aL)! 13

⇓
⇔

∼ ! 31 cot ! 31
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P (νµ ! νe) " |
!

Patm e! i (! 32+δ) +
!

Psol |2

In Vacuum:
!

Pat m =sin θ23 sin 2θ13 sin ! 31

!
Psol =cos θ23 sin 2θ12 sin ! 21

! = δm 2L
4h̄cE = 1.27δm 2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04
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where
√

Pat m = sin ! 23 sin2! 13
sin( ! 31! aL )

( ! 31! aL ) ∆31

and
√

Psol = cos! 13 cos! 23 sin2! 12
sin( aL )

(aL ) ∆21
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Pµ →e ≈ |
√

Patm e−i (! 31± δ) +
√

Psol |2

a = GF N e/
√

2 = (4000 km )−1, ! ij = |! m 2
ij |L/ 4E and ± =

sig n (! m 2
31)

!

!
2θ13
θcrit

" (aL)! 13

#

$

" ! 31 cot ! 31
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where
!

Pat m = sinθ23 sin2θ13 sin ! 31

and
!

Psol = cosθ23 sin2θ12 sin ! 21

where
!

Pat m = sinθ23 sin2θ13
sin(∆31∓aL )
(∆31∓aL ) ! 31

and
!

Psol = cosθ23 sin2θ12
sin(aL )
(aL ) ! 21
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P(! µ → ! e) ≈ sin2 "23 sin2 2"13
sin2(! 31 − aL)
(! 31 − aL)2

! 2
31

+2 sin 2"13 sin 2"23 sin 2"12 cos "13

∗sin(! 31 − aL)
(! 31 − aL)

! 31
sin(aL)
(aL)

! 21

∗(cos ! 32 cos #− sin ! 32 sin #)

+ cos4 "13 cos2 "23 sin2 2"12
sin2(aL)
(aL)2

! 2
21

(! 31 − aL) = ! 31

!
1− aL

∆31

"
= ! 31

!
1− 2

!
2GF NeE
! m2

31

"

! 32 ≈ ! 31

J = sin 2"13 sin 2"23 sin 2"12 cos "13 sin #
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P(! µ ! ! e) " sin2 "23 sin2 2"13
sin2(∆31 # aL)

(∆31 # aL)2 ∆2
31

+2 sin 2"13 sin 2"23 sin 2"12 cos"13

$
sin(∆31 # aL)

(∆31 # aL)
∆31

sin(aL)
(aL)

∆21

$(cos∆32 cos# # sin∆32 sin#)

+ cos4 "13 cos2 "23 sin2 2"12
sin2(aL)

(aL)2 ∆2
21

(∆31 # aL) = ∆31

(
1 # aL

! 31

)
= ∆31

(
1 # 2

!
2GF NeE
δm2

31

)

∆32 " ∆31

J = sin 2"13 sin 2"23 sin 2"12 cos"13 sin#
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P(νµ ! νe) " sin2 θ23 sin2 2θ13
sin2(∆31 # aL)

(∆31 # aL)2
∆2

31

+2 sin 2θ13 sin 2θ23 sin 2θ12 cosθ13

$
sin(∆31 # aL)

(∆31 # aL)
∆31

sin(aL)
(aL)

∆21

$(cos∆32 cosδ # sin∆32 sinδ)

+ cos4 θ13 cos2 θ23 sin2 2θ12
sin2(aL)

(aL)2
∆2

21

(∆31 # aL) = ∆31

(
1 # aL

! 31

)
= ∆31

(
1 # 2

√
2GF N eE
δm 2

31

)

∆32 " ∆31

J = sin 2θ13 sin 2θ23 sin 2θ12 cosθ13 sinδ
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P(! µ → ! e) ≈ sin2 "23 sin2 2"13
sin2(∆31 − aL)

(∆31 − aL)2 ∆2
31

+2 sin 2"13 sin 2"23 sin 2"12 cos"13

∗sin(∆31 − aL)
(∆31 − aL)

∆31
sin(aL)

(aL)
∆21

∗(cos∆32 cos#− sin∆32 sin#)

+ cos4 "13 cos2 "23 sin2 2"12
sin2(aL)

(aL)2 ∆2
21

(∆31 − aL) = ∆31

!
1− aL

! 31

"
= ∆31

!
1− 2

√
2GF N eE
δm 2

31

"

∆32 ≈ ∆31

J = sin 2"13 sin 2"23 sin 2"12 cos"13 sin#

Ð Typeset by FoilTEX Ð 2

CPV

CPC

! µ → ! e

Pµ→e =
!
!
!

"
j U∗µj Ueje

−im2
jL/2E

!
!
!
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ! ij = "m2

ijL/ 4E = 1.27"m2
ijL/E

Pµ→e =
!
! 2U∗µ3Ue3 sin ! 31e−i∆32 + 2U∗µ2Ue2 sin ! 21

!
!2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓i! for ! and !̄ :

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
!
! 2s23s13c13 sin ! 31e−i(∆32± ! ) + 2c23c13s12c12 sin ! 21

!
!2

Interference term di! erent for ! and !̄ : CP violation !!!
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Sutherland Falls 
580m   #5Pµ! e ! |

"
Patme" i(∆32± ! ) +

"
Psol |2

0 when ∆31 = ! / 2

0 in vacuum

a = GF N e/
"

2 = (4000 km ) " 1, ∆ij = |" m 2
ij|L/ 4E

and ± = sig n (" m 2
31)

⇑
⇑

2θ13
θcr it

∼ (aL)! 13

⇓
⇔

∼ ! 31 cot ! 31
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Sensitivity to
CPV
and

Mass Hierarchy !!!

! µ → ! e

Pµ→e =
!
!
!

"
j U∗µj Ueje

−im2
jL/2E

!
!
!
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ! ij = "m2

ijL/ 4E = 1.27"m2
ijL/E

Pµ→e =
!
! 2U∗µ3Ue3 sin ! 31e−i∆32 + 2U∗µ2Ue2 sin ! 21

!
!2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓i! for ! and !̄ :

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
!
! 2s23s13c13 sin ! 31e−i(∆32± ! ) + 2c23c13s12c12 sin ! 21

!
!2

Interference term di! erent for ! and !̄ : CP violation !!!

sparkE – 17 Nov 2003 10
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Project X and 2 GeV beams

• The greatest potential for rare processes comes from 2 MW 
continuous beam. Intensity experiments need continuous beam: pile 
up is the main limitation in pulsed beams

19

t

1 gm protons per yr

your idea



• Kaons

Theo(SM)! 1010 Exp.! 1010 Experiment
K + " ! + " ø" 0.85± 0.07 1.73+1 .15

−1.05 BNL-E787/949
K L " ! 0" ø" 0.28± 0.04 < 670 KEK-391
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¥ Kaons

Theo(SM)! 1010 Exp.! 1010 Experiment
K + " ! + " "̄ 0.85 ± 0.07 1.73+1 .15

−1.05 BNL-E787/949
K L " ! 0" "̄ 0.28 ± 0.04 < 670 KEK-391

Experiment Beam Power (kW) # of Events 5 yrs @ SM
K + " ! + " "̄ CERN-NA62 5-10 kW 100 - 200
K L " ! 0" "̄ KEK-E14 10Õs kW phase I (II) = few (10Õs)

For Statistical Uncertainties# Theoretical Uncertainties

$ 1000 events needed inK + and K L !

with Project X 200+ kW at 8 GeV
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• Kaons

Theo(SM)×1010 Exp.×1010 Experiment
K + → ! + " ø" 0.85± 0.07 1.73+1 .15

−1.05 BNL-E787/949
K L → ! 0" ø" 0.28± 0.04 < 670 KEK-391
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May 29th  2009                                                                                           R. Tschirhart                                                                   FPCP, Lake Placid NY

Kaon Rare Decays and NP 
(courtesy by  Christopher Smith) 

CERN, 11-5-2009 A. Ceccucci 8

¥ Kaons

Theo(SM)! 1010 Exp.! 1010 Experiment
K+ " ! + " "̄ 0.85 ± 0.07 1.73+1 .15

−1.05 BNL-E787/949
KL " ! 0" "̄ 0.28 ± 0.04 < 670 KEK-391

Experiment # of Events 5 yrs
K+ " ! + " "̄ CERN-NA62 100 - 200
KL " ! 0" "̄ KEK-E14 phase I (II) = few (10Õs) @ SM

For Statistical Uncertainties# Theoretical Uncertainties

$ 1000 events needed inK+ and KL !
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¥ Kaons

Theo(SM)! 1010 Exp.! 1010 Experiment
K+ " π+νøν 0.85± 0.07 1.73+1.15

−1.05 BNL-E787/949
KL " π0νøν 0.28± 0.04 < 670 KEK-391

Experiment # of Events 5 yrs
K+ " π+νøν CERN-NA62 100 - 200
KL " π0νøν KEK-E14 phase I (II) = few (10Õs) @ SM

For Statistical Uncertainties# Theoretical Uncertainties

$ 1000 events needed inK+ and KL !
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Project X
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Physics at the Intensity Frontier:

Stephen Parke, Fermilab, June 4 2009

• Neutrinos

• Muons

• Kaons, Anti-protons . . .
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µ + N ! e + N

(g " 2)µ
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CompositenessSUSY

Model Parameter

New Physics
Scale (TeV)

MEG Experiment

with Project X

pre-Project X

Mu2e can probe 103 – 104 TeV

Neutrino Factory



The Mu2e Detector in Detail



Further in the Future:

Muon Collider
and

Neutrino Factory
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Lepton colliders beyond LHC

LHC Results

ILC Enough

ILC not enough

CLIC

Muon collider

or

or

By far the easiest!



¥ Assuming a new gauge boson: ZÕ

¥ examples: SSM, E6, LRM
¥ 5σ discovery limits: 4-5 TeV        

at LHC (@ 300 fb -1)

¥ For a narrow resonance with 
2ΔEbeam / Γresonance << 1:

 Minimum Luminosity for Physics:
The integrated luminosity required to produce 1000  

μ+μ- -> ZÕ events on the peak 

Hence minimum luminosity -> 0.5-5.0 x 10 30 cm-2  sec-1 

for M(ZÕ) -> 1.5-5.0 TeV 

→ Rpeak = (2J + 1)3
B(µ+ µ−)B(visible)

! 2
EM

E. Eichten, ÒThe Basics of Muon Collider PhysicsÓ
 (Fermilab-Pub-09-225-T) 



4 TeV 
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Muon collider functional layout

27

Target           Capture             Cool            Format           Accel            Collide

Color indicates degree of needed 
R&D (difficulty) and demonstration
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Neutrino Factory Schematic

4 MW
Proton
Source

Hg-Jet 
TargetDecay 

Channel

Initial 
Cooler

Buncher
ν

Pre Accel
-erator

Acceleration

Storage
Ring

5-10 
GeV

10-25
GeV

1.5-5 GeV

Project X 
upgraded
to 4MW with 
rebunching ring to 
get right beam 
structure

m
uo

n 
so

ur
ce

– Proton Source
• primary beam on 
production target

– Target, Capture, and Decay
• create π; decay into µ

– Bunching & Phase Rotation
• reduce ΔE of bunch

– Cooling
• reduce transverse 
emittance

– Acceleration
• 130 MeV → ENF

– Storage Ring
• store for 500 turns; long 
straight section



Project X in a nutshell:

Highly flexible 2-3 GeV proton continuous wave linac with a beam power
of 2 MW. This can be used for:

¥ Neutrino Physics: Long Baseline - LBNE (  13, mass hiearchy, CPV)
short baseline - sin2  W , anomalous couplings of neutrinos, LSND, .......

¥ Kaon Physics: Precision measurements of K L → ! + " !" and K L → ! 0 " !" .
Also precision measurements of K 0 and !K 0 system, CPT tests.

¥ Muon Physics: (g-2), electric dipole moments, ! → e conversion, muon
cooling leading to Neutrino Factory and maybe a Muon Collider.
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At Fermilab, our revolution has already started !!!
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http://www.fnal.gov/pub/projectx/Project X in a nutshell:

Highly ßexible 3 GeV proton continuous wave linac with a beam power
of 2 MW. This can be used for:

• Neutrino Physics: Long Baseline - LBNE (θ13, mass hiearchy, CPV)
short baseline -sin2 θW , anomalous couplings of neutrinos, LSND, .......

• Kaon Physics: Precision measurements ofK L ! π+ νν̄ andK L ! π0νν̄.
Also precision measurements ofK 0 and K̄ 0 system, CPT tests.

• Muon Physics: (g-2), electric dipole moments,µ ! e conversion, muon
cooling leading to Neutrino Factory and maybe a Muon Collider.

• Nuclear Physics: EDM measurements of unstable deformed nuclei.
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