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Charge Current (CC) interactions    ( n N
 Æ

 l X ):

Q
uasi-elastic    ( n N

 Æ
 l N

’ )                                    dom
inant atm

ospheric reaction

       Resonant  ( n N
 Æ

 l N
* )   and   Single/M

ulti pion production   ( n N
 Æ

 l N
’ p )

       D
eep inelastic  ( n q Æ

 l q’    or    n q Æ
 n q   )          m

ulti-pion production via fragm
entation

N
eutral Current (N

C) interactions   ( n N
 Æ

 n N
 )            specially im

portant are the n N
 Æ

 n N
 p

0 events

Elastic (electron) scattering ( n e
- Æ

 n e
-  )

Coherent production n N
 Æ

 n N
 π

M
any channels have to be studied ...

T
he low

 energy region…

The physics is com
plex…

 

the neutrino flux beam
 should be « sim

ple »!!
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C
om

parison of ss ss
/E

nn nn

for Q
E

 and total
processes betw

een
data and N

U
X

T
he region of

interest is certainly
betw

een 100 M
eV

and 10 G
eV

!

R
egion of interest
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U
nfolding cross-sections…

s
ef

=
-

N
N

observed
background

/

N
um

ber of events

N
eutrino flux!

C
lean event

reconstruction
and
classification

D
etector system

atics
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Shopping list
•

G
oals

–
M

easure cross-section from
 kinem

atical threshold, through quasi-elastic
dom

inated region, study single-pion production, study opening of m
ulti-pions

final states ªª ªª0.1 < E
nn nn  < ªª ªª3 G

eV
–

S
tudy n

eu
trin

o
 an

d
 an

tin
eu

trin
o

 cross-sections

–
M

easure both nn nn
e  and nn nn

mm mm ?

–
S

tudy n
u

clear effects (i.e. co
m

p
ile vario

u
s targ

ets in
 sam

e b
eam

)
•

E
xperim

ental aspects:
–

D
ifferent types of target (nuclear effects)

–
C

apability to m
easure exclusive final states (low

 density, high granularity)
–

C
apability to m

easure inclusive final states (high density)
•

B
eam

 aspects
–

S
tatistics
k

S
ufficient flux also at the low

est energies (cross-section decreases and m
eson

decay kinem
atics less focalized at low

er energy)
–

S
ystem

atics
k

In the range of 1%
, 10%

 or 20%
 ?
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N
eutrino beam

 candidates
•

T
raditional « pion » beam

s
–

K
2K

–
F

N
A

L B
ooster

–
N

U
M

I-LE
, M

E
, H

E
–

JH
F

•
Storage ring beam

s (e.g. antiproton accum
ulators)

–
F

N
A

L D
ebuncher

–
C

E
R

N
 A

D
•

N
eutrino factories

–
…
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T
raditional beam

s

20%
20%

20%
10%

F
lux

uncertainty
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anti-nn nn
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nn nn
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C
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P
eak E

nn nn

N
U

M
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E
N

U
M

I M
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N
U

M
I L

E
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N
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L
 B
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F
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 S. G
eer’s page: http://w

w
w

.fnal.gov/projects/m
uon_collider/nu/study/scattering/beam

_table.htm
l
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F
N

A
L

 B
ooster

R
unning in 2002

10%
F

lux
uncertainty

0.5
A

nti-- --nn nn
e  C

C
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1
nn nn

e  C
C

 rate per
ton/year

1000
anti-nn nn

mm mm  C
C
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per ton/year

5000
nn nn

mm mm  C
C
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ton/year
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P
eak E

nn nn

F
N

A
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FN
A
L (N

uM
I) beam

 characteristics (low energy configuration):
M

.I.: 120 G
eV

/c Proton.
      4*10

13 PoT
/spill  -   1spill / pulse - pulse=

1.87 s

        R
U

N
 tim

e:  1 year =
 3 * 10

7 s * live tim
e (%

)

System
atic error in the range

E
n <

1.5 G
eV

?
R

egion of interest: 0.1<
E

n <
2 G

eV

See talk of
F

. C
avanna

fifi fifi
 System

atics
dom

inated
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KEK beam
 characteristics:

PS: 13 G
eV

/c Proton. 
      5.5*10

12 PoT
/spill   -  1 spill (1.1mm mms) /pulse -  pulse = 2.2 s

        R
U

N
 tim

e: 6 m
onths/year = 1.5 * 10

7 s

See talk of
F

. C
avanna

fifi fifi
 System

atics
dom

inated

O
F

F
-A

X
IS
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N
O

M
A

D
 beam

 M
C

 prediction

1
0

4

1
0

5

1
0

60
2

0
4

0
6

0
8

0
1

0
0

1
2

0
E

 (G
e
V

)

�µ/GeV

n
m   flux at N

O
M

A
D

A
. G

uglielm
i

E
n

B
lack

: nubeam
500 +

 G
E

A
N

T
-FL

U
K

A
D

ashed
: nubeam

500 +
 FL

U
K

A
 standalone

R
ed

: new
 transport +

 FL
U

K
A

 standalone
B

lue: +
tuning of yields to SPY

 data

A
 tough job!
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M
easure  s

n  /E
below

   E
m

   ~ 2 G
eV

w
ith 100 M

eV
 bins in energy

and 6%
 m

inim
um

 statistical

error

1.  U
se a  m

uon beam
 :     (  m

  Æ
   n

m  n
e   e  )

2.   know
n flux and no contam

ination

3.   M
easurem

ent of both, n
m

  and   n
e   cross sections

                                          (and both helicities !! )

a.   low
 energy beam

           E
m

  ~ 2 G
eV

b.   low
 intensity beam

               ¯ 10
15 mm mm

 / year

c.   short baseline experim
ent    ¯ 20 m

eters

d.   detector m
ass                       ¯ 100 tons

The  assum
ptions  ...

C
ross-sections at neutrino factories

M
. C

am
panelli, S. N

avas,
A

.R
ubbia, hep-ph/0107221,

M
ay 2001

P
resented at N

U
F

A
C

T
’01,

T
sukuba
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T
he m

achine could deliver very low
intensities com

pared to neutrino
factories  (~ 5 orders of m

agnitude less)

Protons
( ~10

19 p/year)

p target

cooling +
acceleration

mm mm storage

(10
16 m/year)

1.   T
he PS as a proton booster

2.   T
he SPL

 tunnel to focalize and accelerate  m’s

3.   A
  m

  storage ring (E
m  ~

 2 G
eV

)

E
xam

ple : C
E

R
N

 com
plex

T
his could fit to 

staging
 scenario

of the neutrino factory

(after discussions w
ith H

. H
aseroth)

T
he « m

odest » m
achine…

Scenario w
ithin the C

E
R

N
com

plex
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W
e assum

e, for definiteness, the follow
ing configuration:

≈10 m
  BASELIN

E≈1m
 radius

Accelerator straight

section ≈30 m 

nn nn
e

nn nn
mm mm

mm mm

10
15 “useful” mm mm/year 

≈100 ton detector

E
m  = 2 G

eV

…
and the detector

T
otal num

ber of events

nn nne
nn nn

mm mm

Charge-current (Total)
1070

4450

Q
uasi-elastic (Q

E)
500

2160

_
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10
15 useful mm mm

- decays, E
mm mm

 = 2 G
eV

,    100 T
ons detector, 1m

 radius,      10 m
 baseline, 30 m

 straight section

100 M
eV bins !

µ
� -� beam

�
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1�
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M
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M
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L
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C
H

A
N
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C
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M
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R
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L
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C
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A
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��µ
�   E
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)�

# Events / 100 MeV�

��C
C

�

0�

10�

20�

30�

40�

50�0�
0.5�

1�
1.5�

2�

M
ean�

R
M

S�
A

L
L

C
H

A
N

�

  1.034�
 0.3530�
  503.6�

�� –�e�   E
nergy (G

eV
)�

# Events / 100 MeV�

��Q
E

�

0�

25�

50�

75�

100�
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150�

175�

200�

0�
0.5�

1�
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2�

M
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R
M
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A

L
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C
H

A
N
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 0.3791�
  2162.�

��µ
�   E

nergy (G
eV

)�

# Events / 100 MeV�

��Q
E

�

1E
+15 �µ

� -� events: E
�µ

�  = 2 G
eV

, D
ist = 10 m

, (1m
 ,100Ton) detector, Spread = 30 m

�, A
rclen = 0 m

, R
ingP

art =1 m
�

n energy

Events / 0.1 GeV
n

m
cc

n
e cc

n
m

Q
E

n
e

Q
E

_ _
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µ
� -� beam

�
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��Q
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1�
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��µ
�   E

nergy (G
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)�

Relative Error (%)�

��Q
E

�

1E
+15 �µ

� -� events: E
�µ

�  = 2 G
eV

, D
ist = 10 m

, (1m
 ,100Ton) detector, Spread = 30 m

�, A
rclen = 0 m

, R
ingP

art =1 m
�

10
15 useful mm mm

- decays, E
mm mm

  = 2 G
eV

,    100 T
ons detector, 1m

 radius,      10 m
 baseline, 30 m

 straight section

n
e

cc

n
m

Q
E

n energy

n
m

cc

_

Relative error (%)

n
e

Q
E

_

10%
6%

10%

100 M
eV

energy bins
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0�

0.2�

0.4�

0.6�

0.8� 1�

1.2�

0.25�
0.5�

0.75�
1�

1.25�
1.5�

1.75�
2�

2.25�
2.5�

E
���  (G

eV
)�

���� / E���

1E
+15 �µ

� -� events: E
�µ

�  = 2 G
eV

, D
ist = 10 m

, (1m
 ,100Ton) detector�

Spread = 30 m
, A

rclen = 0 m
, R

ingP
art =1 m

�

100 T
ons detector, 1m

 radius,  10 m
 baseline, 30 m

 straight section

n
m  s cc / E

n
m   s Q

E / E

n
m  s RES / E

10
15 useful mm mm

-

decays,

E
mm mm

 = 2 G
eV

,
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A
ntiprotons A

ccum
ulators

•
P

-pbar physics is based on technique of beam
 cooling, w

hich
allow

s to accum
ulate pbar in sufficient num

ber w
ithin a phase-

space of an accelerator.
•

D
esign of pbar sources has led to extensive studies of production

and capture of pbar in storage rings, in order to optim
ize the

accum
ulation rate

–
O

ptim
um

 choice of target, incident proton beam
 param

eters, focusing
optics to provide largest possible particle density inside transverse and
longitudinal adm

ittance of storage ring

•
T

w
o m

achines:
–

C
E

R
N

 A
C

 &
 A

A
, P

S
 proton energy=

26G
eV

, p
=3.57 G

eV
/c, adm

ittance
200pp pp m

m
.m

rad
 in both planes, DD DD

p
/p

=±3%
, circum

ference =
 182m

, four
straight sections, longest account for 14%

 of total
–

F
N

A
L A

D
, p

=8.9 G
eV

/c, adm
ittance 25pp pp m

m
.m

rad
 in both planes,

DD DDp
/p

=
±2%

, circum
ference =

 500m
, triangular, longest straight section

account for 13%
 of total
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A
 parasitic run…

•
D

uring their norm
al operation, the ring accum

ulates negative
particles, including pp pp

–, K
–, µ

– and e
–’s.

•
T

o a large extent, the optim
ization for the pbar’s is also an

optim
um

 focalization for other negative particles like pions!

•
T

he m
uons are produced in the decays of pp pp

– and K
–’s.

–
T

hese decays can occur anyw
here, that is, w

ithin the focusing
system

, the transfer lines betw
een the target region and the

storage ring, or w
ithin the storage ring itself.

–
O

nly a sm
all fraction of the m

uons has a sufficiently sm
all

transverse em
ittance and a m

om
entum

 w
ithin the required bite of

the ring to stay captured as w
ell.

A
 parasitic run is fully justified!!

W
. L

ee et al., F
N

A
L

 P
R

O
P

O
SA

L
 P

-860, D
ecem

ber 1992
« A

 Search for nu oscillations using the F
N

A
L

 D
ebuncher »
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W
hat do w

e expect?

•
F

or sim
plicity  w

e consider only particles stored into the
ring.

•
T

he lifetim
e of pions is sich that they w

ill decay w
ithin a

few
 revolutions.

•
T

he few
 captured m

uons that rem
ain trapped into the

ring w
ill subsenquently decay.

p
m

n
m

-
-

-
Æ

,KShort burst

m
n

n
m

-
-

Æ
e

e

L
ong burst

A
. B

ross et al., F
N

A
L

-P
U

B
-92/357, D

ecem
ber 1992

« M
easurem

ent of the C
irculating M

uon F
lux in the F

N
A

L
D

ebuncher R
ing »

mm

--
-

=
±

=
±

(
)¥

ÏÌ ÔÓ Ô
/

.
.

/
.

.

ppot 1
0

0
2

2
0

0
4

10
5

T
his has been m

easured!
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Z
dist

Focusing
devices

PS

proton beam

m
uon storage ring

A
D

pion decay tunnel
T

arget

neutrino beam

D
E

T
E

C
T

O
R

.

C
E

R
N

 A
D

:

670
415

1080
A

nti-nn nn
e

2245
1165

3410
nn nn

mm mm

4290
4230

8525
A

nti-nn nn
mm mm

D
IS

Q
E

C
C

(total)

p
mm mm =

 3.57 G
eV

/c(–3%
),

E
stim

ated event rate for 5¥¥ ¥¥10
19 pots in a 0.1 kton detector

10m
 dow

nstream
 of a C

E
R

N
 A

D
 straight section
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N
N

Y
A

N

N

pots
optics

pots

pots

m
p

p
m

e
=

¥
¥

¥

ª
¥(

)¥(
)¥(

)
ª

¥
¥

Æ

- 0
02

0
03

0
04

2
5

10
5 .

.
.

.

C
E

R
N

 A
D

 optim
ization study:

F
L

U
K

A
 on B

e target,
70cm

 long, 2cm
 radius

F
ocusing horn

shape optim
ized

for A
D

acceptance

200p
m

m
.m

rad
adm

ittance

C
onsistent w

ith m
easurem

ent at F
N

A
L

Full M
C

sim
ulation
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E
xp

ected
 n

u
m

b
er of n

eu
trin

os reach
in

g th
e d

etector (5X
10

19 p
roton

s)

10
12

10
13

10
140

0.5
1

1.5
2

2.5
3

3.5

n —

µ

n
µ

n —

e

π
-  5

  µ
-  n —

µ

µ
-  5

  e
-    n —

e   n
µ

E
n   (G

eV
)

# neutrinos / 200 MeV

N
orm

alized to 5¥10
19 protons on target

n
m

_

n
m

n
e

_ p
 -  Æ

  m
 -  n

m _

m
 -  Æ

  e - n
m n

e _

prom
pt

delayed

C
E

R
N

 A
D

 :
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N
orm

alized to 5¥10
19 protons

n
m

n
m

_n
e

_
V

ery strong energy-angle correlation
fi

 L
ow

est energies (unfortunately) are
cut out

C
E

R
N

 A
D

 :
200 M

eV
energy bins
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n
 cross section spectrum

0

0.2

0.4

0.6

0.8 1

1.2

0.5
1

1.5
2

2.5
3

3.5

E
n  (G

eV
)

sn / En

n —

e  cross section spectrum

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.5
1

1.5
2

2.5
3

3.5

E
n  (G

eV
)

sn / En

C
E

R
N

 A
D

 :
200 M

eV
energy bins

nn nn
mm mm

nn nn
e

5¥10
19 protons

Statistics ª
 10%

Statistics ª
 6%
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n —
 cross section spectrum

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.5
1

1.5
2

2.5
3

3.5

E
n  (G

eV
)
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T
he prom

pt
neutrinos
are m

uch
m

ore than
the delayed
ones, and all
at low

er
energy!
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S. G
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System
atics…

•
Storage ring of pions or m

uons provide the cleanest
w

ay to m
easure neutrino cross-sections

•
In particular, m

uons are the cleanest
–

since they can be better m
onitored (long lifetim

e)
–

M
uon polarization

k
N

ot dom
inant

•
B

ending arcs of storage ring
–

N
egligible

Statistics ª 5-10%
 for ª10

15 m
uons 

System
atics ª 1%

(C
ould aim

 at ª10
16 m

uons)
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S. G
eer, F

N
A

L
-F

N
-706,

June 2001.

E
ffect of m

uon
polarization

fifi fifi
 N

ot dom
inant!

+2%

–2%
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C
onclusion

•
T

raditional « pion » beam
s are the m

ost realistic choice for perform
ing

neutrino cross-section m
easurem

ents

–
A

lready existing
–

E
vent rates are generally very high

–
B

ut system
atics dom

inated !
•

L
ow

 energy neutrino factories w
ill provide the « cleanest » environm

ent to
m

easure cross-sections

–
E

qual am
ount of neutrinos and antineutrinos

–
F

lux system
atics sm

all, certainly at the level of few
 %

’s
–

B
ut is it (financially) realistic?

•
A

ntiproton accum
ulators are certainly an interesting com

prom
ise.

–
T

hey already exist
–

A
 parasitic run is possible

–
P

ion and m
uon decays offer interesting features


