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PRIN project: K
L  →

 π
0νν at the SPS

NA62 Italy subset has PRIN funding for feasibility studies for a K
L  experim

ent
36 m

onths (2/2013 – 2/2016) – 7 university/INFN groups
FERRARA, FIRENZE, FRASCATI, NAPO

LI, PERUG
IA, PISA, TO

R VERG
ATA, TO

RINO
  

• Initially hoped to reuse m
uch of the existing NA62 apparatus

• Early sim
ulations indicated that a substantial redesign would be needed

• However, PRIN project still focused on a m
oderate cost (log

10  CHF ~ 7.5) 
experim

ent that can operate in ECN3 and m
ake use of the NA48 LKr as 

the prim
ary veto

• Ideas for m
ore am

bitious (and costly) designs beyond the baseline are 
still under consideration 

−
Estim

ate cost, tim
escale, and perform

ance for an 
experim

ent to m
easure BR(K

L  →
 π

0νν) at the SPS

−
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Baseline PRIN sim
ulation for K

L →
 π

0νν

105 m
165 m

241.5 m
FV

3 m

LKr

IRC

IBV

10 vLAV-S
5 vLAV-M

11 vLAV-L

• 400 G
eV prim

ary beam
 5-8x of higher intensity than NA62

• Secondary neutral beam
 w

ith �p
� ~ 97 G

eV and G
Hz total rate

~1.7 M
Hz K

L decays in FV
• Roughly sam

e vacuum
 tank layout and fiducial volum

e as NA62
FV starts ~105 m

 downstream
 of target 

• 26 new
 large-angle photon veto stations (vLAV)

• New
 sm

all-angle photon veto system
s (IRC, IBV)

−
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K
L  →

 π
0νν: Strengths

FCNC decays are the cleanest indirect probes of short-distance physics
• SM

 rates highly suppressed (G
IM

 m
echanism

) and known very precisely
• Intrinsic uncertainty ~2%

 (other com
ponents alm

ost entirely param
etric)

Together, K and B decays overconstrain unitarity triangle �
 look for NP

M
ultiple m

easurem
ents can discrim

inate am
ong NP scenarios

• New physics affects BRs differently for different channel
K

L  →
 π

0νν in particular gives access to extrem
ely high m

ass scales 
• In som

e scenarios, up to 10x higher than B decays
• Potentially orders of m

agnitude higher than LHC

PRIN baseline sensitivity for 3 × 10
12 K

L  decays in FV (for 10
7 s live = sly)

~10 signal evts
~10 π

0π
0 background evts

G
oal: Turn this into a 100-event experim

ent (> 30 events/sly)

−
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K
L  →

 π
0νν: O

pportunities
Expt.

Prim
ary beam

 
(E G

eV)
Secondary beam

 
(E G

eV)
Running

SM
 evts

Status

NA62
SPS (400)

positive (75)
2014-18

100
Ready

O
RKA

FNAL M
I (95)

K
+ (0.6, stopped)

2020-25
1000

Cancelled
KO

TO
JPARC-I (30)

neutral (2 peak)
2014-18

~3
Ready

KO
TO

/2
JPARC-II (30)

neutral (~2 peak)
2025?

100
Concept

FNAL K
L  

Project X (3)
neutral (0.7 peak)

2030?
1000

Concept?

No experim
ents are looking at K

L  →
 π

0νν w
ith a high-energy beam

• Photon vetoing is substantially easier at high energy
The CERN SPS can provide a neutral beam

 w
ith �p

� ~ 100 G
eV

A K
L  →

 π
0νν experim

ent at the SPS could use the NA62 infrastructure
• NA62 hall and LKr calorim

eter could be used for K
L  →

 π
0νν

• The NA62 experim
ent could be used in Run 3 with a neutral beam

 as 
an R&D platform

 and to m
easure K

L  →
 π

0ℓ +ℓ − 

−

−

−

−
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K
L  →

 π
0νν: W

eaknesses
−

M
ain handle on a better m

easurem
ent is increased intensity:

3 × 10
12 K

L  decays in FV = 70 SM
 events before efficiencies

• Baseline solution: 3 × 10
12 K

L  in FV im
plies 2.4 × 10

13 ppp (8x NA62)
• 2.4 × 10

13 ppp not currently available in North Area
• Use of full SPS intensity (4 × 10

13 ppp) requires new North Area facility
E.g. SHiP facility, CHF 140M

? 
• Is it possible to increase intensity at NA62?

To 1.5 × 10
13 ppp?  To 2.4 × 10

13 ppp?  How m
uch will it cost?

O
ther technological challenges:
• Reduced acceptance for high-energy K

L  decays 
• In-beam

 veto to handle G
Hz fluxes of beam

 photons & neutrons
• Life expectancy of NA48 LKr calorim

eter?

Tim
escale: After LS3 – 2025 at the earliest 
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K
L  →

 π
0νν: Threats

−

LHC: W
hat if BSM

 physics already discovered and explored in 2025?
• K

 →
 πνν and other key flavor observables still useful for exploration of the 

CP/flavor structure of the new physics 

KO
TO

/2: Upgrades foreseen in original KO
TO

 proposal
• O

riginal KO
TO

/2 estim
ate: 100 SM

 events in 3 years
−
 Assum

es 450 kW
 – currently at 25 kW

 with prospects for 100 kW
−
 New idea: increase angular acceptance 2 �

 8 μsr at cost of 
increased background

−
 Back of the envelope: 350 SM

 events in 3 years at 100 kW
, but 

nothing official yet
• New target, extension of hadron hall, com

pletely rebuilt experim
ent

−
 Tim

escale and costs sim
ilar to SPS experim

ent

Scientific policy issues:
• Com

petition from
 other fixed-target users

• Changes in spending profile

−
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Conclusions and outlook

Infrastructure investm
ent needed to obtain at least 2.4 × 10

13 ppp
• Coordination with other fixed-target experim

ents at CERN?

Can w
e do better w

ith the experim
ent?

• Increase angular acceptance of beam
Present beam

 divergence = 5 cm
 at LKr �

 new sm
all-angle vetoes? 

• Increase FV acceptance
Total length is im

portant for background rejection (buffer zones)
Decrease beam

 energy?
• Increase forw

ard calorim
eter acceptance

New calorim
eter with diam

eter 2x larger than NA48 LKr?
• Increase background rejection:

Better efficiency for LKr in range 1-10 G
eV?

LKr efficiency as a photon veto will be studied well in NA62!
Increase coverage of large-angle photon vetoes?
Explore use preradiator to provide additional constraints?

Critical to achieve at least 100 SM
 event sensitivity
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Decay
Γ

SD /Γ 
Theory err.*

SM
 BR × 10

−11
Exp. BR × 10

−11

K
L  →

 µ
+µ
− 

10%
30%

79 ± 12 (SD)
684 ± 11

K
L  →

 π
0e +e − 

40%
10%

35 ± 10
< 28

†

K
L  →

 π
0µ

+µ
− 

30%
15%

14 ± 3
< 38

†

K
+ →

 π
+νν 

90%
4%

7.8 ± 0.8
17 ± 11

K
L  →

 π
0νν 

>99%
2%

2.4 ± 0.4
< 2600

†

Rare kaon decays

†90%
 CL

*Approx. error on LD-subtracted rate excluding param
etric contributions

R
e 

Im
 γ 

α 

BR
SD (K

L  →
 µ

+µ
−)

charm

FCNC processes dom
inated by 

Z-penguin and box diagram
s

Rates related to V
CKM  w

ith 
m

inim
al non-param

etric 
uncertainty
V

CKM  overconstrained: look for 
NP in specific channels

BR(KL → π0νν)
BRSD(KL → π0ℓ+ℓ−)

β 

(ρ, η) 
−
−

−

−−
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−

New
 physics affect BRs differently for different channels

M
ultiple m

easurem
ents can discrim

inate am
ong NP scenarios

SM
4: SM

 with 4
th generation (Buras et al. ’10)

RSc: Custodial Randall-Sundrum
 (Blanke ’09) LHT: Littlest Higgs with T parity (Blanke ’10)

M
FV: M

inim
al flavor violation (Hurth et al. ’09)

Straub
CKM

 ’10 

K
 →

 πνν and new physics 
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−
K

 →
 πνν and new physics 

M
. Blanke, CKM

 2014
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PRIN sim
ulation: Current status 

O
nly K

L →
 π

0π
0 background seriously studied to date:

• Accept only events with 2 γs in LKr and no hits in LAV, IRC, SAC (εsig  = 19%
)

• Select events with zrec (m
γγ  = m

π0 ) in FV and p
�

rec (π
0) > 0.1 G

eV 
(εsig  = 87%

)

Expected results/1 sly: 3 × 10
12 K

L  decays in FV
~10 signal evts
~10 π

0π
0 background evts

W
hat does this im

ply?
• Sensitivity about sam

e as KO
TO

 Step 2 at 100 kW
 beam

 power
• However, acceptance estim

ate is far from
 final! 

• Experim
ent has significant cost (50 M

CHF?) and long lead tim
e (Run 4)

Extensive R&D, prototyping, construction work necessary

Should aim
 for a 100-event experim

ent (> 30 events/sly)
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Physics in addition to K
L  →

 π
0νν 

Transitional phase: K
L →

 π
0ℓ +ℓ − 

O
perational phase:

• Exotics (P, S, V): K
L →

 π
0X,  π

0π
0X 

• Radiative decays: K
L →

 γγ,  γγ*,  γ*γ*,  γγγ 
K

L →
 γγ useful for isolating SD com

ponent of K
L →

 µ
+µ
−

 

• O
ther decays interesting in ChPT: K

L →
 π

0γγ,  π
0π

0γγ 
K

L →
 π

0γγ useful for isolating SD com
ponent of K

L →
 π

0ℓ +ℓ  

−

See KO
PIO

 2005 proposal for m
ore inform

ation
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−
PRIN studies: K

L →
 π

0ℓ +ℓ − 

K
L →

 π
0ℓ +ℓ − vs K

 →
 πνν:

• M
easurem

ents are com
plem

entary and can help to discrim
inate 

am
ong NP m

odels
Different operators contribute to K

L →
 π

0ℓ +ℓ − and K
 →

 πνν
• Nom

inally easier experim
ental signatures for π

0ℓ +ℓ −, but som
e 

irreducible backgrounds (esp. for π
0e

+e
−)

• Larger theoretical uncertainties, need progress on ancillary 
m

easurem
ents such as BR(K

S  →
 π

0ℓ +ℓ −)

M
odifications to NA62 needed for K

L →
 π

0ℓ +ℓ − are straightforw
ard

• Rem
oval of CEDAR, G

igatracker
• Realignm

ent of straws, RICH; new IRC
• Possibly new SAC to handle higher rates

Potential for K
L →

 π
0ℓ +ℓ − experim

ent w
as studied by NA48

−

−
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−
K

L  →
 π

0νν: Q
uestions

W
hat are the pros and cons of a K

L →
 π

0νν experim
ent at high energy?

W
hat is the intensity and com

position of the neutral beam
?

W
hat can we do to suppress beam

 photons? 
W

hat perform
ance will be required for large-angle photon vetos?

Is the perform
ance of the NA48 LKr calorim

eter suitable?
Can a preshower detector in front of LKr provide useful geom

etrical 
constraints?
W

hat will be required in term
s of charged-particle vetos?

W
hat technology is needed for the in-beam

 veto to stop photons from
 

escaping downstream
 through the beam

 pipe?
How to cope with G

Hz fluxes of beam
 photons and neutrons?

W
hat baseline architecture to adopt for triggering/data acquisition?

−

−
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K
L →

 π
0νν at the M

EB (SPS)
Conclusion of PRIN studies:

2.4 × 10
13 p/16.8 s �

 10 events/sly w
ith S/B = 1

Better perform
ance would require substantial intensity increase

2.4 × 10
13 ppp not currently available in North Area*

M
ax. intensity from

 SPS to North Area (TT20): 4 × 10
13 ppp

• M
ust be divided am

ong users: T2 + T4 + T6
Target areas and transfer lines would require upgrades
• M

inim
ization of consequences of beam

 loss
• Additional shielding against continuous sm

all losses
• Study issues of equipm

ent survival, e.g., TAX m
otors

• Ventilation, zone segm
entation, etc.

1.5 × 10
13 m

ay be possible on T10 (NA62)
Tim

e = “years”; Cost = “m
any M

CHF”

*Conversations with L. G
atignon, N. Doble

−  
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−
K

L →
 π

0ℓ +ℓ − with NA62 setup? 

K
L  →

 π
0e +e −

K
L  →

 π
0µ

+µ
−

SM
 BR

3.5 × 10
−11

1.4 × 10
−11

Acceptance
3%

18%

SM
 signal events

~3
~8

S/B
~1/10

~1/6

Extrapolated from
 studies for NA48

Assum
ing 1 sly at 2.4 × 10

13 �
 3 × 10

12 K
L  decays in FV

K
L  →

 π
0e

+e
− channel is plagued by K

L  →
 e

+e
−γγ background

• Like K
L  →

 γγ with internal conversion + brem
sstrahlung

• 3%
 acceptance for K

L  →
 π

0e
+e
− reflects tight cuts on Dalitz plot to reject

• Need to explore other strategies: statistical separation, kinem
atic fitting

• NA62 has better 2-3× better m
ass resolution on ℓℓ vertex than NA48

Continuing to study in context of PRIN project
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−
 Fixed target runs at the SPS

 

F. Bordry, CERN Roadm
ap, Feb 2014

G
eneral assum

ption:
SPS available for fixed-target during LHC runs
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The NA62 experim
ent at the SPS

Large angle photon vetoes
O

PAL lead glass

Forw
ard γ veto

NA48 LKr

RICH µ/π ID
1 atm

 Ne
 

Dipole spectrom
eter

4 straw
-tracker stations

µ veto 
Fe/scint

Charged 
veto

Beam
 tracking

Si pixels, 3 stations

Differential Cerenkov 
for K

+ ID in beam
γ veto 

γ veto 

4 m

 
 

KTAG
CHANTI

LAV
RICH

M
UV

G
IG

ATRACKER

STRAW
LKr

IRC

SAC

0
50

100
150

200
250 m

Fiducial volum
e ~60m

10
−6 m

bar

5 M
Hz K

+ decays

High-perform
ance EM

 calorim
eter

High-rate, precision tracking
Redundant particle ID e/µ/π 
Herm

etic photon vetoes 

75 G
eV positive secondary beam

750 M
Hz total beam

 rate
45 M

Hz K
+ into experim

ent
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K
L  →

 π
0νν at J-PARC

• Started data taking in M
ay 2013

• Halted right after startup due to an accident in the Hadron Hall
• O

perations expected to resum
e in late 2014/early 2015

• Intensity now ~2 × 10
13 p per 3.3 sec (25 kW

)
• Upgrade path to increase intensity by 4× “within a few years”

Prim
ary beam

: 30 G
eV p

2 × 10
14 p/3.3 s = 300 kW

Neutral beam
 (16°)

�p(K
L )� = 2.1 G

eV
50%

 of K
L have 0.7-2.4 G

eV
9 μsr “pencil” beam

−
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KO
TO

: Status and future

−

Proposal:
300 kW

 × 3 sly
SES 8 × 10

−12 (3.5 SM
 evts)

S/B = 1.4
Current status:
25 kW

 x 100 hrs
SES 1.3 × 10

−8 
1 event (0.36 expected)
• Beam

 power will gradually 
increase to 100 kW
• M

eet original goal by 2018?

Future: Strong intention to upgrade to ~100 event sensitivity
• Exploring upgrade possibilities to increase sensitivity 
• Hope to get to ~10 SM

 evts/sly for 100 kW
 of beam

 power (2 μsr)
• Indicative tim

escale: data taking starting 2025?
• No proposal at this tim

e (chapter on Step 2 in original proposal)

Shiom
i, CKM

 2014


