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Kaon physics — The landscape

Kaon is the lightest strange particle, studied since 60’s to test
fundamental properties of nature

The SM @ E ~ M, appears remarkably simple:
Lsm = (m,=my, my) + Loep + Lig(m,-my) + L,
only 2 parameters in :m, and my ~m, ~ (m4+m,)/2
Loep and L isospin-breaking: often neglected, but add 37 parameter
L., is the link to physics at electroweak scale
breaks many symmetries: P, CP, flavor
Kaons reach the highest sensitivity to , QM tests

Competitive with B decays to test NP in LFV or transitions
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K physics — past achievements

Precise study of low-energy , including Logp and L g:
Strong nir phase shifts from non-leptonic K decays, e.g., Ke4

Radiative decays, testing contributions from NLO and NNLO ChPt
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Constraints from AF=2

30 years of precision study of L _,:  mmc,| K D.Bd.Bs
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K physics — CP violation still of interest

30 years of precision study of L _,:

R(e’/e) = (16.4 £ 1.9)104 might become a NP test soon:

lattice progress to beat uncertainty from cancellations btw e.m. and strong
penguins: AlI=3/2 @ 10%, exploring AlI=1/2, Re(A,) @ 35%

Will reach 10% in 5 years from now, possibly complementing K, 2> nt%vv!
In excess with respect to the SM expectation by > ~x2 (lattice, large Nc,...)
Deviation from the SM in R(¢’/¢) and K, = nt%v were said to be anticorrelated...

.. but can be correlated in certain models [Buras, et al., arXiv:1507.08672]
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K physics — A test of gauge universality

30 years of precision study of L_,:

A precise gauge universality test:in SM,
G2 (IV,|? + |V, |») = G¥(from p lifetime) = (g, /M )2 [V, negligible]
One can test for possible breaking of one of the two conditions:

CKM unitarity:is (|[V |* + |V, |)=1?

2
udI

coupling universality:is G.2 (|V ,|* + |V . |?) = G*(from p lifetime)?

2
udI

New physics extensions of the SM can indeed bre%k coupling universality:

SM + NP «<G_*|V_[|*(I +a MM .*)* naivelya, ~1, 3 ~g’,/l6%"

tree
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K physics — A test of gauge universality

— 2 2 o -
A measurement of G_,.,,= G (|]V_,|* + |V, |?) with error@5 10
* is sensitive to tree masses M, , ~ 10 TeV and to loop masses M, ~ | TeV

* is competitive with ew precision tests:

G

= 1.1663787(6) x 105 GeV2 <
[MulLan arXiv:1301.0504]

F

G, =1.1678(26) x 10°5 GeV -

aem+MW+sW ]J

— -5 2
G_, =1.1655(12) x 10 GeV <« [ew precision tests

Gy= 1.1638(04) x 105 GeV2 <

6 A taste of flavor physics at NA62 - PG University - Perugia (ltaly) 2/3/2016



K physics — past, recent past, near future

30 years of precision study of L _,:
After the legacy, ||, R(¢’/€), Gauge universality test:

Lepton number violation test from K* 2 &t u*u* at NA48/2
Dark photon search from i’ - e*ey decays at NA48/2

LFV search from Ry = Ke2/Ku2 at NA62 and FF of n%; (phase zero)

The future towards high sensitivity frontier from full-intensity NA62:
The golden mode: K* 2 nwt*vv
K* = mue and other LFV modes

n¥ rare decays

Not only K: short/long-lived DM: Dark y’s, heavy neutral leptons, ALP’s, ...
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LFV — Search for NP signals from K decays

Decades searching for LFV
transitions, forbidden/ultra rare
in SM

Sensitivity ~ up by X 102 per
decade, limits due to statistics
more than background

NP with <~100 TeV mediator
masses ruled out (some model
dependence: Technicolor, SUSY)

Compare with:

u—ey @ MEG

uN—eN @ Mu2e

t— eluy, lh, 3lept @ LHCb, B fact.
u— eee @ Mu3e future exp. at PSI
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Lepton number violation in K* 2 wuu*

Transition possible in NP, if mediated by a Majorana neutrino, v

Expected BR depends on effective v mass 0 .

If 100 < Mv <300 MeV, v is kinematically
accessible - limits on coupling from K decays

are most stringent than from any other source _ YL T _:
H

From bkg evaluation to 400 n*u*u events: S

BR < 3x10 [E865 collaboration PRL85(2000)2877] M., (GeV)
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Setup of the NA48/2 experiment

NAA48/2: unseparated, simultaneous K* highly collimated beams,
designed to precisely measure K* — x*91-0n* dalitz-plot density

% p-bi (cm)
* Pk~ 60 GeV, 0, ~ 3 GeV (3.8% p-bite) YbcHi (€M
| —
« spot of 10 mm FWHM @ DCHI entrance
TAX 17, 18 ) L gsut 2.5
E/liﬁ ~ FDFD o e L
7N| Defining Protecting I 0 o
_ ~."collim:1t01' : collimator Cleaning : | /
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x"j ;S \ ]I K / I : \KABES 1 Decay volume 0 -2 .5
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1cm|’ Quadruplet s ltank Spectrometer e
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Track decay products with 4 DCH'’s + dipole magnet: ®5 25 0 25 5

* P, kick of 120 MeV after DCH2
* 0,/p ~ 1.02% ® 0.044% p [GeVIc]
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Analysis of K2mxuu at NA48/2

Scintillator hodoscope:
* establish event time (0~150 ps), fundamental for L1 trigger

DCH online reconstruction and vertex at L2 trigger

LKr calorimeter: efficient vetoing, excellent e.m. energy resolution
- 0¢/E = 3.2%IVE[GeV] ® 9%/E[GeV] ® 0.42%
* Oyy = 4.2mmNE[GeV] @ 0.6 mm, granularity of 13,248 2x2 cm? cells
Hadron calorimeter, Muon veto system (MUYV)

Analysis samples acquired in 2003-4:

K, 3-track trigger (hodoscope), | vertex from 3 DCH tracks, 2 of

them with MUYV hits
K. trigger, acceptance cuts common with K, used as normalization

Normalization sample equivalent to 1.4x10'' K decays in FV
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Analysis of K2mxuu at NA48/2

Total invariant mass for correct- Vs wrong-sign events

~106§ - | “1065 I
: K& = qpsu® || 2 K+—>nuu-
| candidates | ‘°S¥ \ candidates ||
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10°E
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-

52 candidates K*—m*u*u*, vs 52.6x19.8_ , expected from MC:
BR(K:—muuz) < 1.1%x10- @ 90% CL [PLB 697(2011)107]
Improves on previous results by x3

Settle the road for future major improvements at NAé62, see later
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NP from a precise measurement of RK

SM prediction @ 0.04%, benefits of cancellation of hadronic uncertainties
(no f,): Ry = I'(Ke2)/T'(Ku2) = 2.477(1) x 107 [Cirigliano Rosell arXiv:0707:4464]

Helicity suppression as NP boost [Masiero PRD74(2006)011701, JHEP0811(2008)042]

In R-parity MSSM, LFV can induce O(1%) effect [Girrbach, Nierste, arXiv:1202.4906]:
4 2

m m3 ;
gy e e [1s () (22) |6 vt
H

e

NP contribution from ev_state, eff. coupling A*'; from b-ino/s-tau loop

In MSSM, NP << 0.1% after Higgs, B = Tv, uu [Fonseca et.al, EPJ C72 (2012) 2228]

I
. Hor

...but NP @ >1% in SM + sterile fermions in Inverse see-saw TR _L
RR

el -~
~ ) -
63, o~
>

[Abada, et al.: JHEP 1302 (2013) 48, JHEP 1402 (2014) 091] ;@(
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Experimental accuracy was 6R, ~1.3% (KLOE)

New measurement of R, interesting, if error is pushed @ few per mil
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Analysis of Ke2/Ku2 at NA62 — 2007 data

After experience with NA48/2, design of NA62 run optimized for Ry:
~60 GeV — ~74 GeV
Momentum bite: 3.8% — 2.5%

MM2(e) (GeV)

P

o,/p = 0.48% + 0.009% p(GeV)
> MM2? resolution improved

P, kick: 120 MeV — 265 MeV | Better separation for Ke2 and Ku2
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Analysis of Ke2/Ku2 at NA62: u background

Analysis starting samples:
K., trigger: | trk (hodoscope) & |-trk activity in DCH’s & E (> 10 GeV
K, trigger: | trk (hodoscope) & |-trk activity in DCH’s, downscaled

Electron ID by LKr: (0.90 to 0.95)<E_/P,,<1.10, u rejection by ~10°!

Electron ID efficiency: 99.28(5)%, check probability for u’s to fake e’s
[~4%10¢, due to the so-called muon “catastrophic” energy loss] by
direct measurement:

Subsample of data taken with a 9.2-X,
Pb bar between HOD’s

Select u’s (pure @<10-%) with MIP energy )
Ioss in Pb ------------------

-

low P,brems. @ high P) w GEANT4 HOD(H)
HOD(V)
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Analysis of Ke2/Ku2 at NA62: other backgrounds
World largest Ke2 data set, 145958 K*e2 candidates, 10.95(27)% bkg

Source | Ku2 | Ku2(u>e) | Ke2y(SD") |Ke3 | K2n __|KF _|uhalo_

Fraction, % 5.64(20) 0.26(3) 2.60(11) 0.18(9) 0.12(6) 0.04(2) 2.11(9)
10° E_liADgaz _____________________________ . ;_K:rg{nuph) - 7 : ":;::':a‘i:“didﬂtes

C . - i ¥ K-pv

i E i:::: (1—e) A \K:—au'v (L"—e")

- | g Ke—evy (SDY) | * K'=e'vy (SD") _-

10°F

10° [ Beam halo
[ ] K=—noe=v
P K=—n=n®

102

10

102 ....... ....... .............. ;'..! LRt

I 1 i I | ' 1 L I I
0.04 0.0 20 <0 4 50 60
(e), (GeV/c?)? Lepton momentum, GeV/c

|6 A taste of flavor physics at NA62 - PG University - Perugia (Italy) 2/3/2016

-0.06 -0.04 -0.02 O 0.(“)%



2013 NA62 RK result and error budget

Entire data set: Ry = 2.488(7),,.(7).,..10"> [PLB 719 (2013) 326]

syst
w 2.6 ‘
& "t NAG2 " NA62
X
Statistics 0.007 ;';2.561— S — 5 5
2254 F o e 8 g &
Ku2 bkg 0.004 o } - { [ $ £ £
Ke2y SD+ bkg  0.002 i . L )
Ke3,nn®bkg  0.003 S2.48" ; 1’ I - i -
2 AG g Qs P o ® T
Muon halo bkg ~ 0.002 I t ,, I St >
Material budget  0.002 P S R S
- L ll{)tfegjrafteld Pl{ef c{atja rsafm!){eef Integrated over lepton momentum
Acceptance corr 0.002 24720 30 40 50 60 Data sample

Lepton momentum, GeV/c

DCH alignment  0.00] Fit over 40 independent measurements, 10
2laaren (1B 2L lepton momentum bins % 4 configurations:
| TRK trigger eff 0.001 XZ/ Nd.o.f.= 47/39 (P = 18%)

LKr readout eff  0.00]

Total 0.010
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RK final result, 1mpact for NP search: MSSM

Result, c 2HDM-II
S90 ' RK-2.488(9)><10

R = 2. 488(7)stat(7)syst 80

[PLB 719 (2013) 326],

dominates world average
To be compared with,

R, (SM) = 2.477(1)10°5,

Direct searches (LEP)

including possible NP from
H*:

Ry: 95% CL exclusion
= A13—1x10_3
Bl A;=5x 10
Bl A,=1x 107

Illlllllllllllllllll

0.6 0.7 0.8 09 1
H* mass, TeV/c?

Error ~10 that of SM prediction, room for future improvements with NA62
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RK NA62 result, impact for sterile neutrinos

Probe NP from sterile v’s w inverse see-saw [Abada et al. JHEP 1402 (2014) 091]

Ar = R((NA62)/R (SM) - | M, enhancement
102 ' I ST | ' | ' / | -
Color code: _ 3 .
R NRgh. - e
All high-energy 10° | NA62 excluded
experimental bounds, B
and t decays, ['(Z>vv), LlE
etc. + cosmological 10 =3
bounds satisfied @ | i B
ol : A _

Cosmological bounds

(Large scale structure,
Lyman-a data, X-ray 10 -
searches, etc.) relaxed

4
10° 107 10° 10° 10 10°
Mass of lightest sterile neutrino (GeV)

’.;
= )

Models excluded by 10°8
present n>ey MEG result
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Searching for direct production of sterile v’s

Search using Ku2 selected data (normalization channel for Ry),~ 18 M Evts
le-2;

Search for peaks due to K*-> u*N,
signal strength due to U,y mixing

U 2 Peaksearches: PSI(1),KEK(2), LBL(3) |
uN i

N-Decay searches: ISTRA+(4), CERN |
PS-191(5), BNL E949-2015(6) 5

Ie-3;

Ie-4;

106;_ NA62 MC, 2007 run g le-5!
E i le-6f

105: le-7t
: ] e8|

10,; le-9} BBN 3
; MC signals, |U, > = 5x10-51'¢10 0 200

300 M, (MeV)

NAG62 (2007 data) competitive w past peak-
based searches for M > ~250 MeV

Decay searches complementary to peak

10°E

107

L - 0"1 = NAG62 analysis (2007 data) almost completed
M*uiss (GeV)

20 A taste of flavor physics at NA62 - PG University - Perugia (Italy) 2/3/2016



K physics — the future: golden modes for NP

FCNC processes dominated by Z-
penguin and box diagrams

Can give direct information on
CKM matrix elements:

No long distance contributions
from processes with intermediate

Y’s
Hadronic matrix elements can be

obtained from BR’s of leading K
decays

K, — nt®vv is nearly pure due to
direct CPV (1% contribution from
mixing CPV)

I
EL|m
B B
(.
M\] gﬂ
A
-4
=)
BR(K, »u*u) ¥
charm
[ /T"  lrreducible SM BR
theory err.
(amp)
K, = 7'y >99% 2% 3 x 101
K+ - atwy 88% 4% 9% 101
K, > ne*e~ 38% 15% 3.5 x 10"
K, = a%* u- 28% 30% 1.5 x 101
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SM prediction for K%:rwv

S W d

<1

% % V
SM prediction [Brod, et al. 201 I, CMK input update Buras et al. 2015]

2
BR(K — 7 i) = ko (1 4+ Agy) [ (h;?‘xt) + (R‘;’\ (P, +6P..) + RjA‘X) ] (9.11£0.72) x 1071

/\

2
BR(K; — 7'vi) =Ky, (Im AtX(l})) = (3.00 + 0. 31) x 101 where =, = mg/miy, Ao
-=- 0 - A

1l

Hadronic matrix elements from BR(Ke3) via isospin rotation

contributes to theory error: 4% (2%) for K* (K,)

Error on input parameters (V, P, N, -..) dominant wrt other theory errors
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Beyond-SM sensitivity for K2>mvv

Deviations from SM by more than 10% quite possible in many NP models:
* Littlest Higgs Model with T-parity

* Randall-Sundrum with custodial protection
* 4th generation 5

i E949 10

1019 x BR(K, — mOvp)

1019 x BR(K*T — 7twp)
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Experimental methods for K* -2 wt+vv

Main backgrounds to K* — mwtvv:

. 5 ;%E 0.2 ;— K'>m'n’(y)
K+ — nv with & ID for n —!50.18;—
0.16—
need excellent PID, especially p/r oraE-
+ 0 o ’ 0.12;—
K+ — nund(y) with y’s lost 3
need excellent y vetoes i g
for 2 body — — i :g"
0.02|— { YV (x10%9 L
0:lilll||llllllll LT K on'n'n

IIII
-0.04 -0.02 0 002 004 006 008 01 012
m2__ [GeV?/c*)

To reach 10-'2, PID & vetoes also reject unclosed bkg (K3, K, ...)

Stopped K+ Decay in flight
Kinematics K+ at rest Must track K+
Photon vetoes Low-energy photons High-energy photons

Range Advanced Cerenkov counters
PID -

m-u-e decay chain Muon detectors
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Experimental methods for K*
Main backgrounds to K* — mwtvv: ot
K+ — nv with &t ID for pn Ao

102

need excellent PID, especially p/r
K+ — nund(y) with y’s lost "’

10

need excellent y vetoes

10°

for multibody — ...

To reach 10-'2, PID & vetoes also reject

- Ttvv

K*>mtn(y)

Region |

Region Il

™~

N

cee |
IIIIIIII l 1 1 IIIIlI I

[ IIIII|T|] IIIII|T|'| IIIIIIII| IIIIIIII| IIIII|T|'| IIIII|T|'| UL

1 11
0.1 0.122 .
m2.. [GeV©/c’]

unclosed bkg (K5, K,,, ...)

1 11 1 1 1 1
-0.04 -0.02 0 0.02 0.04 0.06 0.08

Stopped K+ Decay in flight
Kinematics K+ at rest Must track K*
Photon vetoes Low-energy photons High-energy photons

Range Advanced Cerenkov counters

PID m-u-e decay chain

Muon detectors
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Experimental status for K* =2 avv
In 2008, combine E787 (1995-8 runs) & E949 (12-weeks run in 2001) results

= F
+ + — +1.15 -10 i
’E\ RAAEDRALEN ERLLE LILES SAEE GLLLE REEAY RLLES LELLY LALEY
o 45 [ E787/E949 - / 0.5}
() : This analysis i i
[ - /A E949-PNNI E i
= 40 I v E787-PNN2 ! - °r
£ [ @ E787-PNNI /’ i
35 [ . -0.5:
: 1 Same :
30 .
[ e ] central
L ‘. -
25 [ : Unvetoed - value, _
: k2 1 100
20 |- : . ‘:—
A | ] 08— PlOtS
- u i ] thS -
15 | | ] "eE from
; 5 : \ 3 S utfit.org
IR PR PN PR PR FEN TS FNENE FNAEE FNTe FRN F
1050 60 70 80 90 100 110 120 130 140 150 °F
Energy (MeV) " T

Expected bkg 2.6 events, prob. all 7 obs. evts are bkg is ~10-3
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Hopefully not the end of a long story...

\5-® |V Klems/LBL v 90% CL Upper Limits
¥ Cable/LBL
o v Asano/KEK E787 = E949
~ BNLE787 v upgrades
ot Al
experiments Y
used E787 v
0’ stopped
kaons. £787 § G
16" Standord Model | °78 { { }
- i > i 1 -
'0—11

1970 1975 1980 1985 1990 1995 2000 2005 2010

27 A taste of flavor physics at NA62 - PG University - Perugia (Italy) 10/4/2013



...major improvements with present NA62

Major beam and detector upgrades for K+> vy

| NA42 | NAG2RK | NA62 __

Data taking 2003-4 2007-8 2014-17
Primary intensity (ppp) 7 x 107 7 x 101 3 x 1012
Solid angle (usterad) ~0.4 ~0.4 ~12.7
Beam momentum (GeV) 60 74 75
RMS momentum bite (GeV) 2.2 1.4 0.8
Spectrometer thickness, X, 2.8% 2.8% 1.8%
Spectrometer P+ kick, MeV 120 265 270
M(K-=>m*x*nt") resolution, MeV 1.7 1.2 0.8

K decays in fiducial region 2 x 10" 2 x 1010 1.2 x 1013
Main trigger Multi-track, K->m*70n” 1et” K-> vy + ...

New: beam spectrometer, efficient y vetoes at large angle, redundant PID
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The new NA62 experiment (@ CERN

< 27OmV for v 1w >
LAV eto for y’'s and u’s

IRC

Beam pipe

Hadron Beam 1t Identificajon

800 MHz /
Protons CHANTI ¥
400 GeV \ ﬁﬁ \
Kaon identification W J
\ i CEOAR GTM ANy LT ] |
Vacuum tube Y, RICH f HR MOV
Be Target <105 bar N STRAW CHOD

Fiducial Region 65m  Tracker

750 MHz on beam spectrometer (6% K+) ,~10 MHz downstream

LO HW, (FPGA) from ~10 to | MHz, <I-ms latency
Three-level trigger scheme:q LI SW, event info (no LKr), 100 KHz out
L2 SW, full info, output few KHz
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Fast tracking before decay volume — GTK

Aim to measure time, coordinates, and momentum of individual
particles in a 800 MHz beam A(\omm 2D‘J
C

3 silicon u-pixel stations, <0.5% X, each il

F
Other demanding constraints: :
100 um space resolution 2" achromat

op/p ~ 0.2%, i.e.,0p ~ 150 MeV

dal/o ~ 12 prad _I
GTK1

. Al dipoles
Structure: 6TK2 P

18000 300%300 um? pixels, sensitive area of 60%X27 mm?
Technological challenge:

<1% hit mismatch @ 800 MHz - 200 ps time resolution
sustain rate up to 150 KHz/pixel - u-channel cooling (15t time in HEP)
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GTK technology and read out

Have to read out with dead time
<100 ns, with a charge/pixel
varying between 0.8 fC (5000 e-)
to 10 fC (60000 e-)
have to correct for slewing
maintain noise < 200 e-

operate with reasonable power
consumption, < 2 W/cm?

Sensor [FBK,CIS] : p-in-n/n-in-p,
300-600V bias, 200 um thick 6.7{{1

10 TDCPix chips/station: 130 nm
CMOS(IBM), thinned at 100 um

3 stations during 2015 run: measured 215 ps time resolution@300V
For details, see Talk by M. Perrin-Terrin, 14" VCI,Wien, AT
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Photon vetoing in NA62

Have to reject K* — n*n® @ the level of 10-!2
Need n rejection of O(10-®) for y’s from K decay in FV (~60 m)

A composite system:

Very small angle, below 2 mrad
A new system of compact calorimeters
Inefficiency required <10-¢ for y’s above 6 GeV

Small angle, | to ~8 mrad:
Re-use NA48 LKr calorimeter, o /E = 3.2%/NE[GeV] + 9%/E[GeV] + 0.42%
Inefficiency measured <103, for y’s above 6 GeV

Large angle,~8 to 50 mrad:
A new veto system (LAY system)
Inefficiency required < ~10- for 100 MeV < E < 25 GeV

Able to operate in a vacuum of 10 mbar
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Large angle veto layout and geometry

Rearrange SF4 lead crystals from OPAL in staggered layers (rings)
Install rings inside existing vacuum vessel (so called * ”)

|2 stations of increasing diameter cover hermetically the range 6 = 7-50 mrad

3 different sizes of vacuum vessels (last downstream station operated in air)

4 to 5 layers/station for a total depth of 29 to 37 X, particles traverse > 20 X,

32 to 48 crystals/layer
A total of ~ 2500 blocks

Fully operated in 2015
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A new redundant PID @ NA62: the RICH

Require: 102 p-vs-it rejection for 15 < p < 35 GeV, time resolution ~ 100 ps

A ring-imaging Cherenkov counter (RICH) with a | 7/m long vessel

200 m3 of Neon as radiator, refractive index n-1 = 62.8 x10¢ at A = 300 nm
Pion momentum threshold of 12 GeV/c

20 hexagonal mirrors (35 cm side) and 2 semi-hexagonal mirrors (around beam pipe)
Average reflectivity better than 90%
Pointed towards left & right detection disks

RO based on 1952 Hamamatsu R7400U-03 PMTs in 2 Al disks placed in upstream endcap
FE: custom current amplifier, differential output, NINO chips

| «<—— Mirrors
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Performance of the NA62 RICH

Analysis of 2015 physics runs at 10% and 40% beam intensity wrt nominal

Perform matching using direction from spectrometer track

Correlate radius of reconstructed Cherenkov ring to momentum measured by spectrometer

300 =

. . E' L - - r' .:I = 7 | EvarieR 1, 7836058.07
Preliminary results: E t ik Mesnx s
o . g s T . i i 8 - Maan y 1788
m-vs-u rejection factor: 50 5250 ¢ BT S e S
2 |
. T
average efficiency of

ring reconstruction for pions: 83%

OO,I,L,M_I praa doga e bee e Boaaa Looea bow e boaa o b paloy gyl

10 20 30 40 50 60 70 80 90 100
Pmmk speciromator [GEV:” C]
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Intensity allowing LFV searches from K decays...

1,0E+13

NAG62 will collect the sz
world-largest K* decay i‘;‘;i =
Sample’ ~ 1%10'3in 2 2,0E+12
years of data taking 0,0E+00

KLOE

KEK E470 NA48/2

NA62

Mode UL at 90% CL Experiment Reference

KT > ntpute™ 1.3 x 10~ E777/ES65 PRD 72 (2005) 012005
Kt 5> natp~e™ 5.2 x 10710

Kt > aputem 5.0 X 10712 +E865 PRL 85 (2000) 2877
Kt —» netet 6.4 x 10710

Kt > nputpt 1.1 x 1079 NA48/2 PLB 697 (2011) 107
KT — p vetem 2.0 X 10~® Geneva-Saclay PL 62B (1976) 485
KT s evutput no data

3-track decay parasitic to main trigger w L0 bandwidth of O(10 kHz)

With acceptances of few to ten % efficiency, prospects to reach SES of 10-'2
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... and a broad physics program...

37

Decay Physics Present limit (90% C.L.) / Result NAR2
mtute LEV 13x1071 0.7 x 10712
mtu~et LEV 52 x 10710 0.7 x 10712
mutet LNV 50x 10710 0.7 x 10712
r etet LNV 64 % 10710 2x 10712
o putut LNV 1.1x 107? 04 x 10712
uvetet LNV/LFV 20x107® 4 x 10712
e"vutu® LNV No data 1072

ntx?® New Particle 5.9 X 107 myo =0 107+

ntyy New Particle - 1072
ntarte v AS = AQ 1.2 % 1078 10711
ity AS # AQ 3.0x 107 107+

Tty Angular Mom. 2.3x 1077 107+
UV, Vy = VY Heavy neutrino Limits up to m,, = 350 MeV
Ry LU (2.488 + 0.010) x 107> >x2 better
ntyy yPT <500 events 10° events
nOxlety yPT 66000 events O(10%)
nmuty yPT - O(10%)
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... for example, K+=2>mutut...

Major improvements expected at NA62

-t : T : : T el L i i i i i i f i
1w Sa : : A P = | : : : 5 i 5 ' i
S me MC NA48/2 E tI | L~ | MCNA62
>F . Signal region >0 Ky, MC A~ ; Signal region
< - (30) s £/ , (x30)
<F <
C 10°
1015—
i ; i i i i i 10:_5
15_; i i 1 E | Ll I [l | ‘ L | | ‘ | 11 f 1l f I Il L - Ll | 1
T ST S 036 D38 04 D42 044 04ABMD48 05052 054

L L I | | I 11 11
0.36 038 04 042 044 048 48 0. .52 0.54
A utu* invariant mass, GeV/c?

NAA48/2: bkg to K*—=x'u*u* from K*—rn*n* + n*—u*v in the spectrometer

T-un® invariant mass, GeV/c?

NAG62: negligible background thanks to redundant PID capabilities

Resolution on invariant mass oy (n u*p*) ~ 2.6 (1.1) MeV @ NA48/2 (NA62)

Expect a factor of 100 to 1000 improvement at NA62
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...and the study of rare n® decays...
One year of data taking yields 1.3x10'! %s from K— nx®
Intense nt° “tagged beam” allowing many promising studies

Feasibility studies started on several decays

n? > 3y BR C-violation Forbidden <3.1 x 1038
W>d4y o Light exotic 101 <2x10°
kinematics scalars
. RH neutrinos <1013
0 ) -7
L LFV (Cosm. limity <°*10
" >eu BR LFV Forbidden <4 x 1010
: : Sl, em T-Viol, off- 3.26(18) x  3.34(16) x
0
= CEOD | AITEmEEE shell vectors 10-° 10°°
' > eey Kinematics RIS s No boson Se"e.’ .
bosons exclusions
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E949, 2005
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. for example a study of n¥->eey

Search for a U boson, dark-force mediator, from the chain 1°> Uy, U>ee

U boson enters as NP contribution to muon g-2: ii <

4m? 2m?
[y yete- = §ae MU 1-— M2 (1 -1- M2)

For M < 2 My, and effective coupling
e~10-3 width is ~ eV: U decay is prompt

107

After BABAR 2014,
arXiv:1406.2980v |

| L L1 11 III 1 1 1 1 1 11 II 1 1 1 11 1 11

10 10 1 10
M, (GeV)
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Recent results from NA48/2 and NA62

NA48/2:select ~1.7 107 1°> yee decays, from K->, uvn?

No peak observed in the ee invariant mass, on top of irreducible background, 7,

Exclude @ 90% CL in a g-2-favored region, improve for 9 <M, <70 MeV
[arXiv:1510.02632] Moreover, FF slope for 10, measured at NA62 [M. Koval @ LaThuile’16]

K, o selection:

onrbl

S10 :

2 f ~ |— Data
Z10°% o | K
= [ :

q>) L

m10%E

a% .....

o 20 40 60 80 100 120
M, (MeV/c?)
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Not only K: search for U bosons at NA62

At NA62: 3-track trigger + PID: rate sustainable, expect 108 n0y/year, e*e" invariant
mass resolution improves by x2 over NA48/2: expect > x10 sensitivity improvement

NA62 can exploit meson (7°, 1, n’, ®, @, ) decays at production to long-lived U’s

Will search for e*e- and u*u pairs in the NA62 fiducial volume

10

10 2] Expected 90% CL upper limit

1075 for 2 years of data taking Al

107 = n—>y U

10°® SN = nw—y U

10° ' \\\\ o—-nU, U

10710 ' —— \\‘\

10 o—->r’U, nU

10712 — —_— ) -y U

107 s = —_

101

1075 M, (GeV)

10716 Ll ! N R R ! PR R N N A
10-2 10! 1 My (GeV)
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Search for U bosons at NA62

Expected (zero-background) sensitivity should improve on present limits

1 0-10
10-11
1072 §
1 0-13

10-14 !
1 0-15 !

el

e
: : B NAgs2

.| [ u70 pio
- | M Orsay
= I E141
P E774
s

"| B U70 p-Bremss

1 n"‘

10-2 10!

Riv. Nuovo Cim. 38 (2015) 10,449 + my evaluations for NA62
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Expected 90% CL

UL for U->I*I-
after 2 years of
data taking:

U from meson
decays vs

U from p-
Bremsstrahlung

| Acceptance and
| trigger efficiency

included

M, (GeV)
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Heavy neutral leptons from meson decays

Mesons (D, K’s) produced at target might decay to long-lived exotic particles
reaching the NA62 decay volume

The simplest signatures for heavy neutral leptons correspond to two-body
(semi)leptonic decays: HN—>me, mu

] (sterile neutrino coupling)? ' f S
Production + decay: m Bz
> e
yield ~ (coupling)*  “V'F G b EWPD ... NI
Ly THCI4
Complementary to the _DELRHIS 0 T |
invisible search from 1
Ke2 decays using 2015 HNS e
data from NA62 1
(expectation, which
should exceed limit - 3
oC ‘\"'_<'.“‘—~ .
from OvB decays) Eisl I e I
10 100
arXiv:1504.04855 + my evaluation for NA62 sterile neutrino mass (GeV)
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Expected NA6G2 sensitivity on ALP’s

Search for light (pseudo-)scalar particles coupled to two gauge bosons (here, SM
photons) produced at target and decaying to YOy() in the NA62 fiducial volume

Difficult search to be performed during the standard data taking: here stick on

beam-dump mode

~
-

Production 10-2
mechanism studied:
Primakoff production 10-4
E >

xpected zero- 3 109
background sensitivity for N

K (o)}

| day (*) and 10
runs in beam dump mode
improves on present 1077
results

JHEP 1602 (2016) 018 + includes NA62 projections

ALP-y coupling [GeV-']

¥1.3 x 10" POT (~1 day)
" %39 x10" POT (~1 month)

\\\\\

10-"

ALP mass [GeV]
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Conclusions: NAG62 past, present, and future...

In 2007-2008, NA62 ““RK phase’:

* Runs with original NA48/2 detector, beam carefully tuned for the
measurement of Ry = I'(K_,)/T'(K,;), now at 0.4%

* Data acquired with NA48/2 still useful for Lepton Number violation
studies: K* 2 mu*u* at 10-%, and short-lived dark photon and HNL search

* Parallel R&D studies for new sub-detectors, new NA62 approved by
CERN research board at December 2008

From 2009, developing the new NA62 experiment:

*In 2011-2014, construction & commissioning: dry & technical runs

* October 2014, pilot run after long shutdown

* 2015, first physics with full detector: 2 x 10'? triggers on tape

*2016-17, towards a 10% measurement of K->mvv in 2 years of data taking
* + a broad physics program: LFV, dark sector, n%/K rare decays, etc.
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...obviously, after a fair amount of work!

47 A taste of flavor physics at NA62 - PG University - Perugia (Italy) 2/3/2016



NAG2 guiding principles
Support a high-rate environment

high-resolution timing, charged hodoscope (scintillator), ¢, < 200 ps

Kinematic rejection of ~104 by cutting on missing mass at decay
* fast tracking of incoming particles: 3 Si-pixel stations, dx~200 p, hit € > 99%,
provide OP/P~0.2%, sustain 800 MHz beam flux, o, < 200 ps/station
* tracking of daughter particles: 4 stations of straw tubes in vacuum, hit € > 99%,
provide dP/P<I%, sustain 500 kHz in hottest area

Rejection of ~10° for K, 3 4,c7 3 4, --- bkg, PID for all charged particles

* positive, non-destructive ID for incoming K:Thr. C, o,~100 ps, >99% K purity,
50 MHz operation

* ID for daughter pions, muons, electrons: RICH, reduces p bkg < 1% up to 35
GeV,0,< 100 ps

* ID for outgoing w’s: iron/scintillator calorimeters, I-¢ < 10-* for p’s

Rejection of ~108 for modes with n%s and ~10* for single photon
* Hermetic, high-efficiency y veto, 0--50 mrad: 5x10-2 rejection for K>an?

Redundancy of information
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K—->ne'e™: sensitivity on coupling and mass

1 X T PR =—op A W rE T LI
. D—eeKtm—u. ol o0 _=F
- ‘~.B—>¢€ex D.—e¢ekK B—eep
10 N 5 S 1
-2 \ - "-.___,_./"./ !/ :
. 10 ~ » @
If the Majorana ~ Dy—>cen / 1
neutrino is 107 e 9
kinematically o~
accessible, sensitivity = T o
-
enhanced due to >
resonant production 10"
v K—¢en
10
Atre, et al., 0
http://arxiv.org/pdf/
-9
0901.3589v2.pdf 10
10”'— L L TR | A
0.1 1 5
m, (GeV)

Figure 9: Excluded regions above the curves for |V,,|* versus my from M 7 — etet M, searches.
The thin black line corresponds to an estimate of the bound from K+ — e*e*w~ once the proba-
bility of decay of N, in the detector is taken into account.
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Motivations for a search of i°=> Invisible

n'-2>vv forbidden by angular momentum if v is a mass-less left-handed particle

2 2
BR(#® — vv) = ~3-10~%k (ﬂ) j1 — 4 <ﬂ)
mTL‘ mT[

for each Dirac (k=1) or Majorana (k=2)-neutrino with mass m, <m_, /2

Experimental limit (ALEPH) on m__implies BR(t® — vv) < 5x]07!0

Cosmological limit more stringent on m__, BR(t® — vv) < [0713

vt !

Present direct experimental limit BR(t® — vv) < 2.7x10-7 (E949, 2005)
NAG62 can reach BR sensitivity ~10-'° as a by-product of the K*>m*vv analysis
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