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Content NAG2Z |

O Theoretical framework of dark photon searches

d NA48/2 and NAG2 experiments at CERN

d NA48/2 searches of dark photon, A/X  (published)
® 1°—>yA and A —> ete”
o % —>ye*te events selected from Kt >+l and Kt—>n0pu*vy
® Kt—>n*X and X—>u+u-

d NA62 searches of dark photon, on-going studies

& Long-lived A —>pu * 1, data taking in beam dump mode
® 7°—>1yA and A —> xx (invisible)

d Summary
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Theory Framework NABZ Q)

0 Assume an extra U(1) gauge symmetry connected with
the SM U(1) via kinetic mixing of their gauge fields
€ The extra U(1) gauge boson, A’ or dark photon, has a mass
€ ¢— mixing and m, — mass are the theory free parameters

€ SQED v Y A
Loniz = =5 5" Flags ANNNNEIPNNNNN

B. Holdom, Phys. Lett. B 166 (1986) 196

A Dark photon can couple with the SM fermions

€ ;- are shifts of electromagnetic charges and not necessarily
the same for all SM fermions

o e.g., q,=0 for all quarks P. Fayet, Phys. Lett. B 675 (2009) 267

L ~ gqrppy"ysU,
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Theory Framework NAGZ J\\5

d Assume dark photon (DP) decays only into SM fermions

€ DP decays only into an electron pair if my < m_,

Batell, Pospelov and Ritz, PRD 79 (2009) 115008
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[ =l(A"->e'e) = ae’m, /3

Gia Khoriauli - Dark Photon Search with NA48/2 & NA62 - Flavour and Dark Matter - 27.09.2017 4




Theory Framework NAGZ Qe

d Assume dark photon (DP) decays only into SM fermions

€ Region for DP search in p*u~ channel: 2m, < my < 2m,

BR(A’ —> Il,hh)

Batell, Pospelov and Ritz, PRD 79 (2009) 115008
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Theory Motivation NABZ Q)

A Dark photon as a possible explanation of the g-2 puzzle

[T [T [T

d DP mass in sub GeV range
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Theory Motivation NABZ QK8

A Dark photon as a possible explanation of the g-2 puzzle

[T [T [T 7
107
 DP mass in sub GeV range 10-S
107
[ Status of searches by early 2015 107 :
& Favoured € and m, values by g-2 w od
(green band) » .
€ Still not ruled out m, region M ]
o ~ 15— 30 MeV/c? e
10—117 C L | C ]
107 107 107" 1

mge [GeV]
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NA48/2 & NA62 Experiments NAG2Z Q5

1997: &'/s: K +Kg  Fixed-target experiments at
1998: K, +K, CERN North Area
NA48
1999: K. +K; |k HI | | Discovery of 4 400 GeV/c proton beam
direct CPV from SPS
2000: K_only |KsHI _
€ Kaons from target decaying
2001: Ki+Ks  |KsHI [ in-flight
2002: K /hyperons } NA48/1
2003: K*/K- n NA48/2
— | Direct CPV
2004: K*/K- search in K*
NAG2 2007: K=, /K%, |tests
Ry phase 2008: K,/K:,, |tests

2015: 15t K*>r*vv run

NA62
K* > ntvv

=

%
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NA48/2 Detector and Beam NA6Z Q)|

D SImLHtaneous Ki beam /“uonv::::lrs:'le:lorimater
@ p,=60 GeV/c = P
® Ap/p=4%

€ Total K* decays: ~10!!

/
.//

Hodoscope

/" Drift chamber 4
Anti counter 7

Hellum tank

. . Drift chamber 3
€ Main triggers: g
o Three-tracks / Dritt chamber 2

Anti counter 6
o K== a=a'q!

Drift chamber 1

Kevlar window

Gia Khoriauli - Dark Photon Search with NA48/2 & NA62 - Flavour and Dark Matter - 27.09.2017 10




NA48/2 Detector and Beam NA6Z Q)|

D SImLHtaneous Ki beam /“uonv:l::lrs:'le:lorimater
@ p,=60 GeV/c = P
® Apy/p=4%

€ Total K* decays: ~10!!

€ Main triggers:
o Three-tracks
o K== m*nlx

//
'Hodoscope

// Drift chamber 4

A Anti counter 7

Hellum tank
/Driﬂ chamber 3

Drift chamber 2
Anti counter 6

 Major sub-detectors

€ Spectrometer, 4 drift chambers
o 0,/p = 1.02% + 0.044%¢p (GeV/c)

€ Scintillator hodoscope
o Fast trigger, time measurement, o, = 200 ps

&€ LKr electromagnetic calorimeter ; N
o 0:/E=1.4% @ 10 GeV 9,
o0,=0,=1.5mm@ 10 GeV

Drift chamber 1

Kevlar window
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NA62 Detector and Beam NA6Z Q)|

O Kt beam O Many new sub-detectors
& 69, of the secondary beam compared to NA43
® Di..n=75GeV/c
& Ap, =1 GeV/c (RMS) d Advanced trigger (FPGA
& Total Kaon decays: ~1013 based) and data
o To be recorded by 2018 acquisition systems
X [m]
] LAV )
| Target KTAG GTK
1 ll l 1 jrRc Dump
2 Decay LKr
Region g
o 100 10 200 250

Z [m]
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NA48/2 Study of m0—> y (A'—>ete”) VAGZQ)|(

A Assuming the model of coupling only with SM fermions
& Only A—>e*e™ is allowed for my < m

Batell, Pospelov and Ritz, PRD 79 (2009) 115008

BR(-> v A’) = 2€2(1 - m,2 /m )3
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NA48/2 Study of m0—> y (A—>e*e”) VAGZQ||(

A Assuming the model of coupling only with SM fermions
& Only A—>e*e™ is allowed for my < m

Batell, Pospelov and Ritz, PRD 79 (2009) 115008

BR(-> v A’) = 2€2(1 - m,2 /m )3

O Analysis region
® O MeV/c?2 < my <120 MeV/c? »

o No sensitivity for € in region

E 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1
my >120 MeV/c? % 20 20 6 80 100 120
m,. (MeV/c?)
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NA48/2 Study of m0—> y (A—>e*e”) VAGZQ||(

O DP proper lifetime below the di-muon threshold:

1076 100 MeV /c?
CTA/:hc/FA/zOB,umx(O )x(oo © /C>

ma’

Q my >10 MeV/c? and €2>107 _ 106
assuming €< = :
€ A decay length << 1m Tl VS R S il St
. . O
(resolution of z-coordinate) =
-'(6’10-2 .................... _. ............... :. ............... s T R ; .......
o
\ 4 g, Fimm S\ Mean path at £=20 GeV.
’ C
0 A’ prompt decay 7900 T O B e S
€ Analysis channel has the
same Slgnatu re as -n-o Dalltz 10-5 B ................ o ................ .......
decay Cumi L
10-6 .................... :. ............... T eoontrenannnnnennnnns . .......
o 0>y A and A—>e*e" E | ] |
0 002 004 006 008 01 012

0 _— +A—
o T >rYere
D 4 m,, GeV/c?
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NA48/2 Study of m0—> y (A'—>ete”) VAGZQ)|(

Q NA48/2 data set: 2x101! Kaon decays

Q Source decays of w0 Kt—>x* 7% (BR=20.7%) and K*
—> 70y *y (BR=3.4%)

d Signal event selection
€ Three-track topology

€ Search for narrow ete” mass peak
o Excellent mass resolution: o,,=0.067+0.0105xm,,

€ Limitation on sensitivity: 79 Dalitz decay background
O Acceptance from 4.59% down to 0.59%, depending on my

d Final selection: 1.69x107 reconstructed m%—> y e*e™ events

4
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NA48/2 Study of m0—> y (A—>e*e”) VAGZQ||(

A K:—>7 * 19 selection
® |m,. .. m|<20 MeV/c?
® |m,..—m;|<8MeV/c?
€ No missing momentum
€ 1.38x10’ events selected

N\q 1 06 ...................... 4444444444444444444444 KZKD Sélection: A

% s 1 : Data

2 Bl

» :

c

(]

Lﬁ 1 04 e
1 03 .............................

F Ki'_>7r0DuiV AAAAAAA

] 11 I 11 I | I I | I | I 111 I " |- |
0 20 40 60 80 100 120

Mee (MeV/c?)
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NA48/2 Study of m0—> y (A—>e*e”) VAGZQ||(

Q KEt—>m* 70 selection Q KE—> 7% u * v selection
® |m,. .. m|<20 MeV/c? ® m? s =(Pc—P,-P,p)?=0
® |m,..—m;|<8MeV/c? ® |m, .. —m;|<8MeV/c?
€ No missing momentum € Missing momentum
& 1.38x107 events selected & 0.31x107 events selected

“:106 ...................... ...................... Koo selection: “z K,ap selection:
% : : : — Data %105 — Data

= = F K »rpsy
5105 ..................................................... E DK:_m:ng
g g 1 04 (| K::—)1F1t°1tg:
b N g

'|_'_>7'L-0Duiy .......
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L |
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NA48/2 Study of m0—> y (A'—>ete”) VAGZQ)|(

Q MC simulation of the m? Dalitz decay background
& Differential decay width at the lowest order

d’T Q (1—x)3 r?
=To—|F(z)|° 1+y* 4+ —
dzdy 07T| ()] 4z ( Ty a:)

(Q1 —|-2Q2)2 — (e /20)? _ 2P(Q1 — Q2)

m2g B mio(l — )

T = 2me/Mm. 0 r =

€ Radiative corrections are applied (no real photon emission)

K.O. Mikaelian and J. Smith, Phys. Rev. D5 (1972) 1763

T. Husek, K. Kampf and J. Novotny, arXiv:1504.06178
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NA48/2 Study of m0—> y (A’—>ete") NAB2 Y|

Q MC simulation of the m? Dalitz decay background
& Differential decay width at the lowest order

d’T Q (1—x)3 r?
=To—|F(z)|° 1+y* 4+ —
dzdy 07T| (z) 4z ( Ty a:)

(Q1 +2Q2)2 — (e /20)? _ 2P(Q1— Q)

m2g B mio(l — )

T = 2me/Mm. 0 r =

€ Radiative corrections are applied (no real photon emission)
K.O. Mikaelian and J. Smith, Phys. Rev. D5 (1972) 1763

T. Husek, K. Kampf and J. Novotny, arXiv:1504.06178

¢ 70 transition form-factor (TTF) Flx) = 1+ ax

€ TTF slope parameter, a, obtained from the measured m,,
spectrum of the w0 Dalitz decay itself

o Insufficient precision from theoretical calculations or from previous
measurements (PDG)
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NA48/2 Study of m0—> y (A—>e*e”) VAGZQ||(

Q DP mass scan in region 9 MeV/c?2 - 120 MeV/c?
€ Mass window: £1.5x0, S~
€& Mass step: 0.5x0,,

& Variable o,,= 0.067+0.0105xm,,
€ 404 mass hypothesis in total »

(N_)

—_
o
($)]

N,.=N

obs™ Nexp

UL (NDEP) at 90?6 cL

W N\

—y
o
'

—_
o
w

and their uncertainties; UL

p

N,., N
obs? ex
o
N
T

1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 i
20 40 60 80 100 120
m,. (MeV/c?)
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NA48/2 Study of m0—> y (A—>e*e”) VAGZQ||(

Q DP mass scan in region 9 MeV/c?2 - 120 MeV/c?
€ Mass window: £1.5x0, S~
€& Mass step: 0.5x0,,

& Variable o,,= 0.067+0.0105xm,,
€ 404 mass hypothesis in total »

ainties; UL (N_)
—_ DP
<

—y
o
'

N,.=N

obs™ Nexp

uL (NDP) at 90@% cL

W\

N w

T[T 111
—
o
W

, N _and their uncert
exp

—
o
)
LA

—
T T T 1
Nobs

1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
20 40 60 80 100 120
m,. (MeV/c?)

d No >30 local significant
excess, UL(Npp), of N,y

« over Ney,

e | i € No dark photon signal

o
LI L

DP signal local significance

1 I 1 1 1
20 40 60 80 100 120
m, (MeV/c?)
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NA48/2 Study of m0—> y (A—>e*e”) VAGZQ||(

Q Upper limit on BR(m%—>y A’) at 909, CL
x10°

3

2.5

N

IIII|IIII|IIllllllllllllllllll

: k,..,., ......

UL for B(r®—yA") at 90% CL

0 | | I | | | I | | | I | | | I | | | I | | | I

20 40 60 80 100 120
m,. (MeV/c?)
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NA48/2 Study of m0—> y (A—>e*e”) VAGZQ||(

4 Final result: exclusion limits on € and my

BR(TO—> ¥ A') = 2e2(1 - m,2/m 2 | € KLOE

Qd Improved limits in region 10° S
9 MeV/c?2 <m, <70 o
MeV/c? b

A g-2 preferred region ’h‘m
completely ruled out

€ Under the assumption
that A’ couples only with 197 E141

lIII | | IIIIII| |

SM fermions >
b 10, (Mev/c?)

NA48/2

The NA48/2 Collaboration, Phys. Lett. B 746 (2015) 178
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NA48/2 Study of Kft—>mip+p- NAG2Z |\

[ Search for resonances - Data
- can be interpreted s
as decays of dark % o
photon, X
® K*t—> 7t *X, where 150

X=>p+u-
€ Coupling only with the 4
SM fermions

® 210 MeV/c? < my < .
350 MeV/c?

\

IIIIIIIII|IIIIIIIII|III|II

220 240 260 280 300 320 340

0 No significant excess " AssumedXmass, MeV/
above the expected
background events »

o

I|Il|l T llIIlIIIIIIIIIlIIIlII

Signal significance
(AJ N LOLNW

220 240 260 280 300 320 340
Assumed X mass, MeV/c?
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NA48/2 Study of Kft—>mip+p- NAGZ )\

d Upper limit on BR(KF—> 1 #*X)BR(X—=>u * 1) at 909 CL

€ As a function of my and resonance lifetime

CL

d Best limits at T,, < 1071l s
(black curve): €2 >105 mp
€ Assumed BR(X—>pu+u-)~0.5 1o

€ Not competitive to existing T B I R N A N
. . 220 240 260 280 300 320 340
limits Assumed X mass, MeV/c?

Q Different lifetimes of DP~ § |
assumed T g iogns |
1 I
BR(K->TA’) = 5 107
8x10> €%2(m,./100 MeV/c? )? <
4 10°

IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII I IIIIIIII T IIIIIIII

The NA48/2 Collaboration, Phys. Lett. B 769 (2017) 67-76
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Dark Photon Visible Decays NABZ N

‘ From UL on BR(K*-> T *X)

107

|
|

107

10_6

1077
107°
107°

107"°

u7o0

\
10~ 1! R
1073 1072 107" 1

ma [GeV]
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NA62 Study of Long-lived A—>pup Y4620}

O Run In proton beam

dump mode target iff?ﬁ-.ﬁ_;_v--_---- , IH
€ No electromagnetic - m -
and hadronic 0 50 100 150 250 (m)

background

Q Long lived A—>pu+u-
decays in detector
fiducial volume
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NA62 Study of Long-lived A—>pup Y4620}

O Run In proton beam

dump mode 11| . PtOt ----- IH -
€ No electromagnetic - ‘
and hadronic 0 50 100 150 250 (m)
background ’
. , Impact parameter of P;,; to beam T 7
dLong lived A=>pu*u- line [em] vy 70| [
decays in detector 14 . e amef RS
fiducial volume 12 Allvetoes-'l-1Q<b(vertex)<50 cm | |
— 10"
8 NAG2 s
Q Search for di-muon L Signal —
- ‘T region : :
parent particle » | Cem
originated at target S T T T T TR IO
0 40 80 120 160 200 240

€ Work in progress

Z. of closest approach of Ptot to beam line [m]
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NA62 Study of m%—> v (A'—>xX) NAB2 Y|

a Large sample of Kt—>m* 0
€ NA62 main trigger: single track, no photons
@ Search for decay chain: 19>y A and A—> x x (invisible)
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NA62 Study of m0—> ¥ (A'—>XX) NAG2 Q)

a Large sample of Kt—>m* 0
€ NA62 main trigger: single track, no photons
@ Search for decay chain: 19>y A and A—> x x (invisible)

4 Signal event topology Meiss = (Px = P = Py)’

_ 0.18—
€ Single 7+ track oF
€ Single photon [ | Minimum bias MC:
L T data: 2 y on -m, =30 MeV
\ g I\/||ssmg energy and 0.12— | LK, simulate -m, = 60 MeV
momentum il 1y loss - m, = 90 MeV
O Mmiss2 (mA) » 0.085—
0.06]
Q Excellent energy and ~ °%} Nao?
. 02— Preliminar
momentum resolution “7F t———— L 8 1
of NA62 detector 802 0015 001 0005 O 0005 001 0015 _ 002
1\/Imiss2 (Gevz)
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NA62 Study of m0—> ¥ (A'—>XX) NAG2 )\

Qd Improved limits at 909 CL (preliminary)
€ DP mass range: ~ 50 MeV/c? < m, < 90 MeV/c?
€ Data used: 1.5x1010 K+ decays (6.59% of 2016 sample)

1072

w

1 Tl

Ei
T
/

NA62

I lllllll

\ \M‘NARYJ

10_4 el gl TR

10° 1072 10~ 10
m,, (GeV)
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Summary NABZ Q5

A Extra U(1) gauge symmetry and its gauge boson with non-
zero mass: dark photon (DP)

€ Kinetic mixing with the SM photon

€ Coupling with SM fermions (visible) or/and possible new particles
(invisible), mediator with dark sector

d NA48/2 and NA62: factories of large samples of charged
Kaon decays for competitive DP searches

d NA48/2 analysis of DP decay into ete™ pair: improved
limits finally ruled out g-2 preferred parameter region
€ Assumption: dark photon couples only with the visible matter

d NA62 on-going searches for DP in Kt beam/dump mode
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