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Search for extra-U(1) gauge boson mediating annihilation of

dark matter

[zumi Kato
Yamagata University

Abstract

I report the experimental search for an extra-U(1) gauge boson (U-boson) pre-
dicted to be coupled to dark matter particles (dm) by the grand unified theory
(GUT). The data was taken in the energy calibration period of KEK E391a by

using the Al target installed in the kaon beam line.

A large amount of photon with energy of 511 keV from galactic bulge region
was observed with Ge detectors carried on the satellite” INTEGRAL” in 2003.
It is difficult to explain the production mechanism of such photons by any known
astrophysical processes. On the other hand, a subatomic process mediated by U-
boson exchange may give a good explanation of the mechanism. In the dm-dm
collisions, ete™ pairs are produced through U-boson field. Consequently, these

positrons become the sources of 511 keV photons.

A U-boson signal was searched in the data of KEK E391a taken for the energy
calibration. In the analysis, it was assumed that the new boson has short lifetime
enough to decay in the Al target with thickness of 5 mm, so that all vertices of
ete” or 4y decay kinematics exist in the target volume. The U — ete (vy)
decay mode was searched in the mass spectrum of 2 charged (neutral) particles
constructed by using the ADC data of the Csl detectors.

In order to remove Ke3 (K — WiejFue) backgrounds, the events of Pr < 0.2
GeV/c (<0.16 GeV/c) were eliminated from the mass spectrum of 2charged (neu-
tral) particles. As a result of the analysis, the upper limits of the cross section for
the U — ete™ and 77 were obtained both to be ~ 1075 barn (90 % C.L.).
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7ta%(7n® — missing) 000000

|fuv]| <5x107%  (my ~myo), (1.28)
0000000000000000

— Vector coupling 2

Br(Kt —atdmdm)000000000000O00O0OO

Br(K* — atdmdm) 1C3, f2,/(4m)* 19¢,.f2,

Br(K+ — wtete™) = 2 (%a)z T2 4e?2 (1.29)
oooooooooo
Br(K* — 7o) = 147703, x 10710, (1.30)
0o [15]
Br(Kt — 77 +dm+dm) < 3.84 x 107'°(90% C.L.), (1.31)
0000000 (1.31)00 (129000000
|Cam fuv] < 3.5 x 1072 ~3 x 1073, (1.32)

0000000000 (1.22) 0 Axial vector 00 000000000000 Cgy < Var O
ooooo
|fuv] <1073, (1.33)

oooQ
004 0000
— 7% — UU(invisible)

0 — UUU — dm+dm — invisible) 0000000000

Br (70 2 f2)\2
rim. = UU) _ oFu = fa)” (1.34)
Br(n® — y7) et
0oooooooa (15
Br(r° — invisible) < 2.7 x 1077, (1.35)

googood

f2 = fil <4x107%, (1.36)

0000000000 fu=+fia+fiv.fa=+fia+f{y 0000000000 f, =~ f4
0000000000000000|f£|0 |f000000000000

If,] < 4x 1073 (nu;< "g“), (1.37)

0000000000000 K+ O Vector coupling 00 (0 (1.28)00 (1.33)) 00000
0oooooooo
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— 1 -4+ U(U — invisible)

70 0 radiative decay 0 70 — v+ U(U — dm + dm — invisible) 000000000

00
Br(n® — AU) _ 18 ((@fuy + fav)\* (138)
Br(n% — yy) €2 3 ’ '
0oooooo [15)
Br(r° — ~ +invisible) < 5 x 1074, (1.39)
oooooo
2fu _
|—f—lgjd—@<1.6x103, (1.40)
0ooooon
\fav] <2 x 1072 (mU<7z”), (1.41)

00000000000000 68MeV/cA2(7°000000)000000 quark sector 0
000000 Vector coupling0 00 O0DOO0OOOOOOOOOODOO

e OS5 000 Parity Violation 0O OO O0O00OO [9]

|fequV|

<1073G 1.42
m2U F ( )

00
—1.5 x 107" my < feafyr < 0.6 x 10~ my (MeV) , (1.43)

0000 (D000 Axial coupling) x (quark O 0O vector coupling) 0000000000
0000000000000 0 Axial coupling=00000000000000000

1.34 000000000

e yIIDOOD INTEGRALOOODODOUODUOOODODODOODOODODOOODODOOODOOOO
00 U-boson O O coupling constant(f,) 000000000000 OOOquark O U-boson
0O Coupling constant(f,) 000000000000

e Jv—e00000J/,Y(ls) 0000000 KTOOOOOOODOOOquark 00 Ax-
ial coupling 0000000000000 Axial couplingd 00000000000 O parity
violation 000000000 (0 143)0000000000000

e 0 J/¢,Y(1s)D0000KTODDODODOOO A°00000000U-boson O quark 00
000 Vector coupling0 00 O0O000ODOO0OOODOODOOO

- J/p0000 — |fey] <0.9x 1072 (my < 1.5 GeV/c?, Cyp < V/4T)

— K+*0O0O0D0O0 - |fuv|<10®  (myO0 mpO0000D000,
170< my < 240 MeV/c? , Cyp < V/4T)

m

- 00000 — |fv] <16x1073 (my < 3% = 68 MeV/c?)
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1.4 ODO0OOOO0OOO

Uboson 00000000 KY - 7% 00000000000000000000 RunO
DDDDDDDDDDDDDDDDK% — v 0000000000 20040 2000 20050
12000000000000000000C0C0000000000C0O0O000 RunbO AlODOOO
00000000000000000000000 «°000000000000 RunO00000
0000 AlDO000000000 U-bosonOO0O0O0 v+y000 et+e- 000000000
0000 MeV/c?2 ~700MeV/c?0000000000000O

000700 n+n — n+n+7°0 feynman 000 (1.6) 00000 UODO n+n — n+n+U
O feynman 000 (1.7)00000000n+n — n+n+U-boson D0O0O00D0OO0O

L~ ( fov@a  + fa@y®yq UL, (1.44)
———— —_————

Vector coupling  Azial coupling

O000000000000000f, 000000 q0 uquarkO000 d-quark 0000
000000000 U-bosonOODOODOODOODOOOOOquarkOO coupling constant 0 [
000o0ooooO0ooooooooooooooo
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020 KEK-PS E391all000000O0O
U-boson (] [ [ [

2.1 KEK-PS E391a00

E391a00 [19]0 20040 2000 20050 120000000000000000000 (KEK)
0 12GeV Proton Synchrotron(PS) D0 O0O00KY — «%w 00000000000000DO0DO
00020040 200060020050 100030020050 11000 120000000000
000000000 Run-I0 Run-II0 Run-IT 0 0 0 [19]0

K} - % 00000000000 +°00000 2y0000000210000000KY
0D0D00000 KY - 2y0000000000000030000+~00000000000
K - «%p0000000000000000300000000000000000000
0O000000000000000000E391a000000000000000000O0DO
0000000 CI0000+000000000000D0~00 vetoOODODOODOOODOD
OvetoDOODOK)OODOOOODODOOOOOODOODOOO0OO0OO0O0OO0O 210000

0000 KY - «%p 000000000000 2y00000000000°000000
O00000000 (vertex) 000000000O0D0O0O00O0 290 P(00D0O0O0O00ODOODO
000000)00000000000000000000 2y000000000000000
K - 2y0000000000000002y0 P,=00000P, 000000000000
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2.1.1 KEK-PSOOQO

0R40000000000000000000OOO0(00DO0O0OO0)O0ODOO0O0OOOOOOO0
00000000000 ooooooooooDoO Cockeroft-WaltonOOOOOOOOODOO 750
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goboooobooOooboooboooboobooboooooboooooobooooboooboboobooboon
goboobooogoogooscoMeVOOOODOOOOODODODOOOODOODO 2400000
obooboobooobobboobooooboooboooooboobooboos0OboboOononog
0000000000000 00000oooY00oooooooooooOo0.6500 12 GeV
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|opooo |[oooo O Visible particle
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026 000000000000000000 Ow=11mm0O0O:0c=3.3mm

Vertical Axis(mm)

134

132
130
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124
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120
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116

Rear Face

Front Face

Target Size(Middle)

1147\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

50 52 54 56 58 60 62 64 66 68 70
Horizontal Axis(mm)

000000000000 0000000BeamO00O0OO00OO0DODOOO 4°0
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2.2 KEK-PS E391a0000

E39la0000000OO0O00O2100000000000000000O0O00O0O00O0O0OO00O0O
0000000000 0000O0O000DO0O00n0 beamholeOODOOOOO

221 000000

00000000000 28000000000 KY00OO0OO backgroundOOOOOO00OO
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000000000000000000000000000000000 (Wave Length Shifter
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028 000000

222 000000

00000000000 29000000000 Main BarrelMB) OO O Barrel Charged
Veto(BCV)OOOOO vetoOOOOOOOOOOOMBO FBOOOOOODOOOOOOOOO
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Csl calorimeter
Vessel

Movable frame

0210 000000

00000000000oooD BHCVO beamholeOO0OO0OODODOOQO vetoOOODOOODO
ooooO0O0O00000000000000000 BAOOODO v0O vetoOODOBHCV O BA
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H Energy threshold(MeV) ‘ 00000 Time window(ns) ‘ 00000 Timewindow(ns) ‘

CC02 2.0 83.6 ~ 95.0 73.6 ~ 96.0
CCo03 1.5 Not applied Not applied
CCo04 0.8 90.9 ~ 100.0 91.0 ~ 99.5
CCO04s 0.7 91.9 ~ 100.5 93.0 ~ 99.2
CC05 2.0 Not applied Not applied
CCO05s 0.7 Not applied Not applied
CCo06 2.0 81.7 ~ 94.6 81.7 ~ 97.4
CcCor 25.0 93.9 ~ 120.9 94.5 ~ 126.0
FB 1.0 79.0 ~ 92.4 79.5 ~ 92.4
MB 5.0 66.7 ~ 92.4 69.4 ~ 87.0
Sandwich 2.0 60.4 ~ 76.6 65.2 ~ 76.2
BCV 1.0 69.4 ~ 92.4 74.7 ~ 89.7
BHCV 0.1 Not applied Not applied
innerCV 0.1 48.6 ~ 67.0 57.3 ~ 64.5
outerCV 0.1 51.7 ~ 67.2 54.6 ~ 63.4(00)

O35 VetoODDOOOODOOOOODOOO
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gamERAT 0.85 0.85

gamT DI 3.0 ns 3.0 ns
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MIP cut 115 MeV ~ 250 MeV | 115 MeV ~ 250 MeV
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62




No. of Events
No. of Events

W oS

| L
0.3 . . 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Invariant Mass(GeVi/c?) Invariant Mass(GeVi/c?)

0 3.30: Pr > 160 MeV/c00OO00O0O0 (00)0 Pr>200MeV/c0OOOOO (00)000

ogoog
032900 CvOOOOUOOOO (0DO)00O0OUO0OD (CO)oOoOUoODOOO

ggogn

2 2
& 101 8
> >
it} it}
S A ks
g 4 2
103
0%
10
1¢ E
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Invariant Mass(GeVi/c?) Invariant Mass(GeVi/c?)

0 331: 000000000000 Pr>160MeV/ceOOOOOO (0DO)O Pr > 200 MeV/e
000000 (bo)boooooo

63



No. of Events
No. of Events

0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Invariant Mass(GeV/c?) Invariant Mass(GeVi/c?)

0332 000 VetoDOOOOOOOOOO0D0D0000000 Pp> 160 MeV/cO0OOOOO
(00)0 Pr>200MeV/c0O0D0000 (00)0000000

2 2
& 10% 8
> >
it} it}
S A ks
g 4 2
103}
10%
10 |
1 e
""\\"\\ E
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Invariant Mass(GeV/c?) Invariant Mass(GeVi/c?)

0 3.33: OO0 « selection cut 000 Pr > 160 MeV/cOODOOODO (DO)0 Pr > 200 MeV/e
000000 (bo)boooooo

64



No. of Events
=
o
4,1

No. of Events
[
o
T

rlmnna’ﬁh

L I R R N B A
0.3 0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7

Invariant Mass(GeV/c?) Invariant Mass(GeV/c?)
0 3.34: Background OO OOODOOO 0 3.35: Backgrond OO OOOOOOO
oooooo(@ooo) oooooo(@ooo)

B5Run 0000000 background DO O D0O0O0O00DOOO0D00OOO0O0OOO 3340000
00000 3.3500000033000000000ete-00000000D0D0O0DOOOOORY
00 (135Mev/c?) 00 000000000000DOO0OO0OOOOODOOO

1.7 - 2y000200 00000 owterCVOODOOODODOO
2. 7 0 dalitz decay(n7® — ete ™) 0000 vO0 outerCVOODODOOOODOO

3. 7" - 2y000000~«0owterCVOODODOOOODODODOOOOO0O0OO0O0OODOOO
goooon

030000000000000000000000OouterCVOOODOOOOA00000O0O
yO 100 outerCVOOODOODOUOOODOODOOO backgroundOODOOOOOOO

e 03360033000000000000 outerCYOOODODOO0000O0O0O0DOD0D0
0000000 (112 MeV/c2 ~ 168 MeV/c?) 0 - 00000000000000000
0-°0000000000000000000000 background 00000000000
O Obackground 0000 1073 00000000000000x°0 99.8%0 2y00000
00000000+ 00000000+°0000200000033600x°00000
00720000 19080+£138 004000000 200 381604195000 00

65



No. of Event
]

10 &

L T L L Ly I |
0 01 02 03 04 05 06 07
Invariant Mass(GeV/c?)

033: 000000 cut000O0 outerCVOOOOOOOOOOOOO
00000000 A°00000000

e 013370 2y000000O0O0OO0OO clusterl1 00000 OO0 outerCV O conversion
0000000000000000000000000000000000+x°00000
(00DO0)0D0000 54300000000 cluster200000 33800 50700000

[N
o
N}
iR

i
o
T

No. of Event

No. of Event

10 | 0=

0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
Invariant Mass(GeV/c?) Invariant Mass(GeV/c?)

0 337: Clusterl OO OO0 yOOO CVO 0 3.38: Cluster2 00000 yOOO CVO
conversion 00000000000 O0OO conversion 000000000 0OO0OOO

e 133900 3360000000000O0 owterCVOOOOODOOOODDOOODDOOOO
033000000000000000000000«x°00000(0000)00000
29400000

e 134000 3390000000000 O0O0OODOODO 100 outerCVOOOOODOOO
outerCVOOODOOODOODOOODOOODOOOO=00 clusterl O cluster2d 000 outerCV
000000000000 460000=10 clusterl O cluster2000 100 outerCV O
00000000000 2480000 0clusterl O cluster2000 100 outerCVO O OO
O000000100 v0O outerCV O conversion 00000 2000000000000O
0000 24800 ete- 00000000000 O0OOOOOO

66



=
o
N}
i

No. of Event

150 [

10 ¢ [
5 100 -

50

1 o Lt b
" H 0 02 04 06 08 1 12 14 16 18 2

| | | | |
0 01 02 03 04 05 06 07
Invariant Mass(GeV/c?)

O 3.40: Clusterl 0 200000000

0 339: 0000000000 outerCV OO O0=00000CvOOOouo=100o0cvoo
goooooooooooa oooooooo

000000080+ 00 conversion 0000 NeyO~0OOOOO N,OvO0O outerCV O con-
version 00000 Py OOOOO
Nev (543 + 507 +248) £61.5

Poy = = = (3.40 £0.16) x 1072 1
V=N, 38160 + 195 (3.40£0.16) x 10 (3.15)

00 conversion0 000 3.4%00000000000 backgroundDOOOO0OOOOOO0OOOOO

1. 70000 N,o OODOOOR® — 2¢y000000 ~ 0 outerCV O conversion 00 00
ooo
Nyo x Poy? = (19080 4 138) x (0.0340 4 0.0016)? = 22.1+ 1.5 (3.16)

2. %0 dalitz decay(m® — ete ) 000000 (0.01198 40.00032 [15]) O Pyais 10000
dalitz decay O v O outerCV O conversion 0 00000 O

Nyo X Paaiir= X Poy = (19080 4 138) x (0.0119 4 0.00032) x (0.0340 + 0.0016) = 7.7 + 0.4
(3.17)

3.033900 000000 294002480000 341000000 100 outerCV OO 2y
00000000000 100 v0O outerCV O conversion 10000 outerCVODOOOO
0000 ~vy0O conversionD OO OOOODOCOCOOO0OO0OOOOODOOOOOOOOOOOOO

00300000000000000000O 27800000000 240000000000
0000000000000 3000 29y000 2cluster00 outerCVOOOOODOOOOOOO
00000000000 00D000 outerCVODODODO 2cluster 000 D0OOOODOOOOODOO
gbooooboobos3420b00000o

67



Csl

0 341: 00000 outerCVO CsIDODOOOOO
000 outerCVO 2cluster 00 O0O0O0OOOOOOOO

No. of Events
[
o
[4;]
T
No. of Events

ﬂnﬂmﬁﬁh oo

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5
Invariant Mass(GeVi/c?)

R
0.6 0.7
Invariant Mass(GeVi/c?)

0 342: Cut000000000O0O0O0O (00 334000)0000 owterCVOOODOODODO
00o0U0oo0o0OUo (bo)boooooo

68
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4.3 U0 binO00OO0ODOOOO0ODOOOOO
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00 3420 0 MeV/c2 00 680 MeV/c2 000 40 MeV/c2 00 17 bin 0 00 0 040 MeV/c? O
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binOO0OO0O00O00O0O0O0 90 % Confidence Level 0 00 0 00O O Feldman-Cousins method[18]
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D000 (MeV/e?) | 000 | 00O

0~ 40 64 77.90
40 ~ 80 59 72.70
80 ~ 120 199 222.14
120 ~ 160 14922 | 15122.34
160 ~ 200 42 53.90

200 ~ 240 11 17.81
240 ~ 280 11 17.81
280 ~ 320 2 5.91
320 ~ 360 2 5.91
360 ~ 400 3 7.42
400 ~ 440 2 5.91
440 ~ 480 0 2.44
480 ~ 520 2 5.91
520 ~ 560 28 37.90
560 ~ 600 15 22.52
600 ~ 640 0 2.44
640 ~ 680 0 2.44

0 4.1: O bin 00O Feldman-Cousins method 00 000000000000 (DOODOO)

D000 (Mev/e?) |000 [ 00O |

0~ 40 0 2.44
40 ~ 80 3 7.42
80 ~ 120 19 27.51

120 ~ 160 37 48.10
160 ~ 200 17 25.02
200 ~ 240 6 11.47
240 ~ 280 1 4.36
280 ~ 320 0 2.44
320 ~ 360 2 5.91
360 ~ 400 0 2.44
400 ~ 440 0 2.44
440 ~ 480 0 2.44
480 ~ 520 0 2.44
520 ~ 560 0 2.44
560 ~ 600 0 2.44
600 ~ 640 0 2.44
640 ~ 680 0 2.44

0 4.2: 0 bin 00O Feldman-Cousins method 00 000000000000 (DOODOO)
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4.4 U-bosonUDDOOOOOO

410 ~4300000000 (4.1)0000 U-besonO0OOO0OOOOOOOOOOOOOOOO
000000000000 4100041100000 410000000007%0 135MeV/c?) O
n(0 548MeV/cA) 00000000000 0u_poson < 1 ~7x107°000000000000
411000000000000 oy—pesen <02~1.8x107°00000000000

0000000 (0D000000D000 Ngigna)/(x°0000000N,0)0000D0000O0O
0 U-boson O coupling constant(f,;) 0000 00000000000000000000 cutO
00000000 oOoooOooooooon

fu0O0000000000000000QCD O coupling constant 0 ¢? =4ra, 00000
00000 00000000000 coupling constant 0000 as~ 03000000000
00000000 U-boson O 7x°00000000

o(nn — nnU) N,ﬁ_ f2 (4.2)
o(nn — nntd) g2 dmay’ '
gogboogooogoo
B o(nn — nnU)
fa= \/ Amas X e o ) (43)

00000000000 acceptance0 00000 F,, 000 bin00000000000008 Ny
0000 coupling constant [0 O

4o
N, o

fou < X Fpy, X Ny, (4.4)

oooo

000 coupling constant 1 00000 4.1200 4.1300 00 O Coupling constant 0 00 0O O
000000D0000000D000D fr<l~2x107'0000000000000000O
4300440000

0000000000 coupling constant 1 000000000000 O0OOOOOO 4.1400
0000000000 fuDO J/AD00000000D0 |fa]<09x107204°0000000
000 |f,vl<16x10730KT 0000000000 |f,v]<10730000000000000
000000000000 0000000DO000000D000 fr<107'00 J/y0O0O0O
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oooooo

000000 10 proton-on-target/s 00000 1000000000000000000O0
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00 E391a000 5000000000000000000O00OO0OOOOOOOOOOOO0O
000000400000 KtOOOO00O0O00OO00000000000000MMO00E140
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000000ooooo0000ooo0ooooooooooooo000oooooDoooooOOOg
ooopooooooood
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| 00 (MeV/c) || Nygnat/Ngo(x10%) | 0000000 (x10~barn) | coupling constant for(x10-%) |

20 4.28 2.95 16.66
60 3.95 1.32 11.14
100 13.32 4.92 21.54
140 998.46 430.99 201.55
180 2.81 2.07 13.98
220 0.74 0.92 9.31
260 0.74 1.19 10.58
300 0.13 0.49 6.79
340 0.13 0.59 7.48
380 0.20 0.92 9.30
420 0.13 0.86 9.02
460 0.0 0.42 6.31
500 0.13 1.28 10.99
540 1.87 9.65 30.16
580 1.00 6.84 25.39
620 0.0 0.87 9.03
660 0.0 1.12 10.28

0 43 0000O0ODOODO0OOODOOODOODOOODODOU-beson 00O0DOO0ODOOcoupling
constant fory 0000
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00 (MeV/c?)

Nsignal/NTrO ( X 1075)

0000000 (x10~%barn)

coupling constant f,(x1072)

20 0.0 0.52 6.98
60 0.27 0.36 5.84
100 1.68 1.00 9.71
140 3.27 1.79 12.99
180 1.50 1.08 10.08
220 0.53 0.59 7.48
260 0.088 0.28 5.10
300 0.0 0.18 4.14
340 0.18 0.51 6.95
380 0.0 0.25 4.90
420 0.0 0.30 5.30
460 0.0 0.35 5.76
500 0.0 0.44 6.43
540 0.0 0.52 6.99
580 0.0 0.62 7.65
620 0.0 0.73 8.31
660 0.0 0.95 9.48

044 JDOD0OODO0OOOCOOCOOCOOOOOODODODOU-boson 000000 ODO coupling
constant fory 0000
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s0 o
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vy 000000000000000 RunO setup00000000000000O0 extra-U(1)
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