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The dark side of Belle

(searches for the light dark matter)
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Institute of Nuclear Physics PAN, Krakow
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UOutIine

J The KEKB accelerator and Belle detector

d Search for invisible decays of the Y(1S)

d Search for B> h()vy decays

 Future prospects of B-factories

T. Lesiak
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UThe KEKB accelerator7

O KEKB e
T H('!l'f_'ﬂrlf:i"

.......

KEKB ring: 3 kmin
circumference

- e+e_—>q6, q=1u,ds,c

continuum

asymmetry in beam energies
8 GeV (e’) x 3.5 GeV (e*)

]
World records at +/s =11.5 GeV ; \guf\\
t

= 1.7118 x 10% cm?/s |

ofea™ =« Musdnana] (nbj
I

s

!'I.'I 1 -d.'ﬂ

[Ldt > 700 fb! 544 047 1000 1005 1053 1057 088

s _
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| ;"T" W ﬂThe Belle detector7

— h e T —
Electromagnetic calorimeter
» Csl (Tl} crystal

K, detector « Op/E~1.6% @1 GeV

» Sandwich of 14 RPCs + 15 iron plates

Time-of-Flight counter
 Plastic scintillator
- * High momentum K/n

ﬁ.,, -;-.:15;?;"-5 separation

—_— %‘ e Time resolution ~100 ps
Aerogel Cherenkov counter
* Refractive index: n=1.01-1.03

R Middle momentum K/x
' separation

Central drift chamber

Silicon vertex detector « 8400 sense wires
* 4 layers of DSSD e Op/pt ~0.28p(GeV) @ 0.3%
» Vertex resolution ~ 100 um eB=15T

T. Lesiak The dark side of Belle



Achievements at B factories

Ewdence for DO mlxmg

| — Integrated Luminosity“ng} L s
1200 et I I I I — _ Observation of B>D"tv
i K:EKB : H= : L B B ]

e YOI 2

——PEPI Observation of direct CP

violation in B = nttn~

.

1000

800 | Success of B factories
|| brought rare B decays in |
leptonic and neutrino FB asymmetry in B>K* I*I- |
E - modes on the 51-093 I §3ﬁ%ﬁﬁé&‘ﬁﬁﬁ%ﬁﬁﬁ%ﬁﬁﬁ%ﬁﬁm&%ﬁﬁﬁ%ﬁﬁﬁmﬁ%ﬁﬁﬁ% ]
W 600 - Evidence for direct CPV in B = K- §§
i ﬁ%ﬁﬁﬁw&ﬁ%ﬁ%%&&m%ﬁﬁ%&&%ﬁﬁ%&&%ﬁ Rl e
_ Dlscovery of X(3872) %I
400 B R e e R
H|nt at new physics: CPV |n B - <|>K
200
i

Observatlon of CPV |n B meson system

2000 2001 2002 2003 2004 2005 2006 2007
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Search for invisible
decays of the Y(1S)

The dark side of Belle
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U Motivation

| ——

» The previous accelerator searches for dark matter (DM) in e*e- annihilation
=> based on the DM coupling

to the Z (see LEP): \ & >'/V\<x @' y <x
o/ ¥ \g & X

> Belle: search for the DM
coupled to a quarkonium {B

BELLE

", e

http://drmtoo = brownisdg
Gaitskell&Mandid

DAMA
al 3o
ron

v —an overall dark matter
- particle that is lighter than
g Y the beauty quark

> The basic idea is to look for decays
of the Y(1S) to the 'invisible' particles A
in the final state 1o* / 10’ \ 10°

. 2 .
Cross-section [cin | (nognalised to nucleon)

-+ hsos warseng
10 =

WIMP Mass [GeV]

Lee-Weinberg window

T. Lesiak The dark side of Belle



UExpectations for B(Y(3S) =2 invisible)7

> The upper limits from previous searches (ARGUS and CLEO):

Br(Y(1S) — invisible) < S0x10° (90%CL) CLEO, Phys Rev. D 30, 1433 (1984)
Br(Y(1S) — invisible) <23x 10~ (90%CL.) ARGUS, Phys. Lett. B 179, 403 (1986)

> The only invisible decay in the Standard Model:
B(T(18) - vi) = (9.9+0.5) x 10-°

L.N. Chang et al., PLB 441, 419 (1998)

» The theoretical expectation for the invisible decay to the pair of overall
dark matter particles that are lighter than the beauty quark

B(T(1S) = xX) ~ 6 x 1073

\ From:
B. McElrath PRD 72, 103508 (2005) QXh2 ~ 0.11 ~ 8:1pb-c

<ov>

T. Lesiak The dark side of Belle



Y(3S) — the best working point

e e
> The decay | T(35) = n T (1S) provides the cleanest sample of Y(15)

decays with sensitivity better than from 7 year Y(4S) data

apasaressasansaama Belle @ Y(35) <2 punae[RVRNS
~ | Nosignal =l dedicated run : 2.9 fb- : ST
- 1.l in the detector: i
o 20+ :'I Y(1S) > (Feb, 2006: 4 dayS) J detector
= o L 11 x 108 ¥(3S) '
1
15F § ) 1 vyY@s):
E : |} | o-/nb € ! : pions are too slow;
| '; ‘ Pions too slow ) T(15) ] K
T 10p ¢ - efficiency
' : 4 l‘ f \ ISR events :
g b ; O c~0.02nb [N
L st | ;' ! .r Y, 1  vy@s):
b | + e lan, o.-.'h..“.l'-"""""l-t-.t ’ | very small
. T( IS) TﬂS) T(SS) T(4S) : crodss section
s il an
H.M A6 1D.I'.'.¢ 10.02 1D.34 1B.3'F 1D.54 1058 10.52 poor S/N (~ 0.001)

Mass (GeV/c')

The dark side of Belle

Energy scan by CLEO

T. Lesiak



UThe signal and the control sample7

’> The SIGNAL: Only two (slow) pions in

e'e =2 Y3 —=Y(1S)n'n~ (448+021)% Tt The final 31-01-6 S- tur
Y(8) - xx ,J - et
// : > Look at the mass
| M . recoiling against
e pe— SN — O
o < the n*n- pair
/ i
Y(15) 9.46GeV/c2
T(15)

> Inaddition: a control sample: B W
“ YAS) 5 : )
*  fo check if our Monte Carlo simulation reproduces //

the overall properties of the Y(3S) 2> nrnY(1S): sl
o ) S -
* to estimate the number of Y(3S) in the data sample /
= optimisation of selection criteria \'(_lj;
= determination of a shape of the recoil mass A

distribution

T. Lesiak The dark side of Belle



DA dedicated trigger7

————

e >
> Selection of the Y(3S) 2 n*n- (Y(1S) = invisible) ‘}i T
Y

-

——
- »

Signature: just two oposite-charge tracks in the events e
Main background: two-photon processes: e*e > e*e X (ho-tag, X 2> n'n (%), p'n)
A dedicated two-track trigger applied (looser than at the Y(45S)):

peg > 300 MeV/c
pir, > 170 MeV/c

() > 309

Trigger eff. 89.8%

Trigger rate 850 Hz
(450 at the Y(4S))

The total visible energy in the electromagnetic calorimeter less than 3 GeV
(rejection of Y(1S) > neutral particles)
Rejection of tracks identified as electrons, muons or kaons

T. Lesiak The dark side of Belle
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Suppression of two photon processes

0.2 0.4 0.6 0.8 1 0 0.2 0.4 = 0.8
|cosa:| vector sum of p"~ (GeVle)

Maximum energy

S 10° deposit in the - Fisher discriminant
g alorimeter cluster | T 3
311: i, —_ ?ﬁﬁﬂﬁ;__gigng| < - |
g 20 | F<-0.7> reject i ]
. ' 1500 o :
1DUQ§,
SUD::'_ » 3
.- |
-2 1

e - Angular distribution of o B2 Vector-sum of
00 - ¥ - — 5y 1
. - 2pionsin the CMS 2 - i fransverse momenta: — signal
£4000 - 1 gL 4 of2pionsinthe CMS -
‘E:mun 2000 - T BG
Sa000 - g
- >1000 - vy events are boosted
a b=

along the beam direction

F = 087 x [costnr] — 2.4 x 5" 1143 x o= | Bvent reconstruction f 910t

T. Lesiak The dark side of Belle
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UStudies of the control sample7

| ——

» The control sample Y(3S) 2 =n*n (Y(1S) 2 pru) Y(3S) T
9.2 < M(ptp™) < 9.7 GeV/c?

__ 1000 - Il\ ———————————
“o I |
3; 800 {|| =
Ié 600 = H ,"'“
e 0L | | St triple Gaussian
2 400 [- { | B:lst order polynomial
i - | | %
200 — ljl 5 = —— e T ]
:._..I...J..¢I ol N B R B ~ 250 AL S R !
00.8 0.82 084 086 088 09 092 094 096 0.98 1 g M]Z. ]Z- 1
AM = M(utp—rtr) — M(utu—) GeV/c2 G 2001 3
: S 150 - 3
Signal: 4902+-71 events FL: —_— MC
Backgr'ound: 87+-15 events § 100 = | 4
Detection efficiency: 39.7 % W g + dato
0 : L | L " el i
Br(Y(1S) = utu-) = 2.48% 02 03 04 05 06 07 08 09 1

M(rtn—) GeV/c?

NYE$)-Ts)rr = (4983777 (stat) £34.6(syst) | x10°

Other control variables also agree data vs MC

T. Lesiak The dark side of Belle 13
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The control sample as the peaking

background to the signal itself |
T ——=

recoil recoil
M -7 for M.~ tor
Y(3S) = Y1)z 7, Y(1S) = ut 1™ Off-resonance data
1Em T 1 ofr 0% By - o @0 F ol ¥ ] _. T T ———————
o 1400 = _ = -
> 1200 Signal: -3
§ - double Gaussiars g
_;_' 800 |- I : %
2 600 | = B ++
& a00 : - Background:
- - = 15" order poly.
200 |- 3 c.B
ﬂ:":' o L N | u_-l__.l...l-_..!...!.u.
9.4 9.42 944 948 948 9.5 9.5 94 942 944 946 948 95 952

Mol Gev /c?

The recoil mass against the (n*n-) subsystem peaks at the mass of Y(1S) for those
cases where all of the Y(1S) decay products go outside of the detector acceptance

= The control sample provides a peaking background
T. Lesiak The dark side of Belle 14



U The peaking background 7

The source # of events The dominant contribution:

S 77.3 £120
S) > ete 50.3 8.0
S) > vt 52 10| e e

S) =2 wW 0.4 =*0.1
0.0 +2.6
0.0 +12.9

T. Lesiak The dark side of Belle 15
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Search for light dark matter on Y(3S)

The prediction is disfavoured

700 / — T T T T T T T T |/‘ Br(Y(IS) = xx) =6x10” [ ]

600 Z_ st’g = 38 4+ 39 ev. B. McElrath PRD 72, 103508 (2005) E
o L xrf 1.. ]
] L fa ]
S 500 ;|=|-=|i_|__H=_ ' -
[0} " .
Q oo -
o 400 — —
=] Z ]
S 2 .
— 300 — 7
-E @ o Unbinned extended maximum likelihood fit
$ 200 — — 133120
T — NBG = 13315 &v. Signal: a double Gaussian calibrated using

» the control sample
100 —
E Background: 1st order polynomial
0 I I 1 I | l I i 1 |
9.4 9.42 9.44 9.46 9.48 9.5 9.52

M (Gevic?)

B(T(1S8) — invisible) < 2.5 x 1073 (90 % C.L.) |IEIEREZRe0Ts)

T. Lesiak The dark side of Belle 16



D Future prospects7

/ Disfavored by this talk at 0% C.L.

B 7 7 7 S

107 -
© = _ _ Theoretical prediction
% A _«— More data > ~ 1 x 10-° can be reached;
> 10 I e e then saturation
Py B S R With super-forward
) 4l R s calorimeter & p-detector
= 107¢ to reduce peaking BG
= i : better veto (hermeticity)

5 on Y(1S) = I*I- (I=e,n)
10 :

a0 T we install super-forward
Integrated Luminosity on Y(3S) (fb)  |epfon detfectors to vero
Y(1S) = r+/-, sensifivity of the
branching fraction improves
to~4x104with L =100 fob-!.

T. Lesiak The dark side of Belle 17



T. Les

USearch for B = hOvwy decays]

lak The dark side of Belle
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D Motivation for the search for B = h(*)vy 7

| ———

» h() stands for the light mesons: =+, 7%, p*, p°, K=, K9, K, K9 and ¢
» Proceed through loop diagrams & electroweak penguins

» Advantages:

v Theoretically clean:
no long-distance contributions (present in B> KOI*I)

SM (NLO) expectations [ RIAPP T NIEIATY

B(B — Kvp) =4x107°% | | B(B—> K*vi) =1.3 x 10~ °

http:/fdmtools. browned
Gaitskzll&Mandid

v' Sensitive to the New Physics (in both diagrams;
branching fraction enhancement e.g. SUSY)

v' Sensitivity to the light dark matter (Mg < 2 GeV)

C. Bird, PRL 93, 201803 (2004)

v" M < 10 GeV essentially out of reach
for direct searches 10"

WIMP Mass [GeV]

T. Lesiak The dark side of Belle Lee-Weinberg window EMKS)



UB meson beam: full reconstruction method7

| ——

> One of the two B's from the decay Y(4S) = B B is fully reconstructed in
order to tag:

- B production

- B flavor/charge _
- B momentum Decays of interests
b / <j B>X, v,
e— /\ B>Kvv
s Gev)_,igf <«— e+(3.5GeV) B>Dtv, v
T (4 )\. -
L . - -~ Full reconstruction
E 000 B ..... . _
£ cooon VoA @ <: (tagging rate of 0.1~0.3%)
L D, D®p, DMy, of DODM
.E 40000 . .
2 00 | Offline single B meson beam !
Hdank L
wiool BF candidates . :
e , | A A powerful tool in particular
L EF, 524 R, o8 528 5.4

M. (GeVic?) for B decays with neutrinos

T. Lesiak The dark side of Belle 20



UB - hOyw: reconstruction7

Presented at FPCP7, Bled, Slovenia May.2007; to be submitted to PRL

> Exploit the offline
beam of B mesons:

> The particles which were not attributed to B,,, are used to reconstruct B, > hCvy

> The key variable: amount of extra energy in the calorimeter ECL
(summation over neutral clusters that are not associated neither with By, nor the h®):

Signal bos Sideband

s EE::L g0 Emml i Erec.
T T R s o]

E,.:, ~Total visible energy measured by the calorimeter ECL

E... - measured energy of reconstructed objects including
the B,,, and the signal side h) candidate

Ercr < 0.3 GeV | The signal region

The presence of additional
IR Opgn = U2 CY neutral clusters

| Egcy [GeV] | B> D’lv used as a control sample: data and MC agree

& Sr g,:ncﬁ

- L%

Background

Number of Entries [ 0.05 GaV

T. Lesiak The dark side of Belle 21



U B = Kvw results7

The dominant background: generic B°B? decays

o _ _ Momentum requirement (1.6-2.5 GeV/
The P*(K’) is defined in lower; bound: suppresses b—sc

the rest frame of the B, upper bound: rejects 2-body (e.g. K*y)

I

10,2 GeVic

7
<

trigs / 0. 2

Mumber of Eniries

Number of Ei
(=] [ 3] £

L i

5

M) (eved)
| *+ — >
Pickup the events - B —K vV
in the signal lbox : Jf i
(Ez;<0.3) and 5 | :
examine other § |H»+ ,H: £
variables: < ' + s -

1.8 F ; -] 28
M) Gevie?)

Pt [GeViE)
(Shaded) diSTf‘ibUﬁOﬂS .ﬂ“ L '\ * 7 L5y |

of backgrounds are estimated M(Kr) e SM Branching

with MC simulations fraction x20

T. Lesiak The dark side of Belle 29



SVl Branching fmaction x 20

MNumber of Entries ! 0.15 GeV

Mumber of Entries | 0.15 GeV

T. Lesiak

U B = Kvw results7

SM Predictions:

Bf(B—}K* vV)~1.3% T
Bf (B—K vv)~4X10™"

Reconstructed modes:

K*->K'nm ,K">Kn" &K'’

Supersedes summer 2006 result,
with improvements on MC statistics.
New results (U.L. @ 90% C.L.):

N UL

obs
K% v 7 42+14 <3.4x104
K*' vV 4 56+1.8 < 1.4x104

The dark side of Belle
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U B = Kvv results7

— ] 3
o ] LL]
T T

—
f=)

Mumber of Entries |/ 0.15 Ge¥

I

Most stringent limit,

but still 3x larger
then the SM
pbranching fraction
(4 x 10

N, UL V¥

- o
B "—>K¢vV| K vV 10 200:40 <14x10°5

Number of Entries |/ 0.15 Ge¥
[

T. Lesiak

The dark side of Belle

K°vy 2  20:09 <1.6x104
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U B <2 (n.p.9)vv results7

B - vy %% ;B'—}p1v? gﬁf BD—}(I)V?
l L i by | + L |
bbbt i S
:‘ [ I U.i- 0.8 0.8 1 1.2 1.4 Dﬂ. [+ -3 X} K-} 0.8 1 1.2 1.4 :U 0.2 ] 0.6 (K] 1 12 1.4

Eg., (BeV)

E,., (GeV)

- o 0. —
i B -1 vy

.,+

L

Tt

[V o4 I} [} 0.8 12 1.4

Ejq (GeV)

Number of Entries [ 0.15 Ga\
fuhmmsﬁﬂaﬁﬂﬂﬁ
 RLLEI ||

==

%ﬁ;@ -

0.2 0.4 0.5 0.8 1

Srﬁoll excess (<20) found,

need more dafd fo verify.

T. Lesiak

The dark side of Belle

Eg., (BaV)

E;~, Distributions

N

obs

Ny,

m vy 1]
plvﬁ 15
p vy 2l
b vv ]

UL

v 33 259+3.9 <1.7x104
3.8+£1.3 <2.2x104
17.8+3.2 <1.5x104
11.5+£2.3 <4.4x104
1.9£0.9 <5.8x10-°

25
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U B < hOvv: summary

Summary of experimental limits:

SM branching fractions

" DELPHI |

Limit on light dark matter based

on K *vy limits: Upper (A) and

Belle i B0

=M viv

Theoreticallpredictions '°er (B) bounds

vy
LEO 4

Ref. C.. Bird, PRL G

AR LL |

T
T

{ K— + Missing E
! ,

Exclusion

=
[='V]
=
)
=
]
g
i
e
=
+
4
.I.
=
<]

1075

SM branching fraction

T. Lesiak The dark side of Belle
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Future prospects

of B-factories

T. Lesiak The dark side of Belle
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ﬂAchievements of B-factories7

b=7 5 Saliprella

- |Vub|
oA td ) Am4=0.511ps
V 4 |th/Vts|:
u 0.200+0.046

KM unitarity
triangle

\4’3 O /

P 22° <p,<113° Vc b Sin2¢,=
0.728+0.061
b |V, |=(4.08£0.27)x102
(Belle, 2005)

T. Lesiak

1,5 L

0.5

-0.5

-1.5

The dark side of Belle

| 1‘%:
: %
Y %o Amy
_— sin 2P \J'o% \
\ e, v
€ - o
I ¥ e e
L Vi Vel \\ |
i \*‘“ﬂ
€
= +0.026
[ EPS05:COF p 0 197_0030
A ! +0.019 _
— 803390018
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U Future prospects of B-factories

B

- ~2/ab from BaBar+Belle by the end of 2008
- BaBar will end in 2008

- Belle proposing a major upgrade
- part of the "Japanese HEP master plan”
- luminosity goal : 8 x 1035/cm?/s (peak), 50/ab (integrated)

U Important topics with 2ab!

b = stCPV: 2.66 = ~4c (for the same central values)
Improved study of D° mixing

Follow-up studies of B = tv

Evidence for B = pv

More precise angle measurements, in particular ¢,
with significant observation in B > DOK®)

T. Lesiak

The dark side of Belle
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o L) Today 2ab™!
Physics sin2¢ /B (b—c) 0.026 0.020
sin2¢ /B(b—s) 0.05 0.035
reach at | !
2ab-L 9, 11° 6°
a 10, 19° 12°
\_ Vub(inclusive) 6.3% 4 9%
Ll 0.8% 0.8%
B(B— (p,»)y) 20.4% 10.3%
B(B—1tV) 36% 27%
A (K*IT) 23% 10%
n.si—%sinzq:' —i
- e ERCAN
N 4 \ (10.0%,4.4%)
o F E R. Itoh, @LHC upgrade WS,
E | N e Jan. 2007
-0.4 -0.2 o 0.2 ﬁ 0.4 0.6 0.8 1
T. Lesiak The dark side of Belle 30




| SuperKEKB |

T e ———
Asymmetric energy ete- collider at E.,,=m(Y(4S)) to be realized by upgrading
the existing KEKB collider.

Super-high luminosity =8x103%%/cm?/sec — 1x101° BB per yr.

— 9x10° z*7~ per yr.

B ey http://belle.kek.jp/superb/loi

Belle with improved rate immunity

Higher beam current,
more RF, smaller 3,*
and crab crossing

— L=4x10%%/cm?/sec

T. Lesiak The dark side of Belle 31



U Flavour physics at SuperKEKB 7

N —

1. Arethere new CP-violating phases ?
2. Are there new right-handed currents ?
3. Are there new flavor-changing ineractions with b, cor 77?

SuperKEKB will answer these
guestions by scrutinizing loop
diagrams.

T. Lesiak The dark side of Belle 32



LFV search at the SuperKEKB 7
cf) Hayasaka at BNM2006

BA® - imin 2"

v

based on eff.
Clnd NBG Of
. most sensitive

" analysis

Estimated
upper limit
range of Br

w :L:::itz uugykggg}akﬁﬁ ii%ﬁig;:

7\\
&

Search region enters into O(108>1079)

T. Lesiak The dark side of Belle 33



Expected highlights at SuperKEKB

_ 80 Case 1: All Consistent with Kobayashi-Maskawa Theory | i
= 70 3?«~-Sea~r~chf~ for New ‘CP;-Vi olating Phase in 'b;w - s-with 1-degree precision
Seob
_-E__."' - CKM Angle Measurements with 1 degree preC|S|on
w B : ]
k= - Dlsc;overy of B = Kvv
-~ - Discovery of New Subatomic Particles
@ 30 | — e L G I S —
E - - sin29,, with O(10+) precision
%20 — : TR T | Observations with
= : |[Vub| with 5% I‘eCISIOI’] Y(SS) Y(3S) ae
10 [ D}“ééd'\fe’r”y”b"f’B”é””Di:’V”“ e
- ; Dlscovery of B = uv
B 1 1 1 L i 1 1 1 1
5000 20 201 (0] 201 5 2020
Year
Discovery of CP Violation in Charged B Decays
“Discovery” with ; : : =
significance > 5¢ Discovery of Direct CP Violation in B® = Kzn Decays (2005)
Discovery of CP Violation in Neutral B Meson System (2001)
T. Lesiak The dark side of Belle
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U Summary 7

T e
0 No observation of light dark matter (LDM)
Invisible B(T(18) — invisible) < 2.5 x 1073 (90 % C.L.)

decays of
the Y(3S)

O The experimental limit disfavours theoretical expectations
for LDM

Possibility of a substantial improvement in the sensitivity
Usage of the offline B meson beam

The search for six exclusive decays - negative results

U O O DO

—> a restriction on the existence of light dark matter
(provided by the Kvv limit) me > 1.4 GeV/c2?

Prospects for arich harvest of interesting results at the SUPER KEKB

T. Lesiak The dark side of Belle 35



