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The existence of Dark Matter, invisible matter which interacts matters through gravity,
is predicted from astronomical observations. For example, V. C. Rubin and her
colleagues studied the relation between the velocities of stars and the distance from
galactic center. The velocity should decrease as the distance increases, if the source of
gravity is only from visible stars and interstellar gases. But the velocities showed flat
distributions.

The observations can be explained by a hypothesis that there are invisible and massive
matters broadly in galaxies, which dominate the mass of galaxies. This invisible and
massive matter is called Dark Matter, and it is one of the major problems in astronomy
and physics.

After the hypothesis is proposed, many experiments have tried to observe the Dark
Matter. Some of them tried to find the Dark Matter from the missing energy or
daughter particles of its decay in colliders like LHCb and BaBar experiments. Others
tried through the elastic scattering of Dark Matter of nuclei like DAMA, XENON, and
CDMS experiments. Despite of these efforts, the Dark Matter is not observed yet.

The search regions of previous experiments are focusing on GeV and TeV order due to
the collider energy and the mass of nuclei.

In this thesis, I focus on Dark Matter in MeV scale with the electromagnetic interaction
which is called Dark Photon, a part of Dark Matter model called Hidden Sector
hypothesis, and predicted to have mixing with Standard Model photon. For this purpose,
the decay of D*® - D%°4’ in data accumulated by Belle experiment is a good prove

because of 10 -100 MeV order energy.

I use D*® —» D%4’ decay to search for the Dark Photon in this analysis.
The branching fraction of D*® - D%n® is 64.7% and D*® - D% is 35.3%. Aprocess D** -
D°A’ may occur by a mixing between y and A’ in D*° - D%. The mass difference Am =
mpro —mpe is 142 MeV, so this is suitable to search for MeV scale Dark Photon.
Using the D*® - D% decay as the normalization mode, the target variable to be
determined is the ratio R between D*® —» D% and D*® — D%A’ written as

R B(D*® - D%A")

B(D*? - D%)
The branching fractions of signal and normalization mode can be written as
Nyg _ Ny

Np-oegg  2LopoBegg

B(D*® - D°A") =



Npy - Npy

B(D* - D%) = =
( - Y) ND*oeD*Y' ZLGD*OBGD*Y

where N and e are yield and efficiency of signal and normalization mode, respectively.

Taking the ratio, the ratio can be written as
Nz ep+
R =28 “DY
ND*Y esig
The efficiencies are estimated from the simulation in advance and the yields are

determined by the data.

D*0 - D%’ is produced in the hadronization of ¢t pair. The data taken in Belle
experiment on T (4S) resonance is 711 fb! and includes 1.9 x 10° ¢t events with BB
and the other continuum processes.
To reconstruct the events of D*® — D%°4’ and D*® - D% from the data of Belle, I used
three decay modes of D% D® - K~n* (branching fraction is 4%), D° - K~n*n® (14%),
and D® > K~ rntnn® (8%). The D° meson is reconstructed from final state particles
detected by Belle spectrometer with criterion to distinguish the signal events from the
backgrounds using the mass of D°. Then, the D° meson is combined to a pair of
electron and positron or y to reconstruct D** with the criteria by the mass difference
A m = mpwo — mpo, and the momentum of D*0.
Note that D*® —» D°A’ is not reconstructed directly, but after the reconstruction of D*°
the invariant mass of the electron-positron pair is calculated as the mass of A',my. If
A’ exists, it should have a peak with finite mass.
For the normalization mode, as shown in Fig. A, the yields of normalization mode Np,
for each decay mode of D° are determined by the fit to A m = mpw — mpo distributions,
independently of the signal modes. The distribution is modeled by a quadratic function
for background and a Crystal Ball function for signal. The fit function for the
normalization mode is
fo*y = Np*yfsigy + Nokgfokgy
with
foigy = CB(X; Hy, Oy, O, n)
fokgy = Cq(@) (1 + a;x + apx?)
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Fig.A The distributions of Am and the fit results. The dotted lines in the bottom

show the signal components of the Crystal Ball functions.
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where CB is a Crystal Ball function with the mean p,, width oy, and tail factors a and

n, and Cq is a normalization depending on the coefficients a;.

For the signal mode, the reconstructed m, distributions are shown in Fig.B.

The background distributions are modeled by exponential and quartic functions and
the signal component is modeled by the sum of a Gaussian and a bifurcated Gaussian
function as

f = Nggf.

sighsig T Nbkglokg
with

fsig = CsigG(1, 0) + (1 — Cqg)Gp (1, 01, 0R)

fokg = CpigCe(@0) €xp(agx) + (1 — Chig)Cq(@) (1 + agx +azx? + agx® + a5x*)

For the signal component, G(uo0) is a gaussian with a mean p and deviations o,
Gp(u, 01, 0g) is a bifurcated Gaussian with a mean y, left width o, and right width og,
and Cg, is a fraction of two Gaussians. For the background component, Ce(ag) and
Cq(a)) are normalization factors for the exponential and quartic functions, respectively,
and Cyy is the fraction of the two functions.
To combine the three decay modes of D, the signal yields in each mode N, are treated
as dependent variables on the ratio R as - |

€qi
£ xR.

Ny, = Np:
g Dy
eD*y

Finally, the my distributions of three D° decay modes are fitted simultaneously, using
the ratio R as a common parameter. The fit results shown in Fig. B is assuming my =
17 MeV.

Since the mass of A’ is unknown, the other masses are also checked. However, there is
no significant evidence of Dark Photon’s existence and just upper limits are set to the
ratio.

As a conclusion, Dark Photon is not observed in this analysis. But, a new upper limit
is set to D*® mode, especially it is important that the charm quark is included as a
mother of Dark Photon.
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Fig.B The distributions of my and the result of simultaneous fit on
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distribution assuming my = 17 MeV.




Results of the doctoral thesis defense
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AT, FHBAHNIPOZOBRENLE L INHIEEDEOETNVOFEIBEHFOOL D
ThHhAMBE I ZF—(EHROFHV L LT, BER/ ¥ — LEERBHROR—F L L LTEF
CRBATHOMBYETF ARERTIMETHS, 2T, TRNETHERINL I EMREHM
oo, DORFEN DOREFICHRBET A DO DDOEREETHH 140MeV/e2 L VK
WHEBEFEOAZKHBL, BT - BETEHBTIERZOBRELZITo 1,

AFH LT, Belle EROTUSEBOHF R R ANF—~TCIRE L LT —FIZBWVTK
BOBTHTPHNESLLAKBICERESNAKED DOFEFE2ELF v — b7 3 — 7 JMAER
HHEPHAWE, MIEBFHEELT DORRETN DOFEFEETFICRET ZRBE L DILE T
BIERED, FEEENRD L, REBEDO/NSIWVWRELTE D, ETHRTITZ=TA
F—ER, BEEAER, —2F 0 7E R, BEFEERLCTCREVERBEBE CORER
Db TEL, ARXOBRZEFEIBICE L CIEINA48/2 EH O KFHTHRETOBRRERB &
O BaBar EROBF B BEFHE COBBLEBROBERI I NETH LM LVEIREZ 5 2 C
Wb, Ef, XUV T A8 OFRNERESE AW ER TIX 17MeV/c2 DR R¥ 1 CHLEA W88
T =) —RREIRTREBY, ZTOEEHFEKRICEEIEE > TS,

EEOKRER D hHTF BRIV —DBETHETT THY ., EEFLOUBENE
WREE LD, BEMEBICBIBRMENALTAEZRIT DD TITA v FBF 2TV,
TR Ial—arEFRANEERBEZOBBOLD OREMFHEORER LT
EEEHOT7 4y MCEBABEY FEOREZRET, BEELABRFETAIHACTIELL
BETEBZLERL, N FEEZHSI UL, EF—F 2 AV @EHF CIXEE 17MeV/c?
ERELERBEB LG 12-120MeV/ice DEEFEREZ A X ¥ VT 28 EEZTV., BRITIT X
HBELEFECHIVEERAFOBETRRODLRPoTlnd, X TFEBEXT DRSS
¥OEBEEZE X, HoN EREEETHROMEREZEHTH LD TIERN o H,
DO FERVWEEZRPNO TCORATHIEDF ¥ —b 7 +—7 LB FIEST
HPHEE L CRHIOEEFRR TS TCOLERETHY, REXTERBEL T L—1—Z
KHETHAERELZBLIONRDI D, ARXOBRIEELRHFLVMATHD, ZOFRIT
Belle EBR /N —7 ¢ LTENABIXCBRBTIE2TETH S,

IOBRIFWNROCHSBRMEIREDLNEILOTHY, BLHIXONFE LTHKHER
KEEZRLTEBY, ARXPFEMOFELSITHET D LB Lz,



