The 14th workshop of Long lived Particle Community 2024 | University of Tokyo

Searches for LLP at Belle and Belle Il

Ori Fogel, Tel Aviv University
on behalf of the Belle and Belle Il collaborations

01 July 2024

< 1 @©OKEK

S——




Contents

« Search for a heavy neutral lepton that mixes predominantly with the t
neutrino at Belle (PRD 109, L111102, Arxiv 2402.02580)

« Search for a long-lived spin-0 mediator in b — s transitions at the Belle Il
(PRD 108, L111104, Arxiv 2306.02830)

Ori Fogel 2


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L111102
https://arxiv.org/abs/2402.02580
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104
https://arxiv.org/abs/2306.02830

Belle experiment

e The detector was located in KEKB eTe™ Belle Csl

accelerator in Tsukuba, Japan (1999-2010); 150° CDC
ongoing analysis effort.

e Center of mass energy +/s = 10.58 GeV

* B-factory:
 o(ete™ - bb) = 1.05nb

e But can be used to other studies:
« glete > tTt7)=09nb

e Collected data of ~1ab~1.
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Belle Il experiment

* An upgrade of Belle.

K; and Muon Detector (KLM):

Resistive Plate Chambers (barrel outer layers)
Scintillator + WLSF + SiPM’s (end-caps, inner 2

* Located in SuperKEKB (KEKB upgrade). barre layors)

T ‘ Time-of-Propagation detector(TOP)

(barrel)
. . . EM Calorimeter (ECL): .
* Regular data-taking since April 2019. Csi(T), waveform sampling (barrel + end-cap) |

Superconducting Solenoid

N g :

‘ Aerogel Ring-imaging

~

*  Will collect much more data than Belle: electrons (7 GeV) g BN etcts: RICH)

(forward end-cap)

R
P .

10 . . : 60

Vertex Detector (VXD):
1 1 21 DEPFET pixels (PXD) s
8 | Pe a k Lu mMIiNos Ity (ta rget) L 50 4 |:;::: double-si?il:z Ztrip detectors (SVD)
Inegrated Luminosity L;,; | 40 positrons (4 GeV)
6 L ' ryllium beam pipe:
cm diameter

30 Central Drift Chamber (CDC):
4 | He(50%):C,Hg(50%), small cells, long lever

20 arm, fast electronics (Core element)
2t 10

0 .
2019 2024 2029 2034
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Heavy Neutral Lepton (HNL, N)

* Neutrino flavour oscillations = the neutrinos have masses m;—1 , 3 .

Phys. Rev. Lett. 81

* m; is small = seesaw mechanism with heavy neutral lepton. N

The HNL N mixes with SM neutrino v, via V,p parameter.

* Searches probe general models, in which V5 and my are independent.

A model of 3 generations of HNLs can account for:

* Baryon asymmetry of the universe (through Leptogenesis)

Phys.Lett,B 620(2005) 17-26

e Dark matter (keV scale)

Phys.Lett,B 631(2005) 151-156
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AEIWAIE

* We search HNL that mixes predominantly with tau neutrino.

 HNL mass (my) range restriction:
e my <m;—m; =163 GeV
« HNL lifetime:

my —5.44 2
* cty = 0.324 cmX (1GeV) [Venl Phys Rev D 29,2539

| » HNL is a long-lived particle (in our parameter space).

> utu~ form a displaced vertex (DV).
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AEIWAIE

Data Samples
« Belle Data samples are collected from two main resonance states of e*te™ collisions:

> Y(4S) with £ ~ 790 fb~1
‘ N,, = (836 + 12)x108
> Y(55) with £ ~ 100 fb~1

MC - Signal Samples

* Generating 75, > T N(= utu~v,) signal samples.
* Mass range my: 300 — 1600 MeV with 25 MeV gap.

* Lifetime c7y: 10 — 30 cm, to yield a reasonably large number of events in the fiducial volume of the analysis.

MC - General Background Samples

* Most dominant background processes: ee™ -ttt andete” — qq.
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AEIWAIE

Belle CDC radius:
r=83—-—86.3cm

- +,- - .+
Usinge' e — Ti4Tiag-

* Signal side: Central Drift
Chamber ~

Tsig N(= p puvm™

- Silicon
Tag side: 1-prong decay Vertex
(
Vi Detector y
+ 0
v ‘
X
- Selecting only 4-tracks samples. DV = Displaced Vertex
« DV transverse distance from IP > 15 cm. IP = Interaction Point
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AEIWAIE

* Background:
e« 1T > K> ntr)nTv;
« 5 KP(- ntut)nv,
« Material interaction
« 77 > -~ v, with misreconstructed prompt pions

* Define a control region (CR):
« 77 > DV(- ptnt)n™

Used with the fit in the SR to determine
the background expectation.

» Define 3 validation regions (VR):
* 77 > DV(-ptut)n”
« 77 > DV(- ntn")n~ (K exclusion)
« 77 > DV(- ntn)n~ (K selection)

Used for the background
systematic uncertainty.
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K39 rejection and definition of 2 signal regions

. Kgf’ — T~ (with pions misidentified as muons) produces I:Z*qzv R 1 Belle MC

a DV similarly to the HNL. 10— :gg}gggmgg !
 We identify K with mBY = DV mass reconstructed with :

the m mass hypothesis for the two DV daughters. UE -
* Low mass HNLs distribute differently from high mass HNLs. 10_3:_ L
* Hence, we divide the signal region into 2 regions: ém w

1074 :Ir "
« SRH: mEY > 0.52 GeV : 5 ] WE( L | |
I L] AL L

. DV II|I|IIII|IIII|III||A|I|A|
* SRL:mp; < 0.42 GeV 0O 01 02 03 04 05 06 07 08 09 1
m2Y [GeV/c?]
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HNL mass reconstruction

* Despite the unobservable neutrino, we can reconstruct the decay chain T N
kinematics completely, up to 2-fold ambiguity. K
. 12 unknowns: pl, py, Pt w- ©
- 12 constraints: Z
p# conservation in the 7 and N decays (8) - N
T— N \ VT
Known masses of 7 and v_(2)

Unit vector from the production point of the m system to that of
the DV system, which is the direction of py (2)

‘ S < 0.4 GeV?/c*
. . R =
Quadratic equation S JF
g 08F - —Signal —Data
(Using the square root argument S for a cut) — 06F _
' 1 L
Z 02F
- NI (O DU

S [GeV?#/c*
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Results

. o only signal event observed
* In SRL, a cut for high m_, m_ exclusion is

L 1.6 Belle >
applied. % : 5 e
&) . SRL SRH 5 ) )
. — 14— \V/ qZJ
* |[n SRH and SRL, we observe 1 and 0 signal & [ eDaa eDaa ; o &
. ~ X o
events respectively. 121~
Region Nobs Nbgd xg—:;z oabs,bgd Postfit 1__ 0.6
SRH 1 0.40+0.28 2.5 2.1  0.59+0.31 .
SRL 0 0.80+£040 0 2.0 0.69 % 0.45 0.8~ os
CRH 95 73.6+3.8 1.29 20 93 + 8 -
CRL 43 372427 1.16 0.8 41 + 6 0.6~
VRH7m 273 191+6 143 4.7 - 0.0
VRLrm 165 127+6 1.30 2.7 04
VRKs 7917 7728439 1.02 2.0 -
VRHSS 0 040 :l: 028 O 0.2 _1 [ RN N R T RN N S R SN B ‘4 ' N 0
0.2 04 0.6 0.8 1 1.2 14 1.6
VRLSS 0 0 O _ m+ [GeV/CZ]
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Systematic uncertainties

* Background yield expectation: we take the relative systematic uncertainty to be the largest
percentage change in the background model needed to bring the data and MCto 1o

agreement in the VRs:

N — N
O-(Nbgd) — data Me _ 1 \/O-c%ata + O-I\%IC ~ 34%

\/O-o%ata + 012\/16 Nyc
* More:
N branching fraction 5%
Luminosity 1.4%
reconstruction of the two prompt tracks 0.7%

* Alluncertainties handled with the nuisance parameters using CLs prescription.
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Results

| V:\"T |2

* We use the model predictions and the efficiency to
determine the numbers of expected signal events 10-1
in the two signal regions.

DELPHI

«  We plot the 95% CL exclusion of the experiment. S

 BABAR uses a missing-energy method that has 1073 Yoy, T —

much higher efficiency but depends on
understanding of the t — 3mv, background. 104 e

Observed
N i
* Very tight limits are obtained from reinterpretation | 2

U

of other searches at the previous CHARM and e Bxpicted

()bsc;‘i'ﬂL:' — WAG66 (reinterpretat 1“1}7) e

WAGG6 experiments. N TV T

» 1 (;‘;int.erpretation)
107" +20

Belle
(this work)

0.4 0.6 0.8 1.0 1.2 1.4 1.6
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Spin-0 mediator

° 11 mediator
BSM models that suggest an additional S scalar | o, 2 L
pa rt|C|e Myyeg™= Mppg

Phys. Lett. B 662, 53 (2008)

 Dark Scalar: Gives mass to DM and mixes with \

the SM Higgs boson through mixing angle 6. Lifetime-

dependent

J. Phys. G 47, 010501 (2020), Phys. Rev. D 75, 037701 (2007)
T : o : / models.
« Axionlike particle (ALP): with a predominant
coupling f, to fermions.

J. Phys. G 47, 010501 (2020), JHEP 03, 171 (2015)

* We also search model independent limits.
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AEIWAIE

@ /—'@

”
Tegr eX

* Where:
e xTx " =ete, utu", wtn~, K'K~
« K*Y = K*(892)° (short-lived)

« Both decays mediated by flavor-changing neutral current b — s

Ori Fogel 18



AEIWAIE

Data Samples
« Belle Il Y(4S) resonance with £ ~ 189 fb~! which corresponds to N5 = (198 + 3)x10°.

MC - Signal Samples
« Generating Bt - K*S(—» x*x™) and B® - K*(» K*n~)S(— x*x™) signal samples.
« Mass range my: 0.025 — 4.78 GeV with 90 steps with varying sizes.
» Lifetime ct: 0.001 — 400 cm with variable steps

MC - General Background Samples
* From most dominant to least:
e ete” > cC
e ete” > uti/dd/ss
« ete” > BB
e ete” s 1tr”
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Analysis

B signal
BT - K¥S(— x*x™)

Central Drift DV
—
Chamber Prompt .
Showing
Silicon Vertex > only signal-
Detector IP side tracks!

y

L.,

20

DV = Displaced Vertex

. IP = Interaction Point
Ori Fogel

B? signal
BY - K*(892)°(» Kt )S(—» xtx™)

D
Prompt
IP

Belle Il CDC radius:
r=16—113cm



AEIWAIE

Selection Criteria

* Long lived particles: DV transverse distance from IP > 0.05 cm

- Belle Il B*=K*S(=»n*n")

N80
§ 70k [Ldt =189 b~ B ete ok @27 MC stat.
@ e*e~-ud/dd/s5 + Data
« Suppressing ete” - qq(y),ete” - "t~ (y) background: 9 6o} o oo (a5
: _ e 0.05GeV, x # 7 S
Energy differences: |AE| = |Ef —/s/2| < {0.035 GeV. x = 11 Tl
g 30 F
. S -8 20 F
« Beam-constrained mass My, = /Z_ lp51? > 5.2 GeV/c? S
 Suppressing K) for x = m: 0
« 0498 < M(n*m™) < 0.507 GeV/c? 23
S 0.0F
=2.5

M'(n*n~) (GeV/c?)
Signal yields extraction
+ Modified mass is defined: M'(x*x™) = M2(x*x~) — 4m?
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Results

« We fit for a narrow nonnegative-yield signal peak, at various values of S mass and assuming
various lifetimes, over a smooth background.

(o)

Belle 11 B*-sK*S(»ete™) :
—— Fit ---- Background 7

F ct=0.25cm ---- Signal + Data 1

o

Belle 1l BO-K™0S(—»ete )
— Fit ---- Background ]
---- Signal <+ Data

~
~

- [Ldt =189 fb1 [ Ldt =189 fb

o —~~
L U
Py <
> >
v (0]
= 6} S 6 ct=25.0cm
Tl Local significance: 2.80 < [ Local significance: 3.10
S °f i o 5F ;
— ~ [
— 4 g . ; 4 - 1
wn 3 i _8 i
33 o S B
(O i o [
_-9 2 N . .—6 2 ~— - —
'8 [ C [ f
: ‘U E Ak d E e d il d - - L dE d
S 1} 31
U 1 N B ’ N
0 - 0 I o =E=<ki—---4--FF
1 [ T - ‘| T T pay T =] 1F T T | — T T T T ]
) [ ) B
5 0 [ oo e sss s = =+ o+ . o (PRS- - 3 0 Lo - [ ] | ort—t—o—0—0—0—0- 00— 0—0—0—0—0—0—0-
a ] - a -, - |
_1_|||||- _1:_...|...|".|...|...|..‘|‘..|...|.—.
2.5 2.6 2.7 2.8 1.02 1.04 106 1.08 1.10 1.12 1.14 1.16

. 2.9
Ori Fogel M/(e+e—) (GeV/szz M’(e+e") (GeV/Cz)



Systematic uncertainties

Difference in track finding efficiency for 0—45%
displaced tracks between data and MC:
depending linearly on DV position

Signal efficiency 4% (~10% for lightest m)
Combination of BB yield and b — s ratio 2.9% (for larger mg)
Identification efficiency of K*° 3%

* Alluncertainties handled with the nuisance parameters using CLs prescription.
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Results

B*-K*S _ B°—>|K*°(—>K’I“r[‘)5

Independent model:

S—»ete~

e Using the signal yields and Ngg, we obtain the
products of the BRs of the B mesons and S

95% CL on B(B—-KS) X B(S-x*tx~)
=

decays. o 'y
+
. _ 107 7
« We plot the 95% CL exclusion for different By "
. . 10 ° .
life-times. |
107°F R
et - _ 2
| These limits are: - 107} 1
i I 107k
.» First for exclusive hadronic final states. I . L
I . 10 ¢ E
: o _ | . 1
1 Most constraining from a direct search for - 10 i
* 4+ ,— fi I =1 . Il . ]
L, Kere_fnalstates. . _._. _ T T

Ori Fogel 24 ms (GeV/c?)



Results

sin @
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Dark scalar model

- | |
_= = |
o | L3
Ve e s - =4k _
N KTeV
|
|
- |
|
\ | Bellell
SO _/
/ |
> |‘
o \ I| I\
=~ ———-‘\\ LHCb
‘\\w‘ ] A ..J
YW-' CHARM
HBooNE 1\\ \\\/ BaBar Belle Il
E949 PS191 [Ldt =189 fb?
107 10°

ms (GeV/c?)

25

ALP model
(o 10 - . —
E \/Jy
Il 107°¢ R N
S
Q o
- Belle II U

E949 CHARM
10}
Belle Il
6 fa=fg=f, A\=1TeV,v=246.2GeV [Ldt =189 fb~?
10 T 0
10 10

m, (GeV/c?)




Results

Dark scalar model ALP model
S (o 10 - . —
% L3 E J:B I
————————— “ M- Il 1072}
S
Y
=l ¢k Belle Il |
Ll /\Y;&éﬁ M

| E949 CHARM
......................... 10}
Belle Il Breiminar. Belle Il Brefmingty
[Ldt =189 fb? 6 fa=fa=f, AN=1TeV,v=246.2GeV [Ldt =189 fb~1
10 107 10°
ms (GeV/c?) m, (GeV/c?)

' Limit is the tightest around mg ~ 0.3GeV/c?. +



Summary

« No observation of significant excess of events consistent with a signal processes.

« Search for a heavy neutral lepton that mixes predominantly with the T neutrino at Belle
» For the first time, utilizes the DV originating from the decay of a long-lived HNL produced
in an identified tau decay.
 Ability to reconstruct the HNL candidate mass and suppress background to the single-
event level.
« Search for a long-lived spin-0 mediator in b — s transitions at the Belle Il
» First for exclusive hadronic final states of the signal processes.
« Most constraining from a direct search for K*e*e™ final states.
» Sensitivities from Belle Il and LHCDb in the region up to ~4 GeV are comparable.

« Belle Il is collecting more data: hopefully improved results in the future!
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Equations of HNL reconstruction

Belle Il Online luminosity Exp: 7-33 - All runs

175 .. . |ntegrated |uminosity ..................................................................................
— B Recorded Weekly 500
l_c_) 15.0 A o IERecordeddt =527.49 [fb—-ll ...................................................................... / _
S Shutdown T
é 125 RS SR | 1 - . 400 E
£ 8
;T 10,0 e b o = TOTAL INTEGRATED LUMINOSITY FORGOODRUNS in run 1
< - 3
()] ©
o X N————! | W || 2 e Total integrated luminosity: 424 fb-1
% - 200 g e Total integrated luminosity at the Y(4S) resonance: 363 fb-1
{? 2.0 o e ) || | s e Total integrated luminosity below Y(4S) resonance: 42 fb-1
- O
g 55 100 "~ e Total integrated luminosity above Y(4S) resonance: 19 fb-1
-3 SR N—— RS oot ||| W | S

0.0 -

|
N v N U N S
Vv Vv Vv Vv Vv
Date
End of run 1
Start of run 2
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Belle |l status

(B® - 1)p} + (2AB - D)py + A> = C =0. (1)

A = (mi%—miﬂ—mi) /2F,

B = (%u"‘flw)/Ea

C = (Buulm? = m?) - Eq2,) /.

D = 2(Euuqr — Exquu) /| E, (2)

ma = (D + Cpn)/E”. (3)
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