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New Phenomena Session

Latest results on T and dark sector physics at Belle I1
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https://www.interleptons.eu/

KEeKB

KEKB to SuperKEKB @ Super

e <\ Belle Il Colliding bunches
New IR ><
o~ -_— =

New superconducting
/permanent final focusing
quads near the IP

" New beam pipe

e+ 3.6 A
& bellows

4GeV

¢

Add / modify RF
systems for
higher beam
current

Replace short dipoles
with longer ones (LER)

HHHHHHHHH
< L Low emittance

¥ positrons to inject
: HD“:HHDH:‘*:HE‘H: — )amplng ring ” \
Redesign the lattices of HER & h ‘
LER to squeeze the emittance w/

TiN-coated beam pipe Low emittance gun
with antechambers

Belle Belle 11

- i
I Beam squeeze at IR:& -
20 smaller @ Belle Il '
= U

i_me”‘l
New positron target /
capture section

Low emittance
electrons to inject

[NEG Pump]

; Expect x30 higher luminosity
ol o from 2x1034 -» 6x103°> cm3s?




Belle Il Detector Elements

EM Calorimeter:

CsI(TIl), waveform samp

electrons (7Ge

f

Beryllium beam pipe

2cm diameter

Vertex Detector: 2
(1in 2019) layers DE
layers DSSD

7

//
/1))
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Wi

/

Central Drift Chambe
He(50%):C.Hs(50%), small ce
lever arm, fast electronics

KL and muon detector:

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps ,

' r 2 barrel layers)

rtic ification
- ation counter (barrel)
) Aerogel RICH (fwd)

positrons
(4GeV)



What happens in e*e collisions at SuperKEKB?

ole'e»u’u(y)]=1.15nb
080% ole’e>ce(y)]=1.3nb

See The Belle Il Physics Book

ole'e»Y(4S)]=1.05nb
(0.73%) (0.91%) Physics process Cross section [nb] Cuts
re 7 2] 1= 0.521b 7(45) 105+ 0.10
e (Tofs&))] " ole’e>un(y)]=161nb (
ole*e»dd(y)]=0.40nb (1.13%) uii(7) 1.61
(0.28%) ole’e> yy(y)]=3.3nb dd(v) 0.40
ole*e»s5(y)]=0.38nb (2.31%) s3(7) 0.38
(0.27 %) cé(7y) 1.30 -
0[e+e’—)e+e’(y)]:74‘4nb I ole e de e w]=18.9nb ete— (,‘ 300 + 3 (1\.10 stat.) 10° < 9:,5, < 170°.
(51.99%) (13.21%) . -
E, > 015 GeV
ete () 74.4 e’'s (p >0.5GeV) in ECL
() 4.99 £ 0.05 (MC stat.) 10° <87, < 170°,
EZ,, > 015 GeV
oleTe e ee e ]=39.7nb (%) 3.30 v's (p >0.5GeV) in ECL
(27.74%) = () 1.148 -
php () 0.831 ws (p >0.5GeV) in CDC
wr Ty (y) 0.242 w's (p >0.5GeV) in CDC,
> 1~ (£, >0.5GeV) in ECL
T () 0.919
vir(7y) 0.25 x 1073
eteete™ 39.7+ 0.1 (MC stat.) Wy > 0.5GeV
ete putp~ 18.9+ 0.1 (MC stat.) Wiee > 0.5GeV

N =

L X o

Remember (in an ideal
world)!!
Number of events

of a process experiment

Cross-section of the process to be
studied in the specific experiment

Luminosity of an

A SuperB factory is also a Super-charm factory, a Super-t factory, etc..
This is a great feature of this collision scheme that we can take advantage of. 4

As of today @ Belle IT det=O(100ﬂ)_1)


https://arxiv.org/abs/1808.10567

Physics with Tt at Belle Il

ole'e>7 7]=092nb@Bellel]  Large production cross-section

Many final states Different reconstruction techniques

hadronic mode

others

£+ e
1-prong

leptonic
mode i
ki

+ 0
39% 3n=+nn

1nt1n%v

1nty

T as a probe of new physics and of detector performance

Some ongoing physics analyses Some technical studies

T mass/lifetime measurements
LFV 1-1ly

LFV 1=l

LFV 15 Im°

LFV & LNV 1= |hh

LFUV T - I*'vy, T hv

V| from 1 hv
Absolute BF measurements for 1 - I*vﬁ

Dalitz analysis of 1- 31mv
Search for 1 la

Tracking efficiency

Trigger efficiency

Particle (mis-)identification

1i° reconstruction

Vertexing



Physics with Tt at Belle Il
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T as a probe of new physics and of detector performance

Some ongoing physics analyses Some technical studies

T mass/lifetime measurements Tracking efficiency
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V| from 1 hv
Absolute BF measurements for 1" - I*vﬁ

Dalitz analysis of 1- 31mv
Search for 1- la

Trigger efficiency

Particle (mis-)identification

1i° reconstruction

Vertexing



T mass measurement at Belle |l

* T mass poorly known compared to e or U (a few orders of magnitude less
precise)

* Important parameter in lepton unive ——

5 T T 0.17904
rs,r
B =g . LI [ Twly + See here
b Ty S of et @

m‘u Me W y ‘mp 0.17804
) p2 Qi v | . HFLAV
f(‘l) — _8‘1/ —I_ 81' ] lQi lOg £ e
289 290 g 291 292

3x1 topology to extract the mass

example
£t e v,
1-prong :

“Pseudomass” calculated
from the 4-momentum of
the 3-pion system

Signal: v ax 77 v, (BF~9.3%)
Tag: T3 V,v, 7V, A1V,

(> BE~71.52%)
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https://arxiv.org/pdf/1804.08436.pdf

T mass measurement at Belle |l

Perform an unbinned maximum likelihood
fit to the data using an empirical fit function

min_Pl

F<Mmin|1_:)):(P3+P4Mmin)tan_l( )+P5Mmin+1

2

m,=1777.28+0.75_, +0.33,, MeV/c*

stat.—

Main source of systematic uncertainties due
to tracking corrections - expected to improve
as we understand our detector better

s

s
PDG average -*1776.86 + 0.12 MeV/c®
.

BES Il (2014) ~1776.91+0.12 + 0.13 MeV/c?

ARGUS (1992) “1776.3 £ 2.4 + 1.4 MeVic?
- .

Belle (2007)+1776.61 + 0.13 + 0.35 MeV/c?
L -
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i ./ ]

5
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Search for t1- la at Belle 1l

* Possible new light boson a in tau decays
* Previous search from ARGUS (1995, 476/pb) and MARK 1l (1985, 9.4/pb)

Compare SM rates for 3x1 topology to search for a

leptonic decays of T to SMbackground signal )
possible signal of new i-prong | 3-prong . . 2
physics by studying the e

kinematics in the trest- *» | »
frame 7" ‘

6000 T T 8000

w006 T T T T T T T T T T Z 5000:— 17 - 370002

E F Or—ear : g= - TCVY "2 6000 F

T 009 _ BT UX ARGUS — : 4000 E S 5000 -

gz 004 [ - E 3000 1 2 4000 2

:g‘ 003 [ E 2 000 E Z 3000 :

7: 0.02 o = B 1000 m(a)=14 v ] 2000 E

- ok ] r m(a)_ GeV 1000 E

E 001 & { e s B S s v = a B E|

: ] 0 2 4
- {I)I I Il‘:)l.2I I IOI.4I I ‘Olb‘ I IOI.SI - : - '1{2‘ I ‘1|A4I I I]I.GI— p(lab) [GeV/C]
M(a) [GeVic] Z Phys. C68 (1995) 25-28
. Phys. -

We also test an alternative method S 51

in tau pseudo rest-frame using the  F_, | J
thrust vector: pi




Search for t1- la at Belle 1l

* Possible new light boson a in tau decays
* Previous search from ARGUS (1995, 476/pb) and MARK 1l (1985, 9.4/pb)

Compare SM rates for
leptonic decays of T to
possible signal of new
physics by studying the
kinematics in the T rest-
frame

» UL is provided for the ratio Br(t — ea)/Br(t — evv)

1

3x1 topology to search for a

SM background
f'}' e

1-prong 3-prong

ki

Mark:Hi

—
<

ARGUS

IT""""”I "1

Belle Il

95% CL UL on B(t — ea)/B(t — evv)

g 4”’—'_—_—.—-{:\
Simulation: f Ldt=2501b"

eBelle I, ARGUS method
mBelle Il, Thrust method

(systematic effects
.., hotincjuded), ,

OF T \IHII\|

See here

02 04 06

0.8 : 12 14 1.6
M, [GeV/c?]

L

UL(95% c.l.)
M(«) ARGUS | Argus | Thrust
[GeV/CQ} (1995) | method | method
0 0.015 0.0025 | 0.0016
0.5 0.017 0.0028 0.0025
0.7 0.024 0.003 0.0031
1.0 0.036 0.004 0.004
1.2 0.034 0.005 0.005
1.4 0.025 0.003 0.004
1.6 0.006 0.001 0.0009
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https://docs.belle2.org/record/2043/files/BELLE2-NOTE-PL-2020-018.pdf

Vo (km/s)

Dark matter?

DISTRIBUTION OF DARK MATTER IN NGC 3198
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NGC 3108
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Dark Matter
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Anomalies
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Dark Sector Candidates, Anomalies, and Search Techniques
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QCD Axion WIMPs
<€ > € > *
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
)y € >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
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Post-Inflationary Axion Asymmetric DM
N Freeze-In DM -
>
SIMPs / ELDERS
.- E s
AI‘XIV. 170704591 Beryllium-8
>
Muon g-2
ey
Small-Scale Structure
€ > >

Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

€ | | | | | | | | 1 1 | 1 1 L 1 | 1 1 | L 1 | )} | >
| | | | | | | g T Yy Y vy vy vy v e Wy
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30M

Baryon=ilatter

Dark Energy
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Dark matter?
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Vo (km/s)

Searching for Dark Matter and Forces @ Belle/Belle II

Search for events with missing
energy, particle disappearance,
dark forces, single/multi-photon
final state events, etc.

Vector portal €Fy'F',, (dark photon A ),Z 0g'l y'Z 1 (dark Z')
[

Scalar portal AH?*S*+uH*S (dark Higgs)
: Gagg ~uv, Gay v :
Axion portal . aG,,G""+—X 4 YaF, F"" (axion,alps)

Neutrino portal i (HL)N (sterileneutrinos)

More ...

13



Vor (km/s)

Searching for Dark Matter and Forces @ Belle/Belle II

Vector portal

Scalar portal

Axion portal
Neutrino portal

More ...

Search for events with missing
energy, particle disappearance,
dark forces, single/multi-photon
final state events, etc.

eFy"F' . (darkphotonA')|Y>, 6g'1y'Z" 1 (darkZ")
l

A H*S*+uH*S (dark Higgs)

G G
ZggaGwG“V+ 1 Y aF, F"" (axion,alps)

k(HL)N (sterileneutrinos)

14



Lepton non-universal coupling: the L -L. model and a dark Z’

The model is a new gauge boson, Z’, which couples to L, — L,. The interaction Lagrangian is
L = gV Zpu+ g2, — g0 2w+ 9O 2,

The equations for the partial widths are,

w "N M QM2 AM?
® o T(z ity = WMz [y J 1— £ 9(My — 2M,
od P4 (2" = ) 127 * M2, M2, (Mz ),
e '
e = Z N2
O / — (g) MZ’
\ 4 I'(Z" — = —.
~e \0 ( veve) 24
. X
Au + . o '_) v
N\ BR(Z' = invisible)= _ZF(Z Vl\ﬁ) -
® 2T(Z'>vV)+T(Z'»un)+T(Z'>t7)
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Lepton non-universal coupling: the L -L. model and a dark Z’

The model is a new gauge boson, Z’, which couples to L, — L,. The interaction Lagrangian is
L= gV Z pu+ g M2 — g0 Z v + 9 0 2 v

The equations for the partial widths are,

w N2 M QM2 AM?
® e TI(Z — it _ WMz () £ 1— £ (Mg — 2M,
- P (27 =767 127 T, az, Y Mz ),
e '
P = Z N2
O / — (g) MZ’
v <z — = /72
\o \0 - ( WW) 247
NG . 2T (2'5v,v)
u BR(Z' = invisible)= — - -
® 2T(Z'>vV)+T(Z'»un)+T(Z'>t7)

First physics paper @Belle Il, PRL 124, 141801 (2020), arXiv:1912.11276

Belle Il Preliminary ® 2018 data

S, biagkground Belle 11 2018 - Simulation oL
3.0 - mmm signal: My = 3 GeVv/c? 102 =
: E _[Ldr: 276 pb”'
2.5 L
efe— wify)
10 ; efe— Tt ly)
2.0 E %E*E'H efen U’
— ete— T (Y) . 2
1.5 T Heesceee 10
E FEete o ete(y)
1.0} L,-L, (obs.) 90% CL UL
107 P 1073 Belle Il 2018 Ly-L.. BRZ'> inv)=1 (obs.) 90% CL UL
-1 — Ly-L (sensitivity) UL
05 J Ldt = 276 pb -=--Ly-L.. BF(Z'= inv)=1 (sensitivity) UL
0.0 -2 - o b b b b b b by |
0 1 2 3 4 5 107, 1 2 3 4 1074
p.Téclmin [GeV/c] Recoil mass [GeV/c?] ° 1 2 N ¢ Ci ® 7 8
M, [GeV/c]
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https://arxiv.org/abs/1912.11276
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Lepton non-universal coupling: the L -L. model and a dark Z’

The model is a new gauge boson, Z’, which couples to L, — L,. The interaction Lagrangian is
L= g Zu+ gz, T — g0 Z v+ g v 2 v v

The equations for the partial widths are,

u N2 My 2 M2 AM?
© o T(z oty = WMz 2MN L AME G o
‘ / / ( ) 127 M%, M%, ( Z f):
e '
e < Z N2
© ’ _ (g) Mz
4 I'Z" — vyry) = —F——.
e \‘ ( eve) 247
+ X
u . 2T (Z "> vV,
N\ BR(Z' = invisible) = 2122 vv) -
® 2T(Z'>vV)+T(Z'»un)+T(Z'>t7)
New and improved PID system (KLM) and new machine learning
analysis techniques based on artificial neural networksANNSs,
provide better selection and better sensitivities
o Belle 112018 - Simulation (1) set parameters , \
U mmm Signal: Mz = 3 GeV/c? = ; Q ; ‘//,,,, — o 0:7 .
i -;‘.-f._'_"’:;},_\ Pranrast () (7 AD 5D @ A 0
20f e Py tmee) QD i D s
e G, Plues () QI DD~ @y i
LA ; SR s p:(l’-"+“_) @ = \. @ g @ o ; 0.2 1 o back d
S M R A, o ¢ Punzi ¥ ackgroun
1.0} < @ U 0.6 g g ® signal
fe @ signal region Oé; __ ) ) , , s
@ 0O 1 2 3 !Il 5 17

plimn [GeV/c]



Lepton non-universal coupling: the L -L. model and a dark Z’

The model is a new gauge boson, Z’, which couples to L,, — L-. The interaction Lagrangian is
L =~ Z,p+g M2, — g v A2 v + 90 Y 2 v L

The equations for the partial widths are,

w "2 M 2M? AMP?
® 4 / +p—\ — (g')"Mz ‘ Ay L
e /0 D(Z' =) = S —(1+ M2, 1 M, O(Mz — 2My),
- e '
e e Z N2
+ (¥ / — (g) Mz
(7 — = 2/ &
¥ ~e r 4 \0 ( azy v
" X
u ; Vv
Ny BR(Z' - invisible)= _ZF(Z V’V_’) =
® 2T (Z'»>vv)+T(Z' >un)+T(Z'>t7)

New and improved PID system (KLM) and new machine learning

PRL 124, 141801 (2020), analysis techniques based on artificial neural networksANNS,
arXiv:1912.11276 provide better selection and better sensitivities
1 o Belle Il Simulation Expected 90% CLs UL - Median
100 —
107 F— lo-1
™ 102 o 1072 |
10*3 Be”e ” 2018 -E::t,((l’::()z?jq:n(\:/;?(‘obs.) 90% CL UL 10_3 :-:”//_/:_ I[_dt = gfb—l R ILdt = 50 fb—l
I Ldt = 276 pb'1 iiui«(z‘:iz“lm)_’) ULl I S ILdt = 50 fb~! (more inclusive trigger)
i PR s e, pmm Belle 1l PRL124, 141801, det = 0.276fb!
107 o e e T N N A
0 1 2 3 4 5 6 7 8 18

M,. [GeV/c] Mz [GeV/c?]


https://arxiv.org/abs/1912.11276

Dark Higgs-strahlung @ Belle Il

See B. Batell, M. Pospelov, and A. Ritz Phys. Rev. D 79, 356 115008 (2009), arXiv:0903.0363

e’,u’etc.
Al el ete. Thanks to (small) kinetic mixing with the
e, el standard model photon, the dark photon A
et h' can decay to standard model final states
LAY e
----- *-X-A'*- < + + ) ,M ,e ’
y e,u ,etc.
_ A’
e e,u ,etc.
, . Higgs-strahlung process
h'= dark Higgs,

A'= dark photon
Higgs-strahlung: h' decays depending on M, and M,. Measures the coupling constant of the

dark photon to the dark Higgs, a_.
M >2M, . :h' - A'A’', Very low background.

Exclusive: 3 charged tracks pairs with same invariant mass and total energy of the
event.
Inclusive: 2 charged tracks pairs, same invariant mass, third A’ from 4-mom.
of e*e” system
M, <M _<2M_:h" - A'A™

M _<M_: h' (very) long-lived.

19


https://arxiv.org/abs/0903.0363

Dark Higgs-strahlung @ Belle Il

See B. Batell, M. Pospelov, and A. Ritz Phys. Rev. D 79, 356 115008 (2009), arXiv:0903.0363

e’,u’etc.
e,u ,etc.
A e’,u’etc. h' .
e h' .~ - e
A e ,u ,etc.
""" *XA’* < . XAr* ' +
Y e ,u ,etc. * w
Al Y A’
e e,u,etc. e w
_ Higgs-strahlung process
h'= dark Higgs,

A'= dark photon
Higgs-strahlung: h' decays depending on M, and M,. Measures the coupling constant of the

dark photon to the dark Higgs, a_.
M >2M, . :h' - A'A’', Very low background.

Exclusive: 3 charged tracks pairs with same invariant mass and total energy of the
event.
Inclusive: 2 charged tracks pairs, same invariant mass, third A’ from 4-mom.
of e*e” system
M, <M _<2M_:h" - A'A™

M <M, h' (very) long lived.
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Dark Higgs-strahlung @ Belle Il

See B. Batell, M. Pospelov, and A. Ritz Phys. Rev. D 79, 356 115008 (2009), arXiv:0903.0363

e’,u’etc.
e,u ,etc.
A e’,uetc. h'
e h' .~ - e
A 1(*) e, etc.
""" ;""'X"'A"’;k" < -----------X---A--';k-- : +
y e ,u ,etc. * u
Al Y A’
e e,u,etc. e w
_ Higgs-strahlung process
h'= dark Higgs,

A'= dark photon
Higgs-strahlung: h' decays depending on M, and M,. Measures the coupling constant of the

dark photon to the dark Higgs, a_.
M >2M, . :h' - A'A’', Very low background.

Exclusive: 3 charged tracks pairs with same invariant mass and total energy of the
event.
Inclusive: 2 charged tracks pairs, same invariant mass, third A’ from 4-mom.
of e*e” system
M, <M _<2M_:h" - A'A™

M <M, h' (very) long lived.
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arbitrary units

Dark Higgs-strahlung @ Belle 1l with 10/fb

See B. Batell, M. Pospelov, and A. Ritz Phys. Rev. D 79, 356 115008 (2009), arXiv:0903.0363

— e'e > U
o = eeT > u'w(y)

P

cosf

Recoil mass [GeV/c?]

Current focus on p*p+invisible

Identical final state as for final state, plans to extend to e*e
+invisible g

the invisible Z’ search .
Low SM background

Allows simultaneous e’

search of a dark Higgs

bosonand ofdark 77 o X A )

photon Y, n u
e_ -

Existing limits only from
KLOE "

Higgs-strahlung process
h'=dark Higgs, A'= dark Photon

°r 1073
- Belle Il Simulation Expected 90% CL UL
5 [ cdt=9fb1 Preliminary
[ 4104
4t
3t 1105 §
; o Approaching
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Axion Like Particles (ALPs) at Belle Il
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Axion Like Particles (ALPs) at Belle Il

107"
N E  Invisible

1072 3

10k

Resolved

10'5;—
, " 10'6;

. 107k JHEP 1712 (2017) 094

10—8 el 0 el n il N M
10 1073 1072 1071 100 10!

m, [GeV]

i
ayy L€V |

Three photons that add up to the beam energy + bump on diphoton mass.
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New Phenomena Session
Latest results on T and dark sector physics at Belle I1
Summary
* Presented a selection of recent results and ongoing analyses
* We are accumulating data at unprecedented luminosity

* Many results to be expected in the future

Thank you for your attention!

31/03/2021
Gianluca Inguglia
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