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(g— 2),, 2021 and 2023 measurements

— 2),, 2021 measurement PRL 126, 141801 - 2021
9 H
Aa, = aZ® —a})' = (251 4+ 59) x 10~ corresponding to 4.20

(9 —2),, 2023 measurement 2308.06230

— ex SM _ —11 ;
Aa, = a7® —a)) = (249 £ 48) x 107 corresponding to 5.1


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://arxiv.org/abs/2308.06230

1. The gap between SM and the Experimental result can be bridged
with an improved calculation of @,

2. New Physics is the reason for the gap
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Simplest

L, , - are the lepton numbers

Ly=L —-L, Ly=L,—L,andLy=L,—L,
Three different new gauge groups

so that Gy ® U(1)

L1,2,3

allows for an additional neutral gauge boson (Z7, Z3, and Z3)

7} and Zy mediate Ly = L, — L, and Ly = L, — L,


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.44.2118

Neutrino Trident 7’

N

LZ/ :*%(Z/)aﬂ(z/)aﬁﬁ»%'m?z, Z&Z/O‘ +g/Z:X(1/.2'yO‘({2 — L33+ RRYYUR —TRYYTR)

Lint =—g" BYH Z]p+ g/’w“ZLT*Q/f’,L,LW“ZLV,J,L +9' v Y2 s L

where the g/ is the U(1) gauge coupling, (Z/>a,8 =0q Z/B — 85 Z& is the field strength, £o = (VH , i p,)and

€3 =(vr, ‘rL) are the electroweak doublets. The g’ coupling the new gauge boson Z’ to the electroweak doublets and

the that enhances the rate of neutrino trident production in the L N — Nuu+u’ process.

Neutrino trident production has not been observed so far!


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.091801

7’ channel to sterile neutrinos

Assuming that a sterile neutrino v, that mixes weakly with the active
Va(u,r) States, is added to the SM.

. " p - vo\ _ (cosby sinby (v
+ vy) — \—sinf, cosf,/) \v,
Ve Ve
2M 29
Ly, = g A 2% (1 4 tan? 4, )

A massive Z’ with MeV < m,, < GeV with coupling 102<g <1076
results in the correct relic abundance of sterile neutrinos DM



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.113004

Sterile neutrino candidates

« M, — ¢ plane

+ Magnetic moment of the
muon anomaly favored region

* Nyg¢ — M, = 2.0 MeV from
Planck measurement
constraint 1303.5076

- Sterile neutrino candidates

1073 1072 107! 1
My (GeV)
- my =T7.1keVsin20, =8 x 1076
- my = 30 keV sin20, = 2.2 x 10°¢
-+ my = 50 keV sin26, = 3.5 x 1078
-« my = 100 keV sin20, = 5 x 1077

« (Yo = 4.7 x 107* keV/my)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.113004
https://arxiv.org/pdf/1303.5076.pdf

KEKB and Belle

KEKB and Belle
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Accelerator

KEKB is an e e~ collider made up of two rings, a High Energy Ring, HER and a Low Energy Ring, LER.

Located in Tsukuba and has achieved a record Luminosity of 1 ab— 1
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KEKB together with the Belle detector were responsible for confirming the CPV formalism in the quark

sector, the 2008 Nobel Prize of Physics.
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https://doi.org/10.1016/s0168-9002(02)01771-0

The

Detector

Solenoid (1.5T)
ECL il B =t 11 e+3.5GeV
TOF. '
ACC
cbe

« SVD (Silicon Vertex

Detector)

+ EFC (Extreme

Forward Calorimeter)

+ ACC (Aerogel
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« TOF (Time Of Flight)
+ CDC (Central Drift
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+ ECL (Electromagnetic

Calorimeter)

© KIM (K2 - )
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https://doi.org/10.1140/epjc/s10052-014-3026-9

7’ searches in Belle

7’ searches in Belle
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7’ search modes in B-factories

+ Motivated by:
* the (9 —2),
+ connection to sterile neutrinos as a dark
matter candidate
. Z — L

Martina's talk on Belle II results

- 7' s wvv
- 7' = xXx
- Z' — e pt (LFV)
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https://agenda.infn.it/event/32756/contributions/202204/

Past Z’' Search @ Belle

1?
10—1;
< | 19
107 - ey
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1
m,. [GeV/c?]

- No Z’ signal was found
- Limit set for 0.212(dimuon mass)~ 10 GeV/c?

» Z’ contribution for the (g — 2),, almost excluded 16


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.012003

What did we learn in the Z’ visible search?

HadronB skim tauskimA
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Definitions of

tauskimB

tauskimA
.2 < #qtracks <8
|charge sum| < 2
> P™M<10GeV/c
Y. E(ECL) < 10GeV/c
P, .. > 0.5GeV/c
Evt vtx |r| < 0.5 cm,
cm
7. for 2 tracks events
7.1 Sum of P™ < 9GeV/c
7.2 Sumof E(ECL) <9 GeV
735< emissingmomentum < 175°
8. o« > 3GeVor P,max > 1.0
GeV/c
9. for 2 ~ 4 charged tracks
9.1 By <9 GeV or max
opening angle < 175°
9.2 Nbarrel > 2or
E(ECL)y, < 5.3 GeV

Too tight for the visible Z’

Y

o W & W N

z| <3

-

o W & W N

.2 < #qtracks <8

|charge sum| < 2
M

P, . > 0.5GeV/c

Evt vtx |r| < 1.0 cm,
cm

for 2 tracks events
7.1 i

7.2 Sumof E(ECL) < 11 Gev
735< emissingmomentum < 175°
E .. > 3GeVor Pmax > 1.0

HEG

GeV/c

for 2 ~ 4 charged tracks

9.1 Ey <9 GeV or max
opening angle < 175° or
2< > E(ECL) <9 GeV

9.2 Nbarrel > 2or
E(ECL)y, < 5.3GeV

z| <3

Too loose for the invisible 7’


https://belle.kek.jp/secured/wiki/lib/exe/fetch.php?media=physics:taup:20060929evtcls.pdf

7' decay width and Branching Ratio (BR)
- TNZ =t = (g/f# (1+ 27;%> 1-— 47;% 0(m 5 —2my)
mZ/ mz/

o (g))Pmy,

C T(Z = vyy) = —5 2
—Z - vy,
—Z - ppt
08 —Z - 1Tt

\ \
5 10

m,. [GeV/c?]

=
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The invisible Z’ search

The invisible Z’ search
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7' — invisible er-noet-fully-visible

Vi —
c T

+ Recent Belle II publication renders Belle analysis not competitive
< Z" = xX

/
° Z — V[Vf
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https://arxiv.org/abs/2306.12294

What does it look like?

Recoil
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7’ — invisible handmade selection

How were the cuts elaborated?
- 2D histogram z : M2,
+ Signal resolution o is obtained under the studied cut
- ¢ detection efficiency at fixed Z’ mass under cuts
- Bis the integration of backgrounds around (£30) Z’ mass

/B maximized

23



Background sources

survives
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no
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BBBREM

no

AAFH(Diag36)
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PHOKHARA

no
no
no
no
no
no
no
no
no
no

BABA

no
no
no
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7’ invisible selection criteria list

o Ul A NN

~

11.

. 2 tracks of opposite charge only, 2 1 ID
. Vertex fit of the the 2 tracks, CL cut
H 2 2 *
. Energy conservation dependent on M, = s + i — ZEW\/E
. Energy sum of neutral cluster, ECL

. p; of the two tracks sum dependent on M

. 6.1 Mass conservation on M 5/

6.2 Opening angle between tracks

. Recoil muon pair polar angle

. Azimuthal angle difference between final state 4-vector and

neutral clusters

. Z' missing angle cut

10.

tauskimB replaced by tauskimA

* L

/ . .
p;Z" projection on puax and prk

25



Cut example: p-value

Track quality, p-value, based on Vertex Fitter

1 1

10°

10

! s ! 10° &
S 05 = S 05F | €
a 12 = ' 3
(6] (&

, 10

B it 107 I ,
: : . , i
o 50 700 0= 50 100
M [GeV?] M2 [GeV?]
Selection curve for all Z’ mass Selection curve for exp65 data.

hypotheses signal MC.
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Cut example: AFE

10 x10°
= 2 Il
2 5
g s00l 15 /\\
= E o
2= 1 s
i = o 10 *, !
. H 2 s
W S 100 3 g
o
o -sf 107"
“ 8 0.5
Q 50 00 B ] 5 m, = 3.000 GeV/c?, g = 575.42 MeV/c*
M [GeV?] AEGE® -E)[GeV] % 2 4 L
ce Amo, # M, [GeV]
+ How many o should be taken

to maximize FOM?
On the left
and on the right

e/ B

%mz =8.000 GeV/c?, o = 575.42 MeV/¢*

AM o #
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Cut effects on m, = 50 MeV/c? o = 185.5 MeV/c?

107"
1072
107
107
10°°
107
1077

m,. = 0.050 GeV/c?, o = 185.49 MeV/c?

L]
" g

o
o

Selection criteria #

——— e'e—p'uZ, Z-vy,or syyx

—a— e _)“+u—

& e'e’ T

R TNTNTTY
e'e—e'eu’w

#0, no cuts

#1, 2 tracks & ZQ:O

#2, CLV|x

#3, Energy conservation

#4, Esum

#5, P,

#6a, Mass conservation

#6b, Open angle between tracks
#7, Recoiling muon pair polar angle
#8, cos(0, - )

#9, 6

missing Z'
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Extra cut from Belle II analysis

*+ Missing transverse momentum in cms: pr
q . * L
+ Maximum momentum muon in cMs: Pmax
» Minimum momentum muon in cms: p.i
: 4P pmax = Oy
L
* ZpiZ P = O

/ .
+ Projection: p;Z sina; = Py

. . / .
- Projection: pi% sina,,, = p.in,

29



Diagonal cut
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FOM comparison

B = HCC
-2 » PINN
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The

Initial optimisation

O
o $.G)
o

P pm) BN

999696060

+ Layers:

1. input (32 nodes)

2. hidden (64 nodes)
. hidden (64 nodes)
. hidden (32 nodes)
. hidden (16 nodes)
. hidden (8 nodes )
. output (1 node)

~NO Ul bW

selection

@BCE

t
ow

Lpt +pthrust
nw

Lpt Pthrust
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https://link.springer.com/article/10.1140/epjc/s10052-022-10070-0

Background sources and detection efficiency

102} * Data, exp65 - Y (4S) I
F —Simu, all L = HCC
' [ —Simu, p*p
2 F —simu, 't F + PINN
& b —Simu, e'e [
8 0.2
3
E 10 - L
@ 2 L
g k]
ir K=l r
=
w
iL 0.%
0 20 40 60 80
M. [GeV/c?
1.4
%) E
s :
8 £ 0
S o8
06 m,. [GeV/c?]
0 0 40 60 80

Hand Crafted Cuts (HCC)

Physical Informed Neural Network
(PINN)
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Preliminary Limit in Comparison with

—1 ]
1070 puBelle, +10, PINN

o
1072

103 —Belle 1l
F(92)#20 CCFR
i CHARM-II
R | Ll R
1072 10! 1 10

m.. [GeV/c?]

- PINN trained with 60 ab™! MC samples

+ Extrapolation on 3% of the total Belle data (exp 65) 9


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801

Trigger Efficiency (Signal)

Belle Trigger Belle IT Trigger

Trigger signal efficiency, after MLP
0.8]
K ks % IR
0.6 A:. IRTT I AL LT
a v ‘o H
o
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! b —
0.2 . L4 DDD .'. 0.65| —— C‘{)CKLM i
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The leptophilic scalar search @ Belle

The leptophilic scalar search @ Belle

36



What if instead of the vector boson mediator (Z’, A”) a leptophilic
dark Higgs (¢;) is responsible for (g — 2>u ?

£L=—¢ Zz %%Lg ¢, production

- { are all leptons, and m, their masses
« & is the coupling strength
« v = 246 GeV is the vacuum expectation value of the Higgs Field

37


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.035006

Search for the ¢; at Belle

Signal decay modes (MadGraph 5)
cete” > 1T ¢,

1. ¢ —eTe” formy < 2m,

2. ¢ = ptp formy > 2m,(7)

Data sample and backgrounds
- 626 b1 = 562(T(49)) + 64(Y(4S) — 60 MeV)

1. ete” —qq, q=u,d,s,c
2.ete” =0, b=e,pu,T
3. unsimulated eTe™ — 77 e(u) Te(u)”
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https://arxiv.org/abs/2207.07476

Selection Criteria

. events with 4 tracks

. transverse distance from IP < 1 cm
. longitudinal distance from IP < 5 cm
. net charge of the event is zero

. at least one track ID is puor e

u b~ WN -

Reconstruction

1. ¢, from ee or pp common vertex
2. remaining 2 tracks are daughters from 7

Major background

cete” > 7T

* to remove radiative Bhabha (put) a rectangular cut
1. M, € [2,6] GeV/c?
2. 65, € [30°,150°)

miss
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https://arxiv.org/abs/2207.07476

To suppress the surviving background a boosted decision tree (BDT),
GradientBoostingClassifier from scikit-learn assigns 5 BDT
scores

SR (Signal Region) Signal Score > 0.5
1. ¢y —efe (utum)

GCR (General Control Region)

2. 7t

3. ete (upT)
4, q(ji
5. BB

40


https://arxiv.org/abs/2207.07476
https://jmlr.org/papers/volume12/pedregosa11a/pedregosa11a.pdf

Results: GCR and SR
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https://arxiv.org/abs/2207.07476

Results: ¢ coupling limit

10!

10°

107t

1072

3

£ Orsay
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- E137
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sl sl Ll T
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https://arxiv.org/abs/2207.07476

Summary

43




Leptophilic Z" and ¢; outlook
+ Finally touching very low mass parameter spaces in Belle

- Belle full data (~1 ab™"') analysis of the Z” invisible hopefully
before winter

+ Currently using Belle II machinery tuned to the Belle background and
efficiency

a4
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