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Probing Dark Forces with Polarized Beams at Chiral Belle

Outline

e Dark bosons
e What is “Chiral” Belle?
 How could (Chiral) Belle detect dark vectors?

* Mono-photon searches: backgrounds, reach, and discrimination
power
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DM detection
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DM portals

Mediator

Adapted from:
arXiv:2410.23454 - Canadian Subatomic
Physics community; Symmetry Magazine; ATLAS

1. Vector portal

2. Scalar portal

3. Neutrino portal


https://arxiv.org/pdf/2410.23454
https://www.symmetrymagazine.org/article/voyage-into-the-dark-sector?language_content_entity=und
https://atlas.cern/Discover/Physics

DM portals

Mediator

Adapted from:
arXiv:2410.23454 - Canadian Subatomic
Physics community; Symmetry Magazine; ATLAS



https://arxiv.org/pdf/2410.23454
https://www.symmetrymagazine.org/article/voyage-into-the-dark-sector?language_content_entity=und
https://atlas.cern/Discover/Physics

X as a dark vector (spin-1) — V,

generic coupling to electrons

Z D - Vﬂéyﬂ(gv + gA}’S)e



X as a dark vector (spin-1) — V,

generic coupling to electrons

Z D+ Ver'(gy+ gar)e

mass generated via Higgs or Stueckelberg mechanisms 771y << 11y
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X as a dark vector (spin-1) — V,

generic coupling to electrons

L D = V.ey'(gy + gar)e

mass generated via Higgs or Stueckelberg mechanisms 77ty << 77y

specific cases:

€
- Kinetically mixed dark photon Z DO F, B"
2 cos Oy,

11 Okun (82), Galison and Manohar (84), Holdom (86)



X as a dark vector (spin-1) — V,

generic coupling to electrons

L D = V.ey'(gy + gar)e

mass generated via Higgs or Stueckelberg mechanisms |

couplings are mostly vectorial®
specific cases:

€ m :
- Kinetically mi Z D [/ BHY ~ —ce, g, ~107 [ —
Kinetically mixed dark photon 5 cos O 1 8y = — €€, 8, ( 5 GeV) 8v

*Curtin et al (14)
12 Okun (82), Galison and Manohar (84), Holdom (86)



X as a dark vector (spin-1) — V,

generic coupling to electrons

L D = V.ey'(gy + gar)e

mass generated via Higgs or Stueckelberg mechanisms 77ty << 77y

specific cases:

2
- Kinetically mixed dark photon g, ~ —¢ce, g, ~ 107" ( : ZZV) 8y

- Mass mixed dark Z /' > — 2¢,m;7"7, gy~ —0.05e,e, g,~—13g,

13 Davoudiasl et al, (12)



X as a dark vector (spin-1) — V,

generic coupling to electrons

L D = V.ey'(gy + gar)e

mass generated via Higgs or Stueckelberg mechanisms 77ty << 77y

specific cases:

2
- Kinetically mixed dark photon g, ~ —¢e, g, ~ 107 ) g
S GeV
- Mass mixed dark Z g, ~ —0.05¢,¢, g, ~—13g,

- Right handed vector &v = 84 couples only to RH fermions g4+ gyl S 107%  (APV limits)

14 Marciano and Rosner (92), Porsev et al (10)



X as a dark vector (spin-1) — V,

generic coupling to electrons

L D = V.ey'(gy + gar)e

mass generated via Higgs or Stueckelberg mechanisms 77ty << 77y

specific cases:

2
- Kinetically mixed dark photon g, ~ —¢ce, g, ~ 107" ( d ) gy
S GeV
- Mass mixed dark Z g, ~ —0.05¢,¢, g, ~—13g,
- Right handed vector &v = &84

- Generic dark vector both kinetic and mass mixing

15



Probing Dark Forces with Polarized Beams at Chiral Belle

Outline

 Dark bosons
 What is “Chiral” Belle?
 How could (Chiral) Belle detect dark vectors?

* Mono-photon searches: backgrounds, reach, and discrimination
power
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The Belle Il detector
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The Belle Il detector

/s = 10.58 GeV

Belle |l
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The Belle Il detector

/s = 10.58 GeV

*Program includes:
- LFV tests.
- CKM unitarity.
- CP violation. = "
- Rare decays.
- Dark sectors.

« A target luminosity ~ 50 ab™!.

* Low systematics and backgrounds
due to high integrated luminosity and
colliding elementary particles.

"’/\\t VPOSltron

Belle |l
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The Chiral Belle upgrade

/s = 10.58 GeV

- High precision weak NC
measurements.

- NC universality measurements.
-7 g — 2.

- Hadronic structure.

- Richer dark sector
phenomenology.

‘ 4 \ A H
‘ L\LLLMM P N .?MU-L X ff

*M. Roney et al, Belle, Snowmass (21)
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Probing Dark Forces with Polarized Beams at Chiral Belle

Outline

e Dark bosons
 What is “Chiral” Belle?
* How could (Chiral) Belle detect dark vectors”?

* Mono-photon searches: backgrounds, reach, and discrimination
power

21



Possible signals

Mono-photon production “Bhabha”-type scattering
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Possible signals

Mono-photon production



The main signal: mono-photons

For my < 10.58 GeV Vs = 1038 Gev




The main signal: mono-photons

For my, < 10.58 GeV V= 1038 GeV

depends on s, 1y,
and 67



A more realistic case: 70% polarization

\/s = 10.58 GeV

7 GeV 4 GeV 8 \2/ 8/% 8vEA

85 % e, 15 % e; unpolarized
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A more realistic case: 70% polarization

\/s = 10.58 GeV

2 2

7 GeV 4 GeV v  8A 8vEA
et opr=|—+—+14 9
. e’ e? e? a
85 % e, 15 % e; unpolarized

2 2

! OV +OcY 8v , 8A 8v84
e’  e? e?

15% ey, 85 % e; unpolarized
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Probing Dark Forces with Polarized Beams at Chiral Belle

Outline

 Dark bosons
 What is “Chiral” Belle?
 How could (Chiral) Belle detect dark vectors?

* Mono-photon searches: backgrounds, reach, and discrimination
power

28



Backgrounds

dominant EM
ete” = yyy
eTe” = eTe y(y)
NEIEEEER
ete” > yy
smaller irreducible EW

ete” > vy(y)

other small backgrounds

eTe”™ — hadrons + y |
can typically be vetoed from tracks
eTe” > 1Ty

29



Backgrounds

dominant EM
eTe” = yyy
eTe” = eTe y(y)

Inefficiencies y
ete” — vy when one photon is missed due to reconstruction inefficiency ~ 107 *

smaller irreducible EW

ete” > vy(y)

other small backgrounds

eTe”™ — hadrons + y |
can typically be vetoed from tracks
eTe” > 1Ty
30 * Altmannshofer et al, Belle, (19)
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Backgrounds
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Polarization has a modest effect on backgrounds

due to e"e~ — vUy(y) processes.
Signal angular distribution is the same, but its
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strength is modified, affecting the optimal cuts.



Backgrounds

dominant background efe” — yyy
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Belle Electromaanetic Calorimeter (ECL
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Reach
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41 C. Hde Lima, D. McKeen, AO, D. Tuckler [2507.15931]



Reach
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43 C. Hde Lima, D. McKeen, AO, D. Tuckler [2507.15931]



Discriminating power of polarized beams

Dark Photon A’

— 40 ab~! unpol. 20 ab~! P = —0.7
— 20ab ' P=0.7 — AR

L-R

= =2L—-1=1-2R
L+ R

P

44 C. Hde Lima, D. McKeen, AO, D. Tuckler [2507.15931]



Discriminating power of polarized beams

For a 5o discovery, with m,, ~ 3.7 GeV

2
Dark Photon A’ - L 10-3 My
gy = —e€e, g, ~10 8y
5 GeV
— 40 ab~! unpol. 20 ab~! —0.7
—— 20ab ! P=0.7 — Arp \
—1.0
—1.0 —0.5 0.0 0.5 .
gv/e [107] ~ L-R

P =2L—-1=1-2R

- L+R

the assumed underlying model

45 C. Hde Lima, D. McKeen, AO, D. Tuckler [2507.15931]



Discriminating power of polarized beams

For a 5o discovery, with m,, ~ 3.7 GeV

Dark Photon A’

— 40 ab~! unpol. 2'b_1 P=-0.7
—— 20ab™! P=07 —— Ark

L—R
P_

= =2L—-1=1-2R
shaded areas are the preferred L+R

T 10 reglions 46 C. H de Lima, D. McKeen, AO, D. Tuckler [2507.15931]



Discriminating power of polarized beams

For a 5o discovery, with m,, ~ 3.7 GeV

2
Dark Photon A’ - )
3%

— 40 ab~! unpol. 20 abt! P = —0.7
—— 20ab ! P=0.7 — Arp ,

L—-R

] . ] P =
regions of intersection overlap L+R
with the assumed model 7 C. H de Lima, D. McKeen, AO, D. Tuckler [2507.15931]

=2L—-1=1-2R




Discriminating power of polarized beams

For a 5o discovery, with m,, ~ 3.7 GeV

2
Dark Photon A’ —3 My
~ — ce, ~ 10
8y gA <5 Ge") 8y

Reduces systematics.

‘v. Does not fix absolute scale

—— 40 ab™" unpol, 20 ab~! P j= 0.7
—— 20ab ' P=07 —— Argp |

L—R
P = =2L—-1=1-2R
L+ R

48 C. Hde Lima, D. McKeen, AO, D. Tuckler [2507.15931]



Discriminating power of polarized beams

For a So discovery, with m,, ~ 3.7 GeV B2
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Discriminating power of polarized beams

—}— Dark Photon’
—— Dark Z boson
—+— RH wvéctor

50 C. H de Lima, D. McKeen, AO, D. Tuckler [2507.15931]






Summary and outlook

« The mono-photon process eTe™ — yX offers good prospects for detecting
dark vectors at (Chiral) Belle.

* Unpolarized Belle Il will provide world leading sensitivity in its search of dark
Sectors.

* Polarizing the beams will open a new window into the nature of dark sector
Interactions.

* The biggest backgrounds are currently from detector geometry and
reconstruction inefficiencies.

* Neutrino background is polarization dependent. (Chiral) Belle could enable
the measurement of the Weinberg angle in the neutrino sector! Neutrino
Floor of Belle, similar to DM direct detection experiments. Ongoing work.
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DM detection

DM-—e scattering
Heavy Mediator

Fpm=1

Vo
o
- "' \

0S=pPIS3req

. L] —
Y S g ) [ = -

| v B

.

. .

. [——

DM mass [MeV]
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DM detection
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X as a dark vector (spin-1) — V,

generic coupling to electrons

Z D+ Vﬂé;//’t(gv + gAyS)e

mass generated via Higgs or Stueckelberg mechanisms my, < ni,

specific cases:

2
- Kinetically mixed dark photon g, ~ —¢ce, g, ~ 107" ( i ) 8y

5 GeV assumes sin” 6, ~ 0.23

- Mass mixeddark Z & O — Zf:ez,..m%ZC/}‘Zﬂ gy~ —0.05¢e, g, ~—13g,

In 2HDM ~ & X my,/m,, and APV limits § < 1072
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Backgrounds

a charged particle is considered ‘lost’ if it carries p;r S 0.2 GeV

dominant EM
eTe” = eTe y(y)
e"e” A yr(y)

when one photon is mig

smaller irreducible EW

ete” > vy(y)

other small backgrounds

eTe”™ — hadrons + y

Ty

can typically be vetoed from tracks

eTe” > 17

61 * Altmannshofer et al, Belle, (19)



What if X is a scalar?

Generic spin-0 boson:

L D — pe(gg+ igpy”)e coupling to electrons

1), ) .
< D X (gWF””FW T gnyWFW) coupling to photons



What if X is a scalar?

Generic spin-0 boson:

L D — pe(gg+ igpy”)e coupling to electrons
0, ) -
Z D N (gnyWFW T 8WFWFW) coupling to photons

: : Could be probed via the
This ylelds Op — O angular distribution in the
case of a positive signal
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Other possible signals?

/s = 10.58 GeV

*for ffnot e "e™

64



Other possible signals?

for universal coupling (m, = 5 GeV) * Vs =10.58 GeV

\/ A8V

&

<2x%x107°

*for ffnot e "e™

et
__ 0] — Op S 2 848y
Aig = = — (P)

op+or myp—s Qr e

* Using precision SM measurements estimates of Ag;”_ , and 20 ab~! of data. Aleksejevs et al (20)
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Other possible signals?

for universal coupling (my, = 5 GeV) * V/s = 10.58 GeV

\/ A8V

€

<3x107°

-0.002 -0.001 0.000  0.001  0.002

gv

* Using estimates of Al‘;f_ sensitivity at 40 ab™!. Miller and Roney (24)



Other possible signals?

X
= [hose signals are not as
strong as the mono-photon

channel.

= This channel becomes
important if the dark vector is
heavier and is produced off-
shell

-0.002 -0.001 0.000  0.001  0.002

gv



