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(U. Saclay), J. Zupan (U. Cincinnati)

October 21, 2020

Michele Tammaro (IJS) LLP@Belle2 October 21, 2020 1 / 19



First GAZELLE idea last year (draft never published)

LOI for Snowmass21

Meeting started two weeks ago
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Where are food and wine?

Due to Covid, meeting informally and ”shooting” ideas and questions is nearly
impossible.

Sadly, instead of food and wine at Belica, I only have...

Food for thoughts: Belle II potential for NP searches, interesting models for LLPs.

Food for questions: work is at very initial stage, inputs and questions are welcome.

Food for collaborations: short-term goal is to submit a ”white-paper(s)” for
Snowmass21, if anyone wants to jump in.
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Belle II at SuperKEKB

SuperKEKB: circular Electron - Positron collider in Tsukuba, Japan

e-

e+
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Belle II at SuperKEKB

Wide angle coverage (∼ 17◦ − 150◦) and low-background [Belle II Physics Book: 1808.10567].
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Belle II at SuperKEKB

COM energy on the Υ(4S)(10.58 GeV) resonance, produces B0B̄0 pairs in 1−− state.

Luminosity goal is 50 ab−1 → ∼ 1011 B, D and τ pairs produced
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Long Lived Particles

Long w.r.t. detector scales: displaced vertices or invisible decays.

Wide variety of physical motivations:

Mediators to a Dark Sector (ex: dark photons)

New ∼GeV scalar and pseudoscalars (ex: ALPs)

Flavor specific models (ex: Heavy Neutral Leptons)

Other ideas?
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Belle II gains in LLPs searches thanks to geometry (longer lifetimes) and luminosity
(higher statistics)

Thanks Susanne Westhoff for the picture
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What can we do?

1 Provide interesting benchmarks (pheno people job)

2 Explore the reach of Belle II for these (experimentalists job)

3 New ideas to exploit Belle II potenital (joint effort)
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Scalar portal

Light scalar mediator to DM mixing with the Higgs after EWSB [Filimonova, Schäfer, Westhoff:

1911.03490]

Lint ⊃ −λφ|H|2−yχφχ̄χ ⇒ Lint ⊃ yχ(sθhχ̄χ+cθSχ̄χ)+
∑
f

mf

v
(cθhf̄f+sθSf̄f)

The scalar inherits Higgs-like hierarchical couplings to fermions.
Top loop-induced FCNC

Visible decay:

B(B → KS)B(S → F ) ∝ s2θΓF /ΓSM F = 2µ, 2π, 2τ, 2D...
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Visible decay

Assume S decays in the CDC with fully reconstructed final states (zero background)

4

Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c✓. This
suppresses the Higgs signal strength defined by
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where �h is the Higgs production rate and B(h ! vis)
the branching ratio to visible final states. Current
global analyses constrain universal modifications of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [46]. The ex-
pected reach for dark scalars depends on the invisible
decay rate �h

��̄. For y� = 1 we expect that mixing
angles down to ✓ = 0.008 will be probed. The sensi-
tivity is comparable with the current BaBar bounds
from B ! K /E, but less than predicted at Belle II.

IV. DISPLACED VERTEX SIGNATURES

If invisible decays are kinematically forbidden or ab-
sent, dark scalars leave signatures with visible de-
cay products. Due to the flavor-hierarchical cou-
plings, scalar decays to light leptons or mesons are
suppressed, while scalar production through the top-
quark coupling is sizeable even for small mixing ✓.
The scalar has a nominal lifetime of roughly c⌧S =
c/�S ⇡ s�2

✓ nm and becomes long-lived at detector
scales for ✓ . 10�2. This leads to signatures with
displaced vertices, which are perfect targets for fla-
vor or beam dump experiments.

At e+e� colliders, light scalars can be abundantly
produced from BB̄ pairs at the ⌥(4S) resonance with
subsequent B ! KS decays. Direct production via
e+e� ! S is strongly suppressed by the tiny electron
coupling. Alternative searches for radiative Upsilon
decays ⌥(n) ! S� through the b-quark coupling at
BaBar exclude strong mixing ✓ & 0.1 [47–49].

Measurements of B ! K(⇤)µµ̄ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
✓ ⇡ 10�3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [50, 51]. By reinterpreting the search
for B+ ! K+S(! µµ̄) [51] we exclude scalar mixing
down to ✓ ⇡ 10�4, shown in blue in Fig. 2. Ve-
toed regions around the resonances K0

S ,  (2S) and
 (3770) are partially excluded by a similar search for
B0 ! K⇤S(! µµ̄) decays [50].

To date, the only search for long-lived scalars at
e+e� colliders is an inclusive search for displaced ver-
tices of charged leptons, pions or kaons by BaBar [52].
From this analysis BaBar has derived upper bounds

FIG. 2: Searches for dark scalars with displaced vertices.
Shown are 95% CL bounds from B+ ! K+S(! µµ̄)
searches at LHCb [51] (blue) and 90% CL bounds on
B(B ! XsS)B(S ! f) with f = µ+µ� (yellow) and
⇡+⇡� (orange) from an inclusive search by BaBar [52].
Regions of 3� significance at BELLE II are shown for
B ! KS(! f) with f = ⇡+⇡�, µ+µ� and ⌧+⌧� (green).
For comparison, we show projections for B ! Kµµ̄
at LHCb Run-3 (blue curve) and NA62 (red curve), as
well as predictions for future long-baseline experiments
(dashed curves).

on the branching ratio B(B ! XsS)B(S ! f) for
di↵erent final states f . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ+µ� (yellow)
and f = ⇡+⇡� (orange). The sensitivity is limited
by hadronic backgrounds from K0

S , ⇤, K± and ⇡±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusive B ! KS(! f) decays
at Belle II, where K stands for either K0, K+, or K⇤

excitations. Promising final states are f = µ+µ� and
⇡+⇡�, K+K� for scalar masses mS . 2 GeV, as well
as ⌧�⌧+, D+D� or 4⇡ for heavier scalars.

Let us first focus on displaced muon pairs, which
probe a large range of scalar masses 2mµ < mS <
mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct
the B momentum. The reconstruction of the full fi-
nal state strongly suppresses background from dis-
placed hadron decays, making this search largely

Michele Tammaro (IJS) LLP@Belle2 October 21, 2020 11 / 19



ALPs

Search for e+e− → aγ, a→ γγ using 445 pb−1 luminosity [PhysRevLett.125.161806]

Assumed B(a→ γγ) = 100%. ALP models can include also af̄f couplings.
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Tau specific models

Heavy Neutral Lepton:
Lint =

∑
α,I

cα,I(L̄αH)NI

After EWSB the HNL mixes with να with mixing angle Uα.

Production:

Flavor universal: produced by B± → N``
± and B → N`D`

Tau flavored: production dominated by τ decays, e.g. τ → Nπ−

Decay:

Goes through off-sell W and Z into 2 or more leptons + neutrinos

Belle II reach study needs to be done, I expect similar - smaller than scalar due to
multiparticle final state (if decays into CDC and fully reconstructed)
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Tau specific models

Light scalar coupling with charged leptons (no mixing with the Higgs):

Lint =
∑
α,β

yαβ
Λ

(L̄αH̃)`R,βS

If y23, y32 6= 0 and other yαβ small, could explain (g − 2)µ

mS < mτ −mµ excluded by τ lifetime

mS > mτ +mµ prompt decay through S → τµ

mS ∈ [mτ −mµ,mτ +mµ] is long-lived, decays through S → µτ∗ → µνX where
X = µν, eν, π, ρ...

Prompt decay could be searched at Belle II, long-lived case could be searched at
GAZELLE (next slides).
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GAZELLE

GAZELLE is the Approximately Zero-background Experiment for Long- Lived Exotics1

Different locations are now being considered by Belle II people in the collab.

1It is a recursive acronym: https://en.wikipedia.org/wiki/Recursive acronym.
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Advantages

Wide angular coverage, also means better mass reconstruction

Most of the CR background can be rejected by requiring two (even #) charged
tracks originating from inside Belle II concrete shielding (also kinematic constraints
for 2-body decay)

Correlating GAZELLE with Belle II would improve BG rejection and mass
reconstruction

Open questions:

What is the reach of GAZELLE compared to Belle II for different models (ALPs,
Scalars, iDM...)?

Muon can produce KL in the concrete and these decay outside, what is the punch
through rate of KL?

Flux of neutrons close to the shielding walls can become an issue at designed
luminosity
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Projections (Take them very carefully)

Reach for τ flavored Heavy Neutral Leptons
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Stage 1: 50 ab−1

Stage 2: 250 ab−1
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Projections (Take them very carefully)

Reach for τ flavored Light Scalar
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Stage 2: 250 ab−1
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Conclusions and remarks

Belle II is delivering data and will do more

Lot of potential for LLP searches, pheno work and new ideas are welcome

If interested:

Let’s discuss

Open workshop 10-11 Dec. at (virtually) DESY: ”Long-lived particles at Belle II”.
On Friday 11th

Link Workshop: https://indico.belle2.org/event/2920/
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