Low-mass dark matter, B — Kvy anomaly,
and hyperon CP violation

Jusak Tandean

Based on

XG He, XD Ma, JT, G Valencia, 2502.09603

Tsung-Dao Lee Institute, Shanghai, China

8 April 2025


https://inspirehep.net/literature/2879722

Outline

Introduction: anomaly seen in recent B*—»K*vv data

O

O

Model for a dark matter explanation for it
Implications for CP violation in hyperon decays

O

a Conclusions

J Tandean 8 Apr 2025



PHYSICAL REVIEW D 109, 112006 (2024)

Evidence for B* — K vv decays

(Belle II Collaboration)
® (Received 27 November 2023; accepted 28 February 2024; published 6 June 2024)

We search for the rare decay BT — KTvi in a 362 fb~! sample of electron-positron collisions at the
T(4S) resonance collected with the Belle II detector at the SuperKEKB collider. We use the inclusive
properties of the accompanying B meson in Y (4S) — BB events to suppress background from other decays
of the signal B candidate and light-quark pair production. We validate the measurement with an auxiliary
analysis based on a conventional hadronic reconstruction of the accompanying B meson. For background
suppression, we exploit distinct signal features using machine learning methods tuned with simulated data.
The signal-reconstruction efficiency and background suppression are validated through various control
channels. The branching fraction is extracted in a maximum likelihood fit. Our inclusive and hadronic
analyses yield consistent results for the BT — K*vw branching fraction of [2.7 4 0.5(stat) 4 0.5(syst)]| x

1075 and [1.17¢ (stat) T02 (syst)] x 1073, respectively. Combining the results, we determine the branching

fraction of the decay BT — K*ub to be [2.3 £ 0.5(stat) 103 (syst)] x 1075, providing the first evidence for
this decay at 3.5 standard deviations. The combined result is 2.7 standard deviations above the standard
model expectation.
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Standard-model contributions to B *» K'vv
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FIG. 1. Lowest-order quark-level diagrams for the BT — K vp
decay in the SM are either of the penguin (a), or box type (b):
examples are shown. The long-distance double-charged-current
diagram (c) arising at tree level in the SM also contributes to the
BT — KTvr decay.
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B*— K'vv excess
Combination of BABAR, Belle, and Belle Il results yields
B(BT = KTWD)wp = (1.34+0.4) x 107°

O

Belle I, 2024

This is about 2o bigger than the SM expectation.

O

o More data are needed to confirm if this excess is evidence for new physics.

a As the neutrinos in B*->K*vv measurements are undetected, it’s possible that one
or more invisible particles beyond the SM are also emitted in B*—=K* + invisible.
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B*— K'vv excess
o Combination of BABAR, Belle, and Belle Il results yields
B(BT = KTWD)wp = (1.34+0.4) x 107°

Belle I, 2024

a This is about 2o bigger than the SM expectation.

o More data are needed to confirm if this excess is evidence for new physics.

a As the neutrinos in B*->K*vv measurements are undetected, it’s possible that one
or more invisible particles beyond the SM are also emitted in B*—=K* + invisible.

a It's interesting to entertain a dark matter scenario to explain the excess, via the
contribution of B*—»K*DD with low-mass dark-matter particles, D.

a There are ongoing searches by PandaX and other groups for low-mass dark matter
interacting with nucleons.

J Tandean 8 Apr 2025 6



New physics model with light DM and expanded flavor sector
a An attractive renormalizable model is a two-Higgs doublet model of type Il
supplemented with a real scalar boson acting as the dark matter.

a This scenario offers at tree level

» flavor-changing neutral-Higgs transitions
» Higgs-portal DM interactions with SM fermions.

a For sufficiently low masses of the DM, the model can supply the transition b—sDD
mediated by heavy Higgses and responsible for the B*—K*+invisible excess.
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New physics model with light DM and expanded flavor sector

a An attractive renormalizable model is a two-Higgs doublet model of type Il
supplemented with a real scalar boson acting as the dark matter.

a This scenario offers at tree level

» flavor-changing neutral-Higgs transitions
» Higgs-portal DM interactions with SM fermions.

a For sufficiently low masses of the DM, the model can supply the transition b—sDD
mediated by heavy Higgses and responsible for the B*—K*+invisible excess.

a The quark sector accommodates strangeness-changing interactions among light
quarks, also mediated by heavy Higgses at tree level, that can provide new sources
of CP violation in nonleptonic hyperon and kaon decays.

a Thus, this relatively simple model can be probed by a variety of currently running
experiments (PandaX, Belle II, BESIII, LHCb, ...).
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Lightest strange hadrons
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Yukawa sector
* Lagrangian for Higgs-quark interactions

L= 2 G{—d[(¥0), H+(52), H;| —imyu, | (87), H; +(33) , H; | } + He.

J,k=1,2,3

q; (d and w,) represent left-handed quark doublets (right-handed down- and

up-type quark fields, respectively), H, , Higgs doublets, 7, the 2nd Pauli matrix,
and ¥77; Yukawa coupling matrices.

i . 1 ﬁh: B
* The Higgs components are given by H_ = ‘/E(Ua RO z‘Ifj)’ a=1,2,

related to the physical Higgses h, H, A, and H+ and Goldstones w* and z by
By cg —sp) [ wt I? cg —Sg\ (= .
(h§>_(sﬁ Cﬁ>(H+)’ <I§)_<SB Cﬂ><A>’ = el Syl

h° ¢ —8 H v . v
() = (G 72=)(R) eomp=2, smp=2

the Higgs VEVs v, , satisfying v? + v2 = v?, with v = 246 GeV,
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Yukawa sector

* Lagrangian for Higgs-quark interactions

£,= 2 G{—d[(5), Hy+ (53) | —imyu, | (87) , H; +(35) , H | } + Hec.

3,k=1,2,3

q; (dy, and w,) represent left-handed quark doublets (right-handed down- and
up-type quark fields, respectively), H, , Higgs doublets, 7, the 2nd Pauli matrix,
and ¥, Yukawa coupling matrices.

. : 1 V2ht _
* [ he Higgs components are given by H_ = ‘5(’% + ho +iIg)' a=1,2,

related to the physical Higgses h, H, A, and H*t and Goldstones w* and z by

h cg —sg\ [ wt I? cg —Sg\ [ = :
() =(5 7)) ()= 72) () emeomn sz

hY c. —S H v . v
(1) = (5 &) (R): op=T o=
the Higgs VEVs v, , satisfying v? + v2 = v?, with v = 246 GeV,

* We choose a=-n/2 & B =0, implying
h? = h, 125-GeV SM-like Higgs, and only ¥{"" producing SM fermion masses
the quark interactions of the heavy Higgses described by
£, > X{ 5[ (V) D;PeDy, + (V) WGP, | (H — iA)
TG (Veu YE) P — (Y31Vi) P D}

CKM CKM
+ H.c.
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DM sector

¢ The DM candidate is a SM-gauge singlet and odd under a Z, symmetry,
D — —D, the other fields being unaffected, ensuring its stability.
¢ Its Lagrangianis Lp=30*D8,D —Vp
V, = im2D? + (\ HiH, + \,H]H, + \,H{H, + \;H}H,)D? + i\, D*

mg and Aj 2 p are real constants due to the hermiticity of Vp and Aj is taken to be real.

¢ After electroweak symmetry breaking, £, contains the DM mass m, and
the terms (—Aph — Ay H)D?v, but no DDA coupling because A3 is real.

m3, = m2 + [A, cos’B + A, sin?B + A sin(28)|v? = m] + A\ v?
A, = —A;sina cos 3+ A,cosa sin3 4+ A;cos(a + B) =
Ay = Ajcosa cosB+ A, sina sin 8 4 Agsin(a+ 8) = —

Az

We choose |A;| < |As], so that H, instead of A, is the main mediator
between the DM and SM particles.

J Tandean 8 Apr 2025 12



New effective interactions of quarks

= The heavy-H interactions with the DM and quarks lead to

D? N N
£q2D2 - ‘_2_ Z (ngk ngk + Cdng :DjZ'Ys:Dk)

J.k
ij + Y;::j iCPI* — 2 v ij o YZJ' CS(P),kj _ CS(P),jk*
\/Efm% 3 dD 3 \/ﬁm%{ ’ dD dD

Thus, H-mediated b —+ sDD can occur if D is light enough.

S,jk __

There are additionally contributions to DM annihilation DD — q@’ and to
DM-nucleon scattering from Dq — Dq’

» Also induced are flavor-changing four-quark operators mediated by the heavy
Higgses H, H*, and A.

= For simplicity their couplings to leptons and YY are assumed to vanish.
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New contributions to B -

o Differential branching fractions

K*"+invisible

2

dl kDD _ AL/2 (Tﬂ m C,') 1’,2(”151 ) m% — mff ?
'Tnb —

dé - 512m3m?%

Cb 17 <)

dUpi-pp _ N(my, mg., <) K% (mb, <) OFbs ABK"( )
d¢ B 51273 m3, (my + mg)? an
e B ] &
’\(;E! Y, :) — (;E — Y- 2)2 _ 4y: 1 H.('TTI.?D? é) =1- 4771%/61
Y Y%, Y, — Y
Cfgs ﬁ’ )\ . bs + EC;BE.}S _ ﬁ'b)\g'v bs sh

CVam2,

o To explain the excess with mp € [0.1,1]

a This for my =1 TeV translates into |A3(Y, + Y%)

J Tandean 8 Apr 2025
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C53"| to be in the range [3,7]/(10° TeV)
|~ [1,2.6] x 10~4
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DM annihilation

We restrict our analysis to DM masses below the K*-meson threshold, which are also favored
by the explanation for the BT — K™ +invisible anomaly, i.e., (mg—m,)/2 < mp < 900 MeV.

a The leading contributions are given by

'fS dd
Cmong

\/E
050 0
OS5 (-ﬂﬁ: . ”j; - ”8\% ) +H.c-..] }

@rtr +7'7") + OO KK + (Ot + O ) KK —

BoD? | ¢%:4d
L,p D 0 dD
2 2

2
+ (Cip + 4*7555) s

where By =m?2/(m, +my) ~ 2 GeV,

S.dd(ss . V2Re Vs *5 ds o« Y, +Y;
CdD (=2) — '7:"5)\31’ 'm? (2 3 C T?s’)\ST‘] f/amg d!
IH i y IH

with 7, = 2.3 having been added due to QCD running from 1 TeV to the hadronic scale of 1 GeV.
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Constraints from DM data
a The new contributions to the DM-nucleon interaction are subject to limits from DM direct
detection experiments, such as XENON, LZ, DarkSide, and PandaX.

a For light DM in the mass range of interest, the limit from PandaX-4T (PRL 2023)
incorporating the Migdal effect has turned out to be the most stringent to date.

o Parameter space satisfying the DM relic density and direct search requirements.
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FIG. 1. Left: the values of |C§§S| versus the darkon mass mp that are compatible with the observed
DM relic density for R;,, = 0 (solid curves), —0.2 (dashed cures) and |ﬁ’.df5| = 0 (orange), 0.5 (purple),
1 (green), 2 (cyan). Right: the mp-R,/, regions for the same |f?ws} choices that are allowed by the DM
direct search result of PandaX-4T [65] incorporating the Migdal effect. Note that, for the right panel,
‘Ci’;s‘ is fixed by the DM relic density requirement shown as solid curves on the left panel.
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New contributions to hyperon and kaon processes

¢+ We use a chiral-Lagrangian approach, the relevant hadron fields collected into

/A'FE_O B p \ (&—{—71'0 V2rt \/§K+\
V6 V2 A i V3
- — YE! 0
B = 5 e — : =| V2= — 7 V2K°
/6 vz oo 4 V3 ,
e =0 _ﬁ \ \/§K_ \/51?0 s
\ V3 V3 )
B = Bfty,, > = §2 = eiv/fx [, the pion decay constant

¢ The leading-order strong chiral Lagrangian

£, Tr|Biv*(8,B + }|€8,£" +£18,£, B|) + By, (D {A,, B} + F [A,, B))

+ by B{My, B} + b, B[M,, B]|

A® = 5(£07¢T — £107¢), My = ¢TM T + Mg, My = diag(r, i, ms), 1 = 3 (M + ma)

Under the chiral-symmetry group SU(3); X SU(3)r
B —->UBU', B—UBU', ¥ — LXR', ¢— LeUt = U¢R}

U € sSU(3)implicitly defined by the £ equation, L € SU(8); and R € SU(3)r

J Tandean 8 Apr 2025
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New contributions to hyperon and kaon processes

= The new interactions lead to Ly =¢,Q,+C,Q, +C_Q_ + H.c.
Vo Y5, + VoY,

cu - Vus 88 m e _od ? Qu - u_LSR dRuL
H
* Ydd :|: Yss 3 5 e
Cp =V —2m%{ 3 Q, =dgs; (dydp +357sp)

= The chiral realization of Q, + must share their symmetry properties:
Q. (Q4) invariant under CPS (CS) transformation, implying

9, 0, =b,[(E{B, B, %, + =L, (B, Bl),,|
Fo | (€1 [B, BN 4, 50, + =1 (€]B, Be)
(STBET)31 (£B£)12 =+ C:;, (585)12 (éfB‘ET):al + ﬁu 22;1212

2 [0 (€7{B,BeY),, + 7 (67[B, B¢, £ (2 3)]

£ (€B) 4, | (61BET) 5, £ (22 3)| + (67BN, + (2 3)| (6BE) 5, |
+ H:I: 232(232 + 2:1;3)

_|_
_|_
Q. & O, = by (¢{B, B}y, + £y (€[B, BlE)y,| (B, + =)
+ X
_|_

Du,+, Fu,+, Gu,+, ¢, and 1, + are constants.

= The chiral Lagrangian resulting from £
Lyv=¢c,0,+¢c, 0, +C_O_+H.c.

C, = 1,Cou> T, =47, C,=2q,0C,+cC), 7n,=48
J Tandean 18



Baryon CP violation

a Although CP violation has been established in meson processes for years, only very
recently has it been observed in the baryon sector by LHCb (arXiv:2503.16954), in
the decay of a bottom baryon.

a This motivates further the searches for CP violation in other baryon decays,
including hyperon ones.

a Searches for the latter are ongoing by BESIII, Belle Il, and LHCb.

J Tandean 8 Apr 2025 19



Hyperon CP violation

* Amplitude for hyperon decay 8. — B. 7w iMuy, ;.0 = G (A — 7,B)u,

A (B) corresponds to the S(P)-wave contribution

: : o+
* CP-violating asymmetry  Acp = —
xx — &
21 Re(A* B P . .
_ 2xRe(AB) ., K= P | : @ s the antiparticle counterpart
A2 + |kB[? Ep A-my,

* These transitions change isospin by AT =1/2 or 3/2
The L = A,B amplitudes can be decomposed into AT components

Lpypee = —V2 L1/2 exp (169 + &8 ) + L3/2 exp(idy + its)

Lo_ymmo = Li)pexp(idyy +i€7y) + V2 L3, exp(ids, + i&3))
Lo o = [VE IR, exp(i€S) + 15, oxp(i€Z) | exp(i0Z)
Leo_jpAmo = {_Li:/z eXP(Z‘ElL) + V2 L3/2 EXP(@Q’,EL)} €Xp (iéi)

the ds (&s) are strong-interaction (weak) phases

* Since the AT = 1/2 components are empirically known to be dominant

Agp = —tan (§1s — d14) tan (&, — &)

J Tandean
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Hyperon CP violation

= There have been many searches for CPV in hyperon decays (most recently
by HyperCP, BESIII, Belle, and LHCb) but with negative outcomes so far.

m Acp results for A — N# and E — An decays quoted in PDG 2024
Ao =(—1+4)x1073, AZ, =(6+14)x1073%, AL +AS5,=(0+7)x107*

o SM estimates
—2.4 < 10* (&% —S?A)SM < 4+2.0, —3.8

|

104(€5 - &), < 0.3

5 aA.5M ‘ 5 4=.5M 9 Donoghue, He, Pakvasa, 1986
—3 {_: 10 ACP i: 3, U E 10 A(_‘;P E all JT & Valencia 2003,

He, JT, Valencia, 2022

o The new contributions also affect kaon processes, including CP violation in kaon
decays to two pions, and hence are subject to the corresponding experimental
constraints.

J Tandean 8 Apr 2025
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(c)
Leading-order diagrams representing the new contributions to 2-body nonleptonic
(a) S- and (b) P-wave hyperon and (c) kaon decays. Each hollow square (thick dot)
symbolizes a coupling from L3 (L) and each solid (dashed) line a baryon (meson).

FIG. 3. Diagrams for long-distance contribution to kaon mixing with either both hollow squares or one
of them symbolizing couplings from £ in eq. (33), in the latter case the other square representing the
SM weak coupling from £,
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(c)
Leading-order diagrams representing the new contributions to 2-body nonleptonic
(a) S- and (b) P-wave hyperon and (c) kaon decays. Each hollow square (thick dot)
symbolizes a coupling from L3 (L) and each solid (dashed) line a baryon (meson).

FIG. 3. Diagrams for long-distance contribution to kaon mixing with either both hollow squares or one
of them symbolizing couplings from £ in eq. (33), in the latter case the other square representing the
SM weak coupling from £,

o To explore the allowed ranges of the Yukawa couplings, we pick a representative point
satisfying the DM constraints and specified by

|st| S.ss
— — l., C ;
SReY.| Cab

008
~ TeV

Rije = ——= = —0.04, Ry
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Parameter regions allowed by kaon mixing data
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FIG. 4. Parameter space in ReC_-Im C_ plane (lightly shaded areas bounded by dashed curves on both
panels) allowed by AMp and £ data. The red and blue points, appearing only on the left plot, correspond
to the new contributions to the C'P asymmetry A2, falling within the ranges 10~% < }AA 2 <1073
and 102 \AA n'w“| < 3.5 x 1073, respectively, and fulfill all the kaon and dark-matter requirements.

a The constraint inferred from the DM direct search by PandaX-4T is consequential in
preventing the points from fully occupying the two shaded regions above.
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Allowed Yukawa couplings

FIG. 5. The imaginary parts of the allowed Vg4 (left) and Y (right) versus their respective real parts.

The colored points in this and the next two figures correspond to arg V. ~ 84° (red), —84° (orange),
96° (blue), and —96° (green).
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Allowed parameter space and predicted asymmetries
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FIG. 6. Top: the ranges of AXL%™ in relation to the allowed values of |V 4| (left), |Y 4| (middle), and |V

(right). Bottom: the corresponding AZ2% (left) and ANA™ +AZA™ (right) versus |Y,4|. The top- and

Cl' 'C’f = - i .
bottom-left panels also show the weak-phase differences 5&“9“1— £ i{;ﬂcw and &3 — &, respectively.
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Correlations between hyperon asymmetries and kaon quantities

| RSO

~1.0 —0.8 —0.6 —0.4 —02 0.0 -1 0 1 2 3 4 5 -4 -3 -2 -1 0 1
AMEY/AMZ? 1076y 10%e] /e

FIG. 7. Distributions of Ag}ﬂcw versus AMPY JAM P (left), epey (middle), and €], /e (right), from the
allowed Yukawa couplings.

a The proposed Super Tau Charm Facility is anticipated to reach statistical precisions of order
10 for A, and hence could test the above predictions.
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Conclusions

o We have explored an attractive new-physics scenario that provides a dark-matter
explanation for the anomaly seen in recent B*-»K*vv data and can give rise to
significant hyperon CP violation exceeding the SM expectation.

a The predictions of the model can be tested further by various ongoing and future
experiments, such as Belle I, PandaX, BESIII, LHCb, and the proposed Super Tau
Charm Facility.
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