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Outline
a Introduction

a Flavor-changing neutral current (FCNC) decays of hadrons induced by
q - q’'y with a massless dark photon (y) emitted invisibly.

» Strange hadron decays
» Charmed hadron decays.

a Conclusions
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FCNC decays of hadrons with missing energy

a Flavor-changing neutral current (FCNC) transitions, g » g'#, with
missing energy (#) have suppressed rates in the standard model (SM)

a New physics (NP) beyond the SM could modify the SM contribution
and/or induce new channels with one or more invisible particles,
possibly enhancing the rates significantly relative to the SM
expectations.

a If large enough, the potential NP effects would likely be testable by
near-future or even ongoing experiments searching for FCNC hadron

decays with missing energy.
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FCNC decays of hadrons with missing energy

a Flavor-changing neutral current (FCNC) transitions, g » g'#, with
missing energy (#) have suppressed rates in the standard model (SM)

a New physics (NP) beyond the SM could modify the SM contribution
and/or induce new channels with one or more invisible particles,
possibly enhancing the rates significantly relative to the SM
expectations.

a If large enough, the potential NP effects would likely be testable by
near-future or even ongoing experiments searching for FCNC hadron
decays with missing energy.

a Of interest here are the decays of hadrons induced by s > df & c- uf.

» The missing energy may be carried away by one or more invisible
particles.
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Massless dark photon

a If the SM is extended with the addition of a dark sector having an
unbroken U(1) gauge group, its associated gauge field and that of the
SM U(1) can be defined such that Holdom, 1986
» one of their gauge bosons, the dark photon (y), only sees the dark sector

» the ordinary photon couples to both the SM and the dark sector, the latter
with reduced strength.
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Massless dark photon

a If the SM is extended with the addition of a dark sector having an
unbroken U(1) gauge group, its associated gauge field and that of the
SM U(1) can be defined such that Holdom, 1986
» one of their gauge bosons, the dark photon (y), only sees the dark sector

» the ordinary photon couples to both the SM and the dark sector, the latter
with reduced strength.

a The dark photon does not couple directly to SM particles, but can still
interact with them via higher-dimensional operators induced by loops
involving new particles. Dobrescu, 2005

o Of interest here are the FCNC quark transitions s »>dy and ¢ - uy with
the massless dark photon appearing as missing energy.

a If their couplings are sufficiently large, they may give rise to FCNC
decays of hadrons with missing energy which are potentially
discoverable at ongoing or near-future experiments.
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Massive dark photon

o Massive dark photon couplings to SM fermions e A’ Jiy

J Tandean

A’ - Standard Model 10-2 A" — Standard Model

FIG. 6. Parameter space for dark photons (A’) with mass my > 1 MeV (see Fig. 7 for
mar < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab
beam dump experiments E137, E141, and E774 [116-119] the electron and muon anomalous mag-
netic moment a, [120-122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results
reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a
constraint from supernova cooling [116, 130, 131]. In the green band, the A’ can explain the ob-
served discrepancy between the calculated and measured muon anomalous magnetic moment [120]
at 90% confidence level. On the right, we show in more detail the parameter space for larger values
of e. This parameter space can be probed by several proposed experiments, including APEX [132],
HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future
ete™ colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for € > 10™% — 1073; their reach is not explicitly shown.



Massive dark photon

o Massive dark photon couplings to SM fermions  ec A Ji,

a Constraints from kaon decays
> Ko A’
> Ko uvA'

o Massless dark photons evade the above constraints because of no direct couplings

to SM fermions
» K- 7y forbidden by angular momentum conservation
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Flavor-SU(3) octet of spin-1/2 baryons & decuplet of spin-3/2 baryons
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Flavor-changing couplings of dark photon to d & s quarks

* Interactions of on-shell massless dark photon with d and s quarks

Lisy = —30“”((@ —|—75C5)3]::>’W + H.c.

C & Cs are constants which depend on the NP model details,
B,, = 8,A, — 8,A,, is the dark photon’s field strength tensor,
and o = (i/2)[v*,"].
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Flavor-changing couplings of dark photon to d & s quarks

* Interactions of on-shell massless dark photon with d and s quarks
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Losw = —do (C -|—’y5<{35)s]§“,, + H.c.

C & Cs are constants which depend on the NP model details,
B,., = 9,A, — 8,A,, is the dark photon’s field strength tensor,

and o = (i/2)[v*,7"].

* Lgs5 induces hyperon decays % — 5’4 with 7 emitted as missing energy
and BV’ = An, Xtp, BOA, EOXNO, 7%, QTE" ;rw

. 8,
—
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Flavor-changing couplings of dark photon to d & s quarks

Interactions of on-shell massless dark photon with d and s quarks

Ly = —do™ (C +7,C.)sB,, + H.c. T g™

C & Cs are constants which depend on the NP model details,

B,., = 9,A, — 8,A,, is the dark photon’s field strength tensor,
and o = (i/2)[y*, 7).

L4~ induces hyperon decays B — B’% with 7 emitted as missing energy
and BB’ = An, Xtp, E°A, X0, E7X, Q7B fﬁ

. 8,
—

To find the amplitudes requires knowing the matrix elements (B’|do*"s|B).
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Flavor-changing couplings of dark photon to d & s quarks

Interactions of on-shell massless dark photon with d and s quarks

Ly = —do™ (C +7,C.)sB,, + H.c. T g™

C & Cs are constants which depend on the NP model details,

B,., = 9,A, — 8,A,, is the dark photon’s field strength tensor,
and o = (i/2)[y*, 7).

L4~ induces hyperon decays B — B’% with 7 emitted as missing energy
and BV’ = An, Xtp, BOA, EOXNO, 7%, QTE" ;rw

. 8,
—

To find the amplitudes requires knowing the matrix elements (B’|do*"s|B).

* They were already estimated by Gilman & Wise (1978) for 25 — B~

using quark-model SU(6) wave functions.
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Decay rates

6523'95— (mz% - m%,)‘gm%,

* Decay rate TI'(B — B'F) = y (|<C|2 + |<C5|2)
27 Mgy
BB nA paT AZ=° »0=Y Y= =0~
Decay mode A —ny Yt opy | B2 Ay | 202X |27 227 |Q =77
](C% (Gev?) || 2.75 x 10 | 1.54 x 10! | 4.95 x 10! | 1.12 x 10 | 1.32 x 10'* | 5.18 x 10*?
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The branching fractions B of B — B’y divided by |c|?.
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Decay rates

2 .2 \3
m%,) My,

- Coam (M3, 2 2
* Decay rate T'(B — B'%) = y (Ic]* + |cs]?)
27 Mgy
BB nA paT A=Y ¥ 0=0 YTET == Q"
2 § l l @ E é ilman ise
C2on 5 5 R e 5 3 Gilman & Wise, 1978
Decay mode A —ny Yt py | B = Ay =35 |2 =27 | QO ==
% (Gev?) || 2.75 x 10 | 1.54 x 10! | 4.95 x 10! | 1.12 x 10 | 1.32 x 10'* | 5.18 x 10*?
The branching fractions B of 8 — B’y divided by |c|*.
0l
o How large C and C; may be
depends on the NP model. 3\ = /d
el u|p
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2 different examples of NP scenarios
B
64m2A
ep 1s the dark photon’s coupling, A the NP effective heavy mass scale,

¢ contains Yukawa couplings of the new particles and SM quarks.
Fabbrichesi, Gabrielli, Mele, PRL 2017

These Yukawa couplings are most constrained by kaon-mixing data

exp

AmYF = 8.47 x 107 TeV® ¢2 /A% < 0.3AmS;

* In Scenario | the ds¥ coupling constant C =

With a, = €2 /(47) = 0.1, this implies |C| < 2.0 X 107 GeV !
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64m2A
e is the dark photon’s coupling, A the NP effective heavy mass scale,

¢ contains Yukawa couplings of the new particles and SM quarks.
Fabbrichesi, Gabrielli, Mele, PRL 2017

These Yukawa couplings are most constrained by kaon-mixing data

exp

AmNP = 8.47 x 1073 TeV? £2/A? < 0.3AmMS;

* In Scenario | the ds¥ coupling constant C =

With a, = e%/(4w) = 0.1, this implies |C| < 2.0 X 107 GeV~!

Fabbrichesi & Gabrielli, 1911.03755

x In Scenario |l the ds¥ coupling constant is relatively less restricted
by kaon-mixing data, resulting in |C| < 1.6 x 1078 GeV !
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2 different examples of NP scenarios
& &
64m2A
e is the dark photon’s coupling, A the NP effective heavy mass scale,

¢ contains Yukawa couplings of the new particles and SM quarks.
Fabbrichesi, Gabrielli, Mele, PRL 2017

These Yukawa couplings are most constrained by kaon-mixing data

exp

AmNP = 8.47 x 1073 TeV? £2/A? < 0.3AmMS;

* In Scenario | the ds¥ coupling constant C =

With a, = e%/(4w) = 0.1, this implies |C| < 2.0 X 107 GeV~!

Fabbrichesi & Gabrielli, 1911.03755

x In Scenario |l the ds¥ coupling constant is relatively less restricted
by kaon-mixing data, resulting in |C| < 1.6 x 1078 GeV !

* Prediction: B(KT — nT#%y) <1.0 x 1075, potentially testable by NA62.
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Predictions of 2 different NP scenarios

Decaymode | A—=ny | ET =py | B2 Ay B0 X9 | E- X7 |Q 2 E7F
Buux || [| 11 % 10~ | 60x 1077 |[1.9x107% (43 x10°%| 5.1l x10°% | 2.0 x 10~°
Buax I1] || 6.7 X 107=(38x10™ |12 X100 27X 10| 33x 10~ | LAx 10

Maximal branching fractions of B — %7 with the |c| values in Scenarios I and II.
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Predictions of 2 different NP scenarios

Decay mode A= ny e ey Py =0 Aﬁ =0 207 B = 2-—7 0 = 5—7

Buwsll] [L1x107% (60x 107" | LY x107% |43 x107° | 5.1l x 10~° | 2.0 x 10~°
Buax [II] || 6.7x107|3.8%x107°|1.2x107*|27x10™*| 3.3 x10™* | 1.3 x 107°

Maximal branching fractions of B — %7 with the |c| values in Scenarios I and II.
Su &JT, 1911.13301

a Some of these numbers may be probed by BESIII

Estimated BESIII sensitivity for branching fractions HB Li, 1612.01775

A= |t 5pvip |BE° 5 Avp | B 5 3% |E- 23X vp | Q™ — E v

3x1077 | 4x 1077 8 X 1077 9 x 1077 — 2.6 x 1075
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Predictions of 2 different NP scenarios

Decay mode A= n7 E+ 2 p7 EO iy, A7 EO - 207 == ey 2_7 = s 5_7

Buwsll] [L1x107% (60x 107" | LY x107% |43 x107° | 5.1l x 10~° | 2.0 x 10~°
Buax [II] || 6.7x107|3.8%x107°|1.2x107*|27x10™*| 3.3 x10™* | 1.3 x 107°

Maximal branching fractions of 8 — B’y with the |c| values in Scenarios I and II.
Su &JT, 1911.13301

a Some of these numbers may be probed by BESIII

Estimated BESIII sensitivity for branching fractions HB Li, 1612.01775

A= |t 5pvip |BE° 5 Avp | B 5 3% |E- 23X vp | Q™ — E v

3xXx1077 | 4x10°7 8 X 10~7 9 x 10~7 — 2.6 X 107°

a But already the current hyperon data (PDG 2019) have started to
constrain Scenario |l

~ Indirect (20) upper limits on the branching fractions of yet-unobserved
decay modes of A, ¥+, =% =—, and Q—, are 1.4%, 8.0x1073, 3.4x1074,
8.3x 1074, and 1.6%, respectively. Su &T, 191113301
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Flavor-changing couplings of dark photon to ¢ & u quarks

= Interactions of on-shell massless dark photon with « and ¢ quarks

Ly = —uo*(C —I—’y5C5)CBW + H.c.

= This induces the FCNC decays of charmed hadrons with missing energy.
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Flavor-changing couplings of dark photon to ¢ & u quarks

= Interactions of on-shell massless dark photon with « and ¢ quarks

[’ucfy = —ﬂO"mj(C —|—’}’5C5)CBMV + H.c.
= This induces the FCNC decays of charmed hadrons with missing energy.

= [n an example of NP model |C|<6.3 x 1078 GeV~! Gabriell et al, 2016
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Flavor-changing couplings of dark photon to ¢ & u quarks

= Interactions of on-shell massless dark photon with « and ¢ quarks
[’ucfy = —ﬂO"mj(C —|—’}’5C5)CBMV + H.c.
= This induces the FCNC decays of charmed hadrons with missing energy.

= [n an example of NP model |C|<6.3 x 1078 GeV~! Gabriell et al, 2016

=
a Charmed baryon decay ‘_P'J
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Flavor-changing couplings of dark photon to ¢ & u quarks

= Interactions of on-shell massless dark photon with « and ¢ quarks

EUC,—}, = —ﬂO"UJU(C —|—’}’5C5)CBMV + H.c.
= This induces the FCNC decays of charmed hadrons with missing energy.

= [n an example of NP model |C|<6.3 x 1078 GeV~! Gabriell et al, 2016

=
a Charmed baryon decay ‘;‘rr

QL
\—
v
——

QU
g~

(pluc’™ (1,v;)c|AT) £,q, = fru,a" (1,v5)u, €,4,

2(, 2 2\3
m2 —m
fr=0.38(1+£0.1) & 0.50(1 =% 0.07) T fT( Ac p)

AT —py

(Ie” + I¢s]*)

8wm3
1805.02516 & 1712.05783 ‘

B(AT — py)$1.7 x 1074
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Flavor-changing couplings of dark photon to ¢ & u quarks

= Interactions of on-shell massless dark photon with « and ¢ quarks

EUC,—}, = —ﬂO"UJU(C —|—’}’5C5)CBMV + H.c.
= This induces the FCNC decays of charmed hadrons with missing energy.
= [n an example of NP model |C|<6.3 x 1078 GeV~! Gabriell et al, 2016

= The corresponding predicted branching fractions can be significant
B(AF — py) S1.7 x 1074 At = udc

B(Dt — pt¥)<8.1 x 1074

B(D —>(.:.J'7/)<27><10‘4

B(D+ — K*+¥)<3.8 x 104 Dy =cs

= Some of these may be detectable by Belle 2 or BESIII.
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Conclusions

a If massless dark photons exist, they do not couple at tree level to SM
fermions but can still interact with them via higher-dimensional
operators.

a In NP models, massless dark photons can have nonnegligible flavor-
changing dipole-type interactions with the lightest down-type or up-
type quarks.

a Such interactions can induce FCNC decays of charmed and strange
hadrons with missing energy carried away by the dark photon.

a Their rates may be sufficiently significant to be discoverable in
ongoing & near-future experiments at Belle Il and BESIII.
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