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1. Introduction

In recent years there has been renewed interest in the study of rare and forbidden hyperon
decays. This is driven by new experiments actively studying such decays. For example, the BESIII
collaboration has obtained new limits on |AS| = 2 decays [1] and has performed a more precise
measurement of * — py [2]. The LHCD collaboration has measured the rate of 2* — pu*u~ [3]
and expects to increase the precision of their result with a sample of a few hundred events that will
also allow them to improve the measurement of the dimuon spectrum. The LHCb collaboration also
expects to reach a sensitivity of O(10™°) — O(1071°) to |AS| = 2 E decay [4, 5] whereas BESIII
expects to collect samples of O(10°) — O(108) A, Z and Q baryons and be able to reach branching
ratio sensitivities at the O(1077) level [6]. Later on, the super tau-charm factory is expected to
obtain much larger samples of hyperons [7].

In this talk, we will cover three topics: the decay X" — pu*u~; tests of charge lepton flavour
violation (CLFV) in hyperon decay; and |AS| = 2 modes. There is also much ongoing and expected
activity concerning CP violation in hyperon decay at BESIII which we do not discuss here.

2. xPT atleading order

The matrix elements necessary for the calculation of rare semileptonic and CLFV decays of
the form B; — B¢~ can all be obtained from the chiral Lagrangian

2
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where ¢ = e/?/, U = ¢2, A, = i(£0,&" — 70,€), &k = (16 +id7)/2. The pseudoscalar meson,
the baryon octet and the baryon decuplet fields are, explicitly:
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Following standard methods in the literature one extracts from this Lagrangian a correspondence
between quark densities or currents and hadronic transitions [8, 9], the relevant ones for this

» (4)
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discussion are
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In addition, there are contributions from kaon poles that arise at the same order, including the
following terms
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and terms involving € which can be found in [10].

The couplings D and F are extracted from fits to hyperon semileptonic decay while C is
extracted from a fit to strong T B¢ decay. Using data from [11], we find the values D = 0.81(1), F =
0.47(1), C = —1.7(3)[12]. As shown many years ago [13], if the decuplet field is included in
the Lagrangian, chiral corrections to the axial octet currents are less than 30% (there are a few
exceptions, X — n and A — &, which do not appear in this discussion). It is customary to include
some higher order corrections via pole form factors as in [14], for example.

The non-leptonic weak transitions between baryons are dominated by an interaction that trans-
forms as an (8, 1g) under chiral rotations and can be obtained at leading order in yPT from the
Lagrangian

> (o Bk )1 B 16k 5] o () (650 s, 0

The couplings /p, hr, he are extracted from fits to nonleptonic hyperon decay and suffer from the
well-known S/P wave problem: if the S-waves are fit, the P waves are poorly explained and vice
versa. Although the reasons are understood in yPT [13], a fit to data beyond the leading order
is not useful. For numerical purposes, we use the values obtained from a recent fit to S-waves,
hp =-1.69, hp = 3.96, h¢c = 3.75. These numbers and the full covariance matrix from the fit can
be found in [12]. Unlike the semileptonic transitions which can be predicted to within 30%, we
regard the value of matrix elements obtained from Eq. 10 as an order of magnitude estimate.



Constraining new physics with hyperon decays German Valencia

3. Tt > putu”

Interest in this mode peaked in 2005 when the HyperCP collaboration first measured its rate.

+6.6
Tsa4 E

with SM predictions [16] the three events observed clustered near a single dimuon invariant mass,

Although their measurement, B(X* — pu*u~) = (8.6 5.5) x 1078 [15], was in agreement
214.3 MeV. This gave rise to speculation of a possible new particle, that is now mostly ruled out
by measurements in the kaon sector. The more recent LHCb result, on the other hand, shows no
bumps in the spectrum and matches well with the distribution expected from phase space [3]. A
more precise determination of this dimuon mass distribution is expected from the next analysis.
The interest in this mode from the perspective of new physics remains, motivated in part by the
persistent anomalies in modes originating from a b — su*u~ quark transition.

Within the SM, X* — pu*u~ is dominated by long-distance physics. The diagram in the
left panel of Figure 1 illustrates how this process proceeds through photon exchange and how
the associated long-distance contributions can be estimated. The shaded oval represents the weak
¥ — py* transition, which can be parametrized with four complex form-factors a(g?), b(q?), c(q?)
and d(¢*),

wp _ TGy K, = v 21 - -k
Moy = 7 up(a+by5)a'wq Us i,y vy —e GFupyK(c+dy5)u2u’uy Vi (11)

The imaginary part of these form factors can be calculated as depicted schematically on the right
panel, where the X* — N vertices are extracted from experiment and the Nm — pry scattering is
obtained from leading order yPT. Furthermore, the real part of two of these form factors evaluated
at zero momentum transfer, a(0) and b(0), can be extracted from measurements of £* — py (the
most recent one being [2]) up to a four-fold ambiguity, and the real part of c(g?) and d(¢?), as well
as the momentum dependence of a and b, can be inferred using pole models [16-22]. The most
recent calculation of these numbers using relativistic yPT, along with the resulting predictions for
¥* — pu*u~, is displayed in Table 1 [23]. The Table also shows the same branching fraction
omitting the real parts of the form factors ¢ and d which are the most model-dependent. It also
shows the integrated forward-backward asymmetry and the rate for X* — pe*e™ that follow for
each of the four solutions to Re (a) and Re (b). The corresponding results when using heavy baryon
xPT instead are similar and presented in [21, 23]. There are ongoing efforts to calculate this LD
amplitudes in lattice QCD [24]. The forward-backward asymmetry quoted in Table 1 corresponds
to the definition

. 1 boar O 4r
Apg = dq® / —d@—/ ——di|, 12
BTrer o p,uﬁr),/ 1 ( o dg*dcos@ _1 dg*dcos @ ) (12)

where the normalisation is the rate calculated for each solution to the LD form factors, corresponding

to the different rates shown in the Table. In [21] we proposed using the difference between the
relativistic and heavy baryon calculations as an estimate for the theoretical uncertainty. To illustrate
this, we allow the Im(a(0)) and Im(b(0)) to vary between the two values obtained with these two
methods. In Figure 3 we show the resulting error in the branching fraction for each of the four
solutions as a function of the ranges in parameters obtained in this fashion.

We also note that the SM short distance contribution to this mode is significantly smaller,
producing a branching ratio Bsp (Xt — pu*u~) ~ O(107'2) or four orders of magnitude below
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Re(a)MeV Re(b)MeV 1088 108 Bre(c.a)=0 100Arp 10°8,,
—12.14+£024 475042 [272+021| 1.84+0.15 | -1.58+0.04 | 7.6 0.3
—475+042 12.14+024 | 7.82+024 | 5.87+022 | -0.32+0.02 | 8.3+0.3

475+0.42 —12.14+0.24 | 4.13+0.17 | 578+022 | 091+0.04 |7.8+0.3
1214 +0.24  -475+042 | 1.24+0.09 | 1.80+0.14 | 4.52+0.08 | 7.4+0.3

Table 1: Four possible values of Re(a(0)), Re(b(0)) and corresponding branching ratios and asymmetry for
¥* — pu*u~. The column labelled 8B includes contributions from the four form factors, with the quoted
error including only the experimental errors that propagate to the extractions of Re(a, b) andIm(a, b). The
next column does not include the real parts of ¢ and d, which are obtained from a pole model. The last
column is the corresponding branching ratio for the mode X* — pete™.

imaginary part
- —i- ~ vy
7z - : > N
’ N \
/ ! \
1 | \
st = 5 O p
g exp yPT

Figure 1: Left panel: long distance photon exchange contribution to £* — pu*u~. The shaded oval
represents the weak ¥ — py* transition. Right panel: cut giving rise to Im(a(0)) and Im(5(0)).
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Figure 2: Branching ratio for the four solutions when the imaginary parts are allowed to range between those
determined with relativistic and heavy baryon yPT.

the long distance one. Given this, constraining new physics with this mode is restricted to scenarios
where the NP can enter at a level similar to that of the long-distance contributions. As briefly
discussed in [21] and elaborated in [23], there are constraints complementary to those from kaon
physics that can be obtained and that still allow this possibility. To study the effect of NP we
consider the effective Hamiltonian

Lg=-Hy = ZC’O" +H.c., (13)
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with operators defined as
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Op= (\;/Evtdvts4 2 m dLSR HYsH Op: = (\jfvtdvts: 2 Ms drsLTi HYsH (18)

These operators also contribute to kaon decays and have been studied in the context of (although
with varying notation) Ks; — u*u~ [25, 26], Kp — n'u*u~ [27-30], K — nny,K — yy
[31, 32], K* — m*u*u~ [33]. Similarly to their hyperon decay counterpart, these kaon modes
receive substantial and in some cases dominant long-distance contributions. Nevertheless, certain
constraints on NP emerge leaving blind directions in parameter space that can be covered by
>* — putp~ [23]. In particular, the kaon modes are only sensitive to either parity conserving
or parity violating NP whereas the hyperon decay is sensitive to both. An obvious possibility to
avoid kaon bounds is to choose C1g = —Cj¢r and Cp = —Cp- to obtain an operator proportional to
dy*ys and one proportional to dy’s. If the NP is CP conserving, this operator will then only affect
Kp — p*u~ and £* — putp~ and there is only one combination which enters K, — u*u~ as
discussed in [23]. To fully cover the parameter space kaon constraints do not suffice. For example,
for the parameter combinations Cy_ and Cjo- (defined as Cg 10 — Co/ 1¢/) We find that the tightest
bounds arise from ¥ — pu*pu~. The results are depicted in the right panel of Figure 3, where
we see their allowed values can reach the 10* range. The four contours shown correspond to the
four different SM LD solutions added to the NP contributions. Although these numbers are very
large at face value, we see that they enter the effective Hamiltonian accompanied by a very strong
CKM suppression, V'V, . This implies that coefficients of this magnitude could appear in models
without the mixing angle suppression implied by the normalization adopted in Eq. 18.

In [21], several additional observables were discussed as possible tests for NP. The forward-
backward asymmetry (tabulated above) is very small in the SM, —1.4 < App % 10° < 0.6, but can
reach the 5% level for certain parameter values while the branching ratio remains within the LHCb
range. If the muon polarization can be measured, there are additional observables sensitive to NP
also discussed in [21].

With sufficient statistics, a measurement of the dimuon spectrum can also help understand the
long-distance contributions. In Figure 3 we superimpose the spectrum predicted by yPT (orange)
(with a spread spanning the four solutions) on the LHCb data and the phase space model used in
their analysis [3]. These measurements are also motivating lattice studies [24].
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Figure 3: Left panel: range of predictions for the dimuon mass distribution from yPT compared to the LHCb
measurement and the phase space spectrum (blue line). Right panel: parameter space allowed in Co_ — Cjo—
plane.

4. CLFYV hyperon decay modes

Decays exhibiting charged lepton flavour violation are sensitive probes of physics beyond the
SM. In the case of hyperon decay, the modes are complementary to kaon modes and we illustrate
this with a few examples. We parametrize the NP at the low scale with the same Hamiltonian as
in Eq. 13 replacing the lepton bilinears i - - - u with € - - - /. With leptoquark exchange models in
mind, we match this to the dimension six SMEFT

5
Z l]nyl]xy +(c l()nyQ’ny +H.c.) (19)
k=

Qljxy _q—,y q; lx7nly Q;ny = q_iyllTIqj E’y,]TIly Q;ny = Z)"ldj a’)/)]ey
Qz]xy d)’ d xy Qijxy
ny 5

4;,7"q;exv ey Qéjxy = lie, dqu

To calculate the hyperon decay amplitude it is convenient to group the new coefficients as they
appear multiplying the vector (axial vector) currents or scalar (pseudoscalar) densities:

Lyp D e Z [Eyks Y, (Vop + Y500 +dy*yss Oy (Vg +¥sApp )
NP ¢t

+ ds (S, +¥sPyp )l +dyss £(S,,, +y513a),)€’]

_ oo t’f' ol ff f[ _ ot ot 14 ff/
4Vip = —c3 —C3 cs , AAy = +oy —cy +ey —cs
~ !’ ’ 4 ’ ~ ’ 4 7
4V, = cff +c§€ —cg[ Cf;[ +C§£ . 4A, = —cff gf —Cif +C£€ +c§£ ,
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It is then straightforward to use the results in Eq. 6 to obtain, for example,
B (20— Aep?) = [24 (Ve +14euP) +7.5 (1Seul + 1Peul?)

eu’ ey

L . 1 Tev4\*
_ * _* -5
0.08 Re (Ae# VoS )] x 10 ( Anp )

+6.5 Re (A* P —V:#Se#) +0.25 (|Ve#|2+ |Ae,,|2) +0.07 (|Se#|2+ |13€,,|2)

P
B (K, = ) = 38 |1V V3o +19 (S = 5 ) P

N - s N 1 TevV*
+|A,, +Ay, 19 (Peﬂ +P;“w) |2] x 107! ( <

4
) <47%x10712
NP

B (K" — nte u*) = 8.7 [|V,w|2+ |Ael* +10 (|S,w|2+ |P#e|2)

a4
+ 3.6Re (A;ieP,w + Vf,eS,,e)] x 1072 (IAT;Z ) <13x107". @21
For the last two branching ratios (kaon modes) we have also quoted the current 90% c.l. experimental
upper bound. The colour coding suggests how the different modes are complementary being
sensitive to different currents (densities). For example, the kaon limits on parity odd quark bilinears
are much better than those on the parity even ones whereas the hyperons are sensitive to both. The
rates for Q decays can be similarly obtained and are quoted in [10]. The sensitivity of the different
hyperon decay modes is compared in Figure 4. That figure shows that the hyperon modes most

3
2 S—
1
>‘Li / \‘\
’ @ 7 ‘
> J
- -1 N //
-2 N (i
-3
-3-2-10 1 2 3 -3-2-10 1 2 3 -3-2-10 1 2 3 -3-2-10 1 2 3

103V, 10*9,, 10°A,, 10°A,,

Figure 4: Possible constraints for different hyperon modes, A — ne u*, T* — pe u*, 20 —
Ae ut, Q- — E e u*. For these plots we have taken Ayp = 1 TeV and assumed that all branching
ratios are probed at the 10710 level.

sensitive to NP are those that involve Q decay. In Figure 5 we compare current kaon constraints to
those that can be achieved with a 10~!? sensitivity to the Q branching ratios.

5. |AS| =2 hyperon decay

Within the SM, the short distance |AS| = 2 interactions responsible for K — K mixing arise
from box diagrams that lead to the effective Hamiltonian

HIM ——”“G%mg vV V. ) dy®P,s dy P 22
AS=2 = T4 (Vi Ves)” dy“Pps dy Pys. (22)
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Figure 5: Current constraints placed by K — e*u¥, K* — n*te”u* and u — e conversion compared to
what can be achieved with a sensitivity of 10712 to B(Q~ — E~ e~ u*).

The SM prediction that follows, agrees well with the measured kaon mixing and results in tiny
hyperon decay rates as we show below. Going beyond the SM, however, we note that the kaon
matrix element is only sensitive to parity even operators, whereas the hyperon decay matrix elements
are sensitive to both parity even and odd operators and can therefore close the remaining window
for new physics in parameter space. This is illustrated schematically in Figure 6

K---f--- K

2.2
%SM — nccGch
AS=2 472

T / \ 7‘[/ strong vertex

1
:
1
n
SO p =—J—e »p

(V:‘;Vm)z J}/"’PLS J}/aPLs

Figure 6: The kaon mixing matrix element (above) is only sensitive to the parity even part of H ASS’Z ,- The
hyperon decay is sensitive to the parity odd part as well as depicted on the lower panel.

To estimate the rates for |AS| = 2 hyperon decay within the SM we need to deal with both
short and long-distance contributions. For the short-distance contribution, we need to compute the
matrix element of Eq. 22. This can be partially achieved by noticing that this operator is part of
the same (27, 1g) responsible for the Al = 3/2 non-leptonic hyperon decay amplitudes and can
thus be related to those rates [34, 35]. When the decuplet is included, there are two low-energy
constants in the lowest order in baryon yPT representation of the relevant operator:

QLL = EY(ZPLSEY(IPLS = tkl,no w_ky(lPLwn l//_ly(lPLl’[/U
- A)(fi el no [B27 (fEfT)nk (foT)ol + 527 frzxfozé:\ilcf‘:zl (Tr"w)a(Trxz)”]

A A * =3/2 AI=3/2 _ ~ - —
g;n=3/2,As=1 = \/g(cl + CZ)GFVMqusaﬁgzl/ ) QAgzl/ = TktnoW kY " PLynd1y o PLi o

AT = A Fuino B (€BET) (€BE) +8mtntnct il (Tr) (Traody] @3

ol

In practice, extracting the low energy constant 8,7 from a fit to Al = 3/2 amplitudes is difficult
because these represent a tiny fraction of the overall amplitudes (the A/ = 1/2 rule). The situation
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is slightly better for the S-wave of X* — na* where the octet matrix element vanishes at leading
order in yPT. Using this decay mode we obtain ﬂA27 = 0.076 + 0.015 [12], but cannot fix 6,7 from
data. For numerical estimates, we assume that they are of a similar magnitude.

The |AS| = 2 hyperon decay rates that result from this short-distance contribution in the SM
are very small as can be seen in Table 2, or Figure 7. Figure 7 illustrates the correlation between two
|AS| = 2 hyperon modes and A M taking into account the uncertainty in all the parameters that enter
the calculation [12], with the largest uncertainty that appears in the perturbative part of the result
being that in .. = 1.87 £ 0.76 [36]. The blue region in the figure marks the experimental value of
AM(k . The figure illustrates how the SM can accommodate the measured mixing, but it leaves room
for NP contributions. It also shows, however, that any short-distance contribution from NP will
lead to unobservably small hyperon rates. Following the discussion leading to Figure 6, we can see
that the hyperon decay can test NP physics contributions only if they are mostly parity-violating,
hence not contributing to kaon mixing. To estimate the effect of long-distance contributions, we

0.8F 0.6
0.5}
© °
S 0.6f °
‘3 :‘% 0.4
' 04l % 93l
k04 o3 ;
* K e
T g 02
Qoo Q
0.1 ;
0.0 J"’aﬁ; . . 0 0L . . ]
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
AMEPx10" (GeV) AMEPx10™ (GeV)

Figure 7: Correlation between Z° — pz~ and AMx from short distance contributions in the SM, left panel.
The same for Q= — An~ in the right panel.

need to evaluate pole diagrams such as those sketched in Figure 8. We emphasize, however, that the
uncertainty in this estimate is large with the prediction being only an order of magnitude estimate. It

——0— —0—0— —e——0— —O—e——1— —O0—0O—e—

S-waves P-waves

Figure 8: S and P wave pole diagrams to obtain the leading long-distance contributions to |AS| = 2 hyperon
decays. The open squares represent |AS| = 1 weak transitions from Eq. 10 and the solid circle a strong vertex
from Eq. 3

turns out that the long-distance contributions to these decays are several orders of magnitude larger
than their short-distance counterparts, but still below current experimental sensitivity. The left
panel of Figure 9 illustrates the dominance of long-distance contributions for the mode Q= — nK~.
The right panel shows an example of correlations between two hyperon modes including both short
and long distance terms within the SM. As before, the spread in these scatter plots corresponds
to a variation of all parameters within their uncertainties as discussed in [12]. Some of the rates

10
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Figure 9: Q- — nK~ with all contributions vs only short distance contributions (left panel). Correlation
between two |AS| = 2 hyperon decay modes including both short and long-distance contributions.

we obtained in [12] are tabulated in Table 2. For comparison, the last column also shows the
current 90% confidence level upper limit from either HyperCP [37] or BESIII [1]. We now turn
our attention to the possibility of constraining new physics, and begin from the effective dimension
six four-quark operator,

H =CrrQrr + CrRrRQRR + CLRALR + C1 g QL r
Q= dy*Ppsdy,Prs, Qg =dy Prsdy,Pgs
QLR =3'y“PLs3'yaPRs, QiR =3PLSEPRS (24)

In this effective Hamiltonian, the term @y, is the one that occurs in the SM whereas Qgrr and Qg
occur in left-right models and Q; . is induced by renormalization. With these four operators, it is
possible to represent NP with Wilson coefficients such that kaon mixing is suppressed but |AS| = 2
hyperon decay rates are not. There are several options, for example, the Wilson coefficients can be
fine-tuned relying on the fact that Q. rr have a different kaon matrix element than Q; o[12]. A
second possibility is to find models where the Wilson coefficients satisfy Cr;, = —Cgg, resulting in
a parity odd operator that does not contribute to kaon mixing [34]. One example discussed in [12]

Mode Bsp By 90% c.1. limit
20— pr- (0.03,1) x 10715 (0.01,2.6) x 1071* || 8 x 107°[37]
20 - pad (0.03,1) x 1071 (0.,0.9) x 10715
B > oan” (0.07,2.6) x 1071¢ | (0.01,1.3) x 10714 || 1.5 x 107°[37]
Q > nkK~ (0.1,6.5) x 10717 (0.2,0.6) x 10712 2.4x1074[1]
Q" — An” (0.2,7.1) x 10717 (0.4,1.5)x 10713 || 2.9x107° [37]

Q" - 3% | (0.04,1.7)x107'7 | (0.5,3.1)x107"* || 5.4%x107*[1]

Table 2: 90%-CL intervals of branching fractions of selected AS=2 hyperon decays in the SM from the
short-distance contribution only (second column), and complete contributions with hp, hr, hc parameters
obtained from a fit to the s-waves (third column)[12]. The last column quotes 90% c.l. upper limits when
available.

11
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consists of a Z” with flavour changing neutral couplings £, , = —dyP (g P+sg RPR)s Zé, which
after QCD corrections gives the following contribution to kaon mixing

2

AME = 4—2% (nLL (67 + gr)(Qrr) +2218% (MLr(Qrg) + '7,LR<Q;~R>)) ()
Mgom,,

The last two terms in this expression are negative (the lattice matrix element (Q . R> as well as i} »
are both negative) whereas the first two are positive. Allowing -1 < AM IZ(' / AM;Xp < 0.5 which

is within the 20~ range of the measurement, and taking that g7 g to be real, we show in Figure 10
regions of parameter space where 8(E° — pz~) can be large.

mylg, (TeV)

B(=>pr)=10"8

3.385 3.390 3.395 3.400
103 gR/—qL

Figure 10: Couplings in Eq. 25 where AMy remains within 20~ of its measured value but 8(2° — pr~)
can be large.

6. Summary and Conclusions

Hyperon decay can play a role in probing physics beyond the standard model in the s — d
sector complementing the reach of kaon physics. To significantly probe new physics possibilities
much higher sensitivities are needed than currently available. In the near future, LHCb can rule
out the “hyperCP” particle and provide a good measurement of the dimuon mass distribution
in £* — pu*p~. That result can be used for both improvement of our understanding of form
factors and for exotic particle searches. A more precise measurement of the rate, combined with
new measurements of ¥ — pe*e” and X* — py can pinpoint the SM prediction and improve
constraints on NP for directions in parameter space where the kaons are not sensitive. Expected
future sensitivity at the LHCb experiment can provide similar constraints for the AS = 2 NP

parameter space and begin to probe exotic scenarios. The BESIII hyperon program can also
improve measurements in many of these modes.
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