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ABSTRACT: Recent LHCb data shows that the direct CP asymmetries of the decay modes
DY — 7t7~ and D° — KT K~ have the same sign, violating an improved U-spin limit
sum rule in an unexpected way at 2.10. From the new data, we determine for the first
time the imaginary part of the CKM-subleading, U-spin breaking AU = 1 correction to
the U-spin limit AU = 0 amplitude. The imaginary part of the AU = 0 amplitude is
determined by Aadcilr). The corresponding strong phases are yet unknown and could be
extracted in the future from time-dependent measurements. Assuming O(1) strong phases
due to non-perturbative rescattering, we find the ratio of U-spin breaking to U-spin limit
contributions to the CKM-subleading amplitudes to be (173753)%. This highly exceeds
the Standard Model (SM) expectation of ~ 30% U-spin breaking, with a significance of
1.950. If this puzzle is confirmed with more data in the future, in the SM it would imply
the breakdown of the U-spin expansion in CKM-subleading amplitudes of charm decays.
The other solution are new physics models that generate an additional AU = 1 operator,
leaving the U-spin power expansion intact. Examples for the latter option are an extended
scalar sector or flavorful Z’ models.
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1 Introduction

After the discovery of CP violation in charm decays [1], recently, there have again been
several important advances in the measurement of mixing and CP violation in charm
decays [2-9], see ref. [10] for most recent world averages and global fits. Also theoretically,
charm CP violation obtains a lot of attention right now [11-25], see earlier refs. [26-55].
The most recent news is the first evidence of a non-vanishing CP asymmetry
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in a single decay [2], namely D° — 77 ~. The knowledge of both CP asymmetries [2]

afp(D’ = KTK™) = (T.7£5.7) 1074, 2
adn(D® — ntr7) = (23.2+6.1) - 107 (1.3)

gives important advantages compared to the combination
Aallt = o35 (D - KTK™) — ol (D — 7n777) (1.4)

only. The reason is that a separate measurement of both CP asymmetries allows to test
the U-spin expansion in the amplitude contributions which are relatively suppressed by
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements compared to the leading singly-
Cabibbo-suppressed (SCS) amplitude. In fact, we can now probe the U-spin limit sum rule
for the sum of CP asymmetries [35, 42, 50, 53]

U-spin limit

Yaldl = adL(D° - KYK™) + adt(D° — ntn7) 0, (1.5)



which is violated at 2.70 [2]. Remarkably, eq. (1.5) predicts that ali5(D? — K+ K~) and
a%if)(DO — w777 ) have opposite signs, but in fact the measurement shows that they have
the same sign.

An improved version of the sum rule eq. (1.5) is given as [35, 42, 50, 53]

I[(D° — KTK™) U-spinlimit  agn(D° — 7o)
(DO — 7tm~) B adiL (DO — KtK~) '

(1.6)

The sum rules egs. (1.5), (1.6) belong to a category of U-spin sum rules which are based on
the complete interchange of s and d quarks [56-58]. Inserting the experimental measurements
listed in table 1 below, we obtain

T(D° — K+K-)
(D% — 7t7—)

= 2.81 £ 0.06 (1.7)

and
B adiL (DY — 7t77)
adit (D0 — K+K—)

= —3.0170%:, (1.8)

i.e. altogether

N(D° — K*K~)ads(D? — K+K™) +0.62
- . = —0.93" 1. 1.
I‘(DO — ﬂ--i-ﬂ-—) adcllg(DO - 7T+7T_) 0 9370.41 7& + ( 9)

The improved U-spin limit sum rule eq. (1.6) is broken at 2.10, because eq. (1.9) has the
“wrong” sign. While U-spin breaking is expected, because U-spin is only an approximate
symmetry of QCD, the amount of breaking goes beyond the Standard Model expectations
of e ~ ms/Aqcp ~ 30% at 1.90.

In this article, we analyze the implications of the new charm CP measurements in
more detail, extracting the CKM-subleading AU = 1 contributions to the amplitudes
of D - KtK~ and D' — 7nt7~ decays. In the SM these are generated from the
tensor product of the U-spin limit AU = 0 operator with the U-spin breaking triplet
operator [25, 59].

After briefly reviewing the application of SU(3)r methods in charm decays in section 2,
we summarize our notation in section 3. In section 4 we recapitulate how to completely
solve the system of two-body D decays to kaons and pions. We also show explicitly how
to extract in principle the strong phases of the CKM-subleading AU = 1 and AU =0
hadronic matrix elements from time-dependent CP violation. In section 5 we present our
numerical results. Finally, in section 6 we give predictions and options for interpretations
in terms of new physics models that can be tested with future and more precise data. We
conclude in section 7.

2 Review of SU(3)p-breaking in charm decays

The application of SU(3)r methods in particle physics have their roots in spectroscopy,
namely the “eightfold way” for the description of the spectrum of the meson and baryon



octets [60, 61]. In spectroscopy, SU(3)r has proven to be an extremely useful ordering
principle. For example, SU(3) p-limit predictions agree with the baryon octet mass splitting
with an accuracy of 10% [62]. Furthermore, the Gell-Mann-Okubo mass formula [60, 63]
demonstrated that by including SU(3) p-breaking effects in a systematic way the precision
of predictions can be significantly improved. We know therefore that SU(3)p is a very
trustable technique for the particle spectrum. The question is if the same applies also to
decay rates, in particular for charm decays.

The nominal size of SU(3) p-breaking for decay amplitudes can be estimated from the
ratio of the decay constants [64]

e 1 o2 (2.1)

fr

Now, two important examples where it looks naively as if U-spin is broken by O(1) are
given in terms of the ratios
B(D® - KTK™)
B(D°® — ntm—)
B(DO — KsKs)
B(DY — K+K™)

~3, (2.2)

~0.03. (2.3)

In the strict SU(3)r limit, neglecting also differences from phase space effects, we have:
B(D® — KtK™)
B(D? — 7tm—)
B(D® - KsKg)
B(D° - KTK™)

=1, (2.4)

~0, (2.5)

in clear contradiction with the experimental measurements egs. (2.2) and (2.3). However,
already in ref. [65] it was realized that eq. (2.2) can actually be explained by ¢ ~ 30%
SU(3) p-breaking on the amplitude. This can be understood as follows: already for e ~ 30%,
very roughly the ratio of branching ratios can be estimated as

(1+e)
(1-¢)?

That means, eq. (2.2) can be consistently explained with SU(3)r breaking of ~ 30% on the

~3. (2.6)

amplitude. Note that the rough illustration eq. (2.6) also demonstrates that higher order
contributions may be important, as at linear order the left-hand side of eq. (2.6) results
in ~ 2, and only at O(¢?) it reaches ~ 3. Below, we extract first and second order U-spin
breaking from branching ratio data, see eqgs. (3.4)-(3.7) and table 3. For the CKM-leading
amplitudes, which dominate the branching ratios, our results support that ¢ ~ 0.3 and
€2 ~ 0.1, consistent with the U-spin power counting.

Coming now to the second example, as B(D — KgKg) vanishes in the SU(3)p limit,
we can estimate the corresponding amplitude-level SU(3) p breaking roughly as

BT S KK ~ 0.26 (2.7)

| B~ KK’y [2B(D° - KgKs)
B(DY — K+K™)



again consistent with the nominal size of SU(3)r breaking. Here we use the experimental
values [66]

B(D® - KsKg) = (1.41 +£0.05) - 107, (2.8)
B(D® - KTK™) = (4.08 £0.06) - 1073, (2.9)

and, due to Bose symmetry, see e.g. ref. [37]
1
V2

It follows that egs. (2.2), (2.3) can not be used as an argument that SU(3)r is broken at
O(1) for charm decays.

AD® = KgKg) = AD® - K°K). (2.10)

We note that if one would adopt additional theory assumptions in terms of a 1/N,
power counting [28, 67] on top of the SU(3)r expansion, in the 1/N, limit one can factorize
the tree amplitude of non-leptonic charm decays, see e.g. ref. [38]. However, in this case
the factorizable U-spin breaking of the tree amplitudes alone does not suffice in order to
explain the SU(3)p breaking in eq. (2.2) [68]. In the topological diagram approach, besides
the tree amplitude 7', the branching ratios of D° = KT K~ and D° — 7nt7~ depend also
on exchange diagrams F and SU(3)p-breaking combinations of penguin contractions of
the tree operator Preak, see the parametrizations in refs. [32, 38]. Therefore, under the
assumption of a 1/N, power counting, in order to explain eq. (2.2), additional contributions
to the SU(3) p-breaking have to come from these contributions. At first glance this seems
counterintuitive, as F and Ppea are formally 1/N, suppressed relative to T', which would
also affect the possible amount of SU(3)r breaking. However, there are two contributions
to these respective topological diagrams, which are both suppressed by 1/N,, and which
stem from the Hamiltonian [38]

Hyy oc C1Q1 + C2Q2, (2.11)

where
Cy ~ O(1/N,), Cy ~ O(1), (2.12)
(PP'|Q1|D) ~0O(1), (PP'|Q2|D) ~ O(1/N,). (2.13)

A priori, it is unclear how the two terms of order O(1/N,) from eq. (2.11) interfere. This
depends on the assumptions one makes about the respective matrix elements and can at
this time not be determined from first principles. The fit in ref. [38] shows the existence
of a solution that is compatible with 1/N,. counting, namely when both contributions
interfere constructively, see figure 3(c) therein. This leads then to a large E/T ratio, see
also refs. [52, 68, 69].

The fit result can be understood already when considering the single decay mode
B(D — KsKg), which only depends on SU(3)p-breaking exchange diagrams. Eq. (2.7)
determines their relative size as ~ 0.26. In case of a constructive interference of the matrix
elements of eq. (2.11), together with the estimates eq. (2.13), we obtain the rough estimate

e(|C1] + |C2/Ne|) ~ 0.24, (2.14)



where we use Cy = 1.2 and C; = —0.4 [38]. The estimate eq. (2.14) reproduces the measure-
ment eq. (2.7) up to 8%. At the same time, the fit in ref. [38] finds that the large SU(3)p-
breaking exchange diagrams together with the broken penguin can also explain eq. (2.2).
Global fits in the pure group-theoretical approach [35] agree with the approach employing
topological diagrams [38] in that the maximal needed linear SU(3)r breaking in the CKM-
leading amplitudes is given as € ~ 30%.
We can test the SU(3)r expansion also beyond linear order breaking effects. For the

ratio

JAD® = K+ K™)/(VesVus)| + AD® = 7877 /(VeaViua)|

Bore = |00 = K5 (VeaVi)| + JADY 5 Kon9)(VeaVag)] © 21D)

the SU(3)r expansion predicts that it is proportional to second order SU(3)p-breaking
effects [31, 32, 50]

R n = 0O(2). (2.16)
The experimental branching ratio measurements give
R p = 0.046 £ 0.008, (2.17)

confirming the theory prediction eq. (2.16). If U-spin breaking were O(1), the second order
U-spin breaking contributions that are isolated in eq. (2.17) would still be O(1). Instead, it
is, as expected, consistent with O(g?).

Although we see many examples where the SU(3)r expansion, including U-spin, is
applied with great success, it is still an open question how trustable it is in general. Therefore,
we seek to test the validity of U-spin at every possible opportunity.

Below, from recent data, we identify a new puzzle that appears in the CKM-subleading
amplitude contributions to charm decays, as opposed to the CKM-leading contributions
discussed above.

3 Notation

We use the notation of ref. [11] which we shortly summarize in this section. In the SM, the
Hamiltonian of SCS charm decays has the U-spin structure

Ab

Hor ~ £(1,0) = 2(0,0), (3.1)

with (4,7) = Oﬁgg::" ; and the CKM matrix element combinations

N = VVCZVUS B chtivud _ﬁ _ CZVub _ V;;;Vus + chtivud (3 2)
- 2 ’ 2 2 2 ’ '
Amplitudes of SCS charm decays can then be written as
Ab
A=%YAy — ?Ab. (3.3)



We use the following parametrization of U-spin related two-body D° decays to kaons and
pions [11, 32]

A(KT) = A(D® = K7) = VsV, (to - ;tl) , (CF)  (3.4)

_ 1 1
A(rr) = AD° — rta) = -3 (to T 2t2> Y <p0 - 2p1> (SCS) (3.5

— 1 1
A(KK) = A(DO — K+K_) =X* (t(] — 81+ 2t2) - )\Z (p(] + 2p1) R (SCS) (3.6)

A(K) = A(D" = 7V K~) = ViV, (to + ;tl) , (DCS)  (3.7)

where the decays are classified according to their suppression with Wolfenstein-\ as Cabibbo-
favored (CF), SCS and doubly-Cabibbo suppressed (DCS). The subscripts of the parameters
in egs. (3.4)—(3.7) indicate the corresponding order in the U-spin expansion. We employ
the normalized parameters

Po 1

~ tl ~ t2 - S1 - -
= — ty = = == = =—. 3.8
1 t() ) 2 tO y S1 t[) ’ bo t(] ) b1 t[) ( )
The amplitudes are normalized such that
B(D — PP'") = |A]> - P(D,P, P, (3.9)
P(D,P,P') =L\ [(m3, — (mp — mp)2) (m}, — (mp +mp)?), (3.10)
16mmy,
and [29, 36, 53]
. A A
dir b b
= —= — . A1
acp Im(z>1m<A2) (3.11)

Furthermore, we write the amplitudes without CKM factors as A(f) for CF and DCS
decays and A(f) = Ax(f), Ap(f) for SCS decays.
Following ref. [11] we also use the observable combinations

|A(KT)|* - [A(rK)|?
Rir = , 3.12
K = AP+ [A(K)P (312)
|A(KK)|> = |A(xm)|?
Rk nr = , 3.13
KIrt = AKR)P + [Alem)]? (319
_ JAKK)P? + |A(rr)]? = [A(K7)[* = |A(rK)?
RKK,WW,KW = ) 2 B} 5 - (314)
|A(KK)|” + [A(rm)[? + [A(KT)|? + [A(TK))|
The strong phase between CF and DCS D° decays is defined as
AD? — K+77)
= . .15
OKn = arg (A(DO S K-t (3.15)
For convenience, we define the strong phases dx i and 0., slightly different from ref. [11] as
Ay(KK) ( Ay(rm) )
= — o = . 3.16



4 Solving for underlying theory parameters

In the convention of ref. [11], the parametrization egs. (3.4)—(3.7) has the following eight
real parameters, not counting the normalization £g:

Re(fl), Im(fl), t~2, 51, Re(ﬁo), Im(ﬁo), Re(ﬁl), Im(]ﬁl) (4.1)

We can solve the complete system to order O(g?) as follows [11]

Re(fl) = _RKTI'7 (4.2)
Tm(f1) = — tan (5xcx) | (4.3)

- 1

to = 2RKK,7r7r,K7r — RKK o T ZR%(W + 1 tanz(éKw) , (4.4)

5 1

§1 = _iRKK,ﬂ'W7 (45)
I (i) = —————Aalp (4.6)

1m0 /%)
1

o E dir 7r7rA 4

Im(p1) 2 Tm(y/%) ( p+ RKK acp) (4.7)

Note that tan dx &~ . Furthermore, we have to O(e?):

1/2Im(p)  Saly 1
—RKK - 4.10
Tm (fo) Aa%‘lg T+ IKK, (4.10)

The parameters Re(pp) and Re(p;1) can be determined from time-dependent measure-
ments. In the following, we write the equations for Re(py) and Re(p1) in a more convenient
form in terms of the phases cot dx i and cot d,.. These are related to the parametrization
egs. (3.4)—(3.7) as

Re(4,(KK)/As(KK))

ot § _ Re(Ay(nm)/Ax (7))
KK ™ Im(A,(KK) JAs(KK))

€Ot onn = o (Ap(m) Ay (7))

(4.11)

and can be obtained from the subleading, non-universal contributions to the time-dependent
CP violation observable AYy, where [6]

t
ACP(fv ) ~ a%lf’ + Avai ) (412)
Tpo
and to very good precision [6]

AYy =xsing —y <’q‘ - 1) + yadE(f) <1 + zcot5f> . (4.13)
p



Here, x, y, |q/p| and ¢ are the parameters of D? — D’ mixing, see refs. [6, 21, 70, 71] for
details. Rearranging eq. (4.13), we extract cot 6; from AY} as

AY; — xsi -1
x yagp(f)

In terms of cot dx k-, cot Oy, Aa%if) and Eadcilg we obtain the following expressions for Re(po)
and Re(p1) to order O(e?):

cotdy =

1 .
50) = ——Aqgd M 41
Re(po) ST (/) acp (cot 0k + cot orr) (4.15)
1 .
p1) = = Aadih (cot drr o — 2 td o 2
Re(p1) STm (a3 e (cot drr (RK K, )+ cot dx i (RK K m + 2))
1 .
N dir ) 4.1
+ (/%) acp (cot dxx + cot drr) (4.16)

5 Numerical results

For the numerical determination of the hadronic matrix element parameters of the
parametrization egs. (3.4)—(3.7) we employ the experimental input data in tables 1, 2
and apply eqs. (4.2)—(4.7) and (4.14)—(4.16). From the branching ratio measurements we
obtain the combinations

Rgr = —0.08 £ 0.01,
Rik nn = 0.532 £ 0.008 ,
Ri i rm.icr = 0.083 %+ 0.008.

From time-dependent CP violation we obtain for the strong phases
cot S = —287%% ot 6 = —28730 (5.4)

i.e., basically no constraint. This is understandable from the fact that the phases only
contribute to the subleading, final-state dependent contributions of AY}, and at the current
precision AYg+ - and AY +, - do not yet show a significant final-state dependence.

Note that in principle there is a further opportunity for constraining the strong phases
of pp,1 by extracting cot 0 x and cot dr from future precision determinations of the isolated
mixing parameters yglf( and y0p, where these phases also appear in subleading, final-state
dependent contributions, see refs. [21, 70-72] for details. Recently, LHCb measured the
combinations y&L — y&7 and yZ% — y&F [9]. However, like AYy+ i~ and AY, 4, they do
not yet show a significant final-state dependence.

Our results for all parameters in eq. (3.8) are given in table 3. As a result of eq. (5.4),
we have basically no information on the real parts Re(pp) and Re(p;). We will therefore
not include them in the discussion any further.

We make now the following assumption:

o Due to non-perturbative rescattering [11], the phases of py and p; are O(1), resulting
in [Im(p1)/Im(po)| ~ |p1]/|Pol-



Direct CP Asymmetries
adlL (D — KYK™) (7.7£5.7)-107% 2]
adit (DY — 7)) (23.2+6.1)- 1074 2]
p 0.88 2]
Time-dependent CP Violation
AYpt - (-2.3+1.5+0.3)-107* | [6]
AY i (—4.0+2.8+0.4)-107* | [6]
DY — D Mixing Parameters
@ (0.409*8545) <1072 | [10]
y (0.615+853) <1072 | [10]
0K (7.2255)° [10]
lq/p| 0.995 4 0.016 [10]
b (—2.5+1.2)° [10]
Branching Ratios
B(D° - KtK™) (4.08 £ 0.06) - 1073 [66]
B(D® — nt77) (1.454 4+ 0.024) - 1073 | [66]
B(D° — K*7n7) (1.363 4 0.025) - 10~* | [66]
B(D° — K—77) (3.947 £0.030) - 102 | [66]
Further Numerical Inputs
Im (\/%) (—6.0+£0.3)- 1074 [66]

Table 1. Experimental input data. We include the correlation between adh(D® — K+ K~) and
a%i{f,(DO — mtn~) which is given by p. We also include the correlations between the mixing
parameters x, y, 0k, |q/p|, and ¢, which are given in table 2. We symmetrize all errors of the input
data if applicable. Note that for alit, (D® — K+ K~) and adi5(D® — 7+ 7~) we use directly the most
recent preliminary measurements by LHCb which contain all Run-1 and Run-2 measurements. Note
further that the fit results by the Heavy Flavor Averaging Group (HFLAV) for the D° — D’ mixing
parameters [10] do not yet include these latest results for the direct CP asymmetries. Both of these

points can be improved in the future with updates of the world averages and global fits [10, 73-78].

T Y 0K la/pl ¢
z 1.0 | —0.075 | —0.029 | —0.122 | 0.087
y | —0.075| 1.0 0.970 | —0.035 | 0.071
Skx | —0.029 | 0.970 1.0 | —0.043 | 0.079

lg/p| | —0.122 | —0.035 | —0.043 | 1.0 | 0.558
¢ | 0087 | 0071 | 0.079 | 0558 | 1.0

Table 2. Correlation matrix for the needed D° — D" mixing parameters from ref. [10].



Re(f) | 0.08340.010
Im(f;) | —0.11%512
2 0.1015:015
5 | —0.2658+0:0040
Im(jo) | 0.66 +0.13
Im(p) | —2.272558
Re(po) | —1873
Re(p1) 64732

Table 3. Results for hadronic matrix elements of the U-spin expansion eqs. (3.4)—(3.7), as extracted
from the experimental data in tables 1 and 2.

With future data on time-dependent CP violation this assumption can be tested and
improved. From eq. (4.10), it follows then for the ratio of the magnitude of the U-
spin breaking contribution to the CKM-subleading amplitude Ay(n7) (Ap(KK)) to the
corresponding U-spin limit contribution:

12| ‘1/211&1(131)

= 1.737085 5.5
| Dol Im(po) 074 5 (5.5)

which deviates at 1.950 from the SM expectation of O(30%). Eq. (5.5) is our main result.
We illustrate eq. (5.5) and the dependence of eq. (4.10) on Sadl in figure 1.

The found U-spin breaking of (173f§i)% may lead to the question if the U-spin power
counting used for its extraction in eqgs. (4.2)—(4.7), (4.15), (4.16) is actually still valid. Note
that eqs. (4.2)—(4.7), (4.15), (4.16) are all formally valid at O(e?). Now, if Im(1) breaks
the power counting by being O(1) instead of O(¢), these equations have the following power

counting:

e Eqgs. (4.2)-(4.5), (4.7) for the extraction of Re(#1), Im(#y), 2, 31, and Im(p;) are in
this case still valid at O(g?).

o Egs. (4.6), (4.16) for the extraction of Im(pp) and Re(p;) are in this case valid at
O(e).

e Eq. (4.15) obtains O(1) corrections, i.e. is broken in this case and can no longer be
used for the extraction of Re(po).

Note that also eq. (4.10) is formally valid at O(¢?) and is still valid at O(¢) when Im(p;) ~
O(1). The above implies that for Im(p;) ~ O(1) the methodology of section 4 still enables
a consistent parameter extraction with the exception of the parameter Re(py). However,
with current data we have in any case no sensitivity to this parameter. As can be seen from
table 3, the other U-spin breaking parameters are consistent with the U-spin power counting.

~10 -
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Figure 1. Illustration of the dependence of 1/2Im(p1)/Im(fp) on Tadl according to eq. (4.10).
For this illustration we fix Aa%ilg and Ri g r to their central values and vary Eadcif, away from its

measured value (blue). In red we show the current experimental data for Sadl, and the resulting
value for 1/2Im(p1)/Im(Poy) including lo errors. For the estimate of the region of 30% U-spin
breaking (yellow) we assume that the strong phases are O(1), such that |1/2Im(p;)/Im(po)| =

1/2|p1]/|po| < 30%.

6 Predictions and new physics interpretations

The large U-spin breaking of (173753)% that we find in eq. (5.5) indicates large contributions
from AU = 1 operators in the CKM-subleading amplitude of SCS charm decays. This leads
to an O(1) breaking of the U-spin limit sum rule [35, 42, 50, 53]

(D= KtK™)  adp(D° = ntn) (6.1)
DD — atr=) — ad5(D0 — K+K—)’ '

see the discussion in section 1. As the decays D° — KTK~ and D° — 7t~ are also
connected to a wider class of decays via SU(3)p symmetry, we expect that the U-spin limit
sum rule [35, 42, 50, 53]

(Dt - K'KY)  aff(Df — K'r+)

I(Df — KOnt) — gdin(D+ - KOK+)

(6.2)
agp(

is also broken at O(1). In ref. [39] improved versions of the sum rules egs. (6.1), (6.2) are
formulated that account for the first order SU(3)r breaking effects from all topological
diagrams except for the penguin contraction of tree operators (P and PA in the notation
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therein). Therefore, we predict that also the sum rules [39]

S(D° - KtK~)-S(D° - atr™) S(D°— KtK~)+v28(D° — 77°)

o20(DVSKTR ) _ 2id(D0—ntn—)  g2id(DOSKTK—) _ g2i0(D0—m0m0) 0, (6.3)
S(Dt 5 K'KT)-S(Df — K°7+)  S(D* - K K+)+v/28(DF — K+70) 0 (64)
02i8(D+ K K+) _ 02i8(Df —K0r+) o2i0(DT K K+) _ p2i6(DI »K+x0) '

are broken at O(1). Here, 6(d) = arg(Ax(d)) and the function S(d) can be found in ref. [39].
Further SU(3)r sum rules are given in refs. [50, 79]. For a general treatment of U-spin sum
rules at any order see ref. [25]. In light of the puzzle posed by the U-spin expansion of
charm decays, also a further test of the respective isospin structure is very important [55].

As laid out in ref. [35], new physics models with additional AU = 1 operators, so-called
“AU = 1 models” [35] can explain the breaking of egs. (6.1), (6.2) beyond the U-spin power
counting. The same applies to eqs. (6.3), (6.4). Such models generate additional effective
operators with the flavor content sctis and/or dctid with non-universal coefficients. They can
e.g. arise from two-Higgs-doublet models (2HDMs) [54] or flavorful Z’ models [12, 20, 54].
Recently, in ref. [20] it has been shown that Z’ models can induce large U-spin breaking
between adh(D? — KT K~) and oL, (D — 77 7~), depending on the charge assignments
of the quarks under an additional U(1)" group. With the new data, charm CP asymmetries
can be used effectively to probe and explore the parameter space of such models further.
For example, the specific charge assignments of Z’ models considered in ref. [20] lead to
opposite signs for adi5(D? — K+ K~) and adt,(D® — 7t77), see figure 3 therein, whereas
the most recent data indicates adis(D? — K+ K~) > 0 and adiL(D® — 7F77) > 0.

The exploration of the U-spin puzzle with future and more precise measurements
including sum rule tests is important for a complete understanding of the CKM-subleading
amplitudes of SCS charm decays and in order to further probe the parameter space of
AU = 1 models.

7 Conclusions

Assuming the Standard Model, from recent measurements of charm CP violation in the
single decay channels D° — KTK~ and D° — 777~ we extract for the first time the
imaginary part Im(p;) of the U-spin breaking AU = 1 contribution to the CKM-subleading
amplitudes. We obtain

1/2Im(p1)

— (_17atT4
Tm(o) = (—1737¢) %, (7.1)

where Im(pg) is the U-spin limit AU = 0 contribution to the CKM-subleading amplitudes
which is determined by Aa%if;. The strong phases of pp 1 are yet unknown. Assuming O(1)
strong phases due to non-perturbative rescattering, the result implies very large U-spin
breaking, which exceeds the SM expectation of ~ 30% by almost a factor six, at 1.950.

It is crucial to probe this anomaly further with more data and test the U-spin expansion
also in additional decays, using the sum rules listed in section 6. Most importantly, we

need improved time-dependent measurements, such that we can extract the strong phases
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of po,1 from data. In order to test the pattern of the SU(3)r expansion, measurements of
CP asymmetries of basically all singly-Cabibbo suppressed decays are necessary.

We encourage experimental collaborations to extract the underlying theory parameters
using the methodology described in section 4 directly from the data, enabling the most
comprehensive treatment of all correlations.

If the U-spin anomaly is confirmed with more data in the future, this would imply
either a breakdown of the U-spin expansion in the Standard Model, or a sign for new
physics with an additional AU = 1 operator, for example from additional scalar particles or
a flavorful Z’.
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