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Charm physics is exceptional 2011.09478

1 Window to test FCNCs in the up-sector!

2 Strong non-perturbative dynamics → “Null tests” O ± δO
Use SM symmetries: OSM = 0,
Small uncertainties: OSM ≫ δOSM,
Use large hadronic effects to enhance NP contributions, ...

3 Very efficient GIM mechanism:
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W
, Im(λb/λs ) ∼ 10−3 BRs (ACP) are loop-(CKM-) suppressed!

Excellent place to search for BSM physics!
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∆ACP predictions in the SM Talk of U. Nierste

∆ASM
CP ≈ r sinϕCKM sin δQCD r = rCKM rQCD

sinϕCKM ∼ Im(λb/λs) ∼ 10−3.

sin δQCD ∼ O(1), large strong phases.
rCKM =

∣∣∣λd
λs

∣∣∣ = 1, ratio of CKM factors.
What is the ratio of rescattering rQCD?

π(K )

π(K )

π

π
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Light Cone Sum Rules (LCSR)

rQCD ∼ O
(
αs
π

)
∼ 10−1

∆ASM
CP ∼ 10−4

Not explains exp. value

Low energy QCD

rQCD ∼ 1

∆ASM
CP ∼ 10−3

Compatible with exp. value

∆ALHCb
CP = (− 15.4 ± 2.9) · 10−4

1903.08726

SM prediction of ∆ACP is not well established!
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Measurement ALHCb
CP (K+K−) 2209.03179, Talk of J. Brodzicka

H. Gisbert (U. Padova & INFN) The U-spin-CP anomaly in charm September 18, 2023 4 / 18



Combined with ∆ACP 2209.03179, Talk of J. Brodzicka
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What tells the new LHCb result? 2207.08539, 2210.16330
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U -spin limit
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BM II
<latexit sha1_base64="Jaji2XoDKG2ENX/6mH7ppafX17E=">AAACA3icbVC7SgNBFL0bXzG+opY2g0GwCrsimDJoYwohgnlAdgmzk9lkyMzsMjMrhCWlv2CrvZ3Y+iG2fomTZAtNPHDhcM69nMsJE860cd0vp7C2vrG5Vdwu7ezu7R+UD4/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTjm5nfeaRKs1g+mElCA4GHkkWMYGMlP/OVQNd3Pmo0pv1yxa26c6BV4uWkAjma/fK3P4hJKqg0hGOte56bmCDDyjDC6bTkp5ommIzxkPYslVhQHWTzn6fozCoDFMXKjjRorv6+yLDQeiJCuymwGellbyb+64ViKdlEtSBjMkkNlWQRHKUcmRjNCkEDpigxfGIJJorZ3xEZYYWJsbWVbCnecgWrpH1R9dyqd39ZqdfyeopwAqdwDh5cQR1uoQktIJDAM7zAq/PkvDnvzsditeDkN8fwB87nD0MEl34=</latexit><latexit sha1_base64="Jaji2XoDKG2ENX/6mH7ppafX17E=">AAACA3icbVC7SgNBFL0bXzG+opY2g0GwCrsimDJoYwohgnlAdgmzk9lkyMzsMjMrhCWlv2CrvZ3Y+iG2fomTZAtNPHDhcM69nMsJE860cd0vp7C2vrG5Vdwu7ezu7R+UD4/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTjm5nfeaRKs1g+mElCA4GHkkWMYGMlP/OVQNd3Pmo0pv1yxa26c6BV4uWkAjma/fK3P4hJKqg0hGOte56bmCDDyjDC6bTkp5ommIzxkPYslVhQHWTzn6fozCoDFMXKjjRorv6+yLDQeiJCuymwGellbyb+64ViKdlEtSBjMkkNlWQRHKUcmRjNCkEDpigxfGIJJorZ3xEZYYWJsbWVbCnecgWrpH1R9dyqd39ZqdfyeopwAqdwDh5cQR1uoQktIJDAM7zAq/PkvDnvzsditeDkN8fwB87nD0MEl34=</latexit><latexit sha1_base64="Jaji2XoDKG2ENX/6mH7ppafX17E=">AAACA3icbVC7SgNBFL0bXzG+opY2g0GwCrsimDJoYwohgnlAdgmzk9lkyMzsMjMrhCWlv2CrvZ3Y+iG2fomTZAtNPHDhcM69nMsJE860cd0vp7C2vrG5Vdwu7ezu7R+UD4/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTjm5nfeaRKs1g+mElCA4GHkkWMYGMlP/OVQNd3Pmo0pv1yxa26c6BV4uWkAjma/fK3P4hJKqg0hGOte56bmCDDyjDC6bTkp5ommIzxkPYslVhQHWTzn6fozCoDFMXKjjRorv6+yLDQeiJCuymwGellbyb+64ViKdlEtSBjMkkNlWQRHKUcmRjNCkEDpigxfGIJJorZ3xEZYYWJsbWVbCnecgWrpH1R9dyqd39ZqdfyeopwAqdwDh5cQR1uoQktIJDAM7zAq/PkvDnvzsditeDkN8fwB87nD0MEl34=</latexit><latexit sha1_base64="Jaji2XoDKG2ENX/6mH7ppafX17E=">AAACA3icbVC7SgNBFL0bXzG+opY2g0GwCrsimDJoYwohgnlAdgmzk9lkyMzsMjMrhCWlv2CrvZ3Y+iG2fomTZAtNPHDhcM69nMsJE860cd0vp7C2vrG5Vdwu7ezu7R+UD4/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTjm5nfeaRKs1g+mElCA4GHkkWMYGMlP/OVQNd3Pmo0pv1yxa26c6BV4uWkAjma/fK3P4hJKqg0hGOte56bmCDDyjDC6bTkp5ommIzxkPYslVhQHWTzn6fozCoDFMXKjjRorv6+yLDQeiJCuymwGellbyb+64ViKdlEtSBjMkkNlWQRHKUcmRjNCkEDpigxfGIJJorZ3xEZYYWJsbWVbCnecgWrpH1R9dyqd39ZqdfyeopwAqdwDh5cQR1uoQktIJDAM7zAq/PkvDnvzsditeDkN8fwB87nD0MEl34=</latexit>

BM III, IV
<latexit sha1_base64="vYN0OZzQcaVWzhrRivvrAg3bLqI=">AAACDHicbVDLSsNAFJ34rPUV7dLNYBFclJKIYJdFN2YhVLAPaEKZTCft0JlJmJkIIfQX/AW3uncnbv0Ht36J0zYLbT1w4XDOvZzLCRNGlXacL2ttfWNza7u0U97d2z84tI+OOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemGk5uZ330kUtFYPOgsIQFHI0EjipE20sCu5L7k8PrOh57n1fwa9DrTgV116s4ccJW4BamCAq2B/e0PY5xyIjRmSKm+6yQ6yJHUFDMyLfupIgnCEzQifUMF4kQF+fz5KTwzyhBGsTQjNJyrvy9yxJXKeGg2OdJjtezNxH+9kC8l66gR5FQkqSYCL4KjlEEdw1kzcEglwZplhiAsqfkd4jGSCGvTX9mU4i5XsEo6F3XXqbv3l9Vmo6inBE7AKTgHLrgCTXALWqANMMjAM3gBr9aT9Wa9Wx+L1TWruKmAP7A+fwCccZmx</latexit><latexit sha1_base64="vYN0OZzQcaVWzhrRivvrAg3bLqI=">AAACDHicbVDLSsNAFJ34rPUV7dLNYBFclJKIYJdFN2YhVLAPaEKZTCft0JlJmJkIIfQX/AW3uncnbv0Ht36J0zYLbT1w4XDOvZzLCRNGlXacL2ttfWNza7u0U97d2z84tI+OOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemGk5uZ330kUtFYPOgsIQFHI0EjipE20sCu5L7k8PrOh57n1fwa9DrTgV116s4ccJW4BamCAq2B/e0PY5xyIjRmSKm+6yQ6yJHUFDMyLfupIgnCEzQifUMF4kQF+fz5KTwzyhBGsTQjNJyrvy9yxJXKeGg2OdJjtezNxH+9kC8l66gR5FQkqSYCL4KjlEEdw1kzcEglwZplhiAsqfkd4jGSCGvTX9mU4i5XsEo6F3XXqbv3l9Vmo6inBE7AKTgHLrgCTXALWqANMMjAM3gBr9aT9Wa9Wx+L1TWruKmAP7A+fwCccZmx</latexit><latexit sha1_base64="vYN0OZzQcaVWzhrRivvrAg3bLqI=">AAACDHicbVDLSsNAFJ34rPUV7dLNYBFclJKIYJdFN2YhVLAPaEKZTCft0JlJmJkIIfQX/AW3uncnbv0Ht36J0zYLbT1w4XDOvZzLCRNGlXacL2ttfWNza7u0U97d2z84tI+OOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemGk5uZ330kUtFYPOgsIQFHI0EjipE20sCu5L7k8PrOh57n1fwa9DrTgV116s4ccJW4BamCAq2B/e0PY5xyIjRmSKm+6yQ6yJHUFDMyLfupIgnCEzQifUMF4kQF+fz5KTwzyhBGsTQjNJyrvy9yxJXKeGg2OdJjtezNxH+9kC8l66gR5FQkqSYCL4KjlEEdw1kzcEglwZplhiAsqfkd4jGSCGvTX9mU4i5XsEo6F3XXqbv3l9Vmo6inBE7AKTgHLrgCTXALWqANMMjAM3gBr9aT9Wa9Wx+L1TWruKmAP7A+fwCccZmx</latexit><latexit sha1_base64="vYN0OZzQcaVWzhrRivvrAg3bLqI=">AAACDHicbVDLSsNAFJ34rPUV7dLNYBFclJKIYJdFN2YhVLAPaEKZTCft0JlJmJkIIfQX/AW3uncnbv0Ht36J0zYLbT1w4XDOvZzLCRNGlXacL2ttfWNza7u0U97d2z84tI+OOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemGk5uZ330kUtFYPOgsIQFHI0EjipE20sCu5L7k8PrOh57n1fwa9DrTgV116s4ccJW4BamCAq2B/e0PY5xyIjRmSKm+6yQ6yJHUFDMyLfupIgnCEzQifUMF4kQF+fz5KTwzyhBGsTQjNJyrvy9yxJXKeGg2OdJjtezNxH+9kC8l66gR5FQkqSYCL4KjlEEdw1kzcEglwZplhiAsqfkd4jGSCGvTX9mU4i5XsEo6F3XXqbv3l9Vmo6inBE7AKTgHLrgCTXALWqANMMjAM3gBr9aT9Wa9Wx+L1TWruKmAP7A+fwCccZmx</latexit>
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<latexit sha1_base64="x1LMuuDzaM38zQG3yKb+TaUJeuI=">AAACF3icbVDLSsNAFJ34rPUVdSnIYBFcSEmKYN1V6qILFxXsA5oYJtNJO3QmCTMToYTs/Al/wa3u3Ylbl279EqdtFtp64MLhnHu59x4/ZlQqy/oylpZXVtfWCxvFza3tnV1zb78to0Rg0sIRi0TXR5IwGpKWooqRbiwI4j4jHX9Un/idByIkjcI7NY6Jy9EgpAHFSGnJM4+ca8IUglf3qSM4vGnUfeesYtmXmZfWm5lnlqyyNQVcJHZOSiBH0zO/nX6EE05ChRmSsmdbsXJTJBTFjGRFJ5EkRniEBqSnaYg4kW46/SODJ1rpwyASukIFp+rviRRxKcfc150cqaGc9ybiv57P5zaroOqmNIwTRUI8WxwkDKoITkKCfSoIVmysCcKC6tshHiKBsNJRFnUo9nwEi6RdKdtW2b49L9WqeTwFcAiOwSmwwQWogQZoghbA4BE8gxfwajwZb8a78TFrXTLymQPwB8bnDxginkI=</latexit><latexit sha1_base64="x1LMuuDzaM38zQG3yKb+TaUJeuI=">AAACF3icbVDLSsNAFJ34rPUVdSnIYBFcSEmKYN1V6qILFxXsA5oYJtNJO3QmCTMToYTs/Al/wa3u3Ylbl279EqdtFtp64MLhnHu59x4/ZlQqy/oylpZXVtfWCxvFza3tnV1zb78to0Rg0sIRi0TXR5IwGpKWooqRbiwI4j4jHX9Un/idByIkjcI7NY6Jy9EgpAHFSGnJM4+ca8IUglf3qSM4vGnUfeesYtmXmZfWm5lnlqyyNQVcJHZOSiBH0zO/nX6EE05ChRmSsmdbsXJTJBTFjGRFJ5EkRniEBqSnaYg4kW46/SODJ1rpwyASukIFp+rviRRxKcfc150cqaGc9ybiv57P5zaroOqmNIwTRUI8WxwkDKoITkKCfSoIVmysCcKC6tshHiKBsNJRFnUo9nwEi6RdKdtW2b49L9WqeTwFcAiOwSmwwQWogQZoghbA4BE8gxfwajwZb8a78TFrXTLymQPwB8bnDxginkI=</latexit><latexit sha1_base64="x1LMuuDzaM38zQG3yKb+TaUJeuI=">AAACF3icbVDLSsNAFJ34rPUVdSnIYBFcSEmKYN1V6qILFxXsA5oYJtNJO3QmCTMToYTs/Al/wa3u3Ylbl279EqdtFtp64MLhnHu59x4/ZlQqy/oylpZXVtfWCxvFza3tnV1zb78to0Rg0sIRi0TXR5IwGpKWooqRbiwI4j4jHX9Un/idByIkjcI7NY6Jy9EgpAHFSGnJM4+ca8IUglf3qSM4vGnUfeesYtmXmZfWm5lnlqyyNQVcJHZOSiBH0zO/nX6EE05ChRmSsmdbsXJTJBTFjGRFJ5EkRniEBqSnaYg4kW46/SODJ1rpwyASukIFp+rviRRxKcfc150cqaGc9ybiv57P5zaroOqmNIwTRUI8WxwkDKoITkKCfSoIVmysCcKC6tshHiKBsNJRFnUo9nwEi6RdKdtW2b49L9WqeTwFcAiOwSmwwQWogQZoghbA4BE8gxfwajwZb8a78TFrXTLymQPwB8bnDxginkI=</latexit><latexit sha1_base64="x1LMuuDzaM38zQG3yKb+TaUJeuI=">AAACF3icbVDLSsNAFJ34rPUVdSnIYBFcSEmKYN1V6qILFxXsA5oYJtNJO3QmCTMToYTs/Al/wa3u3Ylbl279EqdtFtp64MLhnHu59x4/ZlQqy/oylpZXVtfWCxvFza3tnV1zb78to0Rg0sIRi0TXR5IwGpKWooqRbiwI4j4jHX9Un/idByIkjcI7NY6Jy9EgpAHFSGnJM4+ca8IUglf3qSM4vGnUfeesYtmXmZfWm5lnlqyyNQVcJHZOSiBH0zO/nX6EE05ChRmSsmdbsXJTJBTFjGRFJ5EkRniEBqSnaYg4kW46/SODJ1rpwyASukIFp+rviRRxKcfc150cqaGc9ybiv57P5zaroOqmNIwTRUI8WxwkDKoITkKCfSoIVmysCcKC6tshHiKBsNJRFnUo9nwEi6RdKdtW2b49L9WqeTwFcAiOwSmwwQWogQZoghbA4BE8gxfwajwZb8a78TFrXTLymQPwB8bnDxginkI=</latexit>

1 ad
π−π+ is larger than |∆ACP|. SM needs even more enhancement!

ad
π−π+ |SM ∼ 2 Im(λb/λs)

(h
t

)
∼ 1.2 · 10−3

(h
t

)
−→

h
t

∼ 2

2 Violation of U-spin, ad
K−K+ + ad

π−π+ ̸= 0, at the level of 2.7σ!

BSM CP & U-spin violation?
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Flavorful Z ′ models

Gauge symmetry: SU(3)C × SU(2)L × U(1)Y × U(1)′︸ ︷︷ ︸
g4

Representations:
Qi = (3, 2, 1/6, FQi ) , ui = (3, 1, 2/3, Fui ) , di = (3, 1,−1/3, Fdi ) ,
Li = (1, 2,−1/2, FLi ) , ei = (1, 1,−1, Fei ) , νi = (1, 1, 0, Fνi ) .

Z ′ Lagrangian (in the gauge basis):

LZ ′ = g4
∑

i

∑
ψi

Fψi (ψ̄i γ
µ ψi ) Z ′

µ , ψ = Q, L, u, d , e, ν .

Charge Fψ assignment: guarantee anomaly-cancellation.
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Z ′ effects in ∆ACP 2004.01206

∆ANP
CP = ANP

CP

(
K+K−

)
− ANP

CP

(
π+π−

)
with (assuming maximal strong phases sin δπ,K ∼ 1)

ANP
CP

(
K+K−

)
∼
( g4

MZ ′

)2
sinϕR ∆F̃R [cK FQ2 + dK Fd2]

ANP
CP

(
π+π−

)
∼
( g4

MZ ′

)2
sinϕR ∆F̃R [cπ FQ1 + dπ Fd1]

with ∆F̃R = sin θu cos θu∆FR and

cK =
χK

aK
r1 ∼ + O(1) , cπ = −

χπ

aπ

r1 ∼ − O(1) ,

dK =
1

aK
r2 ∼ − O(0.1) , dπ = −

1
aπ

r2 ∼ +O(0.1) .

aP is tree-level amplitude fixed by B(D0 → P+P−)exp and r1,2 encode RGE effects.
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CP asymmetries constraints 2210.16330

ad
K−K+ =

g2
4

M2
Z ′

∆F̃R [cK FQ2 + dK Fd2] ,

ad
π−π+ =

g2
4

M2
Z ′

∆F̃R [cπFQ1 + dπFd1] ,

with FQ1,2 = 0 (D-mixing constraints), the ratio Fd2/Fd1 is fixed:

Fd2

Fd1

=
dπ ad

K−K+

dK ad
π−π+

≃ − 0.42+0.83
−0.13

resulting in a large hierarchy

|Fd2| ≪ |Fd1|
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D-mixing constraints 2004.01206, 2210.16330

D-meson mixing constraints from HFLAV average

g4 ∆F̃R

MZ ′
< 7.1 · 10−4 TeV−1 (95% C.L.)

which includes new data from LHCb 2106.03744

Remainder:

∆F̃R contains the mixing angle θu which can be freely adjusted:

∆F̃R = sin θu cos θu (Fu2 − Fu1) ≈ θu (Fu2 − Fu1)

θu small is instrumental to build our models

θu ≪ 1
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Rare charm decays & Drell-Yan constraints 2210.16330

BRs of rare D-decays (2011.09478):

g2
4 |∆F̃R |

√
F2

L2
+ F2

e2
≲ 0.02

(MZ ′

TeV

)2
,

g2
4 |∆F̃R(FL2 − Fe2)| ≲ 0.02

(MZ ′

TeV

)2
.

Drell-Yan data for ℓ = e, τ (2003.12421):

g2
4 |∆F̃R |

√
F2

L1 (3)
+ F2

e1 (3)
≲ 0.06 (0.12)

(MZ ′

TeV

)2
.

Combined with the D-mixing constraint:

|FL2 − Fe2|,
√

F2
L2

+ F2
e2

≲ 0.8 |Fd1|√
F2

L1
+ F2

e1
≲ 2.3 |Fd1|√

F2
L3

+ F2
e3

≲ 4.7 |Fd1|
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Charm constraints synopsis 2210.16330

0 1 2 3 4 5
0

20

40

60

80

100

120

g4Fd1

MZ ′
∼

1
0.025 TeV

×
|ad
π−π+|

0.002
→ light Z ′ mass or large g4 Fd1
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Anomaly-free U(1)′ models 2210.16330

FX = diag(FX1 , FX2 , FX3 )

⟨FX ⟩ = Tr(FX )

Model FQi Fui Fdi FLi Fei Fνi

BM I 0 0 0 9 -16 7 20 -11 -9 15 -6 -9 -16 0 16 6 12 -18
BM II 0 0 0 -19 9 10 20 -8 -12 4 1 -5 15 2 -17 8 2 -10
BM III 0 0 0 0 -1 0 1 0 0 0 0 0 0 0 1 0 0 -1
BM IV 0 0 0 - 985

1393
985
1393 0 1 0 -1 0 0 0 1

1393 0 - 1
1393 Fν -Fν 0

All these BMs survive the previous constraints!

BMs feature U-spin and IB with signals in π+π0, π0π0:

ACP(π0π0) ≃ ACP(π+π0) ≃
(

1 −
Fu1

Fd1

)
|∆ACP| ≃ (1 − 2) 10−3
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A flavorful Z ′ of O(10) GeV? 2210.16330

⋆ Constraints from Z ′ → ℓ+ℓ− searches:

Severe constraints in 1-100 GeV range.

Exp. constraints from e & µ (1801.04847 & 1910.06926)

g4 Fe1,2,L1,2 ≲ 4 · 10−4

Combined with previous bounds, leads to

Fe1,2,L1,2

Fd1

≲
1

750

directly excluding BM I and II and dictating a strong
quark and lepton charge hierarchy in BM III and IV.
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A flavorful Z ′ of O(10) GeV? 2210.16330

⋆ Constraints from dijets searches:

For 10 GeV ≲ MZ ′ ≲ 50 GeV, the strongest constraints are
from CMS (1905.10331), and their dijet plus initial state
radiation (2112.05392). Using their results, approximately
g4Fd1 ≲ 0.5, together with the previous constraints:

10 GeV ≲ MZ ′ ≲ 20 GeV

Υ(b̄b) → j j constraints around 10 GeV (1404.3947).

MZ ′ ≲ 7 GeV or MZ ′ ≳ 15 GeV (BM IV)

BM III does not couple to b’s, we can evade the Υ-limits.
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A flavorful Z ′ of O(10) GeV? 2210.16330

⋆ Constraints from charmonium decays:

Charmonia + Υ + charm CP data:
MZ ′ ∼ [2.3, 2.8] GeV or MZ ′ ∼ [3.2, 3.3] GeV (BM III)

MZ ′ ∼ [4.6, 7] GeV (BM IV)

Resolving the tension between Fπ extracted from J/ψ-decays
assuming the leading photon exchange hep-ph/0409080
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A flavorful Z ′ of O(10) GeV? 2210.16330

⋆ Constraints in BM III from ψ(2s) → τ+τ−:

Similarly as ψi → π+π−, using B(ψ(2s) → τ+τ−) from PDG:

MZ ′ ≲ 2.2 GeV or [4.0, 4.8] GeV

very close to the windows implied by Fπ.

⋆ Constraints from J/ψ(1s) → nothing:

Using B(J/ψ(1s) → nothing) from PDG:

MZ ′ ≲ 0.7 GeV

in conflict with Fπ windows, or the BSM neutrino mass
mν > mJ/ψ(1s)/2 to forbid the decay kinematically.
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Summary

The data from LHCb require a huge amount of U-spin breaking.
Explaining the data poses a challenge to model building, given
the low NP scale and the severe constraints.
A e &µ−phobic light Z ′ can explain the U-spin-CP anomaly.
Signatures & search channels:

CP asymmetries in D0 → π0π0 and D+ → π0π+.
Low mass dijets Z ′ → qq̄.
Enhanced DD̄, ππ, ττ production.
Dark photon searches
Invisible & hadronic D decays
J/ψ, ψ(2s), Υ decays

Thank you for your attention!
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BACKUP
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From gauge to mass basis via rotations
Rotations: 4 unitary matrices, V †

u Vu = V †
d Vd = U†

u Uu = U†
d Ud = I

(u′
L)i = (Vu)ij (uL)j , (u′

R)i = (Uu)ij (uR)j ,

(d ′
L)i = (Vd )ij (dL)j , (d ′

R)i = (Ud )ij (dR)j . VCKM = V †
u Vd

Z ′ Lagrangian for charm FCNCs (in the mass basis):
LZ ′ ⊃

(
guc

L ūLγ
µcLZ ′

µ + guc
R ūRγ

µcRZ ′
µ + h.c.

)
+ gd

L d̄Lγ
µdLZ ′

µ + gd
R d̄Rγ

µdRZ ′
µ

+ g s
L s̄Lγ

µsLZ ′
µ + g s

R s̄Rγ
µsRZ ′

µ

+
∑

ℓ=e,µ,τ

(
gℓℓ

L ℓ̄Lγ
µℓL + gℓℓ

R ℓ̄Rγ
µℓR

)
Z ′

µ

gd ,s
L = g4 FQ1,2, gd ,s

R = g4 Fd1,2, gℓℓL = g4 FLℓ, gℓℓR = g4 Feℓ

Avoid strong constraints in the kaon sector → Vd = Ud = I

guc
L = g4 ∆FL λ guc

R = g4 ∆FR sin θu cos θu eiϕR

with ∆FL = FQ2 − FQ1 and ∆FR = Fu2 − Fu1 .
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|∆c| = |∆u| = 1 FCNC couplings guc
L,R

Avoid strong constraints in the kaon sector → Vd = Ud = I

VCKM = V †
u → (VCKM)2×2 =

(
cos Φu sin Φu

− sin Φu cos Φu

)
, sin Φu = λ ≈ 0.2 .

(Uu)2×2 =
(

cos θu sin θue−iϕR

− sin θueiϕR cos θu

)
→ 1 CP-phase in RH up sector

After rotation:

guc
L = g4 (VCKM FQ V †

CKM)12 = g4 (FQ2 − FQ1) sin Φu cos Φu ,

guc
R = g4 (U†

u Fu Uu)12 = g4 (Fu2 − Fu1) sin θu cos θu eiϕR ,

CP violation BSM generated by RH up rotation in guc
R ,

guc
L = g4 ∆FL λ guc

R = g4 ∆FR sin θu cos θu eiϕR

with ∆FL = FQ2 − FQ1 and ∆FR = Fu2 − Fu1 .

H. Gisbert (U. Padova & INFN) The U-spin-CP anomaly in charm September 18, 2023 18 / 18



Four-fermion operators

New U(1)′ charges require new operators, like EW penguins.

High-energy scales

8 additional operators:

Q̃7 = (ūc)V −A
∑

q
Fui ,di (q̄q)V +A , Q̃′

7 = (ūc)V +A
∑

q
FQi (q̄q)V −A ,

Q̃8 = (ūαcβ)V −A
∑

q
Fui ,di (q̄βqα)V +A , Q̃′

8 = (ūαcβ)V +A
∑

q
FQi (q̄βqα)V −A,

Q̃9 = (ūc)V −A
∑

q
FQi (q̄q)V −A , Q̃′

9 = (ūc)V +A
∑

q
Fui ,di (q̄q)V +A ,

Q̃10 = (ūαcβ)V −A
∑

q
FQi (q̄βqα)V −A , Q̃′

10 = (ūαcβ)V +A
∑

q
Fui ,di (q̄βqα)V +A,

with q = u, c, d , s, b and α, β are color indices.
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Matching and RGEs
Matching condition at high-energy scales:

c

ū

q

q̄

C̃ (′)
i ⇐ Leff = −

GF√
2

∑
i

C̃ (′)
i Q̃(′)

i = LZ′ ⇐

c

ū
Z ′

q

q̄

C̃7,9 (MZ ′ ) =
√

2
GF

g4 guc
L

4 M2
Z ′

, C̃ ′
7,9 (MZ ′ ) =

√
2

GF

g4 guc
R

4 M2
Z ′

, C̃ (′)
8,10 (MZ ′ ) = 0 .

QCD plays a role at low-energy: RGEs mix different operators(
λa

2

)
αβ

(
λa

2

)
γδ

= δαδ δβγ − 1
NC
δαβ δγδ

Anomalous
dimension

⇒ γ0
F ⇒

C̃ (′)
7 (mc) = 0.829 C̃ (′)

7 (MZ ′ ) ,

C̃ (′)
8 (mc) = 1.224 C̃ (′)

7 (MZ ′ ) ,

C̃ (′)
9 (mc) = 1.404 C̃ (′)

9 (MZ ′ ) ,

C̃ (′)
10 (mc) = −0.718 C̃ (′)

9 (MZ ′ ) .
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Estimation of hadronic matrix elements (HME)
Factorization of currents: Qi = (q̄1 Γ1 q2) (q̄3 Γ2 q4)〈

P+ P−
∣∣∣Qi

∣∣∣D0
〉

=
〈
P+

∣∣∣ (q̄1 Γ1 q2)
∣∣∣0〉 〈P−

∣∣∣ (q̄3 Γ2 q4)
∣∣∣D0

〉
BP+P−

i

where BP+P−
i parametrizes the deviation of the true HME from BP+P−

i |naïve = 1.

After Fierz identities in the flavor and color space:〈
P+P−

∣∣∣Qi
∣∣∣D0

〉
Penguin

= (factor) × (HMETree)

then it cancels in the CP-asymmetry: ACP ∝ HMEPenguin
HMETree

.
What does the “factor” contain?

Chiral factor (Hadronization):
Non-enhanced: Q̃9,10

Enhanced: Q̃7,8

Color factor (Fierz):
Non-suppressed: Q̃8,10

Suppressed: Q̃7,9

〈
P+P−

∣∣Q(V −A)×(V +A)
i

∣∣D0
〉

∝ 2 M2
P

mc (mq1 +mq2 )

(
λa

2

)
αβ

(
λa

2

)
γδ

= δαδ δβγ − 1
NC
δαβ δγδ
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D0 − D0 mixing constraints

Amplitude: ⟨D0|H∆c=2
eff |D0⟩ = M12 −

i
2

Γ12

3 physical quantities:
x12 = 2 |M12|

Γ , y12 = |Γ12|
Γ , ϕ12 = arg

(
M12
Γ12

)
.

Require NP contributions to saturate
the current world averages (HFLAV):

xNP
12 ≤ x12 , xNP

12 sinϕNP
12 ≤ x12 sinϕ12

Constraint from x12:∣∣(guc
L )2 + (guc

R )2 − X guc
L guc

R

∣∣ ≲ 6 · 10−7
(

MZ′
TeV

)2

Avoided via aligment: guc
L ∼ X guc

R

Implies: Arg(guc
L ) ∼ Arg(guc

R )

BUT kaon constraints kill Arg(guc
L )!

guc
L = 0 → ∆FL = 0 → FQ1 = FQ2 !

⋆: Model 2 with ∆ANP
CP ∼ 10−3

∆FR = 12, ϕR ∼ π/2 , g4/MZ ′ ∼ 0.38/TeV , θu ∼ 1 · 10−4 .

Same couplings as rare
|∆c| = |∆u| = 1 decays!

c̄

u
Z ′

ū

c

0 0.2 0.4 0.6 0.8 1.0 1.2
g4/MZ ′(TeV−1)

π
4

π
2

3π
4

π

φ
R

2

4

6

8

10

12

14

|∆
A

N
P

C
P
|·

10
4
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U-spin patterns in D0 → π+π−, K+K−

U-spin symmetry: invariant under d ⇐⇒ s.
Obviously is broken (by MP and fP , π+ = u d̄ and K+ = u s̄).
Z ′ model: U–spin breaking arises for FQ1 ̸= FQ2 or Fd1 ̸= Fd2!
U-spin sum rule (broken δUbreak ≲ 30 % 1308.4143):

ACP(D0 → K+K−) + ACP(D0 → π+π−) = 0 + δUbreak

−2 0 2
ANP

CP(π+π−) · 103

−3

−2

−1

0

1

2

3

A
N

P
C

P
(K

+
K
−

)
·1

03

U -spin limit

model 2

model 5

model 9

model 10(µ)

∆AHFLAV
CP

Green and gray bands are the 1σ
experimental world averages (HFLAV).

−0.25 0.00 0.25 0.50 0.75
ACP(π+π−) · 103

−2.0

−1.5

−1.0

−0.5

0.0

A
C

P
(K

+
K
−

)
·1

03

Future experimental projections over
model 10(µ). Ligher (darker) bands
correspond to LHCb Run 1-3 (1-5).
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Isospin breaking patterns in D+ → π+π0

Isospin symmetry: invariant under u ⇐⇒ d .
Softly broken (10% by mu ̸= md and QED corrections).
Z ′ model: Isospin breaking arises for Fu1 ̸= Fd1!

ANP
CP(π+π0) ∼

g2
4

M2
Z ′

∆F̃R dπ′ (Fd1 − Fu1)

Models 9 and 10(µ):

ANP
CP(π+π0) ∼ (1 − 2) · ∆ANP

CP

for ∆ANP
CP ∼ 10−3 is within the projected sensitivity of Belle II,

σ(ACP(π+π0))Belle II = 1.7 · 10−3 for 50ab−1 .
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Constraints from invisibles data

Missing energy can stem from νR and/or vector-like dark
fermions χ charged under the U(1)′ only.

B(D0 → π0 + inv.) is constrained by BES III (2112.14236)

B(D0 → π0 inv.) < 2.1 · 10−4 (90% C.L.) .

Neglecting finite mχ corrections

B(D0 → π0νν̄, χχ̄) ≈
2π2A+

G2
Fα

2
e

(
g2

4 ∆F̃RFν,χ
M2

Z ′

)2

Following a similar procedure as the dilepton constraints

|Fν,χ| ≲ 110 |Fd1|

for mνR ,χ < mD/2 ≈ 0.9 GeV.
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BM III: Can we avoid them? Setting them to zero?

If the Z ′ does not couple directly to e and µ, one can still
induce a small coupling ε from Z ′ − γ gauge-kinetic mixing

L ⊃ −1
4FµνFµν − 1

4Z ′µνZ ′
µν − η

2 FµνZ ′
µν , ε = −

η√
1 − η2

.

ε is also related to the parameter ρ = MW/(MZ cos θW ) which
from global fit of electroweak precision parameters leads to(

δρ

ρ

)
NP

= (3.8 ± 2.0) · 10−4 → |ε(MZ )| ≲ 4 · 10−1

η cannot be switched off at more than one scale, so it has to
be compatible with |ε(MZ ′)| ≲ 10−3. Using RG evolution, the
U-spin-CP anomaly requires

|ε(MZ ) − ε(MZ ′)| ≳
10 e
π2

MZ ′

TeV
ln
(MZ

MZ ′

)
≳ 10−3

ρ & Z ′ → ℓℓ constraints can be avoided if |ε(MZ )| ∼ O(10−2).
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BM IV: Fun with Diophantine equations!
If Z ′ directly couples to e or µ (like BM IV)? Can we find solutions
anomaly-free such as

Fe1,2,L1,2

Fd1

≲
1

750
?

The gauge anomaly cancellation conditions (ACCs) read
2⟨FQ⟩ − ⟨Fu ⟩ − ⟨Fd ⟩ = 0 , (1)
3⟨FQ⟩ + ⟨FL⟩ = 0 , (2)
⟨FQ⟩ + 3⟨FL⟩ − 8⟨Fu ⟩ − 2⟨Fd ⟩ − 6⟨Fe ⟩ = 0 , (3)
6⟨FQ⟩ + 2⟨FL⟩ − 3⟨Fu ⟩ − 3⟨Fd ⟩ − ⟨Fe ⟩ − ⟨Fν ⟩ = 0 , (4)

⟨F2
Q⟩ − ⟨F2

L ⟩ − 2⟨F2
u ⟩ + ⟨F2

d ⟩ + ⟨F2
e ⟩ = 0 , (5)

6⟨F3
Q⟩ + 2⟨F3

L ⟩ − 3⟨F3
u ⟩ − 3⟨F3

d ⟩ − ⟨F3
e ⟩ − ⟨F3

ν ⟩ = 0 . (6)

In addition, avoiding Z ′ − Z kinetic mixing at one loop requires
⟨FQ⟩ − ⟨FL⟩ + 2⟨Fu⟩ − ⟨Fd ⟩ − ⟨Fe⟩ = 0 . (7)

First, we focus on those equations that are linear with trace charge
matrices, that are Eqs. (1),(2),(3),(4), and (7). Solving them,

⟨FQ⟩ = −⟨Fu⟩ =
1
3

⟨Fd ⟩ = −
1
3

⟨FL⟩ = −⟨Fe⟩ = −
1
5

⟨Fν⟩
H. Gisbert (U. Padova & INFN) The U-spin-CP anomaly in charm September 18, 2023 18 / 18



BM IV: Fun with Diophantine equations!

Setting FQ1,2,3 = 0 to avoid kaon constraints, makes all charge
matrices traceless, ⟨FA⟩ = 0.

Let us work on the remaining Eqs (5) and (6). To solve the problem
mathematical relations between ⟨FA⟩, ⟨F2

A⟩ and ⟨F3
A⟩ would be

helpful. For 3 × 3 matrices holds (Cayley-Hamilton relation)

⟨F3
A⟩ −

3
2

⟨F2
A⟩⟨FA⟩ +

1
2

⟨FA⟩3 = 3 det(FA) = 3 FA1FA2FA3

It follows from ⟨FA⟩ = 0 that ⟨F3
A⟩ vanishes if one charge vanishes,

then Eq. (6) is trivially fulfilled. In general,

FA = FAdiag(+1,−1, 0), A = u, d , L, e, ν

where FA are integers. The ordering (+1,−1, 0) can be changed.
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BM IV: Fun with Diophantine equations!
It remains to solve Eq. (5), which now simply reduces to

F 2
d + F 2

e = F 2
L + 2 F 2

u

Setting Fe = FL = 0? Only the trivial solution Fu = Fd = 0. Let us
simplify by setting just FL = 0:

F 2
d + F 2

e = 2F 2
u → ⟨F |J |F⟩ = F 2

e

with |F⟩ = (Fu, Fd ) and J =
(

2 0
0 −1

)
. The first non-trivial solution,

(Fd , Fe, Fu) = (1, 1, 1), is
⟨F0|J |F0⟩ = 1 , |F0⟩ = (1, 1) . (8)

Are there more solutions such as Fe ≪ Fu, Fd? One possibility is if a
transformation J −→ J ′ = UT J U = J by a 2 × 2 matrix with
integer entries U, leads invariant Eq. (8) so that we can generate
recursively solutions

|Fi ⟩ = (U)i |F0⟩

which could get enlarged while keeping Fe fixed.
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BM IV: Fun with Diophantine equations!
This matrix needs to satisfy(

U11 U12
U21 U22

)T (2 0
0 −1

)(
U11 U12
U21 U22

)
=
(

2 0
0 −1

)
.

The smallest integer solution reads

U =
(

3 2
4 3

)
.

We then find the solutions

|F1⟩ = (5, 7) , |F2⟩ = (29, 41) , |F3⟩ = (169, 239) ,
|F4⟩ = (985, 1393) , |F5⟩ = (5741, 8119) , ...

To avoid e & µ constraints, we need solutions |Fi ⟩ with i ≥ 4. In
our analysis, we considered the solution i = 4 for BM IV,

(Fd , Fe, Fu) = (1393, 1, 985)

with zero neutrino charges Fν = 0.
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A flavorful Z ′ of O(10) GeV?
The scale required points to a light Z ′ (large couplings get in
trouble with perturbativity).
Long-lived Z ′ → e−e+, µ−µ+ searches provide severe
constraints in the 1-100 GeV range (1801.04847 & 1910.06926).
Lε = −ε e Jµ A′

µ

Small e &µ couplings (stronger than rare decays & DY).
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Branching ratios of the light Z ′ boson

Smoking gun signature for e+e− machines.
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High energy behaviour

Figure 1: Scale of the Landau pole for BM III (blue), depending on the MZ ′ mass. An
uncertainty of 30% is considered for ad

π+π− (blue shaded area). The shifted central value
is also shown if one dark fermion is included (solid green line). The red shaded area is
excluded, as µLP ≤ MZ ′ . The preferred range by CP-data is shaded in green. The yellow
band indicates the µLP regime an order of magnitude around the Planck scale.
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