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FCNC

We look for New Physics in Flavor Changing Neutral Currents
(FCNCs), because they are suppressed in SM by 1. loop-factor 2.
CKM-mixing 3. GIM (mass degeneracies of quarks in loop; very
strong in Charm,Top FCNCs, where d, s, b are in loop)
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O9 = s̄LγµbL ℓ̄γµℓ (vector) O10 = s̄LγµbL ℓ̄γµγ5ℓ (axial-vector)

Ongoing precision programs in B-physics. (b→ sℓℓ, γ global fit,
b→ dℓℓ, γ 2209.04457 )
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charm mission

Testing the Standard Model with c→ u FCNCs of mesons and
baryons:

• c→ uγ Br ∼ 10−6 − 10−4

• c→ uµµ, uee Br ∼ 10−7 − 10−6

• c→ uνν̄, a, Z ′, ... Br ≲ 10−5

Probe different physics (dipole couplings, 4-fermion operators, light
NP, ..)

Complementary to kaon and B-physics – charm is unique probe of
flavor in the up-sector

0112235, 1510.00965, 1805.08516 , 2011.09478, ... Adolph, de Boer, Bause, Bharucha, Brod, Bigi, Burdman, d’Ambrosio, Cata, Fajfer,

Feldmann, Gisbert, Golowich, Golz, Hewett, Kosnic, Magorsch, Meinel, Pakvasa, Petrov, Seidel, Singer, Silva, Solomonidi, Zwicky, ...

Gudrun Hiller, Beyond the flavor anomalies April 2024 Slide 3



rare charm measurements

radiative c→ uγ: D → V γ, V = ρ, .., D → P1P2γ,
D → Aγ, A = K1, .. D → P1P2P3γ, Λc → pγ, Ξ0

c → Λ(→ pπ)γ,....
B(D0 → ρ0γ) = (1.77± 0.31) · 10−5 Belle’16, Cabibbo-favored modes:
B(Λc → Σγ) < 2.6 · 10−4, B(Ξ0

c → Ξ0γ) < 1.8 · 10−4 Belle 2206.12517
B(Λc → Σγ) < 4.4 · 10−4 BESIII 2212.07214

semileptonic c→ uℓℓ(′): D → πµµ, D → µµ, D → P1P2ℓℓ,
Λc → pℓℓ, Ξ0

c → Λ(→ pπ−)ℓℓ,... B(D → ππµµ) ≃ 9.6 · 10−7 LHCb’18 ,
B(Λc → pµµ) ≲ 7.7 · 10−8 LHCb’17, B(Ξ0

c → Ξ0µ+µ−) < 6.5 · 10−5,
B(Ξ0

c → Ξ0e+e−) < 9.9 · 10−5 Belle 2312.02580

dineutrinos/MET/ALPs c→ uνν̄: D → πνν̄, D → νν̄, D → P1P2νν̄,
Λc → pνν̄, Ξ0

c → Λ(→ pπ−)νν̄,... B(D0 → nothing) < 9.4 · 10−5

Belle’16, B(D0 → π0νν̄) < 2.1 · 10−4 BESIII 2112.14236
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rare charm measurements – Today

BES III arXiv:2404.05973, B(D+
s → K+π0e+e−) < 7.1 · 10−5
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TH Progress: New BSM strategies for |∆c| = |∆u| = 1

SM tests in rare charm decays are null tests based on approximate
symmetries of the SM: GIM, CP, cLFC, LFU, LNC, SU(3)F

GIM-suppression very efficient: In SM, everything follows from
tree-level W -exchange plus RGE, µb-matching 1707.00988 :

O7 = ūLσµνcRF
µν , O9 = ūLγµcL ℓ̄γµℓ,

O10 = ūLγµcL ℓ̄γµγ5ℓ , Oν = ūLγµcL ν̄γµ(1− γ5)ν

Ceff SM
7 ≲ 0.01, Ceff SM

9 ≲ 0.05 1510.00311 CSM
ν = 0, CSM

10 = 0

SM-Phenomenology completely dominated by 4-quark operators;
Classify as CF ∼ V ∗

csVud, SCS ∼ V ∗
cqVuq, V

∗
cqVuq, q = d, s, DCS ∼ V ∗

cdVus
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Dineutrinos

c → uνν̄ transitions: all of them are excellent nulltests of the SM due to GIM

D+, Ds → Mνν̄ has BGD from D+, Ds → τ(→ Mν)ν̄; reducible via cuts
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Figure 1: Differential branching ratios for D0 → π0νν̄, D+ → π+νν̄ and D+
s → K+νν̄ in red, brown and green,

respectively for the LU (cLFC) limit in solid (dotted) lines. this plot shows BSM distributions The uncertainty bands are due to the form
factors, τ background removable by q2-cut (vertical dashed lines) from 2010.02225
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universality tests with q → q′νν̄

Leading semileptonic 4-fermion operators at scale above v (SMEFT)
contributing to dineutrino modes q → q′νν̄

Leff ⊃
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v2
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SU(2)L × U(1)Y gauge invariance links up and down quarks,
Q = (u, d) and left-handed neutrinos and charged leptons L = (ν, ℓ).

CL
U = KL

D = C
(1)
ℓq + C

(3)
ℓq , CUR = KU

R = Cℓu , CDL = KU
L = C

(1)
ℓq − C

(3)
ℓq , CDR = KD

R = Cℓd .

LH contribution to c→ uνν̄ (CU
L ) identical to s→ dℓℓ̄ (KD

L ) etc
RH contribution to c→ uνν̄ (CU

R ) identical to c→ uℓℓ̄ (KU
R )

L,R denotes left or right handed quark currents; only SM-like light neutrinos.
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Dineutrino vs lepton specific limits

left-handed c→ uνν̄ (CU
L )

Process WC ee µµ ττ eµ eτ µτ

pp → ℓ+ℓ− Ksdℓℓ′L,R 3.8 2.3 5.37 2.0 6.1 6.6

K → ℓ+ℓ− + π Ksdℓℓ′L,R · 102 5 1.6 - 0.066 - -

K → νν̄ + π Ksdℓℓ′R · 102 [-1.9,0.7] [-1.9,0.7] [-1.9,0.7] 1.1 1.1 1.1

pp → νν̄ +X Ksdℓℓ′L 4.1 (3.3) 4.1 (3.3) 4.1 (3.3) 2.9 (2.2) 2.9 (2.2) 2.9 (2.2)

pp → νν̄ +X Ksdℓℓ′R 5.7 (4.6) 5.7 (4.6) 5.7 (4.6) 4.1 (3.3) 4.1 (3.3) 4.1 (3.3)

Table 1: Limits on sdℓℓ′ WCs. The first row is based on 2304.12837, while the second and third row are taken from 2007.05001
and the NEW ones from pp → νν̄ +X are from 2403.17063 with projections for 3000 fb−1 in parentheses, using SU(2).

• synergy between high pT flavor and rare decays

• rare kaon decays are most powerful when existing (no decays into taus)

• pp → MET + j is comparable to conventional Drell-Yan and better for taus in final state: best

bounds!
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Dineutrino vs lepton specific limits

right-handed c→ uνν̄ (CU
R )

Process WC ee µµ ττ eµ eτ µτ

pp → ℓ+ℓ− Kcuℓℓ′L,R 2.9 1.6 5.6 1.6 4.7 5.1

D → ℓ+ℓ− + π Kcuℓℓ′L,R 4.0 0.9 - 2.2 - -

K → νν̄ + π Kcuℓℓ′L · 102 [−1.9, 0.7] [−1.9, 0.7] [−1.9, 0.7] 1.1 1.1 1.1

pp → νν̄ +X Kcuℓℓ′L 5.7 (4.6) 5.7 (4.6) 5.7 (4.6) 4.1 (3.3) 4.1 (3.3) 4.1 (3.3)

pp → νν̄ +X Kcuℓℓ′R 4.1 (3.3) 4.1 (3.3) 4.1 (3.3) 2.9 (2.2) 2.9 (2.2) 2.9 (2.2)

Table 2: Limits on cuℓℓ′ WCs. The first three rows are from 2007.05001, while the ones from pp → νν̄ + X are from
2403.17063
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Dineutrino vs lepton specific limits

energy enhanced by ŝ/Λ2
NP relative to SM pT -distribution

(analytically shown in 2403.17063 )
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Dineutrinos

Upper limits Bmax(hc → Fνν̄) depend on lepton flavor structure (LFV,cLFC,LFU) 2010.02225

hc → F Bmax
LU Bmax

cLFC Bmax Nmax
LU /ηeff Nmax

cLFC/ηeff Nmax/ηeff

[10−7] [10−6] [10−6]

D0 → π0 6.1 3.5 13 47 k (395 k) 270 k (2.3M) 980 k (8.3M)

D+ → π+ 25 14 52 77 k (650 k) 440 k (3.7M) 1.6M (14M)

D+
s → K+ 4.6 2.6 9.6 6 k (50 k) 34 k (290 k) 120 k (1.1M)

D0 → π0π0 1.5 0.8 3.1 11 k (95 k) 64 k (540 k) 230 k (2.0M)

D0 → π+π− 2.8 1.6 5.9 22 k (180 k) 120 k (1.0M) 450 k (3.8M)

D0 → K+K− 0.03 0.02 0.06 0.2 k (1.9 k) 1.3 k (11 k) 4.8 k (40 k)

Λ+
c → p+ 18 11 39 14 k (120 k) 82 k (700 k) 300 k (2.6M)

Ξ+
c → Σ+ 36 21 76 28 k (240 k) 160 k (1.4M) 590 k (5.0M)

to date only a single limit exists: B(D0 → π0νν̄) < 2.1 · 10−4 BESIII 2112.14236

ULs for Belle II w 50 ab−1 (FCC-ee@Z w N(cc̄) = 550 · 109) via SMEFT and dilepton data 2010.02225
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Rare decays of charm baryons Λc,Ξc,Ωc

theory and observables: 2107.13010, 2202.02331 highlights for
BSM searches: GIM (CSM

10 = 0), angular distributions, CP, cLFV, LFU

Differential angular distribution for unpolarized Λc → pµµ, (polarized
Λc in 2202.02331) reads:

d2Γ
dq2d cosϑℓ

= 3
2
(K1ss sin

2 ϑℓ + K1cc cos
2 ϑℓ + K1c cosϑℓ)

→ 3 observables: branching ratio (−) , longitudinal pol. fraction FL

(+) , Forward-Backward asymmetry Aℓ
FB ∝ K1c ∝ C10. (++)

Λc → p form factors from lattice 1712.05783 – SU(3)F -relations to others 2203.14982

−
√
6h

Ξ0
c→Λ

⊥ =
√
2h

Ξ0
c→Σ0

⊥ = h
Ξ+
c →Σ+

⊥ = hΛc→p
⊥ ; Endpoint relations (at q2 =max): 2107.12993
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Branching ratio: (−)
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Longitudinal polarization: (+)
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GIM null tests: AFB (++)
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Figure 2: The forward-backward asymmetry AFB of Λc → pµ+µ− decays for different values of C10 in the full q2-region

(left panel) and for various BSM contributions in the high q2 region (right panel)

AFB ∝ C10 clean null test of SM (GIM); Three more GIM-based null tests in 4-body decays

Ξ+
c → Σ+ (→ pπ0)ℓ+ℓ−, Ξ0

c → Λ0 (→ pπ−)ℓ+ℓ−, Ω0
c → Ξ0 (→ Λ0π0)ℓ+ℓ−, 2202.02331
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A Puzzle in hadronic charm CPX/UX

∆ACP = ACP (D → K+K−)− ACP (D → π+π−) from ACP (π
+π−)?

CP & U-Spin puzzle 2207.08539, 2210.16330 two approx symmetries challenged
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<latexit sha1_base64="BTOniDNh2A64Kh5Wr+i3CGXE+bM=">AAACEnicbVDLSgNBEJz1GeNr1ZN4GQwBL4ZdFcwx4MVjBPOA7BJmJ5NkyMzsMtMrhjX4E/6CV717E6/+gFe/xMnjoIkFDUVVN91dUSK4Ac/7cpaWV1bX1nMb+c2t7Z1dd2+/buJUU1ajsYh1MyKGCa5YDTgI1kw0IzISrBENrsZ+445pw2N1C8OEhZL0FO9ySsBKbfewFgC7h+zUJFyNHtpZkEh87gXFUdsteCVvArxI/BkpoBmqbfc76MQ0lUwBFcSYlu8lEGZEA6eCjfJBalhC6ID0WMtSRSQzYTZ5YYSLVungbqxtKcAT9fdERqQxQxnZTkmgb+a9sfivF8m5zdAthxlXSQpM0enibiowxHicD+5wzSiIoSWEam5vx7RPNKFgU8zbUPz5CBZJ/azkeyX/5qJQKc/iyaEjdIxOkI8uUQVdoyqqIYoe0TN6Qa/Ok/PmvDsf09YlZzZzgP7A+fwBniOdpg==</latexit><latexit sha1_base64="BTOniDNh2A64Kh5Wr+i3CGXE+bM=">AAACEnicbVDLSgNBEJz1GeNr1ZN4GQwBL4ZdFcwx4MVjBPOA7BJmJ5NkyMzsMtMrhjX4E/6CV717E6/+gFe/xMnjoIkFDUVVN91dUSK4Ac/7cpaWV1bX1nMb+c2t7Z1dd2+/buJUU1ajsYh1MyKGCa5YDTgI1kw0IzISrBENrsZ+445pw2N1C8OEhZL0FO9ySsBKbfewFgC7h+zUJFyNHtpZkEh87gXFUdsteCVvArxI/BkpoBmqbfc76MQ0lUwBFcSYlu8lEGZEA6eCjfJBalhC6ID0WMtSRSQzYTZ5YYSLVungbqxtKcAT9fdERqQxQxnZTkmgb+a9sfivF8m5zdAthxlXSQpM0enibiowxHicD+5wzSiIoSWEam5vx7RPNKFgU8zbUPz5CBZJ/azkeyX/5qJQKc/iyaEjdIxOkI8uUQVdoyqqIYoe0TN6Qa/Ok/PmvDsf09YlZzZzgP7A+fwBniOdpg==</latexit><latexit sha1_base64="BTOniDNh2A64Kh5Wr+i3CGXE+bM=">AAACEnicbVDLSgNBEJz1GeNr1ZN4GQwBL4ZdFcwx4MVjBPOA7BJmJ5NkyMzsMtMrhjX4E/6CV717E6/+gFe/xMnjoIkFDUVVN91dUSK4Ac/7cpaWV1bX1nMb+c2t7Z1dd2+/buJUU1ajsYh1MyKGCa5YDTgI1kw0IzISrBENrsZ+445pw2N1C8OEhZL0FO9ySsBKbfewFgC7h+zUJFyNHtpZkEh87gXFUdsteCVvArxI/BkpoBmqbfc76MQ0lUwBFcSYlu8lEGZEA6eCjfJBalhC6ID0WMtSRSQzYTZ5YYSLVungbqxtKcAT9fdERqQxQxnZTkmgb+a9sfivF8m5zdAthxlXSQpM0enibiowxHicD+5wzSiIoSWEam5vx7RPNKFgU8zbUPz5CBZJ/azkeyX/5qJQKc/iyaEjdIxOkI8uUQVdoyqqIYoe0TN6Qa/Ok/PmvDsf09YlZzZzgP7A+fwBniOdpg==</latexit><latexit sha1_base64="BTOniDNh2A64Kh5Wr+i3CGXE+bM=">AAACEnicbVDLSgNBEJz1GeNr1ZN4GQwBL4ZdFcwx4MVjBPOA7BJmJ5NkyMzsMtMrhjX4E/6CV717E6/+gFe/xMnjoIkFDUVVN91dUSK4Ac/7cpaWV1bX1nMb+c2t7Z1dd2+/buJUU1ajsYh1MyKGCa5YDTgI1kw0IzISrBENrsZ+445pw2N1C8OEhZL0FO9ySsBKbfewFgC7h+zUJFyNHtpZkEh87gXFUdsteCVvArxI/BkpoBmqbfc76MQ0lUwBFcSYlu8lEGZEA6eCjfJBalhC6ID0WMtSRSQzYTZ5YYSLVungbqxtKcAT9fdERqQxQxnZTkmgb+a9sfivF8m5zdAthxlXSQpM0enibiowxHicD+5wzSiIoSWEam5vx7RPNKFgU8zbUPz5CBZJ/azkeyX/5qJQKc/iyaEjdIxOkI8uUQVdoyqqIYoe0TN6Qa/Ok/PmvDsf09YlZzZzgP7A+fwBniOdpg==</latexit>

U -spin|modif.
<latexit sha1_base64="5ow058JT5NrWwiHAj5Ic2lQmNxs=">AAACFHicbVA9SwNBEN3zM8avqGWaxSDYGO5EMGXAxjKClwRy4djb7CVLdveO3TkxnCn8E/4FW+3txNbe1l/i5qPQxAcDj/dmmJkXpYIbcN0vZ2V1bX1js7BV3N7Z3dsvHRw2TZJpynyaiES3I2KY4Ir5wEGwdqoZkZFgrWh4NfFbd0wbnqhbGKWsK0lf8ZhTAlYKS2U/AHYP+ZlJuRo/hHmgJZZJj8fVcViquFV3CrxMvDmpoDkaYek76CU0k0wBFcSYjuem0M2JBk4FGxeDzLCU0CHps46likhmuvn0iTE+sUoPx4m2pQBP1d8TOZHGjGRkOyWBgVn0JuK/XiQXNkNc6+ZcpRkwRWeL40xgSPAkIdzjmlEQI0sI1dzejumAaELB5li0oXiLESyT5nnVc6vezUWlXpvHU0BldIxOkYcuUR1dowbyEUWP6Bm9oFfnyXlz3p2PWeuKM585Qn/gfP4AItOfFQ==</latexit><latexit sha1_base64="5ow058JT5NrWwiHAj5Ic2lQmNxs=">AAACFHicbVA9SwNBEN3zM8avqGWaxSDYGO5EMGXAxjKClwRy4djb7CVLdveO3TkxnCn8E/4FW+3txNbe1l/i5qPQxAcDj/dmmJkXpYIbcN0vZ2V1bX1js7BV3N7Z3dsvHRw2TZJpynyaiES3I2KY4Ir5wEGwdqoZkZFgrWh4NfFbd0wbnqhbGKWsK0lf8ZhTAlYKS2U/AHYP+ZlJuRo/hHmgJZZJj8fVcViquFV3CrxMvDmpoDkaYek76CU0k0wBFcSYjuem0M2JBk4FGxeDzLCU0CHps46likhmuvn0iTE+sUoPx4m2pQBP1d8TOZHGjGRkOyWBgVn0JuK/XiQXNkNc6+ZcpRkwRWeL40xgSPAkIdzjmlEQI0sI1dzejumAaELB5li0oXiLESyT5nnVc6vezUWlXpvHU0BldIxOkYcuUR1dowbyEUWP6Bm9oFfnyXlz3p2PWeuKM585Qn/gfP4AItOfFQ==</latexit><latexit sha1_base64="5ow058JT5NrWwiHAj5Ic2lQmNxs=">AAACFHicbVA9SwNBEN3zM8avqGWaxSDYGO5EMGXAxjKClwRy4djb7CVLdveO3TkxnCn8E/4FW+3txNbe1l/i5qPQxAcDj/dmmJkXpYIbcN0vZ2V1bX1js7BV3N7Z3dsvHRw2TZJpynyaiES3I2KY4Ir5wEGwdqoZkZFgrWh4NfFbd0wbnqhbGKWsK0lf8ZhTAlYKS2U/AHYP+ZlJuRo/hHmgJZZJj8fVcViquFV3CrxMvDmpoDkaYek76CU0k0wBFcSYjuem0M2JBk4FGxeDzLCU0CHps46likhmuvn0iTE+sUoPx4m2pQBP1d8TOZHGjGRkOyWBgVn0JuK/XiQXNkNc6+ZcpRkwRWeL40xgSPAkIdzjmlEQI0sI1dzejumAaELB5li0oXiLESyT5nnVc6vezUWlXpvHU0BldIxOkYcuUR1dowbyEUWP6Bm9oFfnyXlz3p2PWeuKM585Qn/gfP4AItOfFQ==</latexit><latexit sha1_base64="5ow058JT5NrWwiHAj5Ic2lQmNxs=">AAACFHicbVA9SwNBEN3zM8avqGWaxSDYGO5EMGXAxjKClwRy4djb7CVLdveO3TkxnCn8E/4FW+3txNbe1l/i5qPQxAcDj/dmmJkXpYIbcN0vZ2V1bX1js7BV3N7Z3dsvHRw2TZJpynyaiES3I2KY4Ir5wEGwdqoZkZFgrWh4NfFbd0wbnqhbGKWsK0lf8ZhTAlYKS2U/AHYP+ZlJuRo/hHmgJZZJj8fVcViquFV3CrxMvDmpoDkaYek76CU0k0wBFcSYjuem0M2JBk4FGxeDzLCU0CHps46likhmuvn0iTE+sUoPx4m2pQBP1d8TOZHGjGRkOyWBgVn0JuK/XiQXNkNc6+ZcpRkwRWeL40xgSPAkIdzjmlEQI0sI1dzejumAaELB5li0oXiLESyT5nnVc6vezUWlXpvHU0BldIxOkYcuUR1dowbyEUWP6Bm9oFfnyXlz3p2PWeuKM585Qn/gfP4AItOfFQ==</latexit>

BM I
<latexit sha1_base64="anxUtQeBIDt+pXwUR+2l0lsFgqM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMAhWYVcEUwZttBAimAdklzA7mSRD5rHMzAphSecv2GpvJ7b+iK1f4iTZQhMPXDiccy/ncuKEM2N9/8tbWV1b39gsbBW3d3b39ksHh02jUk1ogyiudDvGhnImacMyy2k70RSLmNNWPLqe+q1Hqg1T8sGOExoJPJCszwi2TupkoRbo6i5Et5NuqexX/BnQMglyUoYc9W7pO+wpkgoqLeHYmE7gJzbKsLaMcDophqmhCSYjPKAdRyUW1ETZ7OUJOnVKD/WVdiMtmqm/LzIsjBmL2G0KbIdm0ZuK/3qxWEi2/WqUMZmklkoyD+6nHFmFpn2gHtOUWD52BBPN3O+IDLHGxLrWiq6UYLGCZdI8rwR+Jbi/KNeqeT0FOIYTOIMALqEGN1CHBhBQ8Awv8Oo9eW/eu/cxX13x8psj+APv8wenRpcr</latexit><latexit sha1_base64="anxUtQeBIDt+pXwUR+2l0lsFgqM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMAhWYVcEUwZttBAimAdklzA7mSRD5rHMzAphSecv2GpvJ7b+iK1f4iTZQhMPXDiccy/ncuKEM2N9/8tbWV1b39gsbBW3d3b39ksHh02jUk1ogyiudDvGhnImacMyy2k70RSLmNNWPLqe+q1Hqg1T8sGOExoJPJCszwi2TupkoRbo6i5Et5NuqexX/BnQMglyUoYc9W7pO+wpkgoqLeHYmE7gJzbKsLaMcDophqmhCSYjPKAdRyUW1ETZ7OUJOnVKD/WVdiMtmqm/LzIsjBmL2G0KbIdm0ZuK/3qxWEi2/WqUMZmklkoyD+6nHFmFpn2gHtOUWD52BBPN3O+IDLHGxLrWiq6UYLGCZdI8rwR+Jbi/KNeqeT0FOIYTOIMALqEGN1CHBhBQ8Awv8Oo9eW/eu/cxX13x8psj+APv8wenRpcr</latexit><latexit sha1_base64="anxUtQeBIDt+pXwUR+2l0lsFgqM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMAhWYVcEUwZttBAimAdklzA7mSRD5rHMzAphSecv2GpvJ7b+iK1f4iTZQhMPXDiccy/ncuKEM2N9/8tbWV1b39gsbBW3d3b39ksHh02jUk1ogyiudDvGhnImacMyy2k70RSLmNNWPLqe+q1Hqg1T8sGOExoJPJCszwi2TupkoRbo6i5Et5NuqexX/BnQMglyUoYc9W7pO+wpkgoqLeHYmE7gJzbKsLaMcDophqmhCSYjPKAdRyUW1ETZ7OUJOnVKD/WVdiMtmqm/LzIsjBmL2G0KbIdm0ZuK/3qxWEi2/WqUMZmklkoyD+6nHFmFpn2gHtOUWD52BBPN3O+IDLHGxLrWiq6UYLGCZdI8rwR+Jbi/KNeqeT0FOIYTOIMALqEGN1CHBhBQ8Awv8Oo9eW/eu/cxX13x8psj+APv8wenRpcr</latexit><latexit sha1_base64="anxUtQeBIDt+pXwUR+2l0lsFgqM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMAhWYVcEUwZttBAimAdklzA7mSRD5rHMzAphSecv2GpvJ7b+iK1f4iTZQhMPXDiccy/ncuKEM2N9/8tbWV1b39gsbBW3d3b39ksHh02jUk1ogyiudDvGhnImacMyy2k70RSLmNNWPLqe+q1Hqg1T8sGOExoJPJCszwi2TupkoRbo6i5Et5NuqexX/BnQMglyUoYc9W7pO+wpkgoqLeHYmE7gJzbKsLaMcDophqmhCSYjPKAdRyUW1ETZ7OUJOnVKD/WVdiMtmqm/LzIsjBmL2G0KbIdm0ZuK/3qxWEi2/WqUMZmklkoyD+6nHFmFpn2gHtOUWD52BBPN3O+IDLHGxLrWiq6UYLGCZdI8rwR+Jbi/KNeqeT0FOIYTOIMALqEGN1CHBhBQ8Awv8Oo9eW/eu/cxX13x8psj+APv8wenRpcr</latexit>

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>

�ALHCb 2019
CP

<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>

Fig from 2210.16330, LHCb result (orange ellipse) from 2209.03179 SM theory recently 2305.11951, 2312.13245
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A Puzzle in hadronic charm CPX/UX

CP violation suppressed in charm
t predominantly tree, h: higher order: loops, FSI, rescattering

A = A(D0 → π+π−)SM = Σ t+ V ∗
cbVubhe

iδ ,

Ā = A(D̄0 → π+π−)SM = Σ∗t+ VcbV
∗
ubhe

iδ ,

where Σ = (V ∗
cdVud − V ∗

csVus)/2 and V ∗
csVus ≃ −V ∗

cdVud ≫ V ∗
cbVub.

Aπ−π+

CPSM =
|A|2 − |Ā|2
|A|2 + |Ā|2 ≃ 2 · Im(

V ∗
cbVub
V ∗
cdVud

)
h

t
sin δ ≃ 1.2 · 10−3h

t
sin δ

Data Aπ−π+

CP = (23.2± 6.1) · 10−4 implies h/t sin δ ∼ 2

SM: FSI-interactions (Pich, Solomonidi, Silva ) 2305.11951: h/t sin δ ≲ 0.2, however 2203.04056 (Bediaga et al) , 1706.07780

(Khodjamirian, Petrov ) h/t sin δ ≲ 0.1. LCSR (Lenz, Piscopo et al) 2312.13245 h/t sin δ ≲ 0.1.

We need the U-spin breaking on top.
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A light Z ′ in hadronic charm CPX/UX

Is large Aπ−π+

CP = (23.2± 6.1) · 10−4 and AK−K+

CP SM-like even
explainable?

Single solution known 2210.16330 break U-spin explicitly, couple to
charm, only SU(2)L-singlets to avoid Kaons, anomaly-free
SU(3)C × SU(2)L × U(1)Y × U(1)′

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 G -F 0 F -G 0 0 0 0 0 -G F 0 G -F

BM IV 0 0 0 -Fu Fu 0 Fd 0 -Fd 0 0 0 Fe 0 -Fe Fν -Fν 0

c u

u u

d

d
Z ′

D0

π+

π−
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A light Z ′ in hadronic charm CPX/UX

To avoid the constraints from D − D̄-mixing, the ūRγµcR coupling has
to be small. To still get the effect in 4-quark operators
∼ ūRγµcRd̄Rγ

µdR the Z ′ has be light.

Sub 20 GeV Z ′ (CMS ISR constraints), leptophob (LHCb A→ µµ

search), BM I,II dead, BM III F ≫ G, BM IV Fe ≪ Fd

Model FQi Fui Fdi FLi Fei Fνi

BM III 0 0 0 G -F 0 F -G 0 0 0 0 0 -G F 0 G -F

BM IV 0 0 0 -Fu Fu 0 Fd 0 -Fd 0 0 0 Fe 0 -Fe Fν -Fν 0

Signatures in low mass dijets, J/Ψ/Ψ′, Υ decays,
ACP (D → π0π0), ACP (D → π+π0) ∼ ACP (D → π+π−).
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A light Z ′ in hadronic charm CPX/UX

Model light quarks b c e µ τ νR

BM III|MZ′=2.5GeV 75 0 0 0 0 0 25

BM III|MZ′=15GeV 38 0 37 0 0 12 13

BM III-s|MZ′=2.5GeV 86 0 0 0 0 0 14

BM III-s|MZ′=15GeV 75 0 0 0 0 12 13

BM IV|MZ′=5GeV 79 0 21 0 0 0 0

BM IV|MZ′=15GeV 54 28 18 0 0 0 0

Table 3: Tree-level branching fractions in % for the different Z′ decay modes to fermion-antifermion pairs. Results for BM III
and BM III-s are given in the limit G ≪ F . In BM IV, branching ratios depend on the different charge assignments Fu,d,e,ν , see
main text for details. The branching ratios shown in this table are obtained from Fu = 985, Fd = 1393, Fe = 1 in BMVpart and
Fν = 0. Branching ratios in all BMs differ perceptibly between the low and highMZ′ windows, as the decaysZ′ → bb̄, cc̄, τ+τ− are
kinematically forbidden or suppressed in the few GeV range. Corrections to branching ratios from kinetic mixing are generically ≲ 10−7.
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What else can the hadrophilic light Z ′ do for you?

c

c̄

d

d̄

ū

u

Z ′
ψ

π+

π−

plot from hep-ph/0409080, discrepancy of pion form factor (from
eπ-scattering plus theory) with Br(J/ψ → π+π−) (triangle).

Simultaneous explanation with charm CP data in BM III for MZ′ ∼ 3

GeV, BM IV for MZ′ ∼ (5− 6) GeV 2210.16330
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Summary

• Rare charm decays can test the SM and signal new physics using null tests of the SM

• Very little experimentally explored in rare charm decays – lots of blanks in PDG, but plenty of
recent progress.

• BSM effects in |∆c| = |∆u| = 1 can be large.

• U-spin/CP puzzle hints at combined breaking of SM symmetries. Possible connection with other
low energy puzzles.

• Complementary search to K,B-decays.

• Plenty of Terra Incognita in flavor phenomenology — explore synergies

”charm is the new beauty”
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Z ′ in cc̄ decays
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Figure 3: Constraints from charmonium decays. Horizontal red (blue) bands denote the left-hand side of (??) from 1 sigma
ranges of J/ψ-data with |Fπ(mJ/ψ)| = 0.056 (ψ′ decays with |Fπ(mψ′ )| = 0.04.). Curves correspond to the predictions of BM
III with F ≫ G (left) and BM IV (right). The SM prediction via photon-exchange is shown by the grey line.
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