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Introduction

CP Violation in charm: Experimental Status
We are living in exciting times!

I LHCb’19: First observation of CP violation in charm sector [1903.08726]

⇒Difference of CP asymmetries in D0 → K+K−, π+π− decays

∆ACP = ACP(K+K−) − ACP(π+π−) = (−15.4 ± 2.9) · 10−4

I LHCb’22: Direct measurement of ACP(K+K−) [2209.03179]

ACP(K+K−) = (6.8 ± 5.4 ± 1.6) · 10−4

I LHCb’22: Fit of both direct CP asymmetries [2209.03179]

ad
K+K− = (7.7 ± 5.7) · 10−4

ad
π+π− = (23.2 ± 6.1) · 10−4

⇒3.8 σ evidence for direct CP violation in D0 → π+π−!
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Introduction

CP Violation in charm: Theoretical perspective
Experimental results are puzzling!

I ad
π−π+ > |∆ACP | is quite large!

⇒SM interpretation: ad SM
π−π+ ∼ 2 · Im(V ∗

cbVub/(V ∗
cdVud))h/t

⇒Would require enhanced higher order contributions h over
tree-level ones t by h/t ∼ 2 to compensate CKM suppression!

I The SM has an approximate U-spin symmetry (d ↔ s)
⇒U-Spin limit ad

K+K− = −ad
π+π− broken by 2.7 σ! [2207.08539]

I U-spin breaking in SM: order ms−md
ΛQCD

∼ 30%

⇒sufficient to explain B(D→π+π−)
B(D→K+K−) ∼ 2.8

⇒insufficient to explain ad,exp
π−π+ , ad,exp

K−K+ by a factor 4-5!

⇒Hint for CP- and U-Spin violating NP!
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Introduction

The U-Spin-CP Anomaly
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U -spin limit
<latexit sha1_base64="tm2gjYWrcS4h1rCE6ctb5THsx18=">AAACDHicbVDLSsNAFJ3UV62vaJduBovgxpKIYJcFNy4rmFZoQ5lMp+3QmUmYuRFD6C/4C251707c+g9u/RKnbRbaeuDC4Zx7OZcTJYIb8Lwvp7S2vrG5Vd6u7Ozu7R+4h0dtE6easoDGItb3ETFMcMUC4CDYfaIZkZFgnWhyPfM7D0wbHqs7yBIWSjJSfMgpASv13WrQA/YI+blJuMKCSw7Tvlvz6t4ceJX4BamhAq2++90bxDSVTAEVxJiu7yUQ5kQDp4JNK73UsITQCRmxrqWKSGbCfP78FJ9aZYCHsbajAM/V3xc5kcZkMrKbksDYLHsz8V8vkkvJMGyEOVdJCkzRRfAwFRhiPGsGD7hmFERmCaGa298xHRNNKNj+KrYUf7mCVdK+qPte3b+9rDUbRT1ldIxO0Bny0RVqohvUQgGiKEPP6AW9Ok/Om/PufCxWS05xU0V/4Hz+AKwYm5k=</latexit><latexit sha1_base64="tm2gjYWrcS4h1rCE6ctb5THsx18=">AAACDHicbVDLSsNAFJ3UV62vaJduBovgxpKIYJcFNy4rmFZoQ5lMp+3QmUmYuRFD6C/4C251707c+g9u/RKnbRbaeuDC4Zx7OZcTJYIb8Lwvp7S2vrG5Vd6u7Ozu7R+4h0dtE6easoDGItb3ETFMcMUC4CDYfaIZkZFgnWhyPfM7D0wbHqs7yBIWSjJSfMgpASv13WrQA/YI+blJuMKCSw7Tvlvz6t4ceJX4BamhAq2++90bxDSVTAEVxJiu7yUQ5kQDp4JNK73UsITQCRmxrqWKSGbCfP78FJ9aZYCHsbajAM/V3xc5kcZkMrKbksDYLHsz8V8vkkvJMGyEOVdJCkzRRfAwFRhiPGsGD7hmFERmCaGa298xHRNNKNj+KrYUf7mCVdK+qPte3b+9rDUbRT1ldIxO0Bny0RVqohvUQgGiKEPP6AW9Ok/Om/PufCxWS05xU0V/4Hz+AKwYm5k=</latexit><latexit sha1_base64="tm2gjYWrcS4h1rCE6ctb5THsx18=">AAACDHicbVDLSsNAFJ3UV62vaJduBovgxpKIYJcFNy4rmFZoQ5lMp+3QmUmYuRFD6C/4C251707c+g9u/RKnbRbaeuDC4Zx7OZcTJYIb8Lwvp7S2vrG5Vd6u7Ozu7R+4h0dtE6easoDGItb3ETFMcMUC4CDYfaIZkZFgnWhyPfM7D0wbHqs7yBIWSjJSfMgpASv13WrQA/YI+blJuMKCSw7Tvlvz6t4ceJX4BamhAq2++90bxDSVTAEVxJiu7yUQ5kQDp4JNK73UsITQCRmxrqWKSGbCfP78FJ9aZYCHsbajAM/V3xc5kcZkMrKbksDYLHsz8V8vkkvJMGyEOVdJCkzRRfAwFRhiPGsGD7hmFERmCaGa298xHRNNKNj+KrYUf7mCVdK+qPte3b+9rDUbRT1ldIxO0Bny0RVqohvUQgGiKEPP6AW9Ok/Om/PufCxWS05xU0V/4Hz+AKwYm5k=</latexit><latexit sha1_base64="tm2gjYWrcS4h1rCE6ctb5THsx18=">AAACDHicbVDLSsNAFJ3UV62vaJduBovgxpKIYJcFNy4rmFZoQ5lMp+3QmUmYuRFD6C/4C251707c+g9u/RKnbRbaeuDC4Zx7OZcTJYIb8Lwvp7S2vrG5Vd6u7Ozu7R+4h0dtE6easoDGItb3ETFMcMUC4CDYfaIZkZFgnWhyPfM7D0wbHqs7yBIWSjJSfMgpASv13WrQA/YI+blJuMKCSw7Tvlvz6t4ceJX4BamhAq2++90bxDSVTAEVxJiu7yUQ5kQDp4JNK73UsITQCRmxrqWKSGbCfP78FJ9aZYCHsbajAM/V3xc5kcZkMrKbksDYLHsz8V8vkkvJMGyEOVdJCkzRRfAwFRhiPGsGD7hmFERmCaGa298xHRNNKNj+KrYUf7mCVdK+qPte3b+9rDUbRT1ldIxO0Bny0RVqohvUQgGiKEPP6AW9Ok/Om/PufCxWS05xU0V/4Hz+AKwYm5k=</latexit>

LHCb 2022
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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>
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<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>
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Model

How to adress the anomaly?
Idea: Z ′ with generation dependent charges

c u

u u

d

d
Z ′

D0

π+

π−

c u

u u

s

s
Z ′

D0

K+

K−

ad
π−π+ = g2

4
M2

Z′
∆F̃R [cπ FQ1 + dπ Fd1 ] , ad

K−K+ = g2
4

M2
Z′

∆F̃R [cK FQ2 + dK Fd2 ]

I g4, MZ ′ are the U(1)′ coupling and Z ′-mass
I Fψi are SM fermion U(1)′ charges
I cπ,K , dπ,K are hadronic parameters (contain HMEs & RG effects)
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Model

Benchmarks & Ingredients
I ∆F̃R = sin θu cos θu(Fu2 − Fu1) 6= 0 to induce ucZ ′-vertex

⇒Right-handed c-u-mixing by angle θu 6= 0 (adjust)
⇒different U(1)′ charges Fu2 6= Fu1

I FQ1,2 = 0 to avoid Kaon constraints

I Fd2
Fd1

=
dπ ad

K−K+
dK ad

π−π+
to generate ad,exp

K+K−, π+π− ⇒ | Fd2 | � | Fd1 |

I six anomaly cancellation conditions on Fψi

⇒add νR with Fνi 6= 0

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

Tim Höhne (TU Dortmund) Flavour-Workshop Neckarzimmern 16.03.2023 5 / 10



Phenomenology &
Constraints

Phenomenology & Constraints
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Phenomenology &
Constraints

Predicting ACP(π0π0) and ACP(π0π+)
I Fd1 6= Fu1 violates Isospin and induces ACP(π0π0/+) 6= 0
I Similar size: ACP(π0π0)

ACP(π+π0) = d
π0

dπ′
' 1.08 ± 0.10 [2004.01206]

I For | Fd2 | � | Fd1 | all CP asymmetries involving pions are correlated!
ACP(π+π0) ' dπ′

d
π0

ACP(π0π0) ' −dπ′
dπ

(
1 − Fu1

Fd1

)
∆ACP

I dπ ∼ dπ′ ∼ dπ0 and in our BMs | Fu1 | < | Fd1 |
⇒ACP(π0π0/+) are positive
⇒ACP(π0π0/+) are of similar magnitude as ∆ACP ∼ 10−3

ABM III
CP (π0π0/+) ' −1 · ∆ACP

ABM IV
CP (π0π0/+) ' −

(
1 ± 1√

2

)
· ∆ACP
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Phenomenology &
Constraints

D-Mixing

0 1 2 3 4 5
0

20

40

60

80

100

120

g4
MZ′

∆F̃R < 7.1 · 10−4 TeV−1 from D-mixing (e.g. LHCb’21 [2106.03744])

|∆F̃R
Fd1

| . O(10−5) ⇒ θu � 1
g4Fd1
MZ′

& 1
25 GeV ·

|ad
π+π− |
0.002 ⇒ light Z′ (or large g4Fd1)!
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Phenomenology &
Constraints

Charm dilepton & invisibles data
Lepton couplings of the Z ′ are constrained by various processes
I BR’s of (semi-)muonic D-decays (LHCb talk @ ICHEP’22)

⇒D0 → µ+µ−, D0 → π0µ+µ−, D+ → π+µ+µ−

I Drell-Yan data for ` = e, τ [2003.12421]

⇒Lepton charges should not be excessive compared to quarks
⇒very roughly |FLi , Fei | . | Fd1 |

Z ′ couples to νR (+ potentially SM singlet vector-like fermions χ)
⇒Couplings constrained by charm BR’s with invisibles in final state!
I B(D0 → π0 inv.) < 2.1 · 10−4 (BESIII’21 [2112.14236]) constrains | Fν,χ |
I B(D0 → inv.) < 9.4 · 10−5 (BELLE’16 [1611.09455]) constrains | Fν |

⇒ | Fν,χ | . 110| Fd1 |
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Phenomenology &
Constraints

Charm dilepton & invisibles data
Lepton couplings of the Z ′ are constrained by various processes
I BR’s of (semi-)muonic D-decays (LHCb talk @ ICHEP’22)
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Phenomenology &
Constraints

A flavorful Z ′ of O(10 GeV)?

Mass window severely constrained!
I Dijets + ISR (CMS’19 [1905.10331])

⇒ g4Fd1 . 0.5 implying 10 GeV . MZ ′ . 20 GeV

Z ′-γ kinetic mixing induces Z ′-fermion-couplings via Lε = − ε eJµZ ′
µ

I Limits from dark photon searches! ⇒ ε(MZ ′) . 10−3

⇒Z ′ → µ+µ− (LHCb’19 [1910.06926]), Z ′ → e+e− [1801.04847]

I Translate to bounds on lepton charges
⇒The Z’ has to be (quasi-)leptophobic!

FL1,2,e1,2

Fd1

.
1

750
⇒much stronger than constraints from DY & semileptonic decays
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Conclusion

Conclusion
U-Spin-CP-anomaly
I ad

π+π− factor ∼ 2 enhanced over SM tree-level (LHCb’22)
I U-Spin breaking (∼ 4 − 5) times larger than in SM (LHCb’22)
I Explanation by light, flavorful Z ′ (very predictive!)

⇒MZ ′ = 10-20 GeV, µ-,e-phobic, coupling only to RH fermions
⇒Up to now the only available explanation for the anomaly!

What to do next?
I Many search channels & signatures (also for LHCb)

⇒ACP(π0π0/+), dijets, invisible D-decays, τ Drell-Yan
I Relation to U-Spin puzzle in B-Decays? [2211.06994]

I Reduce large hadronic uncertainties (rescattering) [2203.04056], [PVS@ICHEP’22]

⇒Joint experimental & theoretical effort to disentangle SM & NP
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Backup

Anomaly Cancellation Conditions
Chiral fermion contributions to gauge anomalies have to cancel!

SU(3)2
C × U(1)′ : 2〈FQ〉 − 〈Fu〉 − 〈Fd〉 = 0 ,

SU(2)2
L × U(1)′ : 3〈FQ〉 + 〈FL〉 = 0 ,

U(1)2
Y × U(1)′ : 〈FQ〉 + 3〈FL〉 − 8〈Fu〉 − 2〈Fd〉 − 6〈Fe〉 = 0 ,

gauge-gravity : 6〈FQ〉 + 2〈FL〉 − 3〈Fu〉 − 3〈Fd〉 − 〈Fe〉 − 〈Fν〉 = 0 ,

U(1)Y × U(1)′2 : 〈F2
Q〉 − 〈F2

L〉 − 2〈F2
u 〉 + 〈F2

d 〉 + 〈F2
e 〉 = 0 ,

U(1)′3 : 6〈F3
Q〉 + 2〈F3

L〉 − 3〈F3
u 〉 − 3〈F3

d 〉 − 〈F3
e 〉 − 〈F3

ν 〉 = 0

where 〈F (n)
ψ 〉 =

∑3
i=1 F (n)

ψi

Additionally to avoid kinetic mixing at 1-loop:
〈FQ〉 − 〈FL〉 + 2〈Fu〉 − 〈Fd〉 − 〈Fe〉 = 0
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Constraints on lepton charges

Lepton couplings & charges are constrained by
I BR’s of rare (semi-)leptonic charm decays [2011.09478]

B(D0 → µ+µ−) < 2.9 · 10−9 @90% c.l. (LHCb talk ICHEP’22)
I Drell-Yan searches [2003.12421]

⇒Combination with ad
π+π− yields as most stringent bounds:√

F 2
L1

+ F 2
e1 . 2.3|Fd1 | Drell-Yan e

|FL2 − Fe2 |,
√

F 2
L2

+ F 2
e2 . 0.8|Fd1 | (semi-)muonic D0decays√

F 2
L3

+ F 2
e3 . 4.7|Fd1 | Drell-Yan τ
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Kinetic Mixing
Z ′-γ kinetic mixing via Lη = −η

2 FµνZ ′
µν

I From ρ-parameter: ε(MZ ) . 3 · 10−1 where ε = −η√
1−η2

I From induced Z ′-lepton-couplings via Lε = − ε eJµZ ′
µ:

ε(MZ ′) . 10−3 and FL1,2,e1,2 . 10−3 · Fd1

⇒BM III: |G| � |F | & BM IV: |Fe | � |Fu,d |
I Problem: ε(MZ ) is in general RG induced even if ε(MZ ′) = 0

⇒BM IV: ε is natural dε
d lnµ ∝ ε and controlled by small ε(MZ ′)

⇒BM III: RGEs induce | ε (MZ ) − ε(MZ ′)| & 10−2

⇒Require moderate tuning of ε(MZ ′) order 10%

⇒kinetic mixing constraints can be avoided
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Z’ Branching ratios

Model jets b c e µ τ νe,µ,τ
BM III 38% 0% 37% 0% 0% 12% 13%
BM IV|MZ′ =10 GeV 59% 22% 18% 0% 0% 0% 0%
BM IV|MZ′ =20 GeV 52% 31% 17% 0% 0% 0% 0%

I Decays via kinetic mixing suppressed
by . O(10−7)
⇒negligible

I Branching ratios can be suppressed
by adding | Fνi ,χ | & | Fψi |
⇒e+e− → hadrons + /ET
⇒| Fνi ,χ | limited by Landau poles
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High Energy Behaviour

MZ ′ . few × 10 GeV to avoid sub-TeV-ish Landau pole
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