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Is the SM the ultimate theory ?

 Most likely no! Some open questions cannot be addressed within the SM!         

Neutrino masses

Dark matter

Baryon asymmetry

How to deal with the search of New Physics ?
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Introduction

Is the SM the ultimate theory ?

 Most likely no! Some open questions cannot be addressed within the SM!         

Neutrino masses

Dark matter

Baryon asymmetry

How to deal with the search of New Physics ?

Direct searches
‣ Production of new particles at colliders, e.g. VL fermions, SUSY particles,… 

‣ Typically conducted at high energy facilities, e.g. LEP, LHC,…

‣ Look for  processes extremely suppressed in the SM: e.g. EDMs, LFV,… 

‣ Look for discrepancies between exp. measurements and SM theory predictions.
Indirect searches

C
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Cabibbo anomalies

 CKM matrix rules flavor physics in the quark sector

CUnitarity condition:
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k

VikV
→
jk = ωij

Cabibbo anomalies

 CKM matrix rules flavor physics in the quark sector

CUnitarity condition:

Any deviation from unitary hints at possible dynamics beyond the SM!  

2

<latexit sha1_base64="NMaDTWjELWme1t6JB6cq02kjmsM=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSRSqsuiG5cV7AOaGCaTSTt0ZhJmJkIJBTf+ihsXirj1J9z5N07bLLT1wIXDOfdy7z1hyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bJZnEpIUTlshuiBRhVJCWppqRbioJ4iEjnXB4PfE7D0Qqmog7PUqJz1Ff0JhipI0U2IdeRJhGsB3kWTSGnqIcus59flYbB3bFqTpTwEXiFqQCCjQD+8uLEpxxIjRmSKme66Taz5HUFDMyLnuZIinCQ9QnPUMF4kT5+fSHMTwxSgTjRJoSGk7V3xM54kqNeGg6OdIDNe9NxP+8XqbjSz+nIs00EXi2KM4Y1AmcBAIjKgnWbGQIwpKaWyEeIImwNrGVTQju/MuLpH1edevV+m2t0rgq4iiBI3AMToELLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH7PWJauYOQB/YH3+AHKhlsM=</latexit>

ωVud → 10→4

<latexit sha1_base64="BwoDN1v0ddyGURD9+vBUMmrOLlI=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSRSqsuiG5cV7AOaGCaTSTt0ZhJmJkIJBTf+ihsXirj1J9z5N07bLLT1wIXDOfdy7z1hyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bJZnEpIUTlshuiBRhVJCWppqRbioJ4iEjnXB4PfE7D0Qqmog7PUqJz1Ff0JhipI0U2IdeRJhGsB3kmRpDT1EOXec+P6uNA7viVJ0p4CJxC1IBBZqB/eVFCc44ERozpFTPdVLt50hqihkZl71MkRThIeqTnqECcaL8fPrDGJ4YJYJxIk0JDafq74kccaVGPDSdHOmBmvcm4n9eL9PxpZ9TkWaaCDxbFGcM6gROAoERlQRrNjIEYUnNrRAPkERYm9jKJgR3/uVF0j6vuvVq/bZWaVwVcZTAETgGp8AFF6ABbkATtAAGj+AZvII368l6sd6tj1nrklXMHIA/sD5/AIovltI=</latexit>

ωVus → 10→4

<latexit sha1_base64="TykfNZd9FvrR1hKQLuHYah1RSHc=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2VXtHosevFYwX5Ady3ZNNuGJtklyQpl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Hbqt5+o0iyWD2ac0EDggWQRI9hYyfc1E8hzH7Ozy0mvXHGr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1ETXQcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+T1nnVq1Vr9xeV+k0eRxGO4BhOwYMrqMMdNKAJBBJ4hld4c1LnxXl3PuatBSefOYQ/cD5/ALz/kNs=</latexit>

→ 10→5

<latexit sha1_base64="T1ykwg0xx+0gtBHirY8/j1jEeuc=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyoVJdFNy4r2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tem01lo64HLPZxzL7k5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDf32xOqNIvko5nG1Bd4KFnICDZW8nuaCXSJbBsK3C9X3KqbAa0SLycVyNHol796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/TQ7eobOrDJAYaRsSYMy9fdGioXWUxHYSYHNSC97c/E/r5uY8MZPmYwTQyVZPBQmHJkIzRNAA6YoMXxqCSaK2VsRGWGFibE5lWwI3vKXV0nrourVqrWHq0r9No+jCCdwCufgwTXU4R4a0AQCT/AMr/DmTJwX5935WIwWnHznGP7A+fwB446RjA==</latexit>→ 3ω

[Cirigliano et al., Phys.Lett.B 838 (2023) 
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|Vud|2 + |Vus|2 + |Vub|2 →= 1

Present day tensions in the first row of CKM challenge the SM picture 
Cabibbo Anomalies

Irrelevant at this given

accuracy!

C
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Cabibbo anomalies

Select a process involving              transition: Semileptonic processes are free from QCD rad. correction 
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u → d
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Select a process involving              transition: Semileptonic processes are free from QCD rad. correction 
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VudAdvantages Limitations
Particle Data Group, PTEP 2022, 083C01 (2022).

Process

Three different type of decays 
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Cabibbo anomalies
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VudAdvantages Limitations
Particle Data Group, PTEP 2022, 083C01 (2022).

Process

Three different type of decays 
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Cabibbo anomalies
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n → p e→ ω̄e Experimental inputs: 
<latexit sha1_base64="9rR89jgynPYJr+M5+AiIdF+DDdU="></latexit>ωn

<latexit sha1_base64="yqfV5prupkHW7HxkwCOmxghAnD8="></latexit>

ω
No nuclear uncertainty

<latexit sha1_base64="rexnW0cLxIgzMUbkE0l6nhKxEZo="></latexit>

0.97441 (3)f (13)RC (82)ω (28)εn [88]

<latexit sha1_base64="Qo4zQDUEEDk0uemcT9pCO4QJskQ="></latexit>

ω± → ω0 e± εe
Experimentally extremely 

challengingTheoretically clean
*Before CHV 2026

<latexit sha1_base64="6Z87VcLS73G2ILMy2w/kKpj7IFI="></latexit>

0.97386 (281)Br (9)ωω (14)RC (28)Iωε [283]

Select a process involving              transition: Semileptonic processes are free from QCD rad. correction 
<latexit sha1_base64="DAq9ahodyNHyr/xhePB+Tf4xQys=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIVI9FLx4r2A9oQ9lsNu3STTbsTpQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPz/ERwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo2WqKGtTKaTq+UQzwWPWBg6C9RLFSOQL1vUnNzO/+8CU5jK+hyxhXkRGMQ85JWCkoV1N8UCwEBQfjYEoJR9xMLRrTt2ZA68StyA1VKA1tL8GgaRpxGKggmjdd50EvJwo4FSwaWWQapYQOiEj1jc0JhHTXj4/fopPjRLgUCpTMeC5+nsiJ5HWWeSbzojAWC97M/E/r59CeOXlPE5SYDFdLApTgUHiWRI44IpREJkhhCpubsV0TBShYPKqmBDc5ZdXSee87jbqjbuLWvO6iKOMjtEJOkMuukRNdItaqI0oytAzekVv1pP1Yr1bH4vWklXMVNEfWJ8/w4yU3Q==</latexit>

u → d

<latexit sha1_base64="+F1CtGQYVmkr7Q6ghxlz55yNY9Y=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ie0oWw2m3bp7ibsboQS8iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wuZ353SeqNIvlg5km1Bd4JFnECDZWesw6wywN8xwNqzW37s6BVolXkBoUaA2rX4MwJqmg0hCOte57bmL8DCvDCKd5ZZBqmmAywSPat1RiQbWfzQ/O0ZlVQhTFypY0aK7+nsiw0HoqAtspsBnrZW8m/uf1UxNd+xmTSWqoJItFUcqRidHsexQyRYnhU0swUczeisgYK0yMzahiQ/CWX14lnYu616g37i9rzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/5l+QfQ==</latexit>

VudAdvantages Limitations
Particle Data Group, PTEP 2022, 083C01 (2022).

Process

Three different type of decays 



Why is timely to deal with radiative corrections in Pion Beta decays?
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Cabibbo anomalies
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[PIONEER collab., 2504.06375 ]

‣PIONEER exp. at PSI aims at reducing exp. unc. by one OoF 

‣Vud extraction based on pion beta decay competitive with alternative 
approaches 

‣Reducing the th. uncertainty is crucial to keep with exp. progresses 

Cabibbo anomalies
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Muon g-2

‣  Proportionality constant in an interaction between particles with spin and an external magnetic field 

‣  Relativistic QM predicts g=2: exact relation! 

‣  Quantum correction from SM loops leads to a deviation from g=2:   
<latexit sha1_base64="KCMEmaNq/KhdtcIZuYhVbQx+crc=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4MaSFKluhKIblxXsA5oQJtNJO3RmEmYmQgnZ+CtuXCji1s9w5984bbPQ1gMXDufcy733hAmjSjvOt1VaWV1b3yhvVra2d3b37P2DjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+Hbqdx+JVDQWD3qSEJ+joaARxUgbKbCPUJB5PM3hNfQiiXA2PK/nWT0P7KpTc2aAy8QtSBUUaAX2lzeIccqJ0Jghpfquk2g/Q1JTzEhe8VJFEoTHaEj6hgrEifKz2QM5PDXKAEaxNCU0nKm/JzLElZrw0HRypEdq0ZuK/3n9VEdXfkZFkmoi8HxRlDKoYzhNAw6oJFiziSEIS2puhXiETA7aZFYxIbiLLy+TTr3mNmqN+4tq86aIowyOwQk4Ay64BE1wB1qgDTDIwTN4BW/Wk/VivVsf89aSVcwcgj+wPn8A1RaV7w==</latexit>

aµ =
g → 2

2

<latexit sha1_base64="JzbSx6TMcX/J0QqsqQ+vWqOyPQw=">AAACG3icbVDLSsNAFJ34rPUVdelmsAhuLEmR6kYoddNli/YBTQiTyaQdOnkwMymUkP9w46+4caGIK8GFf+M0zUJbDwz3zDn3MnOPGzMqpGF8a2vrG5tb26Wd8u7e/sGhfnTcE1HCMeniiEV84CJBGA1JV1LJyCDmBAUuI313cjf3+1PCBY3CBzmLiR2gUUh9ipFUkqPXWvAWXsIRtHyOcNpxUj/L0lqQV2hNCU6bqmIvkovbfeboFaNq5ICrxCxIBRRoO/qn5UU4CUgoMUNCDE0jlnaKuKSYkaxsJYLECE/QiAwVDVFAhJ3mu2XwXCke9COuTihhrv6eSFEgxCxwVWeA5Fgse3PxP2+YSP/GTmkYJ5KEePGQnzAoIzgPCnqUEyzZTBGEOVV/hXiMVEhSxVlWIZjLK6+SXq1q1qv1zlWl0SziKIFTcAYugAmuQQO0QBt0AQaP4Bm8gjftSXvR3rWPReuaVsycgD/Qvn4AwH2gtA==</latexit>

H = →g
Qf

2mf

ωB · ωS

5

C



Muon g-2

‣  Proportionality constant in an interaction between particles with spin and an external magnetic field 

‣  Relativistic QM predicts g=2: exact relation! 

‣  Quantum correction from SM loops leads to a deviation from g=2:   
<latexit sha1_base64="KCMEmaNq/KhdtcIZuYhVbQx+crc=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4MaSFKluhKIblxXsA5oQJtNJO3RmEmYmQgnZ+CtuXCji1s9w5984bbPQ1gMXDufcy733hAmjSjvOt1VaWV1b3yhvVra2d3b37P2DjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+Hbqdx+JVDQWD3qSEJ+joaARxUgbKbCPUJB5PM3hNfQiiXA2PK/nWT0P7KpTc2aAy8QtSBUUaAX2lzeIccqJ0Jghpfquk2g/Q1JTzEhe8VJFEoTHaEj6hgrEifKz2QM5PDXKAEaxNCU0nKm/JzLElZrw0HRypEdq0ZuK/3n9VEdXfkZFkmoi8HxRlDKoYzhNAw6oJFiziSEIS2puhXiETA7aZFYxIbiLLy+TTr3mNmqN+4tq86aIowyOwQk4Ay64BE1wB1qgDTDIwTN4BW/Wk/VivVsf89aSVcwcgj+wPn8A1RaV7w==</latexit>

aµ =
g → 2

2

<latexit sha1_base64="JzbSx6TMcX/J0QqsqQ+vWqOyPQw=">AAACG3icbVDLSsNAFJ34rPUVdelmsAhuLEmR6kYoddNli/YBTQiTyaQdOnkwMymUkP9w46+4caGIK8GFf+M0zUJbDwz3zDn3MnOPGzMqpGF8a2vrG5tb26Wd8u7e/sGhfnTcE1HCMeniiEV84CJBGA1JV1LJyCDmBAUuI313cjf3+1PCBY3CBzmLiR2gUUh9ipFUkqPXWvAWXsIRtHyOcNpxUj/L0lqQV2hNCU6bqmIvkovbfeboFaNq5ICrxCxIBRRoO/qn5UU4CUgoMUNCDE0jlnaKuKSYkaxsJYLECE/QiAwVDVFAhJ3mu2XwXCke9COuTihhrv6eSFEgxCxwVWeA5Fgse3PxP2+YSP/GTmkYJ5KEePGQnzAoIzgPCnqUEyzZTBGEOVV/hXiMVEhSxVlWIZjLK6+SXq1q1qv1zlWl0SziKIFTcAYugAmuQQO0QBt0AQaP4Bm8gjftSXvR3rWPReuaVsycgD/Qvn4AwH2gtA==</latexit>

H = →g
Qf

2mf

ωB · ωS

5

C

Great consistency between BNL and Fermilab results!

<latexit sha1_base64="rsy7kUjkXTCSQBS4kDJc22XRFNs="></latexit>

aµ(exp) = 116 592 071, 5 (14, 5)→ 10→11

[Muon g-2  collab., 2025]

 Experimentally measured with a precision of 127 ppb:
C



SM theory prediction exhibits an uncertainty a factor of 4 larger:
[WP., 2025]

<latexit sha1_base64="ViWJDSl1rBJlo7f4fhRHpiu0NMU="></latexit>

aµ(th.) = 116 592 033 (62)→ 10→11

6

Muon g-2

‣  99,99% of the whole contribution:  

‣  Know at 5 loops accuracy: negligible uncertainty 

<latexit sha1_base64="T6rPboVveFDYg+IdJUdh+RLhILA="></latexit>

aQED
µ = 116 584 718, 8 (2)→ 10→11

•QED: 

‣                                          accounts for the whole theory uncertainty    
<latexit sha1_base64="cYwZlRXJotkSXtH19pFLYi9ww9k=">AAACGHicbVDLTgIxFO34RHyhLt00EhNMFDvEgEuiG5aYyCNhgHRKBxramUnbMSGT+Qw3/oobFxrjlp1/Y4FZKHiSm5ycc2/uvccNOVMaoW9rbX1jc2s7s5Pd3ds/OMwdHTdVEElCGyTggWy7WFHOfNrQTHPaDiXFwuW05Y7vZ37riUrFAv9RT0LaFXjoM48RrI3Uz13jfuyIKOnFNTxIoKOYgBWEEHQuYaFcuoCOZoIqaKNefGXbST+XR0U0B1wldkryIEW9n5s6g4BEgvqacKxUx0ah7sZYakY4TbJOpGiIyRgPacdQH5tt3Xj+WALPjTKAXiBN+RrO1d8TMRZKTYRrOgXWI7XszcT/vE6kvdtuzPww0tQni0VexKEO4CwlOGCSEs0nhmAimbkVkhGWmGiTZdaEYC+/vEqapaJdLpYfbvLVuzSODDgFZ6AAbFABVVADddAABDyDV/AOPqwX6836tL4WrWtWOnMC/sCa/gDLEJ0W</latexit>

aHad

µ
→ 7000 (62)↑ 10→11

•Hadronic:     

<latexit sha1_base64="Sdg6t0aI+cxl/RIK/ooWkUirI/Q=">AAACFHicbVDLSgMxFM3UV62vUZdugkWoqGUitboRiiK4rGAf0JkOmTRtQzMPkoxQhvkIN/6KGxeKuHXhzr8xfSy09cCFwzn3cu89XsSZVJb1bWQWFpeWV7KrubX1jc0tc3unLsNYEFojIQ9F08OSchbQmmKK02YkKPY9Thve4HrkNx6okCwM7tUwoo6PewHrMoKVllzzCLuJ7cdpO7lppPASorNSsQTtY1goHUJbMZ9KiKx2coJQ6pp5q2iNAecJmpI8mKLqml92JySxTwNFOJayhaxIOQkWihFO05wdSxphMsA92tI0wHqbk4yfSuGBVjqwGwpdgYJj9fdEgn0ph76nO32s+nLWG4n/ea1YdS+chAVRrGhAJou6MYcqhKOEYIcJShQfaoKJYPpWSPpYYKJ0jjkdApp9eZ7UT4uoXCzflfKVq2kcWbAH9kEBIHAOKuAWVEENEPAInsEreDOejBfj3fiYtGaM6cwu+APj8wccEJsW</latexit>

aEW
µ = 154.4 (4)→ 10→11

<latexit sha1_base64="vpTzyBPVyxxdhkdPjibUhwMyO3s=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURqS6LunBZwT6gCWEymbRDZyZhZiKUUPBX3LhQxK3f4c6/cZpmoa0HLvdwzr3MnROmjCrtON9WZWV1bX2julnb2t7Z3bP3D7oqySQmHZywRPZDpAijgnQ01Yz0U0kQDxnpheObmd97JFLRRDzoSUp8joaCxhQjbaTAPvIiwjSC3m3RUJB7PJsGdt1pOAXgMnFLUgcl2oH95UUJzjgRGjOk1MB1Uu3nSGqKGZnWvEyRFOExGpKBoQJxovy8OH8KT40SwTiRpoSGhfp7I0dcqQkPzSRHeqQWvZn4nzfIdHzl51SkmSYCzx+KMwZ1AmdZwIhKgjWbGIKwpOZWiEdIIqxNYjUTgrv45WXSPW+4zUbz/qLeui7jqIJjcALOgAsuQQvcgTboAAxy8AxewZv1ZL1Y79bHfLRilTuH4A+szx/Pd5Vq</latexit>

ω!aµ

‣  Known at 2 loops accuracy: negligible uncertainty: 

‣  Same order of magnitude of          : benchmark value for sensitivity to BSM physics 

•EW:

Had



7

Hadronic Vacuum Polarization  
<latexit sha1_base64="/jvfN362NFYfmuQTvlXOi4C5ag8=">AAACGXicbVDLTgIxFO3gC/GFunTTSExgIZkhBt2YEN24xEQeCYOkUzrQ0HaGtmNCJvMbbvwVNy40xqWu/BvLwELBkzQ9Pffc3N7jhYwqbdvfVmZldW19I7uZ29re2d3L7x80VRBJTBo4YIFse0gRRgVpaKoZaYeSIO4x0vJG19N664FIRQNxpych6XI0ENSnGGkj9fL2JaSwOL6vwEEvdnkEXRElp3CcPpL0NkIJuvWZrdTLF+yynQIuE2dOCmCOei//6fYDHHEiNGZIqY5jh7obI6kpZiTJuZEiIcIjNCAdQwXiRHXjdLMEnhilD/1AmiM0TNXfHTHiSk24Z5wc6aFarE3F/2qdSPsX3ZiKMNJE4NkgP2JQB3AaE+xTSbBmE0MQltT8FeIhkghrE2bOhOAsrrxMmpWyUy1Xb88Ktat5HFlwBI5BETjgHNTADaiDBsDgETyDV/BmPVkv1rv1MbNmrHnPIfgD6+sH7s+eag==</latexit>

= i(q2gµω → qµqω)!(q
2)

‣ Data driven approach:

<latexit sha1_base64="GoXLyIkEPZBtxk9loEThocjWxiM="></latexit>

e+e→ → hadrons(ω)

‣  Dispersion relation based on unitarity and analicity relates            and  

‣                       :            channel is     70% of the whole contribution and the error budget: 

<latexit sha1_base64="hXoRDl9VrUEIhIjnqiQE4vyKvOQ=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSLUS9ktUj0WvXisYD+wXUs2zbah2WRNskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3NnNb+e2d3b39wsFhU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsYXU/91hNVmklxZ8Yx9SM8ECxkBBsr3aNunaHS40PlrFcoumV3BrRMvIwUIUO9V/jq9iVJIioM4VjrjufGxk+xMoxwOsl3E01jTEZ4QDuWChxR7aeziyfo1Cp9FEplSxg0U39PpDjSehwFtjPCZqgXvan4n9dJTHjpp0zEiaGCzBeFCUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pLwNwVt8eZk0K2WvWq7enhdrV1kcOTiGEyiBBxdQgxuoQwMICHiGV3hztPPivDsf89YVJ5s5gj9wPn8AkcWPkA==</latexit>

!(q2)
<latexit sha1_base64="pGl0EqdSoZg65+5sBkGgcVLZZUU=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GIiGFXJFoGbSwjmAcka7g7O5sMmX0wM6uEZX/Axl+xsVDE1t7Ov3HyKDTxwL0czrmXmXvcmDOpLOvbyC0sLi2v5FcLa+sbm1vm9k5DRokgtE4iHomWC5JyFtK6YorTViwoBC6nTXdwNfKb91RIFoW3ahhTJ4BeyHxGQGmpax50JOsFgEv0Lj3OsO4nWUewXl+BENED7oNXPuqaRatsjYHniT0lRTRFrWt+dbyIJAENFeEgZdu2YuWkIBQjnGaFTiJpDGQAPdrWNISASicdX5PhQ6142I+ErlDhsfp7I4VAymHg6skAVF/OeiPxP6+dKP/CSVkYJ4qGZPKQn3CsIjyKBntMUKL4UBMggum/YtIHAUTpAAs6BHv25HnSOC3blXLl5qxYvZzGkUd7aB+VkI3OURVdoxqqI4Ie0TN6RW/Gk/FivBsfk9GcMd3ZRX9gfP4AOUSbCg==</latexit>

ω(e+e→ → had.)
<latexit sha1_base64="rIAO41PNEIYoP3V3WgUKeX4AkHQ="></latexit>

aHV P

µ
=

m2
µ

12ω3

∫ →

sthr

ds
K(s)

s
ε(e+e↑ → had.(ϑ))

<latexit sha1_base64="LCCkaTJHN+NKpl0ZoPpvQTc7meM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuqmJSHVZdCO4qWAf0IYymU7aoZNMmJkoNRR/xY0LRdz6H+78G6dtFlo9cOFwzr3ce48fc6a043xZuYXFpeWV/GphbX1jc8ve3mkokUhC60RwIVs+VpSziNY105y2Yklx6HPa9IeXE795R6ViIrrVo5h6Ie5HLGAEayN17b3rkjpCHcn6A42lFPfIPVZdu+iUnSnQX+JmpAgZal37s9MTJAlppAnHSrVdJ9ZeiqVmhNNxoZMoGmMyxH3aNjTCIVVeOr1+jA6N0kOBkKYijabqz4kUh0qNQt90hlgP1Lw3Ef/z2okOzr2URXGiaURmi4KEIy3QJArUY5ISzUeGYCKZuRWRAZaYaBNYwYTgzr/8lzROym6lXLk5LVYvsjjysA8HUAIXzqAKV1CDOhB4gCd4gVfr0Xq23qz3WWvOymZ24Resj2/vaZRF</latexit>

K(s) → 1/s
<latexit sha1_base64="EXzYys7U3qZn5S2TrbJYs5bNZ7Q=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSyJSHVZdOOygn1AG8tkOmmHTiZhZiLUkC9x40IRt36KO//GadqFth643MM59zJ3jh9zprTjfFuFldW19Y3iZmlre2e3bO/tt1SUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj2+mfvuRSsUica8nMfVCPBQsYARrI/Xtci9mD+lphvJ+lvXtilN1cqBl4s5JBeZo9O2v3iAiSUiFJhwr1XWdWHsplpoRTrNSL1E0xmSMh7RrqMAhVV6aH56hY6MMUBBJU0KjXP29keJQqUnom8kQ65Fa9Kbif1430cGVlzIRJ5oKMnsoSDjSEZqmgAZMUqL5xBBMJDO3IjLCEhNtsiqZENzFLy+T1nnVrVVrdxeV+vU8jiIcwhGcgAuXUIdbaEATCCTwDK/wZj1ZL9a79TEbLVjznQP4A+vzB0Orkto=</latexit>

ω+ω→ <latexit sha1_base64="JuWf/sO9P2qDNR1h+q0WivG3fyE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLA8PlsFrz6t4C+C/xC1KDAq1h9XMwimkqmbJUEGP6vpfYICPacirYvDJIDUsInZIx6zuqiGQmyBa3zvGZU0Y4irUrZfFC/TmREWnMTIauUxI7MateLv7n9VMbXQcZV0lqmaLLRVEqsI1x/jgecc2oFTNHCNXc3YrphGhCrYun4kLwV1/+SzoXdb9Rb9xf1po3RRxlOIFTOAcfrqAJd9CCNlCYwBO8wCuS6Bm9ofdlawkVM8fwC+jjGyNBjlI=</latexit>→

Had.

Muon g-2
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Hadronic Vacuum Polarization  
<latexit sha1_base64="/jvfN362NFYfmuQTvlXOi4C5ag8=">AAACGXicbVDLTgIxFO3gC/GFunTTSExgIZkhBt2YEN24xEQeCYOkUzrQ0HaGtmNCJvMbbvwVNy40xqWu/BvLwELBkzQ9Pffc3N7jhYwqbdvfVmZldW19I7uZ29re2d3L7x80VRBJTBo4YIFse0gRRgVpaKoZaYeSIO4x0vJG19N664FIRQNxpych6XI0ENSnGGkj9fL2JaSwOL6vwEEvdnkEXRElp3CcPpL0NkIJuvWZrdTLF+yynQIuE2dOCmCOei//6fYDHHEiNGZIqY5jh7obI6kpZiTJuZEiIcIjNCAdQwXiRHXjdLMEnhilD/1AmiM0TNXfHTHiSk24Z5wc6aFarE3F/2qdSPsX3ZiKMNJE4NkgP2JQB3AaE+xTSbBmE0MQltT8FeIhkghrE2bOhOAsrrxMmpWyUy1Xb88Ktat5HFlwBI5BETjgHNTADaiDBsDgETyDV/BmPVkv1rv1MbNmrHnPIfgD6+sH7s+eag==</latexit>

= i(q2gµω → qµqω)!(q
2)

‣ Data driven approach:

<latexit sha1_base64="GoXLyIkEPZBtxk9loEThocjWxiM="></latexit>

e+e→ → hadrons(ω)

‣  Dispersion relation based on unitarity and analicity relates            and  

‣                       :            channel is     70% of the whole contribution and the error budget: 

<latexit sha1_base64="hXoRDl9VrUEIhIjnqiQE4vyKvOQ=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSLUS9ktUj0WvXisYD+wXUs2zbah2WRNskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3NnNb+e2d3b39wsFhU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsYXU/91hNVmklxZ8Yx9SM8ECxkBBsr3aNunaHS40PlrFcoumV3BrRMvIwUIUO9V/jq9iVJIioM4VjrjufGxk+xMoxwOsl3E01jTEZ4QDuWChxR7aeziyfo1Cp9FEplSxg0U39PpDjSehwFtjPCZqgXvan4n9dJTHjpp0zEiaGCzBeFCUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pLwNwVt8eZk0K2WvWq7enhdrV1kcOTiGEyiBBxdQgxuoQwMICHiGV3hztPPivDsf89YVJ5s5gj9wPn8AkcWPkA==</latexit>

!(q2)
<latexit sha1_base64="pGl0EqdSoZg65+5sBkGgcVLZZUU=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GIiGFXJFoGbSwjmAcka7g7O5sMmX0wM6uEZX/Axl+xsVDE1t7Ov3HyKDTxwL0czrmXmXvcmDOpLOvbyC0sLi2v5FcLa+sbm1vm9k5DRokgtE4iHomWC5JyFtK6YorTViwoBC6nTXdwNfKb91RIFoW3ahhTJ4BeyHxGQGmpax50JOsFgEv0Lj3OsO4nWUewXl+BENED7oNXPuqaRatsjYHniT0lRTRFrWt+dbyIJAENFeEgZdu2YuWkIBQjnGaFTiJpDGQAPdrWNISASicdX5PhQ6142I+ErlDhsfp7I4VAymHg6skAVF/OeiPxP6+dKP/CSVkYJ4qGZPKQn3CsIjyKBntMUKL4UBMggum/YtIHAUTpAAs6BHv25HnSOC3blXLl5qxYvZzGkUd7aB+VkI3OURVdoxqqI4Ie0TN6RW/Gk/FivBsfk9GcMd3ZRX9gfP4AOUSbCg==</latexit>

ω(e+e→ → had.)
<latexit sha1_base64="rIAO41PNEIYoP3V3WgUKeX4AkHQ="></latexit>

aHV P

µ
=

m2
µ

12ω3

∫ →

sthr

ds
K(s)

s
ε(e+e↑ → had.(ϑ))

<latexit sha1_base64="LCCkaTJHN+NKpl0ZoPpvQTc7meM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuqmJSHVZdCO4qWAf0IYymU7aoZNMmJkoNRR/xY0LRdz6H+78G6dtFlo9cOFwzr3ce48fc6a043xZuYXFpeWV/GphbX1jc8ve3mkokUhC60RwIVs+VpSziNY105y2Yklx6HPa9IeXE795R6ViIrrVo5h6Ie5HLGAEayN17b3rkjpCHcn6A42lFPfIPVZdu+iUnSnQX+JmpAgZal37s9MTJAlppAnHSrVdJ9ZeiqVmhNNxoZMoGmMyxH3aNjTCIVVeOr1+jA6N0kOBkKYijabqz4kUh0qNQt90hlgP1Lw3Ef/z2okOzr2URXGiaURmi4KEIy3QJArUY5ISzUeGYCKZuRWRAZaYaBNYwYTgzr/8lzROym6lXLk5LVYvsjjysA8HUAIXzqAKV1CDOhB4gCd4gVfr0Xq23qz3WWvOymZ24Resj2/vaZRF</latexit>

K(s) → 1/s
<latexit sha1_base64="EXzYys7U3qZn5S2TrbJYs5bNZ7Q=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSyJSHVZdOOygn1AG8tkOmmHTiZhZiLUkC9x40IRt36KO//GadqFth643MM59zJ3jh9zprTjfFuFldW19Y3iZmlre2e3bO/tt1SUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj2+mfvuRSsUica8nMfVCPBQsYARrI/Xtci9mD+lphvJ+lvXtilN1cqBl4s5JBeZo9O2v3iAiSUiFJhwr1XWdWHsplpoRTrNSL1E0xmSMh7RrqMAhVV6aH56hY6MMUBBJU0KjXP29keJQqUnom8kQ65Fa9Kbif1430cGVlzIRJ5oKMnsoSDjSEZqmgAZMUqL5xBBMJDO3IjLCEhNtsiqZENzFLy+T1nnVrVVrdxeV+vU8jiIcwhGcgAuXUIdbaEATCCTwDK/wZj1ZL9a79TEbLVjznQP4A+vzB0Orkto=</latexit>

ω+ω→ <latexit sha1_base64="JuWf/sO9P2qDNR1h+q0WivG3fyE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLA8PlsFrz6t4C+C/xC1KDAq1h9XMwimkqmbJUEGP6vpfYICPacirYvDJIDUsInZIx6zuqiGQmyBa3zvGZU0Y4irUrZfFC/TmREWnMTIauUxI7MateLv7n9VMbXQcZV0lqmaLLRVEqsI1x/jgecc2oFTNHCNXc3YrphGhCrYun4kLwV1/+SzoXdb9Rb9xf1po3RRxlOIFTOAcfrqAJd9CCNlCYwBO8wCuS6Bm9ofdlawkVM8fwC+jjGyNBjlI=</latexit>→ Input from low 

energy exp. !

Had.

Muon g-2
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Hadronic Vacuum Polarization  
<latexit sha1_base64="/jvfN362NFYfmuQTvlXOi4C5ag8=">AAACGXicbVDLTgIxFO3gC/GFunTTSExgIZkhBt2YEN24xEQeCYOkUzrQ0HaGtmNCJvMbbvwVNy40xqWu/BvLwELBkzQ9Pffc3N7jhYwqbdvfVmZldW19I7uZ29re2d3L7x80VRBJTBo4YIFse0gRRgVpaKoZaYeSIO4x0vJG19N664FIRQNxpych6XI0ENSnGGkj9fL2JaSwOL6vwEEvdnkEXRElp3CcPpL0NkIJuvWZrdTLF+yynQIuE2dOCmCOei//6fYDHHEiNGZIqY5jh7obI6kpZiTJuZEiIcIjNCAdQwXiRHXjdLMEnhilD/1AmiM0TNXfHTHiSk24Z5wc6aFarE3F/2qdSPsX3ZiKMNJE4NkgP2JQB3AaE+xTSbBmE0MQltT8FeIhkghrE2bOhOAsrrxMmpWyUy1Xb88Ktat5HFlwBI5BETjgHNTADaiDBsDgETyDV/BmPVkv1rv1MbNmrHnPIfgD6+sH7s+eag==</latexit>

= i(q2gµω → qµqω)!(q
2)

‣ Data driven approach:

<latexit sha1_base64="GoXLyIkEPZBtxk9loEThocjWxiM="></latexit>

e+e→ → hadrons(ω)

‣  Dispersion relation based on unitarity and analicity relates            and  

‣                       :            channel is     70% of the whole contribution and the error budget: 

<latexit sha1_base64="hXoRDl9VrUEIhIjnqiQE4vyKvOQ=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSLUS9ktUj0WvXisYD+wXUs2zbah2WRNskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3NnNb+e2d3b39wsFhU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsYXU/91hNVmklxZ8Yx9SM8ECxkBBsr3aNunaHS40PlrFcoumV3BrRMvIwUIUO9V/jq9iVJIioM4VjrjufGxk+xMoxwOsl3E01jTEZ4QDuWChxR7aeziyfo1Cp9FEplSxg0U39PpDjSehwFtjPCZqgXvan4n9dJTHjpp0zEiaGCzBeFCUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pLwNwVt8eZk0K2WvWq7enhdrV1kcOTiGEyiBBxdQgxuoQwMICHiGV3hztPPivDsf89YVJ5s5gj9wPn8AkcWPkA==</latexit>

!(q2)
<latexit sha1_base64="pGl0EqdSoZg65+5sBkGgcVLZZUU=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GIiGFXJFoGbSwjmAcka7g7O5sMmX0wM6uEZX/Axl+xsVDE1t7Ov3HyKDTxwL0czrmXmXvcmDOpLOvbyC0sLi2v5FcLa+sbm1vm9k5DRokgtE4iHomWC5JyFtK6YorTViwoBC6nTXdwNfKb91RIFoW3ahhTJ4BeyHxGQGmpax50JOsFgEv0Lj3OsO4nWUewXl+BENED7oNXPuqaRatsjYHniT0lRTRFrWt+dbyIJAENFeEgZdu2YuWkIBQjnGaFTiJpDGQAPdrWNISASicdX5PhQ6142I+ErlDhsfp7I4VAymHg6skAVF/OeiPxP6+dKP/CSVkYJ4qGZPKQn3CsIjyKBntMUKL4UBMggum/YtIHAUTpAAs6BHv25HnSOC3blXLl5qxYvZzGkUd7aB+VkI3OURVdoxqqI4Ie0TN6RW/Gk/FivBsfk9GcMd3ZRX9gfP4AOUSbCg==</latexit>

ω(e+e→ → had.)
<latexit sha1_base64="rIAO41PNEIYoP3V3WgUKeX4AkHQ="></latexit>

aHV P

µ
=

m2
µ

12ω3

∫ →

sthr

ds
K(s)

s
ε(e+e↑ → had.(ϑ))

<latexit sha1_base64="LCCkaTJHN+NKpl0ZoPpvQTc7meM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuqmJSHVZdCO4qWAf0IYymU7aoZNMmJkoNRR/xY0LRdz6H+78G6dtFlo9cOFwzr3ce48fc6a043xZuYXFpeWV/GphbX1jc8ve3mkokUhC60RwIVs+VpSziNY105y2Yklx6HPa9IeXE795R6ViIrrVo5h6Ie5HLGAEayN17b3rkjpCHcn6A42lFPfIPVZdu+iUnSnQX+JmpAgZal37s9MTJAlppAnHSrVdJ9ZeiqVmhNNxoZMoGmMyxH3aNjTCIVVeOr1+jA6N0kOBkKYijabqz4kUh0qNQt90hlgP1Lw3Ef/z2okOzr2URXGiaURmi4KEIy3QJArUY5ISzUeGYCKZuRWRAZaYaBNYwYTgzr/8lzROym6lXLk5LVYvsjjysA8HUAIXzqAKV1CDOhB4gCd4gVfr0Xq23qz3WWvOymZ24Resj2/vaZRF</latexit>

K(s) → 1/s
<latexit sha1_base64="EXzYys7U3qZn5S2TrbJYs5bNZ7Q=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSyJSHVZdOOygn1AG8tkOmmHTiZhZiLUkC9x40IRt36KO//GadqFth643MM59zJ3jh9zprTjfFuFldW19Y3iZmlre2e3bO/tt1SUSEKbJOKR7PhYUc4EbWqmOe3EkuLQ57Ttj2+mfvuRSsUica8nMfVCPBQsYARrI/Xtci9mD+lphvJ+lvXtilN1cqBl4s5JBeZo9O2v3iAiSUiFJhwr1XWdWHsplpoRTrNSL1E0xmSMh7RrqMAhVV6aH56hY6MMUBBJU0KjXP29keJQqUnom8kQ65Fa9Kbif1430cGVlzIRJ5oKMnsoSDjSEZqmgAZMUqL5xBBMJDO3IjLCEhNtsiqZENzFLy+T1nnVrVVrdxeV+vU8jiIcwhGcgAuXUIdbaEATCCTwDK/wZj1ZL9a79TEbLVjznQP4A+vzB0Orkto=</latexit>

ω+ω→ <latexit sha1_base64="JuWf/sO9P2qDNR1h+q0WivG3fyE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLA8PlsFrz6t4C+C/xC1KDAq1h9XMwimkqmbJUEGP6vpfYICPacirYvDJIDUsInZIx6zuqiGQmyBa3zvGZU0Y4irUrZfFC/TmREWnMTIauUxI7MateLv7n9VMbXQcZV0lqmaLLRVEqsI1x/jgecc2oFTNHCNXc3YrphGhCrYun4kLwV1/+SzoXdb9Rb9xf1po3RRxlOIFTOAcfrqAJd9CCNlCYwBO8wCuS6Bm9ofdlawkVM8fwC+jjGyNBjlI=</latexit>→ Input from low 

energy exp. !

Had.

Muon g-2

‣  First principle determination of the two point function. No need of data as external input. 

‣  Nowadays well established method to evaluate the HVP to Muon g-2.

‣ Lattice QCD




Hadronic Vacuum Polarization  
<latexit sha1_base64="/jvfN362NFYfmuQTvlXOi4C5ag8=">AAACGXicbVDLTgIxFO3gC/GFunTTSExgIZkhBt2YEN24xEQeCYOkUzrQ0HaGtmNCJvMbbvwVNy40xqWu/BvLwELBkzQ9Pffc3N7jhYwqbdvfVmZldW19I7uZ29re2d3L7x80VRBJTBo4YIFse0gRRgVpaKoZaYeSIO4x0vJG19N664FIRQNxpych6XI0ENSnGGkj9fL2JaSwOL6vwEEvdnkEXRElp3CcPpL0NkIJuvWZrdTLF+yynQIuE2dOCmCOei//6fYDHHEiNGZIqY5jh7obI6kpZiTJuZEiIcIjNCAdQwXiRHXjdLMEnhilD/1AmiM0TNXfHTHiSk24Z5wc6aFarE3F/2qdSPsX3ZiKMNJE4NkgP2JQB3AaE+xTSbBmE0MQltT8FeIhkghrE2bOhOAsrrxMmpWyUy1Xb88Ktat5HFlwBI5BETjgHNTADaiDBsDgETyDV/BmPVkv1rv1MbNmrHnPIfgD6+sH7s+eag==</latexit>

= i(q2gµω → qµqω)!(q
2)

8

‣ Data driven approach:   -based evaluation
<latexit sha1_base64="PTzmskmurdSmhuoHhq8cNgx3NX0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBVUlEqsuiG5cV7APaUCbTm3bo5MHMjVhiFv6KGxeKuPU33Pk3TtMstPXAhcM5986de7xYcIW2/W0sLa+srq2XNsqbW9s7u+befktFiWTQZJGIZMejCgQPoYkcBXRiCTTwBLS98fXUb9+DVDwK73ASgxvQYch9zihqqW8e9hAeMH8n9UQCWdpDmmR9s2JX7RzWInEKUiEFGn3zqzeIWBJAiExQpbqOHaObUomcCcjKvURBTNmYDqGraUgDUG6a782sE60MLD+SukK0cvX3REoDpSaBpzsDiiM1703F/7xugv6lm/IwThBCNlvkJ8LCyJqGYQ24BIZiogllkuu/WmxEJWWoIyvrEJz5kxdJ66zq1Kq12/NK/aqIo0SOyDE5JQ65IHVyQxqkSRh5JM/klbwZT8aL8W58zFqXjGLmgPyB8fkDe1aXEA==</latexit>ω

ω+

ω→

ω±

ω0

Isospin 

<latexit sha1_base64="KJ/WVI5GzmqP5xNyXYPLXtSSp+Y="></latexit>

ω(e+e→ → ε→ε+) ↑ d![ϑ → εεϖω (ϱ)]

ds

Muon g-2

<latexit sha1_base64="qDDqnOISMdc61857/oP5k0nDzJU="></latexit>

aHV P,LO
µ [ωω, ε ] =

1

4ω3

∫ →

sthr

dsK(s)

[
Kω(s)

K!(s)

d!εε(ϑ)

ds

]
‣ If isospin is exact:                               



Hadronic Vacuum Polarization  
<latexit sha1_base64="/jvfN362NFYfmuQTvlXOi4C5ag8=">AAACGXicbVDLTgIxFO3gC/GFunTTSExgIZkhBt2YEN24xEQeCYOkUzrQ0HaGtmNCJvMbbvwVNy40xqWu/BvLwELBkzQ9Pffc3N7jhYwqbdvfVmZldW19I7uZ29re2d3L7x80VRBJTBo4YIFse0gRRgVpaKoZaYeSIO4x0vJG19N664FIRQNxpych6XI0ENSnGGkj9fL2JaSwOL6vwEEvdnkEXRElp3CcPpL0NkIJuvWZrdTLF+yynQIuE2dOCmCOei//6fYDHHEiNGZIqY5jh7obI6kpZiTJuZEiIcIjNCAdQwXiRHXjdLMEnhilD/1AmiM0TNXfHTHiSk24Z5wc6aFarE3F/2qdSPsX3ZiKMNJE4NkgP2JQB3AaE+xTSbBmE0MQltT8FeIhkghrE2bOhOAsrrxMmpWyUy1Xb88Ktat5HFlwBI5BETjgHNTADaiDBsDgETyDV/BmPVkv1rv1MbNmrHnPIfgD6+sH7s+eag==</latexit>

= i(q2gµω → qµqω)!(q
2)

8

‣ Data driven approach:   -based evaluation
<latexit sha1_base64="PTzmskmurdSmhuoHhq8cNgx3NX0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBVUlEqsuiG5cV7APaUCbTm3bo5MHMjVhiFv6KGxeKuPU33Pk3TtMstPXAhcM5986de7xYcIW2/W0sLa+srq2XNsqbW9s7u+befktFiWTQZJGIZMejCgQPoYkcBXRiCTTwBLS98fXUb9+DVDwK73ASgxvQYch9zihqqW8e9hAeMH8n9UQCWdpDmmR9s2JX7RzWInEKUiEFGn3zqzeIWBJAiExQpbqOHaObUomcCcjKvURBTNmYDqGraUgDUG6a782sE60MLD+SukK0cvX3REoDpSaBpzsDiiM1703F/7xugv6lm/IwThBCNlvkJ8LCyJqGYQ24BIZiogllkuu/WmxEJWWoIyvrEJz5kxdJ66zq1Kq12/NK/aqIo0SOyDE5JQ65IHVyQxqkSRh5JM/klbwZT8aL8W58zFqXjGLmgPyB8fkDe1aXEA==</latexit>ω

ω+

ω→

ω±

ω0

Isospin 

<latexit sha1_base64="KJ/WVI5GzmqP5xNyXYPLXtSSp+Y="></latexit>

ω(e+e→ → ε→ε+) ↑ d![ϑ → εεϖω (ϱ)]

ds

Muon g-2

<latexit sha1_base64="LTitW2m+BEnQ71LlI1CONFIl9DE="></latexit>

mu →= md, O(ω)

<latexit sha1_base64="x3MjgKMJYh9c9oAxocUkdLzXhEM="></latexit>

aHV P,LO
µ [ωω, ε ] =

1

4ω3

∫ →

sthr

dsK(s)

[
Kω(s)

K!(s)

d!εε(ϑ)

ds

]
→RIB(s)

‣                               effects break ispospin symmetry: a correction factor is needed!

<latexit sha1_base64="qDDqnOISMdc61857/oP5k0nDzJU="></latexit>

aHV P,LO
µ [ωω, ε ] =

1

4ω3

∫ →

sthr

dsK(s)

[
Kω(s)

K!(s)

d!εε(ϑ)

ds

]
‣ If isospin is exact:                               
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‣  Tensions in                             data renders HVP prediction 
unreliable at present.          

‣   Lattice QCD results show a great agreement between 
theory prediction and experimental measurement 

‣  𝜏 data offer an ind. channel to shed light on the Muon g-2 
puzzle

<latexit sha1_base64="xbuNI+B4zdbbzrlPXQdwsknuRb8="></latexit>

ω(e+e→ → ε+ε→)

White Paper 25

Muon g-2
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‣  Tensions in                             data renders HVP prediction 
unreliable at present.          

‣   Lattice QCD results show a great agreement between 
theory prediction and experimental measurement 

‣  𝜏 data offer an ind. channel to shed light on the Muon g-2 
puzzle

<latexit sha1_base64="xbuNI+B4zdbbzrlPXQdwsknuRb8="></latexit>

ω(e+e→ → ε+ε→)

White Paper 25

Muon g-2

‣  IB corr. not under control: 𝝉 data based HVP is model 
dependent.  

‣Reducing the model dependence in RIB is crucial! 

<latexit sha1_base64="lbDayoOCRACCct8aiqFWNGvVQCU="></latexit>

RIB(s) =
FSR(s)

SEWGEM (s)

ωω+ω→(s)

ωω±ω0(s)

∣∣∣∣
FV
ω (s)

f+(s)

∣∣∣∣
2

However



Radiative corrections 



Radiative corrections

10

Comparison between experiments and theoretical predictions require the evaluation of radiative corrections 

Low energy processes typically involve large separation in the relevant energy scale
<latexit sha1_base64="eIxytoNVOMT13HpGtgnTobpO5Bw="></latexit>

logE
<latexit sha1_base64="tG8khffaUt/I5BI4Ph3mqpXOtw0="></latexit>

MW

<latexit sha1_base64="ned6wZsd0CFNreemaBokEQyvzBQ="></latexit>

!ω
<latexit sha1_base64="22mJi6fDT1Gu95IvOEg7aumwLXo="></latexit>

Eexp → me



Radiative corrections

10

Comparison between experiments and theoretical predictions require the evaluation of radiative corrections 

Low energy processes typically involve large separation in the relevant energy scale
<latexit sha1_base64="eIxytoNVOMT13HpGtgnTobpO5Bw="></latexit>

logE
<latexit sha1_base64="tG8khffaUt/I5BI4Ph3mqpXOtw0="></latexit>

MW

<latexit sha1_base64="ned6wZsd0CFNreemaBokEQyvzBQ="></latexit>

!ω
<latexit sha1_base64="22mJi6fDT1Gu95IvOEg7aumwLXo="></latexit>

Eexp → me

<latexit sha1_base64="0WPbc04O1dnOjw3q8IQMh7R14Vg=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0Wpm5KIVDdCtSguK/QFTQiT6aQdOnkwMxFKyB+48VfcuFDErVt3/o3TNAttPTBwOOde7pzjRowKaRjfWmFpeWV1rbhe2tjc2t7Rd/c6Iow5Jm0cspD3XCQIowFpSyoZ6UWcIN9lpOuOG1O/+0C4oGHQkpOI2D4aBtSjGEklOfrxlZN4MWMpvIQNWLH8+ARakvpEQOXc3LbSTHP0slE1MsBFYuakDHI0Hf3LGoQ49kkgMUNC9E0jknaCuKSYkbRkxYJECI/RkPQVDZC6aCdZnhQeKWUAvZCrF0iYqb83EuQLMfFdNekjORLz3lT8z+vH0ruwExpEsSQBnh1S6aEM4bQcOKCcYMkmiiDMqforxCPEEZaqwpIqwZyPvEg6p1WzVq3dn5Xr13kdRXAADkEFmOAc1MEdaII2wOARPINX8KY9aS/au/YxGy1o+c4++APt8wfg5Jqw</latexit>
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Comparison between experiments and theoretical predictions require the evaluation of radiative corrections 

Low energy processes typically involve large separation in the relevant energy scale
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ChPT is the natural framework for dealing with light mesons

‣  Light mesons (π,K) (psuedo) Goldstone modes encoded in an exponential representation: e.g.  

‣  Lagrangian invariant under global SU(3)L x SU(3)R symmetry + symmetry breaking terms 

‣  Effective perturbative expansion in powers of meson momenta p/Λχ
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ChPT is the natural framework for dealing with light mesons

+…

 Loop diagrams at O(p2) generate divergent O(p4) terms: ren. by LEC at order O(p4) 
[Gasser, Leutwyler, Annals Phys. 158 (1984) 142]

Renormalized LEC expressed in terms of the underlined QCD parameters! 

12 operators total

‣  Light mesons (π,K) (psuedo) Goldstone modes encoded in an exponential representation: e.g.  

‣  Lagrangian invariant under global SU(3)L x SU(3)R symmetry + symmetry breaking terms 

‣  Effective perturbative expansion in powers of meson momenta p/Λχ
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Chiral Perturbation Theory
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Adding EM effects must follow the same organizing principle!

<latexit sha1_base64="GnG+30FLNWa2am6qqjTkA27pE9c="></latexit>

DµU(x) = ωµU(x) + i (rµ → eQRAµ)U(x)→ iU(x)
(
lµ → eQLAµ +GF

(
QW l̄LεωϑL +Q†

W ϑ̄LεωlL
))

 [R. Urech, hep-ph/9405341, M. Knecht et al., hep-ph/9909284, B. Moussallam hep-ph/9701400, S. Descote Geno et al., hep-ph/0505077 ]


‣  Inclusion of leptons and photons to the chiral Lagrangian through covariant derivative 

‣  Assign to the weak and electric charge an O(p) to respect chiral counting

‣Electroweak rad. correction break the chiral symmetry: Qu ≠ Qd and VCKM 

‣Spurion technique to control the symmetry breaking effects, e.g. mass terms  

<latexit sha1_base64="L0HjEmBYaTJJjZOSKKYQG3ThRLA="></latexit>

LQCD+Fermi = →eAω

(
ω̄LQLε

ωωL + ω̄RQRε
ωωR

)
+GF

(
l̄LεωϑL ω̄LQW εωωL + ϑ̄LεωlL ω̄LQ

†
W εωωL

)
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QL → LQLL
†
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QR → RQRR
†
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QW → LQWL†

LEFT

ChPT at O(p2)



13

 Chiral Perturbation Theory

‣  Build an O(p4) operators basis with ChPT degrees of freedom + spurions respecting the chiral symmetry 

‣  O(⍺) effects encoded in Chiral operators with two spurions 

 [R. Urech, hep-ph/9405341, M. Knecht et al., hep-ph 9909284, B. Moussallam hep-ph/9701400,S. Descote Geno et al., hep-ph/0505077 ] 
Electromagnetic Chiral LECs renormalize Chiral loops and encode short distance physics 

Renormalized LEC expressed in terms of the underlined SM parameters! 
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 Chiral Perturbation Theory

‣ Chiral LECs encode short-distance as well as non perturbative dynamics 

‣ Treatment of radiative corrections within ChPT historically limited due to unknown QCD dynamics 

‣ NDA or ad hoc models to parametrize chiral LEC: Model dependent results! 

Electroweak radiative corrections in ChPT are parametrized via chiral LECs
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Electroweak radiative corrections in ChPT are parametrized via chiral LECs

‣ Progresses on lattice nowadays allow for a consistent parametrization of the electromagnetic LECs  

‣ Perturbative methods + lattice input required for a consistent treatment of radiative corrections 
beyond leading logarithms within a ChPT framework 

V. Cirigliano, M. Hoferichter, NV 2026
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 Chiral Perturbation Theory

‣ Chiral LECs encode short-distance as well as non perturbative dynamics 

‣ Treatment of radiative corrections within ChPT historically limited due to unknown QCD dynamics 

‣ NDA or ad hoc models to parametrize chiral LEC: Model dependent results! 

Electroweak radiative corrections in ChPT are parametrized via chiral LECs

Application to Pion β decay and 𝜏 → π π ν

‣ Progresses on lattice nowadays allow for a consistent parametrization of the electromagnetic LECs  

‣ Perturbative methods + lattice input required for a consistent treatment of radiative corrections 
beyond leading logarithms within a ChPT framework 

V. Cirigliano, M. Hoferichter, NV 2026
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Why together?

‣  LFU          
<latexit sha1_base64="yuLJ5j8FdEY3ttzxBy3Sh3rJPdo="></latexit>

Leff = →
↑
2GF Vud g

ω
V (µε) (ω̄ εµ PLϑϑ)

(
ϖµϱ

→ϱ0 → ϱ→ϖµϱ
0
)
+ h.c.

<latexit sha1_base64="iC8Gq8QRhWLSGcNBErhJInq5fAc="></latexit>

gωV (µε) = Cr
ϑ(µ, a)

[
1 + 4ωε

(
2K12 → 2X̂2 →

X̂6

2
→ 2

3
(X1 + X̂1)

)]
<latexit sha1_base64="kyarX9tdmyVcJrFfQNcpEtEV7UM="></latexit>

gωV (µε)‣Short distance radiative correction encoded in             factorized as:

15

LFU + crossing symmetry 
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A common framework for both processes 



A tower of EFTs
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ε ū

d

W

ω

ε ū

d

W

ω

ε ū

d

W

ω

ε ū

dω

ε ū

dω

ε ū

d

ω

ε ϑ±

ϑ0 ω

ε ϑ±

ϑ0

+… +…

+… +…

+…
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E
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µW → MW
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µω → GeV

+

+

+
<latexit sha1_base64="7BVpYKuINoULrxp7bScqHNrHnaw="></latexit>

Eexp

Standard Model

LEFT

ChPT

Perturbative matching

Non-perturbative matching

<latexit sha1_base64="K//cNJpsec8xx7Dhwf22uNv6Kp4="></latexit>

LL,NLL,NLLs running

<latexit sha1_base64="UyOQu1C1YMdIxRkipHVi7QQBZ6w="></latexit>

LL,NLL running

Typical multiscale processes involve a series of EFT 
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Cr
ω(µ, a)
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Xi



LEFT 
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LLEFT = →2
↑
2GF ēLωωµL ε̄µLω

ωεeL → 2
↑
2GF Vud C

(f)
ε (µ, a) ēLωωεeL ūLω

ωdL

‣  Short distance rad. corrections factorized as        (muon decays) and                                          (SEW at LL)


‣Finite pieces depend on the      scheme (we use NDR) and evanescence scheme convention <latexit sha1_base64="Peup7XMp8FbVAfbPh2y7d7neERU="></latexit>ω5

SM-LEFT matching beyond leading log
[ V. Cirigliano et al. Phys. Rev. D. 108 053033 (2023)] [ M.Gorbahn et al., hep-ph/2510.27648]
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GF
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C
f
ω = 1 +O(ω) +O(ωωs)

Running in LEFT

Above the ChPT scale, the RGE flow is the same as neutron decays: universality

<latexit sha1_base64="bukw3WyH3qUkwq6D7Gr99bN93iI="></latexit>

µW → MW
<latexit sha1_base64="7AJ+EnNVjkAWZVoJPYGtWDh7RQc="></latexit>µmb → mb

<latexit sha1_base64="tZhQ79RotlhqvW1bDF7qUMpGSHs="></latexit>µmc → mc
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‣Chiral LECs can be individually extracted from one-loop matching at the level of green functions, 
obtained by differentiating the generating functional with respect to the electric and weak spurions 

e.g.

<latexit sha1_base64="86h/HEurY5pNoJyRGuR7a4S/Br0="></latexit>∫
d4 x →l(p)ω̄(q)εd(s)

∣∣∣∣∣
ϑ2W (QL, QR, QW )

ϑQc
R(L)ϑQ

d
W

∣∣∣∣∣ε
a(r)↑

 LEFT-ChPT matching

<latexit sha1_base64="iHCENAITXgXMD+rEC6SSWS9pDFo="></latexit>

O(ω)

ChPT LEFT

ω

ε ϑa

ϑb

→ →

ω

ε ϑa

ϑb

→ →

ω

ε ϑa

ϑb

→ →

+ = + countertermsLEC

‣Equating         terms in ChPT and LEFT

 Electroweak rad. correction explicitly break                             : matching using the spurion method 
<latexit sha1_base64="1mXjjJeqNsfd45yK/ty7DLeChIA="></latexit>

SU(3)L → SU(3)R

‣Promote electric charge and VCKM to spurions in ChPT and LEFT
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Kernel involving lepton/photon propagators

<latexit sha1_base64="B2Q57eqk06xhJrk5VEuQKMYLgA0="></latexit>

LEC(r)(µ, µω, a) = →f (loop)
ChPT (µω) + gCT

LEFT +

∫
ddq

(2ω)d
K(q)!(q)

Correlation functions of QCD currents in the meson system
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d4x eiqx →ωa(p)|T{Jem
µ (x)JW,A

ω (0)}|ωb(p)↑
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‣  Add and subtract OPE for         to isolate divergent and finite pieces in LECs 

‣  OPE result in dim. reg. introduce scheme dependence that will cancels the one in 
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C
f
ω (µ, a) = 1 +O(ω)
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1

ω
→ (# + ω a#)
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‣                            is UV finite: It can be evaluated in d=4 by using Lattice data
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(µ, a) +

∫
ddq
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K(q)!(q)
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!(q) = !(q)→ !(q)
∣∣
UV
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(2ω)4
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 Short-distance contribution 
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[ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)]

[J.S. Yoo et al., Phys. Rev. D 108 034508 (2023) ]
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‣  Radiative correction evaluated á la Sirlin + lattice input:
X. Feng et al., hep-lat/2003.09798
A.Sirlin, Rev. Mod. Phys. 50 573 (1978)]
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: Large shift of 2.6 σ in the central value compared to X. Feng et al.,hep-lat/2003.09798:


  Unaccounted effects from large log resummation in ChPT at LL 

:   Rad correction uncertainty slashed by a factor of 3!      

‣  Radiative correction in ChPT + lattice input for short-distance matching 

‣  Large log resummation beyond leading log accuracy from MW to end point energy 

‣  Typical energy scale of pion    decay: MeV << Λ𝜒 
ω

ε ϑ±

ϑ0

 Two-loop anomalous dimension 

[ V. Cirigliano et al. Phys. Rev. D. 108 053033 (2023)]
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PIONEER final goal: (281)Br → ~ (30)Br : theory uncertanties negligible beyond the PIONEER reach!
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‣  Radiative corrections to 𝜏 decays break isospin → must be subtracted 

‣  Rad correction typically separately encoded in SEW (short-distance) and GEM (long-distance)  
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‣  Short and long-distance correction separately scale and scheme dependent beyond leading log approx 

‣  Phase space beyond the ChPT energy regime: ChPT works only in the low energy region!

  →
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‣  ChPT-like strategies for rad.corr. need to be corrected within specific models: 

‣  Novel approach based on dispersive parametrization of the FF allows for a model independent quantification 
of GEM [ G. Colangelo et al., Phys. Rev. Lett, 136 (2026) 10]: retain the ChPT description in the low energy 
region to enforce RGE effects 

[ V. Cirigliano et al. JHEP,  (2002),

Flores-Baez et al,hep-ph/0608084,

Miranda, Roig, hep-ph/2007.11019]
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 Conclusion 

‣  First full EFT analysis of semileptonic processes involving pions beyond leading log in ChPT 

‣  Explicit model independent expression of the Chiral LECs up to order 

General result

extraction
‣  Reduction of theory uncertainty from radiative corrections by a factor of 3 

‣  Theory uncertainty negligible for future determination of         based on Pion beta decay
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‣  Elimination of scheme dependence ambiguity in                    : negligible uncertainty from the short-
distance matching 

‣   Improved robustness for HVP contribution to Muon g-2 based on 𝜏 data
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<latexit sha1_base64="7+HVbljV1iuNpG6+Isj9wBEpN/I=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahgpQZkeqy6MadFewD2mG4k6ZtaCYzJBmhDN248VfcuFDErf/gzr8xbWehrQfCPZxzLzf3BDFnSjvOt5VbWl5ZXcuvFzY2t7Z37N29hooSSWidRDySrQAU5UzQumaa01YsKYQBp81geD3xmw9UKhaJez2KqRdCX7AeI6CN5NuHt6UO8HgAp3hWs+Knanzi20Wn7EyBF4mbkSLKUPPtr043IklIhSYclGq7Tqy9FKRmhNNxoZMoGgMZQp+2DRUQUuWl0yvG+NgoXdyLpHlC46n6eyKFUKlRGJjOEPRAzXsT8T+vnejepZcyESeaCjJb1Es41hGeRIK7TFKi+cgQIJKZv2IyAAlEm+AKJgR3/uRF0jgru5Vy5e68WL3K4sijA3SESshFF6iKblAN1RFBj+gZvaI368l6sd6tj1lrzspm9tEfWJ8/OHCXyg==</latexit>

O(ω,ωωs)



Back up



8

Hadronic contribution to Muon g-2  

‣  Perturbation theory fails for hadronic contribution in the low energy region  

‣   Alternative methods must be employed to asses the hadronic contribution to 
<latexit sha1_base64="QLJPoG//yA8GREw1SPk8V+hK8jE=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8lV2R6rHopccK9gPabZnNpm1okl2SrFKW/R9ePCji1f/izX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb24Wd4u7e/sFh6ei4paNEEdokEY9UJwBNOZO0aZjhtBMrCiLgtB1M7mZ++5EqzSL5YKYx9QWMJBsyAsZKfRikPZFk/bQOYYYHpbJbcefAq8TLSRnlaAxKX70wIomg0hAOWnc9NzZ+CsowwmlW7CWaxkAmMKJdSyUIqv10fnWGz60S4mGkbEmD5+rviRSE1lMR2E4BZqyXvZn4n9dNzPDGT5mME0MlWSwaJhybCM8iwCFTlBg+tQSIYvZWTMaggBgbVNGG4C2/vEpalxWvWqneX5Vrt3kcBXSKztAF8tA1qqE6aqAmIkihZ/SK3pwn58V5dz4WrWtOPnOC/sD5/AGFYpKK</latexit>

aHad

µ

[WP., 2025]

Two classes of diagrams
HVP

Had.

Muon g-2

HLbL

Had.

<latexit sha1_base64="ob3xoC2luLDWe5lLOaiTH3P1mfg="></latexit>

aHVP.Lat.
µ = 7045(61)→ 10→11

*Dominates the th. uncertainty 



8

Hadronic contribution to Muon g-2  

‣  Perturbation theory fails for hadronic contribution in the low energy region  

‣   Alternative methods must be employed to asses the hadronic contribution to 
<latexit sha1_base64="QLJPoG//yA8GREw1SPk8V+hK8jE=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8lV2R6rHopccK9gPabZnNpm1okl2SrFKW/R9ePCji1f/izX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb24Wd4u7e/sFh6ei4paNEEdokEY9UJwBNOZO0aZjhtBMrCiLgtB1M7mZ++5EqzSL5YKYx9QWMJBsyAsZKfRikPZFk/bQOYYYHpbJbcefAq8TLSRnlaAxKX70wIomg0hAOWnc9NzZ+CsowwmlW7CWaxkAmMKJdSyUIqv10fnWGz60S4mGkbEmD5+rviRSE1lMR2E4BZqyXvZn4n9dNzPDGT5mME0MlWSwaJhybCM8iwCFTlBg+tQSIYvZWTMaggBgbVNGG4C2/vEpalxWvWqneX5Vrt3kcBXSKztAF8tA1qqE6aqAmIkihZ/SK3pwn58V5dz4WrWtOPnOC/sD5/AGFYpKK</latexit>

aHad

µ

<latexit sha1_base64="AWVXg7IwITo1DsSLJC/i6lKSXTs="></latexit>

aHLbL

µ = 115.5(9.9)→ 10→11

[WP., 2025]

Two classes of diagrams
HVP

Had.

Muon g-2

HLbL

Had.

<latexit sha1_base64="ob3xoC2luLDWe5lLOaiTH3P1mfg="></latexit>

aHVP.Lat.
µ = 7045(61)→ 10→11

*Dominates the th. uncertainty 
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 Electroweak rad. correction explicitly break                             : matching using the spurion method <latexit sha1_base64="1mXjjJeqNsfd45yK/ty7DLeChIA="></latexit>

SU(3)L → SU(3)R

 (a) Identify LEFT Lagrangian terms that 
break  

 (b) Promote parameters that break                 
to dynamical fields (spurions) 

<latexit sha1_base64="T3NevSyTEmURiIjIIEx5BX7wfj4="></latexit>

SU(3)L → SU(3)R

<latexit sha1_base64="T3NevSyTEmURiIjIIEx5BX7wfj4="></latexit>

SU(3)L → SU(3)R

<latexit sha1_base64="T3NevSyTEmURiIjIIEx5BX7wfj4="></latexit>

SU(3)L → SU(3)R

 (c) Impose spurion transformations such that 
the chiral symmetry is restored. 

 (d) Build an operator basis in ChPT with 
spurions and light dof which is invariant under 

Spurion method

(a) quark mass terms explicitly break <latexit sha1_base64="T3NevSyTEmURiIjIIEx5BX7wfj4="></latexit>

SU(3)L → SU(3)R

(b + c)                    chiral symmetry is restored 

(d) At leading order in ChPT:
<latexit sha1_base64="g4B0EuELo46J/O+621wLTQnFj1w="></latexit>

U = ei
taωa(x)

F0

LO expansion and M to physical value:
<latexit sha1_base64="27RwVYIaXqyESVz/vH9HNpDsy88="></latexit>

Tr[ω2M ] = 2(mu +md)ε
+ε→ + (mu +md)ε

0ε0 + ...

Mass terme.g.

 LEFT-ChPT matching



 Electroweak rad. correction explicitly break                             : matching using the spurion method <latexit sha1_base64="1mXjjJeqNsfd45yK/ty7DLeChIA="></latexit>

SU(3)L → SU(3)R

Spurion method

(a) Identify LEFT Lagrangian terms that break  
<latexit sha1_base64="T3NevSyTEmURiIjIIEx5BX7wfj4="></latexit>

SU(3)L → SU(3)R
<latexit sha1_base64="L0HjEmBYaTJJjZOSKKYQG3ThRLA="></latexit>

LQCD+Fermi = →eAω

(
ω̄LQLε

ωωL + ω̄RQRε
ωωR

)
+GF

(
l̄LεωϑL ω̄LQW εωωL + ϑ̄LεωlL ω̄LQ

†
W εωωL

)

<latexit sha1_base64="vtl/1rfudPeSn+MZv3T80i/zsn4="></latexit>

QL,R = diag(2/3,→1/3,→1/3)

<latexit sha1_base64="5fI6ZYfPgeoSWd2iL+R4/EmXyw8="></latexit>

QW =
→4↑
2




0 Vud Vus

0 0 0
0 0 0





19

(c) Impose spurion transformations such that the chiral symmetry is restored 
<latexit sha1_base64="kB1kPKqg9aBy2NFrzjC1RQL+83w="></latexit>

QL → LQLL
†

<latexit sha1_base64="blSm1FmF1CqaTIE+TsaeT0bnz/A="></latexit>

QR → RQRR
†

<latexit sha1_base64="rsjDjeOzYeKFrZCDBTX0W/3BP7Q="></latexit>

QW → LQWL†

 (b) Promote parameters that break                             to dynamical fields (spurions) 

               

<latexit sha1_base64="T3NevSyTEmURiIjIIEx5BX7wfj4="></latexit>

SU(3)L → SU(3)R

with      Gell-Mann matrices 
<latexit sha1_base64="xoZ6JGEuY9cAWabcX4R9kdPJwiM="></latexit>

ωa
<latexit sha1_base64="h0hazUrq7iyq8NKN2efP9T4NrOY="></latexit>

Qi(x) =
ωa

2
Qa

i (x)

[S. Descote Genon et al., hep-ph/0505077 ]
[V. Cirigliano et al. Phys. Rev. D. 108 053033 (2023)]

 LEFT-ChPT matching



 Electroweak rad. correction explicitly break                             : matching using the spurion method <latexit sha1_base64="1mXjjJeqNsfd45yK/ty7DLeChIA="></latexit>

SU(3)L → SU(3)R

Spurion method

20

(d) Build an operator basis in ChPT with spurions and light dof which is invariant under <latexit sha1_base64="T3NevSyTEmURiIjIIEx5BX7wfj4="></latexit>

SU(3)L → SU(3)R

I) Write down the ChPT Lagrangian at          with electroweak currents: it encodes IR physics 

II) Write down an operator basis              whose Wilson coefficients (LECs) encode short-distance physics

<latexit sha1_base64="l68b/Vri30gfPCT5VUNrpTKyZy4="></latexit>

O(p2)

<latexit sha1_base64="gdWsXt2I4Djdzf+s0jVIHs9UTJw="></latexit>

O(e2p2)

I) Low energy ChPT lagrangian          with the introduction of external vector sources: 
<latexit sha1_base64="l68b/Vri30gfPCT5VUNrpTKyZy4="></latexit>

O(p2)
<latexit sha1_base64="uu9WhVs0mTTUIUhwPksF7wwmQ+U="></latexit>

L(2) =
F 2
0

4
Tr[DµU†DµU ]

<latexit sha1_base64="GnG+30FLNWa2am6qqjTkA27pE9c="></latexit>

DµU(x) = ωµU(x) + i (rµ → eQRAµ)U(x)→ iU(x)
(
lµ → eQLAµ +GF

(
QW l̄LεωϑL +Q†

W ϑ̄LεωlL
))

<latexit sha1_base64="t8UYAMGSatbDvNFMT70gEYxd9hE="></latexit>

O(p2)

 LEFT-ChPT matching



 Electroweak rad. correction explicitly break                             : matching using the spurion method <latexit sha1_base64="1mXjjJeqNsfd45yK/ty7DLeChIA="></latexit>

SU(3)L → SU(3)R

Spurion method

21

(d) Build an operator basis in ChPT with spurions and light dof which is invariant under <latexit sha1_base64="T3NevSyTEmURiIjIIEx5BX7wfj4="></latexit>

SU(3)L → SU(3)R
<latexit sha1_base64="HNHwsQxiOlvlI2zCzfGfS4g+pQw="></latexit>

O(e2p2)

II) Relevant operators basis 
<latexit sha1_base64="alY6In7XKQSu62kO2D/yxj+dJ4Y="></latexit>

O(e2p2)  [R. Urech, hep-ph/9405341, M. Knecht et al., hep-ph/9909284, S. Descote Geno et al., hep-ph/0505077 ] 

Chiral  

<latexit sha1_base64="OlNu50CuIZwHpO+4QGTJ/zbOv9k="></latexit>

QR = u†QRu, QL = uQLu
†, QW = uQWu†

<latexit sha1_base64="55LLnGVHiGXawnR+Aw7jMbbMOT8="></latexit>

Qµ
R = u†DµQRu, Qµ

L = uDµQLu
†

<latexit sha1_base64="quZmXCiQeVEfMvf6wMM4HeAFsVQ="></latexit>

U = u2

 LEFT-ChPT matching



 Lattice QCD data to evaluate the non perturbative input: box diagrams 

ω

ε ϑa

ϑb

→ →
<latexit sha1_base64="WjQXCi2CP3S+v+cjJLUBWM/11/A="></latexit>

Jµ → ω̄εµ(ε5)ω

<latexit sha1_base64="3ss6xWa+Lm9NCMuHdx3BNNNIYvk="></latexit>

→
∫

ddq

(2ω)d
ū εµεωεε PL v

q4
↑
∫

d4x eiqx ↓ωa(p)|Jµ(x)Jϑ(0)|ωb(p)↔qω OPE
<latexit sha1_base64="F2/L0BRa2HDE9Rms2LBF1FRo0vI="></latexit>

q → ↑

<latexit sha1_base64="uFGzuvwp0ZMwhjMNnW+ToYawCuQ="></latexit>

→
∫

ddq

(2ω)d
ū εµεωεε PL v

q4
↑ ↓ωa(p)|ϑ̄(0)εεεωεµPLϑ(0)|ωb(p)↔

<latexit sha1_base64="BGB2T4P/u4RdQtiJ2390oxDLvmc="></latexit>

→ ū ωµ PL v ↑ (pµ)↑ 4(4↓ aε)↑ 1

ε

Divergent and scheme dependent 
pieces

OPE

<latexit sha1_base64="7orAlrkr0Hsophcao/VqVOQ9pBc="></latexit>∫
ddq

(2ω)d
K(q)!(q)



 Lattice input 

24

n_f = 2 +1

n_f= 2+1+1



 Lattice input 

24

[ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)]

[J.S. Yoo et al., Phys. Rev. D 108 034508 (2023) ]

 non perturbative input
n_f = 2 +1

n_f= 2+1+1



 Lattice input 

24

<latexit sha1_base64="DPKMEuqectK27xQZpcSdAolGnmo="></latexit>

↭̄V
ω (µ0) = →ie2

∫
d4q

(2ω)4
ε2 +Q2

Q4
↑
[
Tω
3 (ε, Q

2)

2Mωε
→ 2

3

1

Q2 + µ2
0

(
1→ ϑs(µ0)

ω

)]
.

 Only the axial-vector contribution to the box amplitude sensitive to the hadronic scales
[A.Sirlin., Rev. Mod. Phys. 50, 573 (1978)]


<latexit sha1_base64="agQzk3dkjW6cGPmA6WDvvkIpJoQ="></latexit>

TV A
µω =

1

2

∫
d4xeiqx→ω0(p)|T

{
Jem
µ (x)JW,A

ω (0)
}
|ω→(p)↑ = iεµωεϑq

εpϑ
T3

mϖϑ

[ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)]

[J.S. Yoo et al., Phys. Rev. D 108 034508 (2023) ]

 non perturbative input
n_f = 2 +1

n_f= 2+1+1



 Box diagram

<latexit sha1_base64="cGdiJSWkxUsU1zMaWC+QiS3eiow="></latexit>

Mω(Q
2)

n_f = 2 +1

n_f= 2+1+1

               
<latexit sha1_base64="53xTDL11jYXEfy+PemG7CO41Zi8="></latexit>

Q0

Asymptotically         

Cancellation      
<latexit sha1_base64="IqVgTLLat0MIUDVpDt2I3mpOrNg="></latexit>

O(ωs)

Asymptotic          

Perturbative              

<latexit sha1_base64="5LkHShzqIOaDi/pGENcnpyRmf4Y="></latexit>

Q1
<latexit sha1_base64="53xTDL11jYXEfy+PemG7CO41Zi8="></latexit>

Q0

<latexit sha1_base64="2apAg4r3FwVLN0+kEJcvInz8Ycg="></latexit>

Q
<latexit sha1_base64="5LkHShzqIOaDi/pGENcnpyRmf4Y="></latexit>

Q1
<latexit sha1_base64="53xTDL11jYXEfy+PemG7CO41Zi8="></latexit>

Q0



 LEFT-ChPT matching

<latexit sha1_base64="XGImWXcWN68puYw7hzQD9A2GGhw="></latexit>

X̂1 +X1 = i
3

4

∫
ddk

(2ω)d

[
!V V (k, r)

k2
→ 1

k2(k2 → µ2
0)

] <latexit sha1_base64="JE3C7aIrR9tO22xG8cPKSbg/52w="></latexit>

+
1

16ω2

[
→3

4
log

µ2

µ2
0

+
3

2
B(a) +

33

8
+

εs

4ω

(
3 log

µ2

µ2
0

+
3

2
Bs(a)→ 3

)]
Only                 sensitive to the hadronic structure and dependent on the evanescent scheme

<latexit sha1_base64="6fTFwCsPA1tmkqVym2/XyktaFFI="></latexit>

X1 + X̂1

Adapted from neutron decay
[ M.Gorbahn et al., hep-ph/2510.27648]

Non-perturbative input

<latexit sha1_base64="KJFpOe2YzS0wMXo3o9gVao4G9uE="></latexit>

X̂6 =
1

16ω2

(
1→ log

µ2
ω

µ2

)
LECs in       +

<latexit sha1_base64="6rFDtL0Icpp/FYcS0qq8fepND9Q="></latexit>

MSω

<latexit sha1_base64="3b/z7qlIvgKb+esUe9IJk2T19uo="></latexit>

MS

<latexit sha1_base64="rTi7sYEYrnvTgP9W/aHbnjCp6Sk="></latexit>

X̂2 = i
3

8

∫
ddk

(2ω)d

[
!(k2)→ 1

k2(k2 → µ2
0)

]
+

1

16ω2

(
→5

4
log

µ2

µ2
0

→ 7

8
log

µ2
0

µ2
ω

→ 19

16

)
,

<latexit sha1_base64="UPAHqfQPcowyuQO6GEyFY6GZ51g="></latexit>

K12 = i
3

8

∫
ddk

(2ω)d

[
!(k2)→ 1

k2(k2 → µ2
0)

]
+

1

16ω2

(
→1

4
log

µ2

µ2
0

+
1

8
log

µ2
0

µ2
ω

→ 3

16

)
.

Contributions sensitive 
to the structure of hadrons 
cancel in the amplitude:

<latexit sha1_base64="8QkznON7Hyu8Iv4juerm7Yj+lKo="></latexit>

K̂12 → X̂2.

: Lepton wave function renormalization 

 [S.E. Abers et al., Phys. Rev. 167 1461 (1968),

  A.Sirlin, Rev. Mod. Phys. 50 573 (1978)]

 

<latexit sha1_base64="CdHiLecxCDJgfzVz4vttWi0baQ8="></latexit>∫
d4xeik·x→0|T{V b

µ (x)V
c
ω (0)}|ωa(r)↑ = iF0 εµωεϑ k

εrϑdabc!V V (k, r)

Matching conditions are arbitrary:               is simpler! 
<latexit sha1_base64="bAE3R3jXmki/CcaKy6uR3fCKhdM="></latexit>

ωa → lε



Rad correction in beta decays

Previous result: Using the so-called Sirlin’s representation:   [ X.Feng et al., Phys. Rev. Lett. 124 192002 (2020)]


Our result:

<latexit sha1_base64="1iV4wT7BozkljZ4/UyGS50Ql4ZI="></latexit>

!RC = 0.0332(3)

Central value 2.6 sigma away form previous determination Leading log resummation in the low 
energy region is important!

LL resummation in the short-distance part 

‣Large scale separation                                 large log resummation is important
<latexit sha1_base64="lopm38m5bqS78k4PaYaDYdmWSHQ="></latexit>

Mω+ →Mω0 ↑ MeV



Dispersive approach vs ChPT

Dispersive approach ChPT

<latexit sha1_base64="whitkb+sWcHqoTImCUh1VwclZ2U="></latexit>

M = GFV
→
udf+(s) ū(l2, ωω )ε

µ(1→ ε5)u(l1, ϑ)
[
(q2 → q1)µ

(
1 + f̃+(s, t)

)
+ (q1 + q2)µ f̃↑(s, t)

]

0

<latexit sha1_base64="f7MVfk3ylAmVDv9yv8n8FFKVLGI="></latexit>

f+(s) = 1 at this chiral order

‣ Correct chiral logs 

‣ Chiral LECs

Isospin symmetry limit
<latexit sha1_base64="Zyfg/ruX7KFcLp98L2fusQaikTs="></latexit>

f+(s) = FV (s)
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Muon g-2 status

<latexit sha1_base64="lbDayoOCRACCct8aiqFWNGvVQCU="></latexit>

RIB(s) =
FSR(s)

SEWGEM (s)

ωω+ω→(s)

ωω±ω0(s)

∣∣∣∣
FV
ω (s)

f+(s)

∣∣∣∣
2

Uncertainty dominated by the ratio of the two form factors. Still model dependent.


