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Leading Logarithmic contributions to (g − 2)µ

Application I: Calculation of leading logarithms in the 2-Higgs-Doublet Model

2HDM: leading contribution from 2-loop
Barr-Zee Diagram

Multiple mass scales

mµ ≪ mb ≪ MA

→ logarithmic enhancement

∆a2l,b
µ ∼ mµe2 yA

µ yA
b mb

M2
A

ln2
(

MA

mb

)
→ ”NLO” from 3-loop

instead: estimate of leading logs (LL)
from EFT Renormalization Group

∆aLL
µ ∝ CHµ (mµ)

b

A
= ◦ T

( )

+ ◦ T
( )

+ ◦ T
( )

+ ︸ ︷︷ ︸
EFT diagrams

◦ T
( )

︸ ︷︷ ︸
Matching diagrams

ln
(

MA
mb

)︸ ︷︷ ︸
phys. log.

→ ln
(

µ
mb

)︸ ︷︷ ︸
EFT diagrams

+ ln
(

MA
µ

)︸ ︷︷ ︸
Ci(µ)
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Leading Logarithmic contributions to (g − 2)µ

EFT RGE:

µ
dCHµ

dµ
≈

∑
i
Ci(µ)γOiHµ (µ) (1)

▶ basis of relevant operators

Hµ, O1 = (µ̄γ5µ)(b̄γ5b), ...

▶ LO matching of Ci(MA)
▶ anomalous dimension matrix γOiHµ

from operator mixing
▶ iterative integration of RGE

After choosing parametrization of 2-loop result (e.g. MS with e(mµ), gs(mb)),
3-loop LL are fixed by solution of RGE

∆aLL,3
µ = ∆aLL,2

µ ·
{ (

2βe −
1

π2

)
e2

3
ln

(
M2

Amb

m3
µ

)
−

7g2
sCF + (7Q2

b − 5)e2

12π2 ln
(

MA

mτ

)}
=⇒ complicated 3-loop calculation split into 2 one-loop calculations + RGE running.
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Correlation between ∆aµ and effective Higgs coupling

Application II: derivation of observable correlation in vector-like lepton model

Consider Standard Model extended by one
generation of vector-like Leptons

liL + ei
R︸ ︷︷ ︸

SM

+ LL/R + EL/R︸ ︷︷ ︸
VLL

=⇒ gauge-invariant Dirac mass terms

L ⊃ −mLL̄LLR − mEĒLER + h.c.

=⇒ new Yukawa terms

L ⊃ − λLL̄LµRH − λE µ̄LERH

− λ̄ H†ĒLLR + h.c.

resulting in mixing between VLL and SM

Mixing effects captured by EFT

µR µL

H H H

EL LR

∼
λE λ̄λL

mLmE

LEFT ⊃
λE λ̄λL

mLmE
· µ̄LµRH(H†H)

generates correlated contribution to mµ

and muon–Higgs coupling λµµ

mµ = yµv +
λE λ̄λL

mLmE
v3 ≡ yµv + mLE

µ

λµµ = yµ + 3
λE λ̄λL

mLmE
v2

EFT Approach to g − 2 in the 2HDM and VLLM
Kilian Möhling • Zürich, 18.07.2024 4 / 5
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Kilian Möhling • Zürich, 18.07.2024 4 / 5



Correlation between ∆aµ and effective Higgs coupling

Application II: derivation of observable correlation in vector-like lepton model

Consider Standard Model extended by one
generation of vector-like Leptons

liL + ei
R︸ ︷︷ ︸

SM

+ LL/R + EL/R︸ ︷︷ ︸
VLL

=⇒ gauge-invariant Dirac mass terms

L ⊃ −mLL̄LLR − mEĒLER + h.c.
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Correlation between ∆aµ and effective Higgs coupling

Application II: derivation of observable correlation in vector-like lepton model

(g−2)µ diagrams → same chiral structure

µR µL

H γ

EL LR

∼
mµmLE

µ

(4πv)2

total contribution

∆aµ ≃ −
mLE

µ

mµ
× 22.5 × 10−10

Correlation

λµµ
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µµ

≃ 1 −
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22.5 × 10−10
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Current Research Project

▶ higher order corrections to λµµ ∼ ∆aVLL
µ ?

• renormalization scheme
• 1-loop corrections to λµµ

• preprint [2407.09421]
▶ update of EW and LFV constraints at

NLO
▶ full one-loop matching to EFT
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1CP-violating portals to Dark Sectors

CP-violation :

• The SM of particle physics allows for CP-violation (CKM matrix)

• CP-violation in the SM is not enough to explain matter-antimatter asymmetry

• CP-violation in Hidden sectors or Portals ?

• Dark Matter comprises almost ¼ of the whole energy budget.

• Dark Matter Production (usually) requires interaction with SM.

• If DM ∈ DS: Portals between the visible and dark sector.

Particle Dark Matter:
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• Additional U(1) abelian dark gauge group 

• Kinetic Mixing at renormalizable level:

• ϵ can naturally be O(1) but experiments yields ϵ << 1 

Scalar Portal:

• Additional Dark Scalar neutral under SM

• Interaction at renormalizable level: 

• SSB (              ) and mixing.

Abelian Kinetic Mixing:
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Non Abelian Kinetic Mixing

CP-violating portals to Dark Sectors 3

• Introduction of a SU(N) Non Abelian Dark Sector

Σa : Scalar fields in the adjoint of SU(N)

𝑋𝑎
μ

: 𝑁2 − 1 gauge bosons

• EFT description of kinetic mixing

• SSB of SU(N) → Σ𝑎 = 𝑣𝑎:  Scalar Mixing and low energy operators:

• Kinetic Mixing parameters naturally small

• New source of CP-violation

CP-even CP-odd
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EDMs are the most

sensitive observables!

• eEDMs is the most sensitive to CPV

• CPV in the SM predicts: 𝑑𝑒
𝑒𝑞
= 10−35𝑒 𝑐𝑚

• Experimental deviations hint at New Physics

Upper bound on |𝑑𝑒| (e · cm)

JILAeEDM 4.1 x 10-30

ACMEIII 1 x10-30

YBF 1 x 10-31

BaF(EDM3) 1 x 10-33

Expect significant improvements of the current JILAeEDM sensitivity in the coming years!

Electron EDM:

• CPV interaction of spin 1/2 particles with EM fields

• QFT description: ℒ = −
𝑖

2
𝑑 ഥψσμνγ5ψ𝐹μν

[Ema et al. (2022)] 
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eEDM: prediction

CP-violating portals to Dark Sectors 5

• One Dark boson and one Dark scalar mix with SM

• Dark Sector at the same energy scale: 𝑣 ∼ 𝑚ϕ ∼ 𝑀𝑋

• Parameter space probed by eEDM sens. 

• Scalar mixing parameter β ≲ 10−2

• Constraints on ϵ from colliders and beam dump

[T.Ferber et al. (2024)] 

Assumptions:
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SU(2) and thermal DM

CP-violating portals to Dark Sectors 6

SU(2)→U(1) :

• SSB of SU(2) via < Σ > ≠ 0: unbroken U(1)

• mCPs can account for up to 0.4% of DM

SU(2) → ∅ : 

• “Standard WIMP” scenario disfavoured

• Small ϵ and secluded WIMP Dark matter

• No sizeable eEDM

UV-completion

Barr-Zee diagram
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CP-violating portals to Dark Sectors 7

• I-D pushes WIMP DM mass ≥ 30 GeV

• D-D severly constrains ϵ for DM > few GeV

[Planck,2018]

No DM annihilation No I-D bounds

NON ABELIAN DARK SECTOR ALLOWS THAT!

Negligible D-D boundsΔ𝑚 ≳ 1MeV

• Fermionic DS with at least 2 states (χ𝐻,χ𝑆)

• Mass splitting between χ𝐻 and χ𝑆 (DM)

• χ𝑆χ𝑆 → SM fordibben

• Cosmo bounds inefficient

• PS not covered by 𝑋 → inv. decay searches at labs

• Future eEDM sensitivities can probe the model

• 𝑚χ𝑆 ~𝑚χ𝐻 ≲ 𝑀𝑋 ∼ 1-10 GeV scale

• DM prod. via coannihilation χ𝐻χ𝑆 → SM 

• Ωχℎ
2= 0.12 for ϵ ∼ 10−5 ÷ 10−3



Summary

CP-violating portals to Dark Sectors 8

• Non-abelian Dark sector allows for kinetic portals with small ϵ

• Non-abelian Dark sector allows for a CP-violating phase

• Scalar and kinetic mixing + CP-violation signals can be traced in eEDM

• Model of iDM can be probed by the future searches for a permanent eEDM!

Thank you for your attention!



BACK UP

CP-violating portals to Dark Sectors



UV completion

CP-violating portals to Dark Sectors

• EFT call for UV completion

• Heavy vector-like fermion Ψ charged under 𝑆𝑈 𝑁 ۪𝑈 1 𝑌

• Physical phase χ in Yukawa-like scalar couplings

UV Lagrangian:

UV-EFT matching



EDGES anomaly and milli-charged particles

CP-violating portals to Dark Sectors

• Spin flip of an electron after recombination epoch results in 

emission/absorption of 21-cm radiation

• This can give important information on the Universe

• EDGES has detected a primordial abosorption corresponding to 

to a 21 cm radiation at z ~15-20

• This would suggest a lower baryons temperature 

• Baryons-mDM could cool TB through Rutherfor scattering

• Small fraction of DM can cool the gas efficiently over a wide 

range of mass



A model for Inelastic Dark Matter

CP-violating portals to Dark Sectors

• SU(2) Dark group with matter content:

• 3 gauge fields 𝑋𝑖
μ

• 2 scalar fields in the adj. Σ2
𝑎 , Σ3

𝑎

• 2 Majorana SU(2) doublet

• Mass term:

• SU(2) fully broken by: Σ2 = 0, 𝑣2, 0 ; Σ3 = 0, 0, 𝑣3

• Dirac masses: 𝑀1 = 𝑚𝐷 + 𝑣𝑌1 − 𝑣𝑌2; 𝑀2 = 𝑚𝐷 + 𝑣𝑌1 + 𝑣𝑌2

• Off-diagonal currents with 𝑋2 and 𝑋3 and inelatic dark matter scenario.

• χ𝐿 = χ𝐿
1, χ𝐿

2

• ψ𝑅 = ψ𝑅
1 , ψ𝑅

2



Laboratory bounds

CP-violating portals to Dark Sectors 44

• M_X between 1-10 Gev

• Eps. Between 10−5 ÷ 10−3

• Parameter space can be probed by eEDM

[BESIII,2023]
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Mo#va#on

 Standard Model cannot address Dark Ma2er, BAU, Neutrino masses... 

3

 Need for New Physics: Direct searches at LHC - Indirect searches at low energy⇒

Indirect searches - Test SM (accidental) symmetries

Flavour physics: test lepton flavour universality

[PDG 2024]

BUT:  current measurements 
of semi-leptonic -meson 
decays appear to tell a 
different story!

B



Observables in b → cℓν

Theore#cally clean; hadronic uncertain:es 
cancel in the ra#o 

4
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RD(⇤) =
�(B ! D(⇤)⌧⌫)

�(B ! D(⇤)`⌫)
, ` = e, µ

Test of lepton flavour universality

SM predic#ons significantly smaller than 
experiment, combined devia:on: ∼ 3.3 σ

 Viola#on of LFU? New Physics coupled to  and ?⇒ b τ



Possible explana#ons

EFT study - ΛNP ≃ mNP/CNP ∼ 𝒪(1 − 3)TeV
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Possible NP solu#ons: , Charged Higgses, Exo#c 
neutrino interac#ons... 

W′ 

Or Leptoquarks!

<latexit sha1_base64="fVYtN1fO879ZvvbO3E/FpGNntaU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPx8+M7w==</latexit>

b

<latexit sha1_base64="89J+JuC5FxMnvUsR7pwslvrJLdI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJuuXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHyVOM8A==</latexit>c
<latexit sha1_base64="Y6bEkB8bkKi+Mu2rEVKvBquMa9E=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiEfMByRH2NnPJkr29Y3dPCCH/wMZCEVv/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2acoB/RgeQhZ9RY6eG+3iuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6ZScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nbpM8VMiPGllCmuL2VsCFVlBkbTsGG4C2/vEqaF2XvslypV0rVmyyOPJzAKZyDB1dQhTuoQQMYhPAMr/DmjJwX5935WLTmnGzmGP7A+fwBRnqNNA==</latexit>

LQ

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧

<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫

(1603.04993)



Possible explana#ons

EFT study - ΛNP ≃ mNP/CNP ∼ 𝒪(1 − 3)TeV

6

Possible NP solu#ons: , Charged Higgses, Exo#c 
neutrino interac#ons... 

W′ 

Or Leptoquarks!

<latexit sha1_base64="fVYtN1fO879ZvvbO3E/FpGNntaU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPx8+M7w==</latexit>

b

<latexit sha1_base64="89J+JuC5FxMnvUsR7pwslvrJLdI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJuuXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHyVOM8A==</latexit>c
<latexit sha1_base64="Y6bEkB8bkKi+Mu2rEVKvBquMa9E=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiEfMByRH2NnPJkr29Y3dPCCH/wMZCEVv/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2acoB/RgeQhZ9RY6eG+3iuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6ZScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nbpM8VMiPGllCmuL2VsCFVlBkbTsGG4C2/vEqaF2XvslypV0rVmyyOPJzAKZyDB1dQhTuoQQMYhPAMr/DmjJwX5935WLTmnGzmGP7A+fwBRnqNNA==</latexit>

LQ

<latexit sha1_base64="iOi4if5NkMIV0hgFuxOxEMPZMJw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnUR5oMqjW37s5BVolXkBoUaA6qX/1hxBLFNTJJre15box+Sg0KJvms0k8sjymb0BHvZVRTxa2fzm+dkbNMGZIwMllpJHP190RKlbVTFWSdiuLYLnu5+J/XSzC88VOh4wS5ZotFYSIJRiR/nAyF4QzlNCOUGZHdStiYGsowi6eSheAtv7xK2hd176p++XBZa9wWcZThBE7hHDy4hgbcQxNawGAMz/AKb45yXpx352PRWnKKmWP4A+fzByQbjlE=</latexit>⌧

<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫

(1603.04993)



Constraints on LQ models

Collider bounds: Direct searches ( ), high-  tails in MLQ ≳ 1.5 TeV pT
pp → ττ, pp → τν

7

Electroweak precision: Z → ττ, Z → νν, τ → ℓνν

-physics observables:  mixing, , , , 
, angular observables

B Bs − Bs B → Kνν Bc → τν Bs → ττ
B → Kττ



R2

Consider minimal coupling texture

8

[2404.16772]
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mR2 = 1.5TeV

 can be accommodated :)RD(*)

But: high-  - data excludes the viable 
parameter space :(

pT



R̃2

Again,  can be accommodated :) RD(*)
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[2404.16772]

But  is too severely affectedB → Kνν



 - part I.S1

Once again,  can be 
accommodated

RD(*)
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[2404.16772]

But this #me the effect in  is 
slightly too large

Bs − Bs



 - part II.S1

Need right-handed couplings

11

[2404.16772]

Successfully accommodate  and 
consistent with other observables :)

RD(*)

evade  mixing constraint⇒ Bs − Bs



Summary and conclusion
Hint for the New Physics in  transi#onsb → cℓν

12

Explored 3 different minimal TeV-scale LQ models

Only  with lec and right-handed couplings phenomenologically viable⇒ S1

Can be tested in  angular observablesB → D(*)τν
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Testing the Standard Model

• Flavor observables (e.g.: ∆Md,∆Ms) put strong constrains on the Standard Model
• Unitarity triangle by CKMfitter, UTfit:

1 Josua Scholze | EFT 2024

http://ckmfitter.in2p3.fr
https://doi.org/10.48550/arXiv.2212.03894
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Mixing of neutral B mesons

• Weak interaction allows mixing:

• Hamiltonian: Ĥ = M̂ − iΓ̂/2 =

(
M11 − iΓ11

2 M12 − iΓ12
2

M21 − iΓ21
2 M22 − iΓ22

2

)
for the states

(
|B(t)⟩
|B̄(t)⟩

)
• Diagonalization of Ĥ gives mass states: |BH⟩ = p |B⟩+ q |B̄⟩ , |BL⟩ = p |B⟩ − q |B̄⟩
• M12: off-shell contribution from: u, c, t,W

• Γ12: on-shell contribution from: u, c

2 Josua Scholze | EFT 2024



Physical observables

• Three independent observables: (in B system: |Γ12| ≪ |M12|)
— Mass difference: ∆M = MH − ML ≈ 2|M12|

— Decay width difference: ∆Γ = ΓL − ΓH = −Re( Γ12
M12

)
∆M

— Semileptonic CP asymmetry: asl = Im( Γ12
M12

)

SM pred. for Bs

∼ 18 ps−1

∼ 0.1 ps−1

∼ 2 · 10−5

Experimentally from semileptonic decays: Γ(B̄(t)→l̄νlX)−Γ(B(t)→lν̄lX)

Γ(B̄(t)→l̄νlX)+Γ(B(t)→lν̄lX)

• Up to now measured precisely: ∆Ms,∆Md,∆Γs

• Need to improve prediction of∆Γs: by a factor 3

3 Josua Scholze | EFT 2024
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Obtaining Γ12

• General procedure:
Standard Model ∆B = 1 theory ∆B = 2 theory

• ∆B = 2: Heavy Quark Expansion in Λ/mb ≈ 0.05
• ∆B = 1: Decomposition of Γ12:

Γ12 = −
[
λ2

c Γ
cc
12 + 2λc λu Γ

uc
12 + λ2

u Γ
uu
12

]
= −λ2

t

[
Γcc

12 + 2
λu

λt
(Γcc

12 − Γuc
12) +

λ2
u

λ2
t
(Γcc

12 − 2Γuc
12 + Γuu

12)

]
4 Josua Scholze | EFT 2024



Why do we calculate the ratio Γ12/M12?

• Decomposition of Γ12:
Γ12 = −λ2

t

[
Γcc

12 + 2
λu

λt
(Γcc

12 − Γuc
12) +

λ2
u

λ2
t
(Γcc

12 − 2Γuc
12 + Γuu

12)

]
• Factor λ2

t appears also in M12 ⇒ cancels in the ratio Γ12/M12

• For asl = Im( Γ12
M12

): Γcc
12 doesn’t contribute⇒ dependence on mc

• With∆B = 2 Wilson coefficients HQi that contain∆B = 1 Wilson coefficients:
Γ12 ∝

∑
i

HQi ⟨B|Q∆B=2
i |B⟩

• M12 contains just one factor ⟨B|Q∆B=2|B⟩ ⇒ cancellation with Γ12 possible

5 Josua Scholze | EFT 2024
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Matching procedure for Γ12

• Goal: obtain∆B = 2 Wilson coefficients at µ2 used by lattice QCD
• use of Renormalization Group Equation (RGE): µ d

dµ C⃗(µ) = γ⃗C⃗(µ)

1. Match SM to 5-quark∆B = 1 theory:integrate out W±, Z and top-quark
2. Run down to µ1

3. Match∆B = 2 to∆B = 1 theory
4. Adapt to µ2

6 Josua Scholze | EFT 2024
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Unitarity Triangle: A geometric picture for CP violation

• CKM matrix is unitary: V†V = 1

→ VudV∗
ub + VcdV∗

cb + VtdV∗
tb = 0

• Area predicts amount of CP violation

The Unitarity Triangle

• [quark]flavour = V [quark]mass

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



∼

• • •

• • •

• • •


7 Josua Scholze | EFT 2024



Current status of the Unitarity Triangle

• Assume the Standard model
• Use all available information: global fit

→ Shows good overall consistency
→ Favours inclusive determination of |Vcb|

• For scenarios with New Physics:
— Tree-only Unitarity Triangle— Universal Unitarity Triangle

Fit results from UTfit collaboration
8 Josua Scholze | EFT 2024

http://utfit.org/UTfit/ResultsSummer2023SM
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What is HEPfit?

• Fitter for High Energy Physics
• Choose your model (e.g. Standard Model):

— fit Model parameters to experimental constraints— predict observables
• Calculates probabilities with Bayesian statistics
• Optimized for Monte Carlo analysis
• Broad usage in phenomenology: Flavour and BSM physics. . .

©HEPfit collaboration

9 Josua Scholze | EFT 2024



What did I add?

• Input parameters:
— Subleading bag parameters for non-perturbative matrix elements: for Γ1/mb— Experimental values of∆M: for prediction of∆Γ

• Calculation of Γ12/M12

• Observables for∆Γ and asl— Taking different orders in αs: LO, NLO, NNLO— For different mass schemes: pole, MS, Potential Subtracted— Using the Renormalization independent scheme— Including partial contributions of higher orders

10 Josua Scholze | EFT 2024



The C++ code for Γ12

• Too long for my slides . . . but available over HEPfit on GitHub

11 Josua Scholze | EFT 2024

https://github.com/silvest/HEPfit
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Comparison with measurement

Predictions using the UT analysis
∆Γs = (0.071 ± 0.011) ps−1

assl = (2.27 ± 0.13)× 10−5

∆Γd = (2.11 ± 0.33)× 10−3 ps−1

adsl = (−5.26 ± 0.30)× 10−4

Experiment (HFLAV [2206.07501])
∆Γs = (0.083 ± 0.005) ps−1

assl = (−60 ± 280)× 10−5

∆Γd = (0.7 ± 6.6)× 10−3 ps−1

adsl = (−21 ± 17)× 10−4

• Agreement between theory and experiment within 1 sigma
• Smaller theory uncertainties in∆Γ than without UT analysis (0.017 ps−1 for∆Γs)

12 Josua Scholze | EFT 2024



Renormalization scale dependence: ∆Γs

2 3 4 5 6 7 8 9 10

µ1 = µb = µc [GeV]

3

4

5

6

7

8

9

∆
Γ
s
/
∆
M
s
·1

0
3

MS LO

MS NLO

MS NNLO

PS LO

PS NLO

PS NNLO

Pole LO

Pole NLO

Pole NNLO
• important consistency check✓
• known characteristics:

— µ1 scale dependence shrinksby including higher orders
— Potential Subtracted (PS) andMS scheme behave better thanthe pole scheme
— consistent with experimentalmeasurement (grey band: 1σ)

13 Josua Scholze | EFT 2024



Renormalization independent scheme

• Renormalization prescriptionfor the RI scheme:
⟨F|Qi|I⟩λ = ⟨F|Qi|I⟩tree

• Ensures to all orders:
⟨B|R0|B̄⟩ = O

(
Λ

mb

)
• Conversion only known to NLO

→ No significant improvementthrough the RI scheme 2 3 4 5 6 7 8 9 10

µ1 = µb = µc [Gev]

3

4

5

6

7

∆
Γ
s
/
∆
M
s
·1

0
3

MS NLO

PS NLO

MS NLO RI

PS NLO RI
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Conclusions

• Implemented∆Γ and asl for different mass schemes in HEPfit
• Updated theory predictions within the UT analysis
• Compared scale dependence of different schemes and orders
• Future: Phenomenology studies of rare processesExtension to physics beyond the SM

∆Γs = (0.071 ± 0.011) ps−1
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Thank you for your attention.
Any questions?
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General sources

• “Effective Theories for Quark Flavour Physics” by Silvestrini
• “Three Lectures on Meson Mixing and CKM phenomenology” by Nierste
• “Meson width differences and asymmetries”, thesis by Gerlach
• “CP violation in the B0

s system” by Artuso et al.
• “Gauge Theory of Weak Decays” by Buras
• “HEPfit Manual” by de Blas et al.
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https://arxiv.org/pdf/1905.00798.pdf
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Renormalization scale dependence: partial N3LO effects

• N3LO pieces from productsof NLO and NNLO factors
• No large shift of the central value
• Not RGE invariant

→ Only a first impression of N3LO effects
2 4 6 8 10

µ1 = µb = µc [GeV]

3

4

5

6
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∆
Γ
s
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M
s
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03
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MS NNLO

MS partial NNLO

MS partial N3LO

18 Josua Scholze | EFT 2024



Renormalization scale dependence: asl

2 3 4 5 6 7 8 9 10

µ1 = µb = µc [Gev]

1.7

1.8

1.9

2.0

2.1

2.2

2.3

2.4

2.5

a
s sl
·1

0
5

MS LO

MS NLO

MS NNLO

PS LO

PS NLO

PS NNLO

Pole LO

Pole NLO

Pole NNLO

• µ1 scale dependence shrinksby including higher orders
• MS scheme behaves worsethan the other schemes
•
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∆B = 1 Effective Hamiltonian

H∆B=1eff =
GF√

2

{[(
V∗

cbVud (C1Q1 + C2Q2) + V∗
cbVcd (C1Qc

1 + C2Qc
2) + (c ↔ u)

)

−V∗
tbVtd

(
6∑

i=3

CiQi + C8GQ8G

)]
+

[
d → s

]}
+ h.c.

• operator in traditional basis [hep-ph/9211304], [hep-ph/0308029]:
Q1 = (b̄icj)V−A(ūjdi)V−A , Q2 = (b̄ici)V−A(ūjdj)V−A ,

Qc
1 = (b̄icj)V−A(c̄jdi)V−A , Qc

2 = (b̄ici)V−A(c̄jdj)V−A ,

Q3 = (b̄idi)V−A

∑
q

(q̄jqj)V−A , Q4 = (b̄idj)V−A

∑
q

(q̄jqi)V−A ,

Q5 = (b̄idi)V−A

∑
q

(q̄jqj)V+A , Q6 = (b̄idj)V−A

∑
q

(q̄jqi)V+A ,

Q8G =
gs

8π2
mbb̄iσ

µν
(

1 − γ5
)

ta
ijdjG

a
µν
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∆B = 1 Effective Hamiltonian

H∆B=1eff =
GF√

2

{[(
V∗

cbVud (C1Q1 + C2Q2) + V∗
cbVcd (C1Qc

1 + C2Qc
2) + (c ↔ u)

)

−V∗
tbVtd

(
6∑

i=3

CiQi + C8GQ8G

)]
+

[
d → s

]}
+ h.c.

• to diminish problems with γ5:
alternative basis by Chetyrkin, Misiak and Münz [hep-ph/9711280]known up to NNLO and transformation to traditional basis up to NLO

20 Josua Scholze | EFT 2024
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Operator basis for∆B = 2

• Result: Γ12 =
G2

Fm2
b

24πMB

[
H(z)⟨B|Q|B̄⟩+(((((((HS(z)⟨B|QS|B̄⟩+ H̃S(z)⟨B|Q̃S|B⟩

]
+ Γ1/mb

• with dimension 6 operators:
Q = s̄iγ

µ (1 − γ5) bi s̄jγµ (1 − γ5) bj

QS = s̄i (1 + γ5) bi s̄j (1 + γ5)bj

Q̃S = s̄i (1 + γ5) bj s̄j (1 + γ5) bi

R0 =
1
2
α1Q + QS + α2Q̃S = O

(
Λ

mb

)
, at LO in αs: α1 = α2 = 1

• old choice: use Q and QS [hep-ph/9808385], implemented from [hep-ph/0308029]
• better alternative: use Q and Q̃S [hep-ph/0612167] to cancel ⟨B|Q|B̄⟩ in∆Γ/∆M

21 Josua Scholze | EFT 2024

http://arxiv.org/abs/hep-ph/9808385
https://arxiv.org/pdf/hep-ph/0308029.pdf
https://arxiv.org/pdf/hep-ph/0612167.pdf


Switch to the RI scheme for∆B = 2 operators

• renormalization prescription for the RI scheme [hep-ph/9501265]:
⟨F|Qi|I⟩λ = ⟨F|Qi|I⟩tree

• ensures to all orders: ⟨B|R0|B̄⟩ = O
(

Λ
mb

)
• conversion only known to NLO [hep-lat/0110091]:


⟨Q(µ)⟩
⟨QS(µ)⟩
⟨Q̃S(µ)⟩


MS

=

[
1 + r123

αs(µ)

4π

] 
⟨Q(µ)⟩
⟨QS(µ)⟩
⟨Q̃S(µ)⟩


RI
, r123 =

1

9


−42 + 72 log 2 0 0

0 61 + 44 log 2 −7 + 28 log 2

0 −25 + 28 log 2 −29 + 44 log 2
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https://doi.org/10.48550/arXiv.hep-ph/9501265
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Resummation of logarithms

• dominant z-dependent contribution at order αn
s from αn

s z lnn z

• change renormalisation scheme [hep-ph/0307344]:
z =

m2
c (mc)

m2
b(mb)

→ z̄ =
m2

c (mb)

m2
b(mb)

≈ z
2

• important for semileptonic asymmetry (of order z)

23 Josua Scholze | EFT 2024

https://arxiv.org/pdf/hep-ph/0307344.pdf


Jet Bundle Geometry of 
Scalar EFTs

Mohammad Alminawi (Speaker) - University of Zurich
Ilaria Brivio – University of Bologna

Joe Davighi – CERN

Zurich EFT School 2024

Mohammad Alminawi - Zurich 2024 1



Scalar Effective Field Theories

𝐿 = 𝑉 +
1

2
𝑔𝑖𝑗(𝜙)𝜕𝜇𝜙𝑖𝜕𝜇𝜙𝑗 + 𝑂(𝜕4)
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Outline

• Motivation for geometric formalism

• Motivation for bundle formalism

• Introduction to bundles and jets

• Non-derivative field redefinitions as diffeomorphisms

• Amplitude calculations on 0-Jet bundle
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Motivation for Geometric Formalism

• SMEFT and HEFT are the main way to extend the standard model

𝑆𝑀 ⊂ 𝑆𝑀𝐸𝐹𝑇 ⊂ 𝐻𝐸𝐹𝑇

• Map from SMEFT to HEFT is well defined. Inverse is tricky.

• Exploit geometric techniques to identify when HEFT is needed.

Mohammad Alminawi - Zurich 2024 4

[T. Cohen, N. Craig, X. Lu and D. Sutherland, arXiv:2008.08597]
 [R. Alonso, E.E. Jenkins and A.V. Manohar, arXiv:1602.00706]
[R. Gomez-Ambrosio et al., arXiv:2204.01763]
  

https://arxiv.org/abs/2008.08597
https://arxiv.org/abs/2108.03240
https://arxiv.org/abs/1602.00706
https://arxiv.org/abs/2204.01763


Motivation for Bundle Geometry

• Previous geometric formulations

𝐿 =
1

2
𝑔𝑖𝑗𝜕𝜇𝜙𝑖𝜕𝜇𝜙𝑗 − 𝑉 + 𝑂 𝜕4

• Using jet bundles

𝐿 =
1

2
𝑔𝑖𝑗𝜕𝜇𝜙𝑖𝜕𝜇𝜙𝑗 − 𝑉 + 𝑂 𝜕4
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[R. Alonso, E.E. Jenkins and A.V. Manohar, arXiv:1605.03602 ] 

[M. Alminawi, I. Brivio and J. Davighi , arXiv:2308.00017] 

[A. Helset, A. Martin and M. Trott, arXiv:2001.01453]
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Motivation for Bundle Geometry

• Full Lagrangian obtained from geometry 

𝐿 =
1

2
𝜂−1 , (𝑗𝑛𝜙 ∗ 𝑔 ⟩ 

• Transformation rules of physical amplitudes indicate that they are 
combinations of momenta and tensors

• Only tensors that can be constructed from a metric with a torsion 
free connection are of the form ∇𝑛𝑅𝑚 where 𝑛, 𝑚 are integers

Mohammad Alminawi - Zurich 2024 6
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[T. Cohen, N. Craig, X. Lu and D. Sutherland, arXiv:2108.03240]
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What is a Bundle?
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What is a Bundle?

• Consider two manifolds Σ and 𝐸 with coordinate charts {𝑥𝜇} and 
𝑥𝜇 , 𝑢𝑖  and a map 𝜋: Σ → 𝐸 then the triple Σ, 𝐸, 𝜋  forms a bundle

• Local inverses to the map 𝜋 are called sections 𝜙 and they are 
defined by 

𝜙 ∘ 𝑥𝜇 = 𝑥𝜇

𝜙 ∘ 𝑢𝑖 = 𝜙𝑖

• Sections give us the tools to obtain fields and their derivatives 
from coordinates on bundles

Mohammad Alminawi - Zurich 2024 8

D. J. Saunders, The Geometry of Jet Bundles, doi:10.1017/CBO9780511526411 

https://doi.org/10.1017/CBO9780511526411


What is a Bundle?
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What is a Jet?

• Two sections 𝜙, 𝜓 are called 1-equivalent at some point 𝑝 ∈ 𝐸 if 
we have

𝜙 𝑝 = 𝜓 𝑝  
𝜕 𝜙 ∘ 𝑢𝑖

𝜕𝑥𝜇
ቚ

𝑝
 =

𝜕 𝜓 ∘ 𝑢𝑖

𝜕𝑥𝜇
ቚ

𝑝

• The equivalence class containing 𝜙 at 𝑝 is called the 1-jet and is 
denoted 𝑗𝑝

1𝜙

• The set of all 1-jets is referred to as the 1-jet bundle and it 
naturally has the structure of a smooth manifold

Mohammad Alminawi - Zurich 2024 10



Field Redefinitions on Bundles

• A non-derivative field redefinition in the Lagrangian is equivalent to 
a diffeomorphism on the bundle

• Consider transformations that leave spacetime unchanged

Morphism on 0-Jet Bundle
Equivalent to 𝜓 = 𝑓𝐸 ∘ 𝜙

Morphism on 1-Jet Bundle
Equivalent to j1𝜓 = 𝑗1𝑓 ∘ 𝑗1𝜙

Mohammad Alminawi - Zurich 2024 11



Diffeomorphism vs. Coordinate 
Transformation
• Tensors are coordinate independent, thus a coordinate transformation 

𝑥 → 𝑦(𝑥) leaves the metric unchanged

𝑔 = 𝑔𝑖𝑗 𝑥 𝑑𝑥𝑖𝑑𝑥𝑗 → 𝑔′𝑎𝑏 𝑦(𝑥) 𝑑𝑦𝑎𝑑𝑦𝑏 = 𝑔𝑖𝑗 𝑥
𝜕𝑥𝑖

𝜕𝑦𝑎

𝜕𝑥𝑗

𝜕𝑦𝑏
𝑑𝑦𝑎𝑑𝑦𝑏 = 𝑔

• In contrast a diffeomorphism of the form 𝑥 → 𝑦(𝑥) transforms the 
metric as follows

𝑔 = 𝑔𝑖𝑗 𝑥 𝑑𝑥𝑖𝑑𝑥𝑗 → 𝑔𝑎𝑏 𝑦 𝑥
𝜕𝑦𝑎

𝜕𝑥𝑖

𝜕𝑦𝑏

𝜕𝑥𝑗
𝑑𝑥𝑖𝑑𝑥𝑗

• Where now 𝑔𝑎𝑏 𝑦 𝑥 ≠ 𝑔𝑖𝑗 𝑥
𝜕𝑥𝑖

𝜕𝑦𝑎

𝜕𝑥𝑗

𝜕𝑦𝑏

Mohammad Alminawi - Zurich 2024 12



Riemannian Metric on Jet Bundle

𝐿 =
1

2
𝜂−1 , (𝑗𝑛𝜙 ∗ 𝑔 ⟩ 

Mohammad Alminawi - Zurich 2024 13

𝑔𝜇𝜈𝜂𝜇𝜈 =  𝑉 𝜙 + ⋯ ⊂ 𝐿 

𝑔𝑖𝑗𝜂𝜇𝜈𝜕𝜇𝜙𝑖𝜕𝜈𝜙𝑗 ⊂ 𝐿

𝑗1𝜙 ∗𝑔 = 𝑔𝜇𝜈𝑑𝑥𝜇 ⊗ 𝑑𝑥𝜈 + 𝑔𝑖𝑗𝑑𝜙𝑖 ⊗ 𝑑𝜙𝑗 + 𝑔𝑖𝑗
𝜇𝜈

𝑑𝜙𝜇
𝑖 ⊗ 𝑑𝜙𝜈

𝑗

+𝑔𝑖𝜇𝑑𝜙𝑖 ⊗ 𝑑𝑥𝜇 + 𝑔𝑖𝑗
𝜇

𝑑𝜙𝜇
𝑖 ⊗ 𝑑𝜙𝑗 + 𝑔𝑖𝜈

𝜇
𝑑𝜙𝜇

𝑖 ⊗ 𝑑𝑥𝜈

𝑔𝑖𝑗
𝜇𝜈

𝜂𝜌𝜎𝜕𝜌𝜕𝜇𝜙𝑖𝜕𝜎𝜕𝜈𝜙𝑗 ⊂ 𝐿



Amplitudes on 0-Jet

• Poincare invariance implies that our metric is block diagonal

𝑔𝜇𝜈 0

0 𝑔𝑖𝑗

• Where 𝑔𝜇𝜈 = −
1

2
𝜂𝜇𝜈𝑉  has dimensions determined by spacetime 

and 𝑔𝑖𝑗  has dimensions determined by the number of fields

Mohammad Alminawi - Zurich 2024 14



Three Point Amplitude on 0-Jet Bundle

Mohammad Alminawi - Zurich 2024 15



Three Point Amplitude on 0-Jet Bundle

• Label the particles 1,2,3 and their flavors by 𝑎1, 𝑎2 , 𝑎3

• Label quantities evaluated at the vacuum (typically 𝑢𝑖 = 0) with a 
bar 𝑔𝑖𝑗 = 𝑔𝑖𝑗(0). Derivatives denoted by a comma 𝜕𝑘𝑔𝑖𝑗 = 𝑔𝑖𝑗,𝑘

• The Feynman rule for a 3-point interaction is given by
1

12
𝜂𝜇𝜈 ҧ𝑔𝜇𝜈,𝑎1𝑎2𝑎3

+
1

2
ҧ𝑔𝑎1𝑎2,𝑎3

𝑝1 ⋅ 𝑝2 +
1

2
ҧ𝑔𝑎1𝑎3,𝑎2

𝑝1 ⋅ 𝑝3+ 1
2

ҧ𝑔𝑎2𝑎3,𝑎1
𝑝2 ⋅ 𝑝3

Mohammad Alminawi - Zurich 2024 16



Three Point Amplitude on 0-Jet Bundle

• The momenta fulfill
𝑝3

2 = 𝑝1 + 𝑝2
2

• The Christoffel symbols are defined as

Γ𝐼𝐽𝐾 =
1

2
(𝑔𝐼𝐽,𝐾 + 𝑔𝐼𝐾,𝐽 − 𝑔𝐽𝐾,𝐼)

• For the momentum independent term

𝜂𝜇𝜈 ҧ𝑔𝜇𝜈,𝑎1𝑎2𝑎3
= ∇𝑎3

𝑅𝑎1𝜇 𝑎2

𝜇
− 2(𝑚1

2 Γ𝑎1𝑎2𝑎3
+ 𝑚2

2 Γ𝑎2𝑎1𝑎3
+ 𝑚3

2 Γ𝑎3𝑎1𝑎2
)

Mohammad Alminawi - Zurich 2024 17



Three Point Amplitude on 0-Jet Bundle

• Accounting for the symmetry factors the three-point amplitude is 
given by

• On-shell only the tensorial piece survives

Mohammad Alminawi - Zurich 2024 18



Two to Two Scattering

Mohammad Alminawi - Zurich 2024 19



Two to Two Scattering

• Contributions from gluing of three-point interactions and from 
contact terms

• Momenta degrees of freedom exist unlike the three-point 
amplitude

• On-shell the amplitude should be given by products of 𝑠12, 𝑠13, 𝑠14 
and ∇𝑛𝑅𝑚 with 𝑛, 𝑚 ≤ 2

Mohammad Alminawi - Zurich 2024 20



Two to Two Scattering

Mohammad Alminawi - Zurich 2024 21



Diffeomorphisms and Tensors

• Under a general diffeomorphism 𝑓 the Riemann tensor is not 
invariant

𝑅𝐼𝐽𝐾𝐿 𝑥 𝑑𝑥𝐼𝑑𝑥𝐽𝑑𝑥𝐾𝑑𝑥𝐿 → 𝑅𝐼𝐽𝐾𝐿(𝑓 𝑥 )
𝜕(𝑓∘𝑥𝐼)

𝜕𝑥𝐴

𝜕(𝑓∘𝑥𝐽)

𝜕𝑥𝐵

𝜕(𝑓∘𝑥𝐾)

𝜕𝑥𝐶

𝜕(𝑓∘𝑥𝐿)

𝜕𝑥𝐷 𝑑𝑥𝐴𝑑𝑥𝐵𝑑𝑥𝐶𝑑𝑥𝐷

• A diffeomorphism of the form 𝑢 → 𝑓(𝑢) = 𝑢 + 𝑐𝑛𝑢𝑛 with 𝑛 ≥ 2 is 
special since at the point 𝑢 = 0 we have

lim
𝑢→0

𝑓 𝑢 = lim
𝑢→0

 𝑢 = 0 lim
𝑢→0

𝜕(𝑓 ∘ 𝑢𝑖)

𝜕𝑢𝑗
= 𝛿𝑗

𝑖

• Tensors are invariant under such a transformation at the vacuum 
just like amplitudes

Mohammad Alminawi - Zurich 2024 22



Scalar Curvature

• The Ricci Scalar 𝑅 is also not invariant under a diffeomorphism 𝑓. 
It transforms according to

𝑅 𝑢 → 𝑅(𝑓 𝑢 )

• At the vacuum, a diffeomorphism of the form discussed earlier 
leaves the scalar invariant since

lim
𝑢→0

𝑅(𝑓 𝑢 ) = lim
𝑢→0

 𝑅(𝑢)

• Disagreement of Ricci scalars at the vacuum indicates that the 
physical amplitudes are different.

Mohammad Alminawi - Zurich 2024 23



Conclusion and Outlook

• Jet bundles offer a path to write a Lagrangian of any derivative order in 
terms of geometry

• Amplitudes are combinations of geometric tensors

• Non-derivative field redefinitions are diffeomorphisms on bundle

• Derivative field redefinitions as maps between jet bundle orders (in 
progress)

• Incorporating gauge fields and fermions (future goal)

Mohammad Alminawi - Zurich 2024 24



Thank you
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Loop Diagrams

• Consider the 1-loop correction to the propagator

Mohammad Alminawi - Zurich 2024 26

𝑝1 𝑝1

𝑝3

𝑝4


	Motivation
	Introduction into B meson mixing
	Theory for 12
	Unitarity Triangle Analysis
	Implementation in HEPfit
	Results
	Conclusions
	Backup slides
	Diapositive 1 Jet  Bundle Geometry of Scalar EFTs
	Diapositive 2 Scalar Effective Field Theories
	Diapositive 3 Outline
	Diapositive 4 Motivation for Geometric Formalism
	Diapositive 5 Motivation for Bundle Geometry
	Diapositive 6 Motivation for Bundle Geometry
	Diapositive 7 What is a Bundle?
	Diapositive 8 What is a Bundle?
	Diapositive 9 What is a Bundle?
	Diapositive 10 What is a Jet?
	Diapositive 11 Field Redefinitions on Bundles
	Diapositive 12 Diffeomorphism vs. Coordinate Transformation
	Diapositive 13 Riemannian Metric on Jet Bundle
	Diapositive 14 Amplitudes on 0-Jet
	Diapositive 15 Three Point Amplitude on 0-Jet Bundle
	Diapositive 16 Three Point Amplitude on 0-Jet Bundle
	Diapositive 17 Three Point Amplitude on 0-Jet Bundle
	Diapositive 18 Three Point Amplitude on 0-Jet Bundle
	Diapositive 19 Two to Two Scattering
	Diapositive 20 Two to Two Scattering
	Diapositive 21 Two to Two Scattering
	Diapositive 22 Diffeomorphisms and Tensors
	Diapositive 23 Scalar Curvature
	Diapositive 24 Conclusion and Outlook
	Diapositive 25 Thank you
	Diapositive 26 Loop Diagrams

