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Gives masses to all particles

Mediators of strong, weak, 
and electromagnetic forces

Structures of our Universe



Higgs boson discovered!

Phys.Lett. B716 (2012) 1-29

Phys.Lett. B716 (2012) 30-61



Scalar sector scrutinized

Is the scalar found the one of the SM?

Are there other scalars?

Eur. Phys. J. C 75 (2015) 212

Eur. Phys. J. C76 (2016) 6



http://cds.cern.ch/record/628469

High Energy Physics (colliders)

Small deviations

Increase precisionBSM predictions

Open questions:

No gravitational interactions included;

No candidates for Dark Matter;

Matter-antimatter assymetry;

......



Two-Higgs-Doublet-Model (2HDM)

Minimal extension to scalar sector

Four more scalars

Supersymmetry (SUSY)

Correlates bosons and fermions;

Has a non-minimal scalar sector (2HDM);

Predicts a partner to each particle of SM.

Some variants (inert model) 
have dark matter candidate

Dark matter candidate;

Solves naturalness problem.



High Energy Physics (colliders)

Still no sign of New Physics.

Low-energy observables

Muon magnetic moment.

http://muon-g-2.fnal.gov/

https://cds.cern.ch/record/1295244



(𝑔 − 2)𝜇

𝐻𝐵 = −𝜇. 𝐵

Basic idea

http://muon-g-2.fnal.gov/

𝜇𝑠 = 𝑔
𝑞

2𝑚
Ԧ𝑠

Dirac: 𝑔 = 2

Quantum Field Theory: 𝑔 = 2 +⋯
𝑎𝜇 =

(𝑔 − 2)

2



(𝑔 − 2)𝜇

Theory (Standard Model)

Rept.Prog.Phys.70:795,2007

𝑎𝜇 = 0 𝑎𝜇 =
𝛼

2𝜋
≈ 0.0011623... 𝑎𝜇 = 𝑐2

𝛼

𝜋

2

≈ −0.0000176...



(𝑔 − 2)𝜇

Theory (Standard Model)

𝑎𝜇
𝑡ℎ = (11 659 180.8 ± 3.6) × 10−10

“Muon g-2 Theory Initiative”

Thanks to D. Stöckinger



(𝑔 − 2)𝜇

Experiment

E821 BNL

Final result in 2004

𝑎𝜇
𝑒𝑥𝑝

= (11 659 208.9 ± 6.3 ) × 10−10

Phys. Rev. Lett. 92, 161802 (2004)

http://www.g-2.bnl.gov/



(𝑔 − 2)𝜇

Theory X Experiment

𝑎𝜇
𝑒𝑥𝑝

= (11 659 208 . 9 ± 6.3 ) × 10−10

𝑎𝜇
𝑡ℎ = (11 659 180 . 8 ± 3 .6) × 10−10



(𝑔 − 2)𝜇

𝑎𝜇
𝑒𝑥𝑝

− 𝑎𝜇
𝑡ℎ = (28.1±7.3) × 10−10

3.8 𝜎 !

Theory X Experiment



(𝑔 − 2)𝜇

Increase precisionBSM

http://muon-g-2.fnal.gov/

Theory X Experiment

𝑎𝜇
𝑒𝑥𝑝

− 𝑎𝜇
𝑡ℎ = (28.1±7.3) × 10−10



(𝑔 − 2)𝜇
Beyond Standard Model:

Radiative corrections

Phys.Rept. 477 (2009) 1-110

Complementary information to direct searches (LHC) 



(𝑔 − 2)𝜇
Beyond Standard Model:

SUSY

Phys.Rept. 477 (2009) 1-110

𝑎𝜇 𝑆𝑈𝑆𝑌 ≅ 123× 10−11
100 𝐺𝑒𝑉

𝑀𝑆𝑈𝑆𝑌

2

tan 𝛽



(𝑔 − 2)𝜇
Beyond Standard Model:

SUSY

https://atlas.web.cern.ch



(𝑔 − 2)𝜇
Beyond Standard Model:

SUSY

Other scenarios Ex: extensions to the scalar sector

2HDM
Invariant under CP



(𝑔 − 2)𝜇
Beyond Standard Model : 2HDM

More loops

Higher Precision

Complete two-loop prediction

Leading order (one-loop suppressed by 𝑚𝜇
2/𝑚𝐻

2 )

Cherchiglia et al, JHEP 1701 (2017) 007



(𝑔 − 2)𝜇
Beyond Standard Model : 2HDM

S: h, H, A, H±

𝑡𝑎𝑛𝛽 =
𝑣2
𝑣1

Flavour-aligned: 𝜀𝑙 , 𝜀𝑢, 𝜀𝑑

𝑌𝑓
ℎ = 𝑠𝛽𝛼 + 𝑐𝛽𝛼𝜀𝑓

𝑌𝑑,𝑙
𝐴 = −𝜀𝑑,𝑙

𝑌𝑓
𝐻 = 𝑐𝛽𝛼 − 𝑠𝛽𝛼𝜀𝑓

𝑌𝑢
𝐴 = 𝜀𝑢

Cherchiglia et al, [hep-ph] 1711.11567



(𝑔 − 2)𝜇
Beyond Standard Model : 2HDM

S: h, H, A, H±

𝑡𝑎𝑛𝛽 =
𝑣2
𝑣1

Flavour-aligned: 𝜀𝑙 , 𝜀𝑢, 𝜀𝑑

• B-physics;
• Tau decay;
• 𝑍 → 𝜏𝜏;
• Collider;
• Theoretical;
• S, T, U parameters. 

Constraints

Cherchiglia et al, [hep-ph] 1711.11567



(𝑔 − 2)𝜇
Beyond Standard Model : 2HDM

Tau loop

S: h, H, A, H±

Flavour-aligned: 𝜀𝑙 , 𝜀𝑢, 𝜀𝑑

• B-physics;
• Tau decay;
• 𝑍 → 𝜏𝜏;
• Collider;
• Theoretical;
• S, T, U parameters. 

Constraints

𝜏

Cherchiglia et al, [hep-ph] 1711.11567



(𝑔 − 2)𝜇
Beyond Standard Model : 2HDM

Top loop

S: h, H, A, H±

Flavour-aligned: 𝜀𝑙 , 𝜀𝑢, 𝜀𝑑

• B-physics;
• Tau decay;
• 𝑍 → 𝜏𝜏;
• Collider;
• Theoretical;
• S, T, U parameters. 

Constraints

𝑡

Cherchiglia et al, [hep-ph] 1711.11567



(𝑔 − 2)𝜇
Beyond Standard Model : 2HDM

Bosonic

S: h, H, A, H±

Flavour-aligned: 𝜀𝑙 , 𝜀𝑢, 𝜀𝑑

• B-physics;
• Tau decay;
• 𝑍 → 𝜏𝜏;
• Collider;
• Theoretical;
• S, T, U parameters. 

Constraints

𝐻±

Cherchiglia et al, [hep-ph] 1711.11567



(𝑔 − 2)𝜇
Beyond Standard Model : 2HDM

Cherchiglia et al, [hep-ph] 1711.11567



Precision Frontier

One-loop (and Beyond?): example in the 2HDM

At tree level

Cherchiglia et al, JHEP 1711 (2017) 106



Precision Frontier

One-loop (and Beyond?): example in the 2HDM

At tree level Richer vaccum possibilities

𝜑2 =
1

2

0
𝑣2

𝜑1 =
1

2

0
𝑣1

Two coexisting minima

Cherchiglia et al, JHEP 1711 (2017) 106



Precision Frontier

One-loop (and Beyond?): example in the 2HDM

At tree level Richer vaccum possibilities

Two coexisting minima

Cherchiglia et al, JHEP 1711 (2017) 106



Precision Frontier

One-loop (and Beyond?): example in the 2HDM

At tree level Straightforward to find global minimun

Cherchiglia et al, JHEP 1711 (2017) 106



Precision Frontier

One-loop (and Beyond?): example in the 2HDM

Adding one-loop

Cherchiglia et al, JHEP 1711 (2017) 106



Precision Frontier

One-loop (and Beyond?): example in the 2HDM

Cherchiglia et al, JHEP 1711 (2017) 106



Precision Frontier

One-loop (and Beyond?): example in the 2HDM

Adding one-loop NO straightforward way to find global minimun

Cherchiglia et al, JHEP 1711 (2017) 106



High Energy Physics

Low-energy observables

http://muon-g-2.fnal.gov/

https://cds.cern.ch/record/1295244

Precision calculations

Precision Frontier



More loops

More efficient algorithms

New regularization techniques

Phys.Rev.Lett. 109 (2012) 111808

Precision Frontier



New regularization techniques:

......

Precision Frontier



Precision Frontier



New regularization techniques:

Implicit Regularization

Sistematization of ambiguities

......

Precision Frontier



Satisfies Lorentz invariance,
locality and unitarity

New regularization techniques:

Implicit Regularization

Precision Frontier



New regularization techniques :

Efficiency in the identification and removal of divergences.

Divergent Part + Finite Part

1

𝜀

Precision Frontier



Allows numerical implementation

Precision Frontier

New regularization techniques :

Efficiency in the identification and removal of divergences



Example of NLO observable with IReg

Ultraviolet Infrared

𝑒+𝑒− → 𝑞ത𝑞 (𝑔)

https://www.ippp.dur.ac.uk

Precision Frontier



Example of NLO observable with IReg

Precision Frontier



Example of NLO observable with IReg

https://www.ippp.dur.ac.uk

Precision Frontier



Example of NLO observable with IReg

Precision Frontier

Perform Dirac algebra in 4D;

Add 𝜇2 in propagators;

Use



Example of NLO observable with IReg

Precision Frontier

Perform Dirac algebra in 4D;

Add 𝜇2 in propagators;

Isolate UV divergences as

Infrared divergences appear, after integration, as logarithms in 𝜇2.



Example of NLO observable with IReg

Precision Frontier



Example of NLO observable with IReg

https://www.ippp.dur.ac.uk

Precision Frontier



Example of NLO observable with IReg

Precision Frontier

Add mass 𝜇 to quark and gluon;

Infrared divergences appear, after integration, as logarithms in 𝜇2.



Example of NLO observable with IReg

Precision Frontier



Example of NLO observable with IReg

https://www.ippp.dur.ac.uk

Precision Frontier



https://cds.cern.ch/record/1295244

THEORY EXPERIMENT

Small deviations

https://commons.wikimedia.org/

Standard Model



3.8𝜎 deviation

http://muon-g-2.fnal.gov/

https://commons.wikimedia.org/

Standard Model

THEORY EXPERIMENT



3.6𝜎 deviation

http://muon-g-2.fnal.gov/

https://commons.wikimedia.org/

Standard Model

THEORY EXPERIMENT

?
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Final Theory

2HDM

SUSY

......

Standard Model
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Final Theory

SUSY

......

Standard Model

2HDM

Phenomenology
(𝑔 − 2)𝜇
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Final Theory

2HDM ......

Standard Model

SUSY

Precision calculations
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Final Theory

2HDM ......

Standard Model

SUSY

Precision calculations New regularization techniques



https://commons.wikimedia.org/

Final Theory

2HDM ......

Standard Model

SUSY

Precision calculations Implicit Regularization




