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Standard Model (2012)
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Standard Model (pos-2012)

@ Scalar sector scrutinized
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Standard Model (pos-2012)

@ High Energy Physics (colliders)

@ Small deviations

/ \

BSM predictions Increase precision

J

@ Open questions:
“ No gravitational interactions included,;
@ No candidates for Dark Matter;

@ Matter-antimatter assymetry;

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




Beyond Standard Model

® Two-Higgs-Doublet-Model (2HDM)
9 Minimal extension to scalar sector sy SOMe variants (inert model)

have dark matter candidate
@ Four more scalars

@ Supersymmetry (SUSY)
© Correlates bosons and fermions;
© Has a non-minimal scalar sector (2HDM);

“ Predicts a partner to each particle of SM.

k @ Dark matter candidate;
@ Solves naturalness problem.




In the search for New Physics

@ High Energy Physics (colliders)

@ Still no sign of New Physics.

J

@ Low-energy observables

“ Muon magnetic moment.

http://muon-g-2.fnal.gov/
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® Basicidea

HB — _Eﬁ

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

| —2)

@ Dirac:g = 2 (g
(I a,, =

@ Quantum Field Theory: g =2 + --- a 2
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@ Theory (Standard Model)
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@ Theory (Standard Model)

< e e ]

11658471.8 682.5 (

Thanks to D. Stéckinger

af* = (11659 180.8 £ 3.6) x 1010

“Muon g-2 Theory Initiative”
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@ Experiment

@ E821 BNL
@ Final result in 2004

a’*P = (11659208.9+6.3)x 10710

Phys. Rev. Lett. 92, 161802 (2004)
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@ Theory X Experiment

af* = (11659 180.8+3.6) x 1071°

a, "’ = (11659208.9+6.3)x1071°
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@ Theory X Experiment
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@ Theory X Experiment
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Increase precision

http://muon-g-2.fnal.gov/
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@ Beyond Standard Model:

@ Radiative corrections

al f Y] Ll S d
M ISP S T MoV A] S X* XT s

Phys.Rept. 477 (2009) 1-110

@ Complementary information to direct searches (LHC)
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@ Beyond Standard Model:
9@ SUSY
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@ Beyond Standard Model:

9

SUSY
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@ Beyond Standard Model:
9@ SUSY

\

Other scenarios ) Ex: extensions to the scalar sector

Ls = (Dué1) (D" ¢1) + (Dup2) (D ¢2) — V(1. ¢2)

2HDM J \

Invariant under CP
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@ Beyond Standard Model : 2HDM

© More loops

N\

Higher Precision

Complete two-loop prediction

Leading order (one-loop suppressed by mﬁ/mlzq)
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@ Beyond Standard Model : 2HDM

V7' = Spa + Cpaty
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@ Beyond Standard Model : 2HDM

S:h H A H*
_n2
tanf = s

Flavour-aligned: ¢, ¢, &4

Constraints

B-physics;

Tau decay;

Z > 1T

Collider;
Theoretical;

S, T, U parameters.
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@ Beyond Standard Model : 2HDM

© Tau loop Constraints
e B-physics;

e |Tau decay;
 |Z > 1T

* Collider;

* Theoretical;
* S, T, Uparameters.

S:h, H A, |H*

Flavour-aligned: ¢, £,,, €4
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@ Beyond Standard Model : 2HDM

9 )
Lefp Lospe Constraints

* |B-physics;
e Tau decay;
e 7 - 1T

* Collider;

* Theoretical;

* S, T, U parameters.

S:h,|H, A H*

Flavour-aligned: ¢, €,/ €4
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@ Beyond Standard Model : 2HDM

© Bosonic Constraints
e B-physics;

* Tau decay;
e 7 > TT:

* [Collider;

* |Theoretical;
* S, T, Uparameters.

S:h,|H|A, H*

Flavour-aligned: ¢/ ¢, €4
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@ Beyond Standard Model : 2HDM
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Precision Frontier

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

At tree level
i , . 1 1 , 1 _
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Precision Frontier

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

At tree level sy Richer vaccum possibilities

N

Two coexisting minima

(1) = iz (31) (p2) = \/% (1?2)



Precision Frontier

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

At tree level sy Richer vaccum possibilities
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Precision Frontier

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

At tree level sy Straightforward to find global minimun
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Precision Frontier

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

Adding one-loop

_ . _ 2
V =Vy+Vy _ QZCN& %( Lf( )%)
12



Precision Frontier

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

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

Adding one-loop  mmsss)  NO straightforward way to find global minimun
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Precision Frontier

@ High Energy Physics

l

Precision calculations

!

@ Low-energy observables

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



Precision Frontier

@ More loops
7% 5 @ /@ B (53 7

More efficient algorithms Phys.Rev.Lett. 109 (2012) 111808

|L’ New regularization techniques



Precision Frontier

@ New regularization techniques:
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@ New regularization techniques:

@ Implicit Regularization

O. A. BATTISTEL, A. L. MOTA, and M. C. NEMES, Mod. Phys. Lett. A 13, 1597 (1998). DOI:
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From the study of well-known divergent amplitudes we deduce three consistency conditions which are necessary and sufficient to
climinate ambiguities and symmetry violations. The conditions relate divergent integrals of the same degree of divergence and are
automatically satisfied within the context of dimensional regularization. We show how the deduced consistency conditions can be
satisfied in four-dimensional regularizations. An important conclusion of the present study is the possibility of working with 4-D
regularization schemes which preserve the virtues of dimensional regularization avaiding, however, its restrictions.

PHYSICAL REVIEW D 87, 065011 (2013) PHYSICAL REVIEW D 86, 025016 (2012)

(Un)determined finite regularization-dependent quantum corrections: The Higgs boson decay M ine tnvariance in F i .
into two photons and the two-photon scattering examples Momentum routing invariance in Feynman diagrams and quantum sy

mmetry breakings
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We investigate the appearance of arbitrary, regularization-dependent parameters introduced by diver- We illustrate with examples that quantum symmetry breakings in perturbation theory are connected to
gent integrals in two a priori finite but superficially divergent amplitudes: the Higgs decay into two breakdown of momentum routing invariance (MRI) in the loops of a Feynman diagram. We show that
photons and the two-photon ring. We use a general parametrization of ultraviolet divergences which o . . &

. P lag, Weuo R gomrh' p YIDIeR crocpcaces Wik MRI is a necessary and sufficient condition to preserve Abelian gauge symmetry at arbitrary loop order.
makes explicit such ambiguities. Thus we scparate in a consistent way using implicit regularization the z s SRR 3 5 3 S

divergent, finite, and regularization-dependent parts of the amplitudes which in turm are written as surface We adopt the implicit regularization framework in which surface terms that are directly connected to
terms. We find tha, although finite, these amplitudes are ambiguous before the imposition of physical momentum routing can be constructed to arbitrary loop order. The interplay between momentum routing
conditions. namely, momentum routing invariance in the loops of Feynman diagrams. In the examples we invariance, surface terms and anomalies is discussed. We also illustrate that MRI is important to preserve
study, momentum routing invariance wms out 1o be equivalent 1o gauge invariance. We also discuss the
results obtained by different regularizations and show how they can be reproduced within our framework
allowing for a clear view on the origin of regularization ambiguities.

or theories with poor symmetry content, such as scalar field theories, MR is shown to be

supersymmetry
important in the calculation of renormalization group functions.

DOL: 10.1103/PhysRevD.86.025016 PACS numbers: 11.10Gh, 11.15.Bt, 11.30Qc

PACS numbers: 11.10.Gh, 1340Hg, 14508
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@ New regularization techniques:
@ Implicit Regularization
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Vol. 26, No. 15 (2011) 2501-2635
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SYSTEMATIC IMPLEMENTATION OF . _ . .
MULTILOOP FEYNMAN DIAGRAMS Satisfies Lorentz invariance,
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Implicit Regularization (IReg) is a candidate to become an invariant framework in
momentum space to perform Feynman diagram calculations to arbitrary loop order.
In this work we present a systematic implementation of our method that antomatically
displays the terms to be subtracted by Bogoliubov's recursion formula. Therefore, we
achieve a twofold objective: we show that the IReg program respects unitarity, locality
and Lorentz invariance and we show that our method is consistent since we are able
to display the divergent content of a multiloop amplitude in a well-defined set of basic
divergent integrals in one-loop momentum only which is the essence of IReg. Moreover,
we conjecture that momentum routing invariance in the loops, which has been shown
to be connected with gauge symmetry, is a fundamental symmetry of any Feynman
diagram in a renormalizable quantum field theory.
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@ New regularization techniques :

\

Efficiency in the identification and removal of divergences.

p p

=) Divergent Part + Finite Part

/dﬁk 1 1
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@ New regularization techniques :

\

Efficiency in the identification and removal of divergences

l

Allows numerical implementation
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@ Example of NLO observable with IReg

eTe” - qq (9)

/
\ N ,

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

Ultraviolet Infrared
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@ Example of NLO observable with IReg
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Precision Frontier

@ Example of NLO observable with IReg
NIV
\ A\

[ d*k ﬁ(qu)yv(k + Pq_)}/,u,(k — Pf?))/u”(ﬁf})
(2)* k2(k + pg)*(k — pg)*

|-/Mtot|2 =

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




Precision Frontier

@ Example of NLO observable with IReg

d*k g}(}_}q)}/”(k + Pq V,u(k - Pf})]/u”(}?f})
(2m)* k> (k + Pq)’ )2 (k — pq

@ Perform Dirac algebra in 4D;
@ Add p? in propagators;

@ Use
] ] (—1_)(;}2—2[)-!()

3 - +
(k—p)>—p?> (k2 —p? (k2= D[k — p)? — 12l




Precision Frontier

@ Example of NLO observable with IReg

d*k g}(}_}q)y”(k + Pq V,u(k - P‘,})VUH(}?@)
(2m)* k> (k + Pq)’ )2 (k — pq

@ Perform Dirac algebra in 4D;

@ Add p? in propagators; JA kY.L kYN

(2:,.?)4 (kz _ MZ)N%—E

@ |[solate UV divergences as Ilolg N (,u,?‘) —

@ Infrared divergences appear, after integration, as logarithms in 2.



Precision Frontier

@ Example of NLO observable with IReg

d*k u(pg)y K=+ p)vuk = piyvu(pg)
(2m)* k>(k + pg)*(k — pg)?

\

v O In%(po) 3
J[(RE}G = J(O}(E)CF[ — T T3 In(ze)

9
i

po=p*/s s =(pq+pg)’ =2pq P




Precision Frontier

@ Example of NLO observable with IReg

>4< | >_<é >_g@>
I

n | U/' Ak b/' d k>
(9] . = —
KEO T 0s | (27)3 2w, (277)3 2w

d k3
(27)32ws3

0 -
X M](R]gG (qqg)

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

2m)* W (g — ky — ko — k3)




Precision Frontier

@ Example of NLO observable with IReg

o | Ak d*ks
9] L = —
REC T 0 (277)3 2w (277)3 29
d>k3

4¢(4)
S, 28 @~k =k = k)

0 -
X M](R]gG (qqg)

@ Add mass u to quark and gluon;

@ Infrared divergences appear, after integration, as logarithms in p?.
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@ Example of NLO observable with IReg

o | Ak d*k>
a . = —
REC T 0 (277)3 2w (277)3 29
d>k3

45(4)
37 20 (2)76%(q — k1 — ko — k3)

0 _
X Mis(qqg),

\ () _ (0)(cf_s)cp

In%(120) 31 +17 xﬂ+0(
X 5 +2n(;uo) 1 5 J40)



Precision Frontier

@ Example of NLO observable with IReg

\ ./

Q2 Nr_’.‘ 84
0 dq
2 M = ( ) + U[REL + GlgE)c.l;Lo—}O = (4}1’)

JeEpe]
B
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