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A 30-years way through science (and more)

85 common publications [SPIRES], average citations: 195

the standard way the supersymmetric way

precision observables precision observables

Higgs bosons



the common root

Physikalisches Institut, Universität Würzburg (until 1978)



common thesis adviser

Manfred Böhm at Würzburg University

many students, among others

Peter Becher (1975)

Wolfgang Hollik (1979)

Hubert Spiesberger (1984)

Ansgar Denner (1986)

Thomas Sack (1988)

Stefan Dittmaier (1993)

Georg Weiglein (1994)

Thomas Hahn (1996)

. . .



Georg’s thesis

basis for 2-loop self energies

• algebraic reduction of tensor integrals

• tool for practical calculations: TwoCalc
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numerical evaluation via 1-dim. integral representions

Stefan Bauberger, thesis

also for 1-loop N-point integrals with self-energy insertion



precision calculation environment in the mid 1990s

Standard Model

EW precision observables

complete 1-loop calculations

+ leading 2-loop terms

no full 2-loop calculation

but

needed by exp. accuracy

Supersymmetric model (MSSM)

EW precision observables

complete 1-loop calculations

Higgs bosons h,H,A,H±

Mh < MZ at tree level

+∆Mh shift by 1-loop terms

complete 1-loop calculations

for Higgs mass spectrum

2-loop calculations ‘in statu nascendi’



Fermi constant and W−Z mass correlation

sin2 θW = 1−
M2

W

M2
Z

, GF√
2
= πα

2M2
W

sin2 θW

(

1 +∆r
)

Z resonance observables

e+e− → ff̄

Z

e+

e- f

f

effective Z boson couplings with higher-order ∆gV,A

gfV → gfV +∆gfV , gfA → gfA +∆gfA



triggered by LEPEWWG

updated codes for

precision observables

systematic estimate

of theoretical errors

⇒ “blueband plot”

but: no full 2-loop calculation yet



Institut für Theoretische Physik, Karlsruhe

1995: Georg joined the Institute (coming from Bielefeld)

strong enhancement of the upcoming two-loop activities

until 2000/2001: significant work at the two-loop level

(SM and MSSM)

some names from that period:

Abdelhak Djouadi, Postdoc

Jose Ignacio Illana, Postdoc

Thomas Hahn, Postdoc

Sven Heinemeyer, PhD Student

Dominik Stöckinger, PhD Student

Ayres Freitas, Diploma Student

Heidi Rzehak, Diploma Student

. . .





KLOE Workshop 1996 “Hadronic Contribution to Photon Vacuum Polarization”



the SM two-loop race

Status: one-loop + dominant ho. contributions to ∆r

∆r = ∆α− c2w
s2w

∆ρ+∆rrem

∆α = Πγ
ferm(M

2
Z)−Πγ

ferm(0) → α(MZ) =
α

1−∆α

∆ρ = ΣZ(0)
M2

Z

− ΣW (0)
M2

W

= 3GFm2
t

8π2
√
2

[one-loop] ∼ m2
t

v2
∼ αt

beyond one-loop order: ∼ α2, ααt, α
2
t , α

2αt, αα
2
t , α

3
t , . . .

reducible higher order terms from ∆α and ∆ρ via

1 +∆r →
1

(

1−∆α
)(

1 + c2w
s2w

∆ρ
)

+ · · ·



towards a full two-loop calculation

=⇒ diploma thesis of Ayres Freitas
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2-loop fermionic diagrams



14 December 2000

Physics Letters B 495 (2000) 338–346
www.elsevier.nl/locate/npe

Complete fermionic two-loop results for theMW–MZ
interdependence

A. Freitas a, W. Hollik b, W. Walter b, G. Weiglein c,∗
a DESY Theorie, Notkestr. 85, D-22603 Hamburg, Germany

b Institut für Theoretische Physik, Universität Karlsruhe, D-76128 Karlsruhe, Germany
c CERN, TH Division, CH-1211 Geneva 23, Switzerland

Received 11 July 2000; received in revised form 20 October 2000; accepted 24 October 2000

fermionic two-loop contributions (dominating)

Freitas, WH, Walter, Weiglein 2000

Awramik, Czakon 2003

bosonic two-loop contributions

Awramik, Czakon 2002

Onishchenko, Veretin 2002

simple parametrization for practical use (widely used in global fits)

Awramik, Czakon, Freitas, Weiglein 2003



Numerical evaluation

∆r = ∆r(α) +∆r(α
2) +∆r(ααs) +∆r(αα

2
s) +∆r(αα

3
s) +∆r(α

2αs) +∆r(α
3)

(in units of 10−4)

O(α) O(α2) O(ααs) O(αα2
s) O(αα3

s) O(α2αs) O(α3)

302.36 28.93 34.67 6.97 1.22 −1.44 −0.13

MZ = 91.1876, mt = 172.76, MH = 125.09 (in GeV )

αs(MZ) = 0.1179, ∆α
(5)
had = 0.02766

∆r =⇒ MW (mt,MH ,αs,∆α)

reference value 2023 [Bagnaschi et al.]

MW = 80.353GeV

MS-scheme [Degrassi, Gambino, Giardino]

MW = 80.351GeV



precision observables in SUSY

Grifols, Solá 1985

Chankowski, Dabelstein, WH, Moesle, Pokorski, Rosiek 1994

Garcia, Solá 1994

Pierce, Bagger, Matchev, Zhang 1997

Djouadi, Gambino, Heinemeyer, WH, Weiglein 1997, 1998

two-loop ∆ρsusy ∼ αsαt

Hastier, Heinemeyer, Stöckinger, Weiglein 2005

two-loop ∆ρsusy ∼ α2
t ,αtαb,α

2
b

Heinemeyer, WH, Stöckinger, Weber, Weiglein 2006 MW ,∆r

Heinemeyer, WH, Weber, Weiglein 2008 Z observables

Heinemeyer, WH, Weiglein, Zeune 2013

MW and ∆r in view of LHC results



SUSY Precision Observables Precisely Evaluated

Fortran Code SUSYPOPE [A. Weber, PhD thesis, Munich 2008]



VOLUME 78, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 12 MAY 1997

Supersymmetric Contributions to Electroweak Precision Observables: QCD Corrections

A. Djouadi,1,2 P. Gambino,3 S. Heinemeyer,2 W. Hollik,2 C. Jünger,2 and G. Weiglein2

1Physique Mathématique et Théorique, Université de Montpellier II, F-34095 Montpellier Cedex 5, France
2Institut für Theoretische Physik, Universität Karlsruhe, D-76128 Karlsruhe, Germany

3Max-Planck Institut für Physik, Werner Heisenberg Institut, D-80805 Munich, Germany
(Received 16 December 1996)

We calculate the two-loop QCD correction to the scalar quark contributions to the electroweak gauge-
boson self-energies at zero momentum transfer in the supersymmetric extension of the standard model
(SM) and derive the associated O !as" correction to the r parameter. The two-loop corrections modify
the one-loop contribution by up to 30%; the gluino decouples for large masses. Contrary to the SM case
where the QCD corrections are negative and screen the one-loop value, the corresponding corrections in
the supersymmetric case are in general positive, increasing the sensitivity in the search for scalar quarks
through their virtual effects in high-precision electroweak observables. [S0031-9007(97)03176-1]

PACS numbers: 12.15.Lk, 12.38.Bx, 12.60.Jv

FIG. 2. Typical Feynman diagrams for the contribution of
first paper of Georg on a SUSY precision calculation



Supersymmetric Contributions to Electroweak
Precision Observables: QCD Corrections

A. Djouadi1,2, P. Gambino3, W. Hollik2, A. Rialfoni2, C. Jünger2, and G. Weiglein2
1Physique Mathématique et Théorique, Université de Montpellier II, F–34095 Montpellier, France

2Institut für Theoretische Physik, Universität Karlsruhe, D–76128 Karlsruhe, Germany
3Max-Planck-Institut für Physik, Föhringer Ring 6, D–80805 München, Germany

We calculate the two–loop QCD correction to the scalar quark contributions to the electroweak
gauge boson self–energies at zero momentum–transfer in the supersymmetric extension of the
Standard Model. We then derive the O(αs) correction to the contribution of the scalar top and
bottom quark loops to the ρ parameter, which is the most sizable supersymmetric contribution
to the electroweak mixing angle and the W –boson mass. The two–loop corrections modify the
one–loop contribution by up to 30%; the gluino decouples for large masses. Contrary to the
SM case where the QCD corrections are negative and screen the one–loop value, the corre-
sponding corrections in the supersymmetric case are in general positive, increasing the sensitivity
in the search for scalar quarks through their virtual effects in high–precision electroweak observables.
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Review on recent achievements for

MW and Z precision observables

in the MSSM

took quite a few years from signing

the agreement with the editor

to the final manuscript



ceremony at RESTAURANTE DEL PUERTO, Santander
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CDF result 2022 [Science 276 (2022)]

references therein]. Many of these hypotheses

include a source of dark matter, which is cur-

rently believed to comprise ~84% of the matter

in the universe (10) but cannot be accounted

for in the SM. Evidence for dark matter is pro-

vided by the abnormally high speeds of revo-

lution of stars at large radii in galaxies, the

velocities of galaxies in galaxy clusters, x-ray

emissions sensing the temperature of hot gas

in galaxy clusters, and the weak gravitational

lensing of background galaxies by clusters

[(13, 14) and references therein]. The additional

symmetries and fields in these extensions to

the SM would modify (15–24) the estimated

mass of theW boson (Fig. 1) relative to the SM

expectation (10) of MW ¼ 80;357 T 4inputs T

4theory MeV (25). The SM expectation is de-

rived from a combination of analytical rela-

tions from perturbative expansions on the basis

of the internal symmetries of the theory and a

set of high-precision measurements of observ-

ables, including the Z and Higgs boson masses,

the top-quark mass, the electromagnetic (EM)

coupling, and themuon lifetime,which are used

as inputs to the analytical relations. The un-

certainties in the SM expectation arise from

uncertainties in the data-constrained input

parameters (10) and from missing higher-

order terms in the perturbative SM calculation

(26, 27). An example of a nonsupersymmetric

SM extension is a modified Higgs sector that

includes an additional scalar field with no SM

gauge interactions, which predicts anMW shift

of up to ~100MeV (17), depending on themass

of the additional scalar particle and its inter-

photons” (19), restoration of parity conserva-

tion in the weak interaction (20), the possi-

ble composite nature of the Higgs boson (21),

and model-independent modifications of the

Higgs boson’s interactions (22–24) have also

been evaluated.

Previous analyses (28–44) yield a value of

MW ¼ 80;385 T 15 MeV (45) from the combi-

nation of LargeElectron-Positron (LEP) collider

and Fermilab Tevatron collider measurements.

The ATLAS Collaboration has recently re-

portedameasurement, MW ¼ 80;370 T 19MeV

(46, 47), that is comparable in precision to the

Tevatron results. TheLEP, Tevatron, andATLAS

measurements have not yet been combined,

pending evaluation of uncertainty correlations.

CDF experiment at Tevatron

The Fermilab Tevatron produced high yields

ofW bosons from 2002 to 2011 through quark-

antiquark annihilation in collisions of protons

(p) and antiprotons (!p ) at a center-of-mass

Fig. 1. Experimental

measurements and

theoretical predictions

for the W boson mass.

The red continuous ellipse

shows the MW measurement

reported in this paper and

the global combination of top-

quark mass measurements,

mt ¼ 172:89 T 0:59 GeV (10).

The correlation between the

MW and mt measurements is

negligible. The gray dashed

ellipse, updated (16) from

(15), shows the 68% confi-

dence level (CL) region

allowed by the previous

LEP-Tevatron combination

MW ¼ 80;385 T 15 MeV (45)

and mt (10). That combina-

tion includes the MW mea-

surement published by CDF in

2012 (41, 43), which this
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SUSY Higgs bosons - or how Georg came to the Higgs
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• light Higgs boson h0

mh ≤ mZ| cos(2β)|+∆mh0

∆mh0 shift up to 50 GeV

at 1-loop order
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PhD thesis of Andreas Dabelstein

full one-loop calculation of h0, H0 masses vs A0 mass

on-shell renormalization scheme



Andreas Dabelstein Thomas Sack



PhD thesis of Andreas Dabelstein

full one-loop calculation of h0, H0 masses vs A0 mass

on-shell renormalization scheme

next step: calculation of the leading two-loop terms (QCD corrections)

⇒ PhD thesis of Sven Heinemeyer, starting in fall 1994

Georg came a year later, close cooperation on the project

⇒ Phys. Rev. D 58 (1998)



19 November 1998

Ž .Physics Letters B 440 1998 296–304

Precise prediction for the mass of the lightest Higgs boson
in the MSSM

S. Heinemeyer, W. Hollik, G. Weiglein
Institut fur Theoretische Physik, UniÕersitat Karlsruhe, D-76128 Karlsruhe, Germany¨ ¨

Received 24 July 1998
Editor: P.V. Landshoff

combines complete 1-loop calculation of [Andreas Dabelstein]

with leading 2-loop contributions

• diagrammatic 2-loop O(αtαs) [Heinemeyer, WH, Weiglein 1998]

• EFT 2-loop O(αt
2) from [Carena, Quiros, Wagner 1996]

[later replaced by those of Brignole, Degrassi, Slavich, Zwirner 2001]
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differences to RG at 2-loop [Carena, Quiros, Wagner; Haber, Hempfling, Hoang]

• shift in location and height of maxima

• asymmetry between +MLR
t and −MLR

t



common effort to identify origin of differences

Nuclear Physics B
www.elsevier.nl

Reconciling the two
and effective
of the lightest CP

M. a,b, H.E. Haber c, S. Heinemeyer d, W. Hollik e,
b,f,g, G. Weiglein b,∗

a

differences are induced by

non-logarithmic 2-loop terms (threshold corrections)

conversion on-shell ←→ MS parameters

2nd paper of the new millenium on arXiv







including more 2-loop contributions [Pietro Slavich . . . 2001,2002]

• from effective potential O(α2
t ,αbαs,αbαt)

in further course:

• with CP violation [Heidi Rzehak, Thomas Hahn, Sebastian Paßer]

• professional computing [Thomas Hahn]

new version in Computer Phys. Comm. (2009)

• resummation of large logs by means of RGE [Henning Bahl]

combining fixed-order and EFT methods ⇒ hybrid calculation



Computer Physics Communications 249 (2020) 107099

Contents lists available at ScienceDirect

Computer Physics Communications

journal homepage: www.elsevier.com/locate/cpc

CPC 50th anniversary article

Precision calculations in theMSSMHiggs-boson sector with FeynHiggs
2.14✩,✩✩

H. Bahl a,b,∗, T. Hahn b, S. Heinemeyer c,d,e, W. Hollik b, S. Paßehr f, H. Rzehak g, G. Weiglein a

a DESY, Notkestraße 85, D–22607 Hamburg, Germany
b Max-Planck-Institut für Physik, Föhringer Ring 6, D–80805 Munich, Germany
c Instituto de Física Teórica, Universidad Autónoma de Madrid Cantoblanco, 28049 Madrid, Spain
d Campus of International Excellence UAM+CSIC, Cantoblanco, 28049, Madrid, Spain
e Instituto de Física de Cantabria (CSIC-UC), E–39005 Santander, Spain
f Sorbonne Université, CNRS, Laboratoire de Physique Théorique et Hautes Énergies (LPTHE), 4 Place Jussieu, F–75252 Paris CEDEX 05, France
g CP3-Origins, University of Southern Denmark, Odense, Denmark
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Eur. Phys. J. C (2021) 81:450

https://doi.org/10.1140/epjc/s10052-021-09198-2

Review

Higgs-mass predictions in the MSSM and beyond

P. Slavich1,a, S. Heinemeyer2,3,4, E. Bagnaschi5, H. Bahl6, M. Goodsell1, H. E. Haber7, T. Hahn8, R. Harlander9,

W. Hollik8, G. Lee10,11,12, M. Mühlleitner13, S. Paßehr9, H. Rzehak14, D. Stöckinger15, A. Voigt16,

C. E. M. Wagner17,18,19, G. Weiglein6, B. C. Allanach20, T. Biekötter6, S. Borowka21, J. Braathen6, M. Carena18,19,22,

T. N. Dao23, G. Degrassi24, F. Domingo25, P. Drechsel6, U. Ellwanger26, M. Gabelmann13, R. Gröber27, J. Klappert9,

T. Kwasnitza15, D. Meuser6, L. Mihaila28, N. Murphy29, K. Nickel25, W. Porod30, E. A. Reyes Rojas31, I. Sobolev6,

F. Staub13
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this report reflects the current state of the art



there is a lot more common activities and events

conference series LOOPS and LEGS

Linear Collider Workshops

European Networks HEPTOOLS, HIGGSTOOLS, . . .

Higgs Days at Santander

annual meeting at the MPI for Physics

(week before Christmas)

and many more . . .



Loops and Legs 2014

Weimar



there is a lot more common activities and events

conference series LOOPS and LEGS

Linear Collider Workshops

European Networks HEPTOOLS, HIGGSTOOLS, . . .

Higgs Days at Santander

annual meeting at the MPI for Physics

(week before Christmas)

and many more . . .



Happy Birthday

Georg !


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

