
Georg Weiglein,           

DESY & UHH, 03 / 2023
Where is SUSY?



Where is SUSY?, Georg Weiglein, Herbi-Fest: Pursuing Physics Beyond the Standard Model, Bonn, 03 / 2023
2

Introduction: many open questions of particle physics

Discovered Higgs boson: what is the underlying physics?                                  
We have a description of the known particles and their        
interactions, but we do not know the underlying dynamics


``Hierarchy problem’’: the puzzle of the Higgs mass, MH ≈ 125 GeV                                                
All other elementary particle masses are ``protected’’ from physics at 
much higher scales (gravity, …) by known symmetries.                    
But what protects MH? 


Explanation for the imbalance between matter and anti-matter in the 
universe?


Connection to dark matter and dark energy and to the phase of 
inflation in the early universe?
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• Nature of the ``dark sector’’ of the universe?


• Origin of the observed patterns of flavour (quarks, neutrino physics)?


• How is gravity related to the quantum world? Quantum structure of 
space-time? Are there more than three dimensions of space?


• Unification of the fundamental interactions of nature?


• …
3

Many open questions of particle physics

Strong motivation for BSM physics ⇒
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Particularly attractive possibility addressing many of 
the open questions: supersymmetry (SUSY)

4

Supersymmetry (SUSY)

Supersymmetry: fermion ←→ boson symmetry,
leads to compensation of large quantum corrections

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 10



Where is SUSY?, Georg Weiglein, Herbi-Fest: Pursuing Physics Beyond the Standard Model, Bonn, 03 / 2023

The minimal supersymmetric extension of the 
Standard Model (MSSM)

5

The Minimal Supersymmetric Standard Model

(MSSM)

Superpartners for Standard Model particles:
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Two Higgs doublets, physical states: h0, H0, A0, H±

General parametrisation of possible SUSY-breaking terms
⇒ free parameters, no prediction for SUSY mass scale

Hierarchy problem ⇒ expect observable effects at TeV scale
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 17

How does SUSY breaking work?

Exact SUSY ⇔ me = mẽ, . . .

⇒ SUSY can only be realised as a broken symmetry

MSSM: no particular SUSY breaking mechanism assumed,
parameterisation of possible soft SUSY-breaking terms

⇒ relations between dimensionless couplings unchanged

⇒ cancellation of large quantum corrections preserved

Most general case: 105 new parameters

Strong phenomenological constraints on flavour off-diagonal
and CP-violating SUSY-breaking terms

⇒ Good phenomenological description for universal
SUSY-breaking terms (≈ diagonal in flavour space)

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 18

(a) Ella. (b) Heike and Herbi outside an Italian wedding in Verona.

Ella and Charlotte in the center in their drawing class in Tuscania.

as the “Spaziergänger” (leisurely walkers) were passing him. He now goes for daily long
walks. My mom continues her numerous ‘Kaffee & Kuchen’ rounds with her remaining
friends. Together they flew to the States twice in 2013, to visit my sister and have the
next trip planned for June, for Noah’s high school graduation. Unfortunately these USA

5
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Supersymmetry (SUSY)

6

Supersymmetry (SUSY)

SUSY: unique possibility to connect space–time symmetry
(Lorentz invariance) with internal symmetries (gauge
invariance):

Unique extension of the Poincaré group of symmetries of
relativistic quantum field theories in 3 + 1 dimensions

Local SUSY includes gravity, called “supergravity”

Lightest superpartner (LSP) is stable if “R parity” is conserved

⇒ Candidate for cold dark matter in the Universe

Gauge coupling unification, MGUT ∼ 1016 GeV

neutrino masses: see-saw scale ∼ .01–.1MGUT
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 14
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SUSY: ``the book’’

7
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SUSY with R-parity violation

8

R parity
Most general gauge-invariant and renormalizable superpotential
with chiral superfields of the MSSM:

V = VMSSM +
1

2
λijkLiLjEk + λ′ijkLiQjDk + µ′iLiHu

︸ ︷︷ ︸
+

1

2
λ′′ijkUiDjDk

︸ ︷︷ ︸

violate lepton number violates baryon number

If both lepton and baryon number are violated
⇒ rapid proton decay

Minimal choice (MSSM) contains only terms in the Lagrangian with
even number of SUSY particles⇒ additional symmetry: “R parity”

⇒ all SM particles have even R parity, all SUSY particles have odd
R parity

Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.95
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SUSY with R-parity violation

R-parity violating SUSY has a very rich 
phenomenology


Herbi has 47 papers where R-parity 
violation appears in the title!

9
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SUSY with R-parity violationSUSY with R-parity violation
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Bounds on R-parity Violating Couplings at the Weak Scale and at the GUT Scale

B.C. Allanach
DAMTP, Silver St, Cambridge, CB3 9EW, UK

A. Dedes, H.K. Dreiner
Rutherford Appleton Laboratory, Chilton, Didcot, OX11 0QX, UK

We analyse bounds on trilinear R-parity violating couplings at the unification scale by renormalising
the weak scale bounds. We derive unification scale upper bounds upon the couplings which are
broadly independent of the fermion mass texture assumed. The R-parity violating couplings are
factors of two to five more severely bounded at the unification scale than at the electroweak scale. In
the presence of quark mixing, a few of the bounds are orders of magnitude stronger than their weak
scale counterparts due to new R-parity violating operators being induced in the renormalisation
between high and low scales. These induced bounds are fermion mass texture dependent. New
bounds upon the weak scale couplings are obtained by the requirement of perturbativity between
the weak and unification scales. A comprehensive set of the latest limits is included.

I. INTRODUCTION

When constructing the most general supersymmetric
version of the Standard Model (SM) there are baryon-
and lepton-number violating operators in the superpo-
tential. These lead to rapid proton decay in disagree-
ment with the strict experimental bounds [1]. There-
fore, an extra symmetry beyond the SM gauge symme-
try, GSM = SU(3) × SU(2) × U(1), must be imposed
to protect the proton. In most cases the discrete mul-
tiplicative symmetry, R-parity (Rp) [2], is chosen. This
prohibits all baryon- and lepton-number violating opera-
tors with mass dimension less or equal to four and leads
to the minimal set of couplings consistent with the data.
The resulting model is denoted the minimal supersym-
metric standard model (MSSM) [3]. However, the choice
of Rp is ad hoc. There are other symmetries which are
theoretically equally well motivated [4] and which also
prohibit rapid proton decay, e.g. both baryon-parity and
lepton-parity. Baryon-parity even prohibits the danger-
ous dimension five operators [5]. For both baryon- and
lepton-parity, Rp is violated (/Rp).
There is at present no direct experimental evidence for

supersymmetry and in particular no evidence for Rp or /Rp

[1]. Theoretical models are our best guide. Ultimately we
expect the weak-scale theory to be embedded in a more
fundamental unified theory formulated at a significantly
higher energy scale which should also be the origin of Rp

or /Rp. There is an extensive list of models with Rp [6].
However, /Rp grand unified models have been constructed
for the gauge groups SU(5) [7–11], SU(5)×U(1) [12,8,9],
E6 [13] and SO(10) [8], as well, and there are also string
models of /Rp [14]. At present no model is clearly pre-
ferred.
GUTs typically make predictions for ratios of Yukawa

couplings, e.g. mb/mτ [15]. If the GUT is extended to
include a family symmetry for example via the Frogatt-
Nielsen mechanism [16] a prediction is obtained for the
order of magnitude of the Higgs Yukawa couplings. Since
the quantum numbers are fixed, these predictions can be
extended to the /Rp-Yukawa couplings, see for example
[17–19]. In string theories the Yukawa couplings are also
in principle calculable.
When constructing an /Rp model at high energy, it is es-

sential that it is consistent with all experimental bounds
on baryon- and lepton-number violation. There are em-
pirical bounds on all of the /Rp-Yukawa couplings [20–23],
some of which are quite strict. However, these bounds
are all determined at the weak-scale. They can therefore
not be directly compared to the predictions of the unified
models, which are at the GUT-scale (MGUT ) or higher.
There are at present no bounds for /Rp-couplings at the
GUT scale. In order to compare the unification predic-
tions with the data we must employ the renormalization
group equations (RGEs) for the /Rp-Yukawa couplings.
These equations have recently been given up to two-loop
order with the full /Rp flavour structure in [24]. The effect
of running the couplings from the weak-scale to the GUT
scale can be substantial [25,24].
It is the purpose of this letter to first update the weak-

scale bounds on /Rp-couplings and then to translate these
bounds in a model independent way into GUT scale
bounds.∗ For this we employ the full one-loop RGEs

∗We do not discuss the bounds on the bilinear coupling of the
superpotential term κiLiH2, since this analysis needs knowl-
edge of the µ parameter possibly combined with the radiative
electroweak symmetry breaking scenario, and we postpone it
to a forthcoming article.

1
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ChatGPT:

11
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ChatGPT:
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Where is SUSY — nowhere?

13
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Where is SUSY — nowhere?
This is of course a valid possibility, but in comparison with other 
possible BSM scenarios SUSY offers various attractive features


Currently often EFT analyses are performed instead of analyses in 
specific models; these analyses so far have not provided clear hints 
towards certain classes of BSM scenarios


Direct SUSY searches: often performed in ``simplified models’’           
LHC: strong limits on coloured SUSY particles, electroweak SUSY 
particles can be much lighter


Indirect constraints from electroweak precision observables, etc.: as 
a renormalisable theory, SUSY can be thoroughly tested (see below) 


The mass of the SM-like Higgs boson is a prediction in SUSY, while 
it is a free parameter in the SM 14
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Where is SUSY — at very high scales?
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Where is SUSY — at very high scales?

High-scale SUSY: how to match to the SM?


SM cannot be matched to the MSSM if the scale of the MSSM 
particles is above about 1011 GeV  [G. Giudice, A. Strumia ’12]  

2HDM with and without light higgsinos / gauginos matched to the 
MSSM at high scale


Supersymmetric UV completion + stable vacuum + Higgs at 125 
GeV works for 2HDM as low-scale model and for 2HDM + light 
higgsinos 


Does not work for split SUSY case (light higgsinos and gauginos)

⇒
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2HDM + light higgsinos at low scale, other MSSM 
states at high scale

17
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Figure 3: Contours of the lightest Higgs mass Mh in the mA(Mt) – tan� plane for the case where

the spectrum at the electroweak scale consists of the THDM with higgsinos, with µ = 200 GeV, for

MS = 2 · 1014 GeV (top row) and MS = 2 · 1017 GeV (bottom row). The Higgs mass prediction is

computed for Mt = 173.34± 0.76 GeV (solid black, dashed green and dotted blue). Left: full range of

tan�, low mA(Mt); right: region of low tan�, large mA(Mt). Unshaded regions are allowed by vacuum

stability. In the orange region, the electroweak vacuum is unstable but its lifetime is larger than the

age of the universe. Red regions are excluded by vacuum stability. Grey regions are uncalculable

because perturbative control is lost.

14

[E. Bagnaschi, F. Brümmer, W. Buchmüller, A. Voigt, G. W. ’15]

Mt = 173.34 GeV Mt = 174.1 GeV Mt = 172.58 GeV

Figure 3: Contours of the lightest Higgs mass Mh in the mA(Mt) – tan� plane for the case where

the spectrum at the electroweak scale consists of the THDM with higgsinos, with µ = 200 GeV, for

MS = 2 · 1014 GeV (top row) and MS = 2 · 1017 GeV (bottom row). The Higgs mass prediction is

computed for Mt = 173.34± 0.76 GeV (solid black, dashed green and dotted blue). Left: full range of

tan�, low mA(Mt); right: region of low tan�, large mA(Mt). Unshaded regions are allowed by vacuum

stability. In the orange region, the electroweak vacuum is unstable but its lifetime is larger than the

age of the universe. Red regions are excluded by vacuum stability. Grey regions are uncalculable

because perturbative control is lost.
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unstable vacuum

meta-stable vacuum

stable vacuum

Mh

Stable or meta-stable vacuum possible for low tanβ and large MA⇒
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Figure 5: The SM-like Higgs boson mass Mh as a function of bXt. Left : The blue
curve represents the value of Mh computed in a single-scale scenario with
MSUSY = 10 TeV, t� = 8, all BSM mass terms set to MSUSY, and all tri-
linear couplings other than At set to zero. The gray points are obtained by
varying the mass parameters and trilinear couplings randomly in the range
[1/2MSUSY, 2MSUSY]. The orange band represents the value of the combined
ATLAS/CMS measurement for Mh together with its 1� uncertainty. Right :
Same as left but for the green curve MSUSY = 100 TeV and t� = 3.

This is illustrated in Fig. 4 showing Mh as a function of bXDR

t for t� = 20 (calculated
using FeynHiggs 2.18.1 [17–25]).6 In the left panel, all soft SUSY-breaking masses (as
well as the A boson mass MA and µ) are chosen to be equal to MSUSY which is set to
1 TeV (red), 10 TeV (blue), or 100 TeV (green). For the solid lines, mt̃L = mt̃R is set;
for the dashed lines, mt̃L = 0.5mt̃R .

For MSUSY = 1 TeV, Mh shows a quite strong dependence on bXDR

t varying between
⇠ 111 GeV and ⇠ 123 GeV within the given range of bXDR

t .7 Especially in light of
the already achieved experimental precision on Mh, this implies the potential for a
precise extraction of Xt (assuming further progress on the reduction of the theoretical
uncertainty in the prediction of Mh). Even if mt̃L = mt̃R is not assumed but e.g. mt̃L =

0.5mt̃R (dashed lines), the prediction for Mh only changes significantly for | bXt| & 2.5,
showing the robustness of the dependence of Mh on Xt. Even for very large SUSY
scales of 10 TeV (blue curves) or 100 TeV (green curves), Mh still exhibits a sizeable
dependence on bXt.

6
FeynHiggs computes Mh including full one-loop corrections as well as the leading two-loop correc-
tions in the limit of vanishing electroweak gauge couplings. Moreover, leading, next-to-leading, and
next-to-next-to-leading logarithms are resummed using an effective field theory approach. For the
numerical analysis, all trilinear coupling (except of At) are chosen to be zero. The stop sector is
renormalised in the DR scheme (see Section 4.4).

7Outside the range �3 . bXt . 3, colour-breaking minima can occur rendering this region in large
parts unphysical (see e.g. [26, 27]).

12

The Higgs-boson mass as a precision observable

High-precision measurement of the Higgs mass puts important 
constraints on BSM physics even if new physics scale is very high!

18

Example: Mh prediction for heavy SUSY (MSUSY = 100 TeV)

⇒

[H. Bahl, J. Braathen, 
G. W. ’22]

Xt : mixing in 
the scalar top 
sector= Xt /MSUSY

Mass parameters 
and trilinear 
couplings varied in 
[1/2 MSUSY, 2 MSUSY]
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Possible hints for light BSM particles:


• Electroweak precision observables, …


• Direct searches


• Global fits

19

Where is SUSY — maybe not that far away?
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The lightest SUSY particle might be very light!
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Abstract

Within the Minimal Supersymmetric Standard Model (MSSM) we systematically investigate the
bounds on the mass of the lightest neutralino. We allow for non-universal gaugino masses and
thus even consider massless neutralinos, while assuming in general that R-parity is conserved. Our
main focus is on laboratory constraints. We consider collider data, precision observables, and also
rare meson decays to very light neutralinos. We then discuss the astrophysical and cosmological
implications. We find that a massless neutralino is allowed by all existing experimental data and
astrophysical and cosmological observations.
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MasterCode: Global fit in the MSSM with 11 parameters
[E. Bagnaschi et al ’18, 19]

Best fit region and implications for collider and dark matter searches:

⇒ Dark matter constraint and (g-2)μ favour light ew particles, compressed spectra

Best fit points

68% / 95% 
C.L. contours

Compressed 
spectrum
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Figure 23. Higgs and sparticle spectrum for the pMSSM11 with and without the (g�2)µ constraint applied
(upper and lower panels, respectively). The values at the best-fit points are indicated by blue lines, the
68% CL ranges by orange bands, and the 95% CL ranges by yellow bands.
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Figure 6. Two-dimensional projections of the global likelihood function for the pMSSM11 in the
(m�̃±

1
, m�̃0

1
) planes (upper panels) and the (MA, tan �) planes (lower panels), including the (g � 2)µ

constraint (left panels) and dropping it (right panels).

ingly, when this constraint is not applied a priori
(green lines), whilst a very small SUSY contri-
bution to (g � 2)µ is preferred, a wide range of
values of (g � 2)µ are found to be allowed at the
��

2⇠ 2 level and the experimental value can be
accommodated at the 1.5-� level. Although the
other data certainly do not favour a large SUSY
contribution to (g � 2)µ, neither do they exclude
it.

4.2. Sparticle Masses

Squarks and gluinos
The profile likelihood functions for squarks and
gluinos are shown in Fig. 8. The left panel is
for mq̃, where we see that when the 13-TeV
LHC data and (g � 2)µ constraint are included
(solid blue line), there is a monotonic decrease
in �

2 as mq̃ increases, with mq̃ & 1.9 TeV at
the 95% CL (horizontal dotted line). This con-
straint is much stronger than that obtained with
8-TeV data alone (dashed blue and green lines):
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1
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1
, �

SI

p ) planes (lower panels). The plots
compare the regions of the pMSSM11 parameter space favoured at the 68% (red lines), 95% (blue lines)
and 99.7% CL (green lines) in a global fit including the LHC 13-TeV data and recent results from the
Xenon-based direct detection experiments LUX, XENON1T, and PandaX-II [3, 4, 6] (solid lines), and
omitting them (dashed lines).

21

Where are the new particles? Example: global SUSY fit
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The anomalous magnetic moment of the muon

22

3

FIG. 1. Feynman diagrams of representative SM contribu-
tions to the muon anomaly. From left to right: first-order
QED and weak processes, leading-order hadronic (H) vacuum
polarization and hadronic light-by-light contributions.

community published a comprehensive [12] SM predic-
tion [13] for the muon anomaly, finding aµ(SM) =
116 591 810(43)⇥ 10�11 (0.37 ppm). It is based on state-
of-the-art evaluations of the contributions from quan-
tum electrodynamics (QED) to tenth order [14, 15],
hadronic vacuum polarization [16–22], hadronic light-by-
light [11, 23–36], and electroweak processes [37–41].

The measurement of aµ has become increasingly pre-
cise through a series of innovations employed by three
experimental campaigns at CERN [42–44] and more re-
cently at Brookhaven (BNL E821) [45]. The BNL net
result, with its 0.54 ppm precision, is larger than aµ(SM)
by 3.7 standard deviations (�). While the electron mag-
netic anomaly has been measured to fractions of a part
per billion [46], the relative contribution of virtual heavy
particles in many cases scales as (mµ/me)2 ' 43, 000.
This is the case e.g. for the W and Z bosons of the SM
and many hypothetical new particles, and it gives the
muon anomaly a significant advantage when searching
for e↵ects of new heavy physics. Because the BNL re-
sult hints at physics not included in the SM, Experiment
E989 [47] at Fermilab was constructed to independently
confirm or refute that finding. In this paper, we report
our first result with a precision of 0.46 ppm. Separate pa-
pers provide analysis details on the muon precession [48],
the beam dynamics corrections [49], and the magnetic
field [50] determination.

EXPERIMENTAL METHOD

The experiment follows the BNL concept [45] and uses
the same 1.45T superconducting storage ring (SR) mag-
net [51], but it benefits from substantial improvements.
These include a 2.5 times improved magnetic field intrin-
sic uniformity, detailed beam storage simulations, and
state-of-the-art tracking, calorimetry, and field metrology
for the measurement of the beam properties, precession
frequency, and magnetic field [47].

The Fermilab Muon Campus delivers 16 highly po-
larized, 3.1GeV/c, ⇠120 ns long positive muon beam
bunches every 1.4 s into the SR. A fast pulsed-kicker mag-
net deflects the muon bunch into a 9-cm-diameter storage
aperture, resulting in ⇡ 5000 stored muons per fill. The

central orbit has a radius of R0 = 7.112m and the cy-
clotron period is 149.2 ns. Four sections of electrostatic
quadrupole (ESQ) plates provide weak focusing for ver-
tical confinement.
The muon spins precess in the magnetic field at a rate

greater than the cyclotron frequency. The anomalous
precession frequency [52] in the presence of the electric
~E and magnetic ~B fields of the SR is

~!a ⌘ ~!s � ~!c = � q

mµ

"
aµ

~B � aµ

✓
�

� + 1

◆
(~� · ~B)~�

�
✓
aµ � 1

�2 � 1

◆
~� ⇥ ~E

c

#
.

(1)

For horizontally circulating muons in a vertical magnetic
field, ~� · ~B = 0; this condition is approximately met in
our SR. At the muon central momentum p0, set such that
�µ =

p
(1 + 1/aµ) ⇡ 29.3, the third term vanishes.

In-vacuum straw tracker stations located at azimuthal
angle � = 180� and 270� with respect to the injec-
tion point provide nondestructive, time-in-fill dependent
beam profiles M(x, y,�, t) by extrapolation of decay
positron trajectories to their upstream radial tangency
points within the storage aperture [53]. These profiles
determine the betatron oscillation parameters necessary
for beam dynamics corrections and the precession data
fits discussed below.
Twenty-four calorimeters [54–56], each containing a

9⇥ 6 array of PbF2 crystals, detect the inward-spiraling
decay positrons. When a signal in a silicon photomul-
tiplier (SiPM) viewing any crystal exceeds ⇠ 50 MeV,
the data-acquisition system stores the 54 waveforms from
that calorimeter in a set time window around the event.
Decay positron hit times and energies are derived from
reconstruction of the waveforms.
The magnetic field is measured using pulsed proton

NMR, calibrated in terms of the equivalent precession
frequency !

0
p(Tr) of a proton shielded in a spherical sam-

ple of water at a reference temperature Tr = 34.7�C.
The magnetic field B is determined from the precession
frequency and shielded proton magnetic moment, µ0

p(Tr)
using ~!0

p = 2µ0
pB. The muon anomaly can then be ob-

tained from [57]

aµ =
!a

!̃0
p(Tr)

µ
0
p(Tr)

µe(H)

µe(H)

µe

mµ

me

ge

2
, (2)

where our collaboration measures the two quantities to
form the ratio

R
0

µ ⌘ !a

!̃0
p(Tr)

. (3)

The Run-1 data, collected in 2018, are grouped into
four subsets (a – d) that are distinguished by unique
kicker and ESQ voltage combinations. The ratio R0

µ can
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Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000
1a 229081.06(28) 61791871.2(7.1) 3.7073009(45)
1b 229081.40(24) 61791937.8(7.9) 3.7073024(38)
1c 229081.26(19) 61791845.4(7.7) 3.7073057(31)
1d 229081.23(16) 61792003.4(6.6) 3.7072957(26)
Run-1 3.7073003(17)

TABLE I. Run-1 group measurements of !a, !̃
0
p, and their

ratios R0
µ multiplied by 1000. See also Supplemental Mate-

rial [66].

COMPUTING aµ AND CONCLUSIONS

Table I lists the individual measurements of !a and
!̃
0
p, inclusive of all correction terms in Eq. 4, for the four

run groups, as well as their ratios, R0
µ (the latter multi-

plied by 1000). The measurements are largely uncorre-
lated because the run-group uncertainties are dominated
by the statistical uncertainty on !a. However, most sys-
tematic uncertainties for both !a and !̃

0
p measurements,

and hence for the ratios R0
µ, are fully correlated across

run groups. The net computed uncertainties (and cor-
rections) are listed in Table II. The fit of the four run-
group results has a �

2
/n.d.f. = 6.8/3, corresponding to

P (�2) = 7.8%; we consider the P (�2) to be a plausible
statistical outcome and not indicative of incorrectly esti-
mated uncertainties. The weighted-average value is R0

µ

= 0.0037073003(16)(6), where the first error is statistical
and the second is systematic [67]. From Eq. 2, we arrive
at a determination of the muon anomaly

aµ(FNAL) = 116 592 040(54)⇥ 10�11 (0.46 ppm),

where the statistical, systematic, and fundamental con-
stant uncertainties that are listed in Table II are com-
bined in quadrature. Our result di↵ers from the SM value
by 3.3� and agrees with the BNL E821 result. The com-
bined experimental (Exp) average[68] is

aµ(Exp) = 116 592 061(41)⇥ 10�11 (0.35 ppm).

The di↵erence, aµ(Exp)� aµ(SM) = (251± 59)⇥ 10�11,
has a significance of 4.2�. These results are displayed in
Fig. 4.

In summary, the findings here confirm the BNL exper-
imental result and the corresponding experimental aver-
age increases the significance of the discrepancy between
the measured and SM predicted aµ to 4.2�. This result
will further motivate the development of SM extensions,
including those having new couplings to leptons.

Following the Run-1 measurements, improvements to
the temperature in the experimental hall have led to
greater magnetic field and detector gain stability. An
upgrade to the kicker enables the incoming beam to be
stored in the center of the storage aperture, thus reducing
various beam dynamics e↵ects. These changes, amongst
others, will lead to higher precision in future publications.

Quantity Correction terms Uncertainty
(ppb) (ppb)

!
m
a (statistical) – 434

!
m
a (systematic) – 56

Ce 489 53
Cp 180 13
Cml -11 5
Cpa -158 75
fcalibh!0

p(x, y,�)⇥M(x, y,�)i – 56
Bk -27 37
Bq -17 92

µ
0
p(34.7

�)/µe – 10
mµ/me – 22
ge/2 – 0
Total systematic – 157
Total fundamental factors – 25
Totals 544 462

TABLE II. Values and uncertainties of the R0
µ correction

terms in Eq. 4, and uncertainties due to the constants in Eq. 2
for aµ. Positive Ci increase aµ and positive Bi decrease aµ.

FIG. 4. From top to bottom: experimental values of aµ

from BNL E821, this measurement, and the combined aver-
age. The inner tick marks indicate the statistical contribution
to the total uncertainties. The Muon g � 2 Theory Initiative
recommended value [13] for the standard model is also shown.
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Figure 1: Results for the five considered scenarios in the �aMSSM
µ –MW plane, where the prediction for

�aMSSM
µ has been evaluated with the code GM2Calc-1.7.5 [135]. The points for the l̃±-coannihilation

case-L and case-R, the ‰̃±
1 -coannihilation case, the wino and the higgsino case are shown in green, blue,

red, orange and violet, respectively. The vertical blue lines indicate the central value of �aµ as given
in Eq. (3) (solid) and its ±1 ‡ range (dashed). The displayed points are restricted to the ±2 ‡ range
of �aµ. The horizontal lines indicate the current central value for M exp

W
(solid green), the current

±1 ‡ uncertainties (green dashed) and the anticipated ILC ±1 ‡ (red dot-dashed) uncertainties. The
SM prediction is shown as a point for �aMSSM

µ = 0, while the gray band indicates the theoretical
uncertainty of the SM prediction for MW from unknown higher-order corrections.

and the higgsino case. The prediction for �a
MSSM
µ

has been evaluated with the code
GM2Calc-1.7.5 [135]. The vertical solid blue line indicates the value of �aµ as given in
Eq. (3), while its ±1 ‡ range is indicated by the blue dashed vertical lines. The displayed
points are restricted to the ±2 ‡ range of �aµ. The horizontal lines indicate the current
central value for M

exp
W

(solid green), the current ±1 ‡ uncertainties (green dashed) and the
anticipated ILC ±1 ‡ (red shaded) uncertainties. The SM prediction is shown in gray, in-
cluding the theoretical uncertainty from unknown higher-order corrections.

One can observe in all scenarios a lower limit on M
MSSM
W

that for small �a
MSSM
µ

, cor-
responding to heavy EW SUSY masses, recovers the SM prediction (within ≥ 1 MeV; this
o�set would be absent for even smaller values of �a

MSSM
µ

). The lower limit rises for increas-
ing �a

MSSM
µ

by up to ≥ 3 MeV. Thus, the relatively light SUSY particles that are required
for larger values of �a

MSSM
µ

give rise to a slight increase in the prediction for MW that is
independent of the variation of the other parameters in the scan. While this lower limit

8

Muon g−2 and MW: a hint for light BSM particles?

Improved precision on MW can probe different dark matter mechanisms
23

[E. Bagnaschi, M. Chakraborti, S. Heinemeyer, I. Saha, G. W. ’22]

Impact of light electroweak SUSY particles on gμ − 2, MW (PDG 
average) and dark matter relic density (squarks assumed very heavy!) 

Different 
mechanisms 
for obtaining 
the right 
amount of 
dark matter
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Figure 3: Results for the five scenarios in the m
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0
1
–MW plane. The horizontal lines and the color

coding are as in Fig. 1.
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Figure 4: Results for the five scenarios in the m
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coding are as in Fig. 1.
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Muon g−2 and MW: a hint for light BSM particles?

Possible hints for light charginos can be probed with future searches     
Larger values for MW possible if stops, sbottoms are close to the exp. bounds 

24

[E. Bagnaschi, M. Chakraborti, S. Heinemeyer, I. Saha, G. W. ’22]

Correlation with the mass of the lightest chargino:

Different 
mechanisms 
for obtaining 
the right 
amount of 
dark matter
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CDF result: large deviation from the SM; very small experimental error                                                   
Compatibility of the different MW measurements? New world average?

25

[CDF Collaboration ’22]
(6.5 MeV) and track momentum (2.3 MeV),
on the z coordinate measured in the COT
(0.8 MeV), and on QED radiative corrections
(3.1 MeV). Measurements of the Z boson
mass using the dielectron track momenta,
and comparisons of mass measurements using
radiative and nonradiative electrons, provide
consistent results. The final calibration of the
electron energy is obtained by combining the
E/p-based calibration with the Z → eeð Þmass-
based calibration, taking into account the cor-
related uncertainty on the radiative corrections.
The spectator partons in the proton and

antiproton, as well as the additional (≈3) p!p
interactions in the same collider bunch cross-
ing, contribute visible energy that degrades
the resolution of u

→
. These contributions are

measured from events triggered on inelastic
p!p interactions and random bunch cross-
ings, reproducing the collision environment
of theW and Z boson data. Because there are
no high-pT neutrinos in the Z boson data, the
p
→
T imbalance between thep

→‘‘

T andu
→
inZ → ‘‘

events is used to measure the calorimeter
response to, and resolution of, the initial-
state QCD radiation accompanying boson
production. The simulation of the recoil vector
u
→
also requires knowledge of the distribution of

the energy flow into the calorimeter towers
impacted by the leptons, because these towers
are excluded from the computation of u

→
. This

energy flow ismeasured from theW boson data
using the event-averaged response of towers
separated in azimuth from the lepton direction.

Extracting the W boson mass

Kinematic distributions of background events
passing the event selection are included in
the template fits with their estimated nor-
malizations. The W boson samples contain a
small contamination of background events
arising from QCD jet production with a hadron
misidentified as a lepton, Z → ‘‘ decays with
only one reconstructed lepton,W → tn→ ‘n!nn,
pion and kaon decays in flight to muons (DIF),

and cosmic-ray muons (t, tau lepton; !n, anti-
neutrino). The jet, DIF, and cosmic-ray back-
grounds are estimated from control samples
of data, whereas the Z → ‘‘ and W → tn
backgrounds are estimated from simulation.
Background fractions for the muon (electron)
datasets are evaluated to be 7.37% (0.14%)
from Z → ‘‘ decays, 0.88% (0.94%) from
W → tn decays, 0.01% (0.34%) from jets,
0.20% from DIF, and 0.01% from cosmic rays.
The fit results (Fig. 4) are summarized in

Table 1. The MW fit values are blinded during
analysis with an unknown additive offset in the
range of−50 to 50MeV, in the samemanner as,
but independent of, the value used for blinding
the Z bosonmass fits. As the fits to the different
kinematic variables have different sensitivities
to systematic uncertainties, their consistency
confirms that the sources of systematic uncer-
tainties are well understood. Systematic uncer-
tainties, propagated by varying the simulation
parameters within their uncertainties and re-
peating the fits to these simulated data, are
shown in Table 1. The correlated uncertainty in
the mT (p‘T , pnT ) fit between the muon and

electron channels is 5.8 (7.9, 7.4)MeV. Themass
fits are stable with respect to variations of the
fitting ranges.
Simulated experiments are used to evaluate

the statistical correlations between fits, which
are found to be 69% (68%) between mT and
p‘T (p

n
T) fit results and 28% between p‘

T and pnT
fit results (43). The six individual MW results
are combined (including correlations) by
means of the best linear unbiased estimator
(66) to obtain MW ¼ 80;433:5 T 9:4MeV ,
with c2/dof = 7.4/5 corresponding to a prob-
ability of 20%. The mT, p‘

T, and pn
T fits in the

electron (muon) channel contribute weights
of 30.0% (34.2%), 6.7% (18.7%), and 0.9%
(9.5%), respectively. The combined result is
shown in Fig. 1, and its associated systematic
uncertainties are shown in Table 2.

Discussion

The dataset used in this analysis is about four
times as large as the one used in the previous
analysis (41, 43). Although the resolution of the
hadronic recoil is somewhat degraded in the
new data because of the higher instantaneous
luminosity, the statistical precision of themea-
surement fromthe larger sample is still improved
by almost a factor of 2. To achieve a commen-
surate reduction in systematic uncertainties, a
number of analysis improvements have been
incorporated, as described in table S1. These im-
provements are based on using cosmic-ray and
collider data inwaysnot employedpreviously to
improve (i) the COT alignment and drift model
and the uniformity of the EM calorimeter re-
sponse, and (ii) the accuracy and robustness of
the detector response and resolution model in
the simulation. Additionally, theoretical inputs
to the analysis have been updated. Upon incor-
porating the improved understanding of PDFs
and track reconstruction, our previousmeasure-
ment is increased by 13.5MeV to 80,400.5MeV;
the consistency of the latter with the new mea-
surement is at the percent probability level.
In conclusion, we report a new measure-

ment of theW bosonmass with the complete
dataset collected by the CDF II detector at the
Fermilab Tevatron, corresponding to 8.8 fb−1

of integrated luminosity. This measurement,
MW ¼ 80;433:5 T 9:4MeV, is more precise
than all previous measurements ofMW com-
bined and subsumes all previous CDF mea-
surements from 1.96-TeV data (38, 39, 41, 43).
A comparison with the SM expectation of
MW ¼ 80;357 T 6MeV (10), treating the quoted
uncertainties as independent, yields a differ-
ence with a significance of 7.0s and suggests
the possibility of improvements to the SM
calculation or of extensions to the SM. This
comparison, along with past measurements, is
shown in Fig. 5. Using the method described
in (45), we obtain a combined Tevatron (CDF
and D0) result of MW ¼ 80;427:4 T 8:9MeV.
Assuming no correlation between the Tevatron
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Table 2. Uncertainties on the combined
MW result.

Source Uncertainty (MeV)

Lepton energy scale 3.0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton energy resolution 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy scale 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy resolution 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton efficiency 0.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton removal 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Backgrounds 3.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pZT model 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pWT =p
Z
T model 1.3

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Parton distributions 3.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

QED radiation 2.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

W boson statistics 6.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Total 9.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Fig. 5. Comparison of this CDF
II measurement and past MW

measurements with the SM
expectation. The latter includes
the published estimates of the
uncertainty (4 MeV) due to
missing higher-order quantum
corrections, as well as the
uncertainty (4 MeV) from other
global measurements used as
input to the calculation, such as
mt. c, speed of light in a vacuum.
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Latest result from ATLAS (reanalysis): 80360 ± 16 [ATLAS Collaboration ’23]
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New CDF value for MW: preference for BSM contribution

SM vs. SUSY

26

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-
actionwith the SMHiggs boson. A light (heavy)
additional scalar particle would induce a pos-
itive (negative) MW shift. Similar but smaller
shifts of 20 to 40 MeV have been calculated
in an extension that contains a second Higgs-
like field with the same gauge charges as
the SM Higgs field (18). Implications of very
weakly interacting new particles such as “dark

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
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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
paper both updates (increasing MW by 13.5 MeV) and subsumes. As an illustration, the green shaded region
(15) shows the predicted mass of the W boson as a function of the top-quark mass mt in the minimal
supersymmetric extension (one of many possible extensions) of the standard model (SM), for a range of
supersymmetry model parameters as described in (15). The thick purple line at the lower edge of the green
region corresponds to the SM prediction with the Higgs boson mass measured at the LHC (10) used as
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Prediction for MW in the SM and the MSSM vs. 
experimental results for MW and mt

27

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’18]

Large upward shift in MW possible, large sensitivity to BSM effects⇒
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Figure 2: Prediction for MW as a function of the lightest stop mass mt̃1
. In all plots the cuts

mt̃2
/mt̃1

< 2.5 and m
b̃2

/m
b̃1

< 2.5 are applied. In the upper left plot all HiggsBounds allowed
points are shown, in the upper right plot only the points are shown for which additionally
the squarks of the first two generations and the gluino are heavier than 1200 GeV, in the
lower left plot only the points are shown for which additionally the sbottoms are heavier
than 1000 GeV, and in the lower right plot only the points are shown for which additionally
also the sleptons and charginos are heavier than 500 GeV. The red line indicates the SM
prediction for MW .

masses of about 150–200 GeV or for a chargino mass of about 100–150 GeV. If the squark
sector gives rise to a non-zero contribution to MW the same predicted value for MW could
be reached with heavier sleptons and charginos / neutralinos.

In Fig. 2 and Fig. 3 we analyze in detail the dependence of MW on the scalar quark
masses, in particular on mt̃1

and m
b̃1

, with mt fixed to 173.2 GeV. The upper left plot of
Fig. 2 shows the prediction for MW (green dots) as a function of mt̃1

. All points are allowed
by the constraints discussed in Sect. 5.2 and fulfill the additional constraint m

t̃2,b̃2
/m

t̃1,b̃1
<

2.5. The SM prediction is shown as a red strip for MSM
H

= 125.6 ± 0.7 GeV, and the 1 �
experimental result is indicated as a gray dashed band. We checked that without the cut
m

t̃2,b̃2
/m

t̃1,b̃1
< 2.5 the largest MW values are reached for very light stop masses with a very

13

Sizeable enhancements possible even for relatively heavy SUSY, but 
values as high as the CDF measurement are disfavoured by exp. constr.
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Prediction for MW in the MSSM depending on the 
lighter stop mass (parameter scan)

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’13]
All points Heavy gluino,


heavy first

and second

generation 

squarks

+ heavy 

sbottoms

+ heavy 

sleptons 

and 

charginos
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Excess in CMS search for A → tt at about 400 GeV

29

Introduction Collider excesses N2HDM interpretation NMSSM interpretation Conclusion

“The tt̄ excess” at ⇠ 400 GeV

[CMS: 1908.01115]
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Local excess of 3.5� at ⇠ 400 GeV
Global significance below 2�

Consistent with a pseudoscalar Higgs boson at
⇠ 400 GeV

Most significant for �A/mA = 4% and cAtt̄ ⇠ 1, but
also consistent with slightly di↵erent mA and �A/mA

! �2
tt̄
(mA, �A/mA, cAtt̄)

Corresponding ATLAS limits only for mA > 500 GeV
and only 8 TeV data [ATLAS: 1707.06025]

4 / 17[CMS Collaboration ’19]
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CMS: excess in search for A → tt at about 400 GeV
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Overview
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[A. Anuar ’21]

Signal-background interference yields 
peak-dip structure


Analysed using angular correlations of 
the top and anti-top decay products 
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Search for additional Higgs bosons: H, A → tt
Excess in CMS search at about 400 GeV:
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CMS, best fit value for ΓA/mA = 2.5%

[CMS Collaboration ’19]
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Good description of the A → tt excess at 400 GeV in models with 
extended Higgs sectors (N2HDM, NMSSM)

⇒

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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SUSY continues to be among the most attractive frameworks for 
addressing the unsolved issues of particle physics


SUSY particles may be less far away than some people think …

33

ConclusionsConclusions

(a) Ella. (b) Heike and Herbi outside an Italian wedding in Verona.

Ella and Charlotte in the center in their drawing class in Tuscania.

as the “Spaziergänger” (leisurely walkers) were passing him. He now goes for daily long
walks. My mom continues her numerous ‘Kaffee & Kuchen’ rounds with her remaining
friends. Together they flew to the States twice in 2013, to visit my sister and have the
next trip planned for June, for Noah’s high school graduation. Unfortunately these USA

5
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Happy birthday, dear Herbi, … Liebe Familie, liebe 

Freundinnen und Freunde,  

seid herzlich eingeladen, um 

mit mir meinen 50ten 

Geburtstag zu feiern.

Wo? Hangelar Schuetzenhaus

Kapellenstrasse 2aWie kommt man hin?
200 m zu Fuss ab U66 

Haltestelle “Hangelar Mitte”Wann?
10. November 2012, 19 Uhr

Einladung

Zum 50ten 

Geburtstag

Dreiner-Bonn Xmas Letter 2013

Tschagguns/Bonn, Dec. 2013/Jan. 2014

Dear Friends,

it’s Dec 2013 and we are in Tschagguns, Austria, on a skiing holiday. The weather
outside is frightful (fog in the valley), but the warmth inside is delightful. Ella is taking
a snow board course with a school friend and I’ve been skiing with Ivo. Now it’s even
snowing, with sunshine predicted for tomorrow. Might be a perfect day..... Time to look

(a) Ella at the Dead Sea. (b) Herbi celebrating the Red Sox World Series victory.

back on 2013. The main news is of course that the children keep growing. This year
literally. Ivo, 13, rapidly outgrew Heike and is now almost as tall as me. He is attending
confirmation class (Lutheran church) and enjoys it a lot. They go on weekend trips and

Heike and Herbi.

in general seem to have more fun than in school. The ceremony will be in May, 2014,
although Ivo doesn’t appear particularly religious, if at all. In the summer they will go

1
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Happy birthday, dear Herbi, …

… and all the best from Sven & me! 
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Backup
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Theoretical prediction for the W-boson mass from 
muon decay: relation between MW, MZ, α, Gμ

Tree-level prediction: MWtree = 80.939 GeV, MWexp = 80.379 +- 0.012 GeV             
⇒ off by many σ                                                    (accuracy of 1.5 x 10-4)

37

Observables with the highest sensitivity to the
Higgs-boson mass: MW, sin2 θeff

MW: Comparison of prediction for muon decay with experiment
(Fermi constant Gµ)

⇒ M 2
W

(
1− M 2

W

M 2
Z

)
=

πα√
2Gµ

(1 + ∆r) ,

$
loop corrections

⇒ Theo. prediction for MW in terms of MZ, α, Gµ, ∆r(mt,mt̃, . . .)

sin2 θeff : Effective couplings at the Z resonance:

⇒ sin2 θeff =
1

4

(
1− Re

gV

gA

)
=

(
1− M 2

W

M 2
Z

)
Re κl(s = M 2

Z)

Complete 2-loop results + leading higher-order corrections known
for MW, sin2 θeff in the SM Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.113

46 Chapter 5. The W boson mass in the SM, the MSSM and the NMSSM

Figure 5.1: Left: Muon decay in the Fermi model, tree level diagram with four-fermion
vertex. Right: Muon decay in the electroweak SM, tree level diagram with W boson
exchange.

5.2 Determination of the W boson mass

Muons decay via the weak interaction almost exclusively into eν̄eνµ [165]. The decay
was originally described within the Fermi model, which is a low-energy effective theory
that emerges from the SM in the limit of vanishing momentum transfer (left diagram
in Fig. 5.1). The Fermi constant, Gµ, is determined with high accuracy from precise
measurements of the muon life time [166] and the corresponding Fermi-model prediction
including QED corrections up to O(α2) for the point-like interaction [167–171]. Com-
parison of the muon-decay amplitude in the Fermi model and in the SM or extensions
of it (tree-level diagram at the right side of Fig. 5.1) yields the relation

Gµ√
2
=

e2

8s2WM2
W

(1 + ∆r) . (5.1)

Here ∆r represents the sum of all loop diagrams contributing to the muon-decay ampli-
tude after splitting off the Fermi-model type virtual QED corrections,

∆r =
∑

i

∆ri , (5.2)

with
MLoop,i = ∆ri MBorn . (5.3)

This decomposition is possible since after subtracting the Fermi-model QED corrections,
masses and momenta of the external fermions can be neglected, which allows the re-
duction of all loop contributions to a term proportional to the Born matrix element,
see Refs. [120, 129]. By rearranging Eq. (5.1), the W boson mass can be calculated via

M2
W = M2

Z

(

1

2
+

√

1

4
−

απ√
2GµM2

Z

(1 + ∆r)

)

. (5.4)

In different models, different particles can contribute as virtual particles in the loop
diagrams to the muon-decay amplitude. Therefore, the quantity ∆r depends on the
specific model parameters, and Eq. (5.4) provides a model-dependent prediction for the

Fermi model SM

⇠ Gµ

; QED corrections in Fermi model incl. in def. of Gμ
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vertex. Right: Muon decay in the electroweak SM, tree level diagram with W boson
exchange.

5.2 Determination of the W boson mass

Muons decay via the weak interaction almost exclusively into eν̄eνµ [165]. The decay
was originally described within the Fermi model, which is a low-energy effective theory
that emerges from the SM in the limit of vanishing momentum transfer (left diagram
in Fig. 5.1). The Fermi constant, Gµ, is determined with high accuracy from precise
measurements of the muon life time [166] and the corresponding Fermi-model prediction
including QED corrections up to O(α2) for the point-like interaction [167–171]. Com-
parison of the muon-decay amplitude in the Fermi model and in the SM or extensions
of it (tree-level diagram at the right side of Fig. 5.1) yields the relation
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BSM predictions for the W-boson mass

Extended Higgs sectors consisting of doublets and singlets: 
custodial symmetry ⇒ ϱ = 1 at lowest order                                        
Lowest-order charged Higgs exchange contribution: ~ (mμ me)/MW2


BSM contributions enter at 1-loop level: Δr(miSM, mjBSM, …)


Extended Higgs sectors involving triplets:                                      
tree-level contribution from triplet v.e.v. vT:                                      
MW2 = 1/4 g22 v2 + g22 vT2 


Example: MRSSM


38

⇒

Figure 3. Dependence of MW on vT obtained from varying the common SUSY mass scale as in
figure 1.

Several of the figures shown in the following sections contain plots of both MW and Mh

as function of the parameters of interest. This is of interest as the Higgs boson mass in

the MRSSM is very sensitive to those parameters, and as shown in figure 1 the variation

of Mh has an impact on MW via the SM-type contributions. In order to disentangle this

contribution from the genuine MRSSM e↵ects it is convenient to also show the dependence

of Mh on the relevant parameters.

The fixed parameters are set either as before, when mSUSY is varied, or we use updated

values for BMP1 of ref. [7] giving rise to a better agreement with the latest experimental

value for MW given in (1.3). The latter parameters are

tan� = 3, ⇤d = �1.2, ⇤u = �1.1, �d = 1.0, �u = �0.8,

µu = µd = 500 GeV, MD
B = 550 GeV, MD

W = 600 GeV, mRd = mRu = mS = 2 TeV,

MD
O = 1.5 TeV, ml̃,L = mẽ,R = 1 TeV,mO = mq̃,L;3 = mũ,R;3 = m2

d̃,R;3
= 1.5 TeV,

Bµ = (500 GeV)2, mT = 3 TeV, mq̃,L;1,2 = mũ,R;1,2 = md̃,R;1,2 = 2.5 TeV . (5.2)

5.2.1 Influence of the triplet vev

As the triplet vev a↵ects the W boson mass already at the tree level by breaking custodial

symmetry, even a small value (compared to MW ) a↵ects the prediction at the same order

as the size of the experimental uncertainty.

In figure 3 we show the interplay of vT and MW when the SUSY mass scale mSUSY

is varied as in figure 1 and all �d,u/⇤d,u are set equal to zero. One can see that in this

case the vT tree level contribution is numerically large for vT >
⇠ 1 GeV. The potentially

large impact of vT can be clearly seen by the quadratic dependency exhibited in the figure

which is in accordance with eq. (2.9). For |vT | >⇠ 3 GeV the prediction for MW grows above

the experimentally allowed region. Therefore, for phenomenological reasons the parameter

– 20 –

[P. Diessner, G. W. ’19]
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BSM predictions for the W-boson mass

S, T, U parameters: only BSM contributions taken into account that 
enter via gauge-boson self-energies (only one-loop contributions), 
external momentum neglected


SM prediction for the experimental values of MH, mt, … 
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obtained from HiggsSignals. In order to test the parameter points against the exclusion limits
from the Higgs searches at LEP, the Tevatron and in particular from the LHC, we employ the
public code HiggsBounds v.5.9.1 [88–93]. Constraints from flavor-physics observables are taken
into account by he approach as implemented in ScannerS, where the 2HDM flavor constraints
projected to the tan �–mH± plane as given in Ref. [94] are applied under the assumption that
the constrains approximately hold in the N2HDM. Contrary to previous analyses we do not apply
contraints from electroweak precision observables (EWPOs), see the next subsection.

2.3 The MW calculation

Constraints from EWPOs can in a simple approximation be expressed in terms of the oblique
parameters S, T and U [95, 96]. E↵ects from physics beyond the SM on these parameters can
be significant if the new physics contributions enter mainly through gauge boson self-energies,
as it is the case for extended Higgs sectors. ScannerS has implemented the one-loop corrections
to the oblique parameters for models with an arbitrary number of Higgs doublets and singlets
from Ref. [97].

Accordingly, the W -boson mass can be calculated as a function of the oblique parameters,
given by [97]

M
2

W
= M
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W
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4s2
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◆
. (10)

Inserting the results for S, T and U obtained with ScannerS in the N2HDM yields our prediction
for MN2HDM

W
.

Another very precisely known EWPO is the e↵ective weak mixing angle, usually referred to as
sin2

✓e↵ .2 It is important to verify in which way the modifications to the W -boson mass also give
rise to modifications to sin2

✓e↵ . We therefore compute sin2
✓e↵ according to

sin2
✓e↵ = sin2

✓e↵

��
SM

� ↵
c
2

w
s
2

w

c2
w
� s2

w

T , (11)

where we take into account the numerically important contribution from the T (= �⇢/↵) parame-
ter. For the values of the SM parameters that enter in the prediction of M2

W
|
SM

and sin2
✓e↵

��
SM

we
used the set of numerical values as given in Eq. (7) of Ref. [98], which were taken from Ref. [29, 99].
The SM values employed are MW |SM = 80.357GeV and sin2

✓e↵ |SM = 0.231532.

2.4 Fitting the excesses at 95 GeV

In order to analyze whether a simultaneous fit to the observed ��, ⌧+⌧� and bb̄ excesses is possible,
we perform a �

2-analysis where �
2 takes into account the three contributions �

2

��
, �2

⌧⌧
and �

2

bb

defined by the measured central values µ
exp

��,⌧⌧,bb
and the 1 � uncertainties �µ

exp

��,⌧⌧,bb
of the signal

2Another precisely known EWPO that depends on the T parameter is the total width of the Z boson �Z . We do
not include the modifications to �Z in our analysis, given the fact that it was shown in Ref. [44] that the tensions
between the experimental value of �Z and its theoretical predictions are only at the level of 1� in the range of T
that is required to predict a value of MW in agreement with the CDF measurement.

4

Global fits to electroweak precision observables:                                     
SM, SM + S, T, U parameters: GFitter, …                                       
BSM models (SUSY, …): MasterCode, Gambit, …                          
EFT fits
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BSM prediction for MW, example: MSSM, NMSSM 

Δr in the MSSM and the NMSSM, treatment of higher-order 
contributions:                                                                            
full one-loop + higher orders (SM) + higher orders (SUSY)


⇒ State-of-the art SM prediction recovered in decoupling limit,                   
all available higher-order corrections of SUSY-type included


For light SUSY particles: additional theoretical uncertainty from 
higher-order SUSY-loop corrections

40

Page     | Lisa Zeune | MW in the MSSM and in the NMSSM

     in the MSSM and NMSSM

11

�r

• higher-order contributions 
 
 

�r(N)MSSM = �r(N)MSSM(↵) +�r(N)MSSM(h.o.)

�r(N)MSSM(h.o.) = �rSM(h.o.) +�rSUSY(h.o.)

Page     | Lisa Zeune | MW in the MSSM and in the NMSSM

     in the MSSM and NMSSM

11

�r

• higher-order contributions  
 
 

�r(N)MSSM = �r(N)MSSM(↵) +�r(N)MSSM(h.o.)

�r(N)MSSM(h.o.) = �rSM(h.o.) +�rSUSY(h.o.)
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SUSY higher-order contributions

41

Page     | Lisa Zeune | MW in the MSSM and in the NMSSM

• higher-order contributions  
 
 
SUSY part 
leading reducible 2-loop corrections, gluon/gluino 2-loop corrections, 
higgsino 2-loop corrections 

     in the MSSM and NMSSM

13

�r

�r(N)MSSM = �r(N)MSSM(↵) +�r(N)MSSM(h.o.)

�r(N)MSSM(h.o.) = �rSM(h.o.) +�rSUSY(h.o.)

Djouadi, Haestier, Heinemeyer, Stoeckinger, 
Weiglein, Consoli, Hollik, Jegenlehner, ... 

�rSUSY(h.o.) = �rSUSY(↵2)
red � c2W

s2W
�⇢SUSY,(↵↵s) � c2W

s2W
�⇢SUSY,(↵2

t ,↵t↵b,↵
2
b)

One-loop:                                                                                                
leading contributions from the scalar superpartners of the top and 
bottom quarks via Δϱ: additional source of isospin splitting


Two-loop:
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The effective leptonic weak mixing angle: sin2θeff

Effective leptonic weak mixing angle at the Z-boson resonance:

42

Window to New Physics via the Precision Frontier, Georg Weiglein, PIER Graduate Week 2022, 02 / 2022 56

The effective leptonic weak mixing angle: sin2 θeff

Of particular importance: effective leptonic weak mixing angle
at the Z resonance, sin2 θeff

Observable with the highest sensitivity to SM Higgs mass, . . .

sin2 θeff =
1

4

(

1 − Re
gV

gA

)

=

(

1 −
M2

W

M2
Z

)

(1 + ∆κ)

Current experimental value from LEP and SLD:
sin2 θeff = 0.23153 ± 0.00016 ⇒ Accuracy of 0.07%

However: the small experimental error of the world-average is
driven by two measurements that are not well compatible with
each other: ALR (SLD) and AFB (LEP)

sin2 θeff(ALR) = 0.23098±0.00026, sin2 θeff(AFB) = 0.23221±0.00029
Georg Weiglein, SUSY / BSM Fit Workshop, DESY, Hamburg, 07 / 2010 – p.4
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sin2θeff: unclear experimental situation

43
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sin2 θeff: unclear experimental situation

10 2

10 3

0.23 0.232 0.234

sin2θ
lept
eff

m
H 

 [G
eV

]

χ2/d.o.f.: 11.8 / 5

A0,l
fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A0,b
fb 0.23221 ± 0.00029

A0,c
fb 0.23220 ± 0.00081

Qhad
fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 170.9 ± 1.8 GeV

[LEPEWWG ’07]

sin2 θeff has a high sensitivity
to MH and effects of new
physics

But:
large discrepancy between
ALR (SLD) and AFB (LEP),
has big impact on constraints
on new physics

Georg Weiglein, SUSY / BSM Fit Workshop, DESY, Hamburg, 07 / 2010 – p.5Interpretation of constraints from sin2θeff is complicated by the fact 
that the two most precise individual measurements differ from each 
other by more than 3 σ
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Prediction for MW and sin2θeff in the SM and MSSM 
vs. experimental accuracies (before new CDF result) 

44

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’18]

MW and sin2θeff have high sensitivity for model discrimination⇒

MSSM region
SM ``line’’

80.2 80.3 80.4 80.5 80.6
M

W
 [GeV]

0.2300

0.2305

0.2310

0.2315

0.2320

0.2325

0.2330

si
n

2
θ e

ff m
t
 = 170 .. 175 GeV

SM:M
H
 = 125.1 ± 0.7 GeV

MSSM

SM, MSSM
Heinemeyer, Hollik, Weiglein, Zeune et al. ’18

experimental errors 68% CL / collider experiment:

LEP/SLD/Tevatron/LHC: today

ILC/GigaZ

A
FB

 (LEP)

A
LR

 (SLD)

New CDF 
value
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Introduction Collider excesses N2HDM interpretation NMSSM interpretation Conclusion

“The 96GeV excesses” (LEP and CMS)

[LEP: hep-ex/0306033]

⇠ 2� local excess at 96 - 98GeV

Extracted signal strength:
µLEP

�
e
+
e
� ! Zh ! Zbb̄

�
= 0.117± 0.057

[1612.08522]

[CMS: 1811.08459]

Run I/II data: Local excess of & 3�

Extracted signal strength:
µCMS (gg ! h ! ��) = 0.6± 0.2

! �2
96(µLEP, µCMS) assuming no correlation between µLEP and µCMS

Many model interpretations with common origin of both excesses, including N2HDM and NMSSM
see [T.B, M. Chakraborti, S. Heinemeyer: 2003.05422] for a list models

8 / 17

[CMS Collaboration ’18]

Further hints for an additional light Higgs boson: 
excesses at about 95 GeV at LEP and CMS

[LEP Higgs Combination ’06]
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Possible hint for an additional light Higgs boson: 
CMS excess in h ⟶ 𝛾𝛾 search vs. ATLAS limit

46

65 70 75 80 85 90 95 100 105 110
Mh [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
æ
/æ

S
M

CMS obs. limit
CMS exp. limit
ATLAS obs. limit
ATLAS exp. limit
CMS excess

Could these excesses in the search for light additional Higgs 
bosons also be accommodated in the considered models?

CMS-PAS-HIG 17-013,
ATLAS-CONF-2018-025

[T. Stefaniak ’18]
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Figure 7: The µCMS–µLEP plane for the points of the low tan — scan in the type II of the N2HDM. The
black ellipse indicates the 1‡ region of ‰

2
96 with its center marked with a black cross. The best-fit point

is highlighted with a magenta star. The colors of the points indicate ‰
2
tt̄

in the left plot and �‰
2
125 in the

right plot.

1 2 3 4

i�M�

0.4

0.5

0.6

0.7

0.8

0.9

c A
t
t̄

hvT2 Ao, �2  �2
aJ

KBM(�2) = 102.3 (�2
aJ = 121.61)

"2bi }i cAtt̄ 7Q` �A/mA = 3.5W
"2bi }i cAtt̄ 7Q` �A/mA = 3.0W
"2bi }i cAtt̄ 7Q` �A/mA = 2.5W
"2bi }i cAtt̄ 7Q` �A/mA = 2.0W
"2bi }i cAtt̄ 7Q` �A/mA = 1.5W
"2bi }i cAtt̄ 7Q` �A/mA = 1.0W
"2bi }i cAtt̄ 7Q` �A/mA = 0.5W

1.4 1.5 1.6 1.7 1.8 1.9 2.0
�A/mA (W)

1 2 3 4

i�M�

0.4

0.5

0.6

0.7

0.8

0.9

c A
t
t̄

hvT2 Ao, �2  �2
aJ

KBM(�2) = 102.3 (�2
aJ = 121.61)

"2bi }i cAtt̄ 7Q` �A/mA = 3.5W
"2bi }i cAtt̄ 7Q` �A/mA = 3.0W
"2bi }i cAtt̄ 7Q` �A/mA = 2.5W
"2bi }i cAtt̄ 7Q` �A/mA = 2.0W
"2bi }i cAtt̄ 7Q` �A/mA = 1.5W
"2bi }i cAtt̄ 7Q` �A/mA = 1.0W
"2bi }i cAtt̄ 7Q` �A/mA = 0.5W

610 620 630 640 650 660 670 680
mH± [:2o]

Figure 8: cAtt̄ in dependence of tan —. The colors of the points indicate the values of �A/mA in % (left)
and the values of mH± (right). The dashed horizontal lines indicate the best-fit values of cAtt̄ for di�erent
width hypotheses in the experimental analysis [6].

20

Combined interpretation of excesses at 400 GeV (tt) + 95 GeV

N2HDM, type II:

47

The A → tt excess at 400 GeV and the CMS 𝛾𝛾 and LEP excesses at    
about 95 GeV can be described very well simultaneously!

⇒

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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Recent news: CMS result for the 𝛕𝛕 channel

48

[CMS Collaboration ’22]

The low-mass search shows an excess near 95 GeV that is 
compatible with the one observed in the 𝛾𝛾 channel at Run I and II

⇒
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Can the CMS 𝛾𝛾, CMS 𝛕𝛕 and the LEP excess near 
95 GeV all be described simultaneously?
Next-to-Two-Higgs doublet model (N2HDM):

49

The past The present The future

The Next-to 2 Higgs Doublet Model: N2HDM

N2HDM = SM(�1) + Second Higgs Doublet(�2) + Real Scalar Singlet(�s)

N2HDM = 2HDM(�1,�2) + Real Scalar Singlet(�s)

Higgs sector

V = m2

11
|�1|

2
+ m2

22
|�2|

2 � m2

12
(�

†
1
�2 + h.c.) +

�1

2
(�

†
1
�1)

2
+

�2

2
(�

†
2
�2)

2

+ �3(�
†
1
�1)(�

†
2
�2) + �4(�

†
1
�2)(�

†
2
�1) +

�5

2
[(�

†
1
�2)

2
+ h.c.]

+
1

2
m2

S�
2

S +
�6

8
�
4

S +
�7

2
(�

†
1
�1)�

2

S +
�8

2
(�

†
2
�2)�

2

S

Symmetries: Z2: �1 ! �1, �2 ! ��2 and �s ! �s , only softly broken by m2

12

Symmetries: Z 0
2: �1 ! �1, �2 ! �2 and �s ! ��s , spontaneously broken by vs

Extension of Z2 to Yukawa sector ) 4 types of the (N)2HDM

�LYuk =

2X

i=1

p
2mf

v
chi f f̄ f f hi

Type u-quarks d-quarks leptons

I �2 �2 �2

II (Susy-like) �2 �1 �1

III (lepton-specific) �2 �2 �1

IV (flipped) �2 �1 �2

7 / 14

[T. Biekötter, S. Heinemeyer, 
G. W. ’22]
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N2HDM vs. excesses in Higgs searches near 95 GeV

50

The past The present The future

N2HDM interpretation: ⌧+⌧� and �� and bb̄
Can we additionally explain the LEP excess?

[2203.13180]

TLDR: N2HDM Type IV can accommodate the excesses in

all three decay modes

11 / 14

N2HDM, type IV:

Good compatibility with all three excesses!⇒

[T. Biekötter, S. Heinemeyer, G. W. ’22]
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N2HDM vs. excesses in Higgs searches near 95 GeV

51

N2HDM, type IV:

Good compatibility with all three excesses!⇒

[T. Biekötter, S. Heinemeyer, G. W. ’22]

The past The present The future

N2HDM interpretation: ⌧+⌧� and �� and bb̄

Many good (blue) points!
1

[2203.13180]

�2

125: HiggsSignals

1
Blue = Describe the excesses within 1� confidence level: �2  3.53

12 / 14
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N2HDM: a 95 GeV Higgs and the CDF value of MW 

The N2HDM of type IV can 
simultaneously 
accommodate the three 
excesses in the Higgs 
searches near 95 GeV and 
an MW value that agrees 
with the new CDF 
measurement!

52
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Figure 2: The predictions for MW and sin2 ✓e↵ in the N2HDM. The color coding of the points indicates
the value of T . The light blue regions corresponds to the new CDF measurement within ±1 �. The
purple and the magenta ellipses indicate the 68% confidence level limits from the two individually most
precise measurements of sin2 ✓e↵ via AFB at LEP and ALR at SLD, respectively, whereas the gray ellipses
indicates the world average [100–102]. The orange cross indicates the SM prediction.

3.53 and �
2

M
N2HDM

W
 4. One can see that the parameter points that fit the new CDF measurement

of the W -boson mass feature also sizable modifications of sin2 ✓e↵ compared to the SM prediction.
The values of sin2

✓e↵ featured in the parameter points of our scan are smaller than the SM value,
not touching the current 1� ellipse. However, here it should be kept in mind that the current
world average is composed of two measurements that are compatible only at the ⇠ 3 � level: the
one using the forward-backward asymmetry in e

+
e
�
! bb̄ measured at LEP [102], and the one

obtained from the left-right asymmetry in e
+
e
�
! e

+
e
� measured at SLD [102]. It can be observed

that the data points preferred by the MW measurement of CDF are in better agreement with the
SLD measurement based on A

e

LR
, whereas the tension increases with the value of sin2

✓e↵ extracted
at LEP based on measurements of Ab

FB
. Similar observations were made in Refs. [31, 36, 44], and

the correlation between the e↵ective weak mixing angle and the mass of the W boson is expected
to arise generically in models in which the new CDF measurement of MW is accommodated mainly
via the breaking of the custodial symmetry by means of a non-zero T parameter (and not via, e.g.,
BSM vertex and box contributions to the muon decay). The presence of the additional singlet state
of the N2HDM compared to the 2HDM has no sizable impact on the distribution of parameter
points in Fig. 2 in the investigated scenario, because the mixing between the singlet-like state

7

[T. Biekötter, S. Heinemeyer, G. W. ’22]

⇒
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W Z g � t b ⌧

0.95

1.00

1.05

M
125
h scenario MA = 1 TeV, tan � = 8

HL-LHC (V  1)

ILC250

ILC500

Figure 9: Expected precisions on ’s in the M
125

h scenario, assuming (MA, tan �) = (700 GeV, 8)
(left) or (MA, tan �) = (1 TeV, 8) (right) is realized.

such low values of tan � the di-tau channel is not enhanced su�ciently. Other direct searches
including the di-top final state or electroweakino final states (both from resonant heavy Higgs
production and direct production) would need to be considered. The 2 � allowed parameter
ranges obtained by Higgs-boson signal-rate measurements are shown as in Fig. ?? in the up-
per panel. Again we find a bound in MA induced by the decoupling behavior, which, for a
potential realization at (MA, tan �) = (700 GeV, 3), limits MA to be between 600 GeV and
900 � 1000 GeV, depending on the considered future collider option. In contrast to the previ-
ous scenario, however, we can additionally constrain tan � to a narrow range between 2.5 and
4 as the chargino contributions to the h ! �� decay rate strongly depend on the chargino
mixing, which in turn, depends on tan �. As in the previous scenario the ILC measurements
only have a mild impact on top of the HL-LHC measurements in this scenario.

The lower panels display two relevant SM-normalized Higgs rates that play an important
role in the parameter determination: The inclusive rate for pp̄ ! h ! V V (V = W

±
, Z),

denoted R
h
V V , and the inclusive rate for pp̄ ! h ! ��, denoted R

h
��. The di-photon rate

is strongly influenced by loop contributions of charginos, which become large at small tan�

values. In contrast, the V V rate follows the basic trend of decoupling being mostly a function
of MA, see also the rate R

V h
bb in the discussion of the M

125

h scenario. The decoupling is, however,
slightly delayed for low tan � values. The interplay of the two rates lead to the elliptic (and
elongated) shape of the determined parameter region.

In Fig. ?? we add the contour lines of equal MSUSY to the two realizations discussed in
Fig. ??. MSUSY denotes the scale of all scalar fermion soft-SUSY breaking masses. As explained
in Sec. 2, in the M

125

h,EFT
(�̃) scenario MSUSY is adjusted at every point in the parameter plane

such that Mh ' 125 GeV. Thus the constraints in the (MA, tan �) parameter plane for a given
realization of the MSSM can be translated into a constraint on the sfermion mass scale. It is
expected to be between ⇠ 2.3 TeV and 50 TeV for the hypothetical future scenarios discussed
here. If the associated heavy Higgs bosons are found, which can help to pinpoint tan � and, in

17

Example: heavy SUSY scenario 

53

[H. Bahl et al. ’19]

Precision at 1% level provides large sensitivity for discriminating 
between different realisations of underlying physics

⇒
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Search for additional Higgs bosons (+ vector boson scattering): 
MSSM example

54
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Figure 1: Constraints on the M
125
h

scenario from Higgs searches at the LHC, in the (MA , tan �)
plane. The green solid lines are predictions for the mass of the lighter CP-even scalar h, the
hatched area is excluded by a mismatch between the properties of h and those of the observed
Higgs boson, and the blue area is excluded by the searches for additional Higgs bosons (the
darker-blue band shows the theoretical uncertainty of the exclusion).

and it opens up to higher values of tan � for increasing MA. The constraints at high values
of tan � arise essentially from the searches for H/A ! ⌧

+
⌧
� at the LHC with 13 TeV center-

of-mass energy [136, 137]. On the other hand, values of tan � lower than about 6 are ruled
out in the M

125
h

scenario by the prediction of a mass below 122.09 GeV for the SM-like scalar.
The hole in the blue area around MA ⇡ 250 GeV and tan � ⇡ 4 corresponds to a region of
the parameter space where H has significant branching fractions to ZZ and hh pairs, but no
individual search is strong enough to yield an exclusion. However, this region is ruled out by
the requirement that the properties of h match those of the observed Higgs boson.

3.5 Scenarios with light superparticles

Light superparticles, in particular charginos and neutralinos – which we collectively denote as
electroweak (EW)-inos – and third-generation sfermions, can substantially influence the Higgs
phenomenology, see e.g. Refs. [15, 181–186]. This may happen through loop contributions to
the Higgs boson couplings to SM particles, as well as, when kinematically possible, through
direct decays of the Higgs bosons into superparticles.

14

HiggsBounds: area excluded by Higgs   
search limits, H, A → 𝛕𝛕

HiggsSignals: 
area is not 
compatible 
with the 
properties of 
the detected 
Higgs signal 
h125 (indirect 
sensitivity)

[H. Bahl et al. ’18]

Allowed region, could be probed by dedicated searches for H, A → BSM part.

Higgs physics at the LHC (Run 3, HL-LHC)
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Non-standard decays of heavy Higgses, e.g. 

55

H → χ̃χ̃

Figure 6: Left: Decay width of the lighter CP-even scalar into photons as a function of MA and
tan � in the M

125
h

(�̃) scenario, normalized to the corresponding width of a SM Higgs boson of
the same mass. Right: same as the left plot for the branching ratio of the decay h ! ��. In
each plot, the boundaries of the blue and the hatched exclusion regions of Fig. 5 are also shown
as a dashed and a dotted black line, respectively.
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Figure 7: Branching ratio for the decays of the heavier CP-even scalar H (left) or the CP-odd
scalar A (right) into EW-ino pairs, as a function of MA and tan � in the M

125
h

(�̃) scenario. A
sum is taken over all the kinematically allowed combinations of particles in the final state. In
each plot, the boundaries of the blue and the hatched exclusion regions of Fig. 5 are also shown
as a dashed and a dotted black line, respectively.
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Decays of heavy Higgs bosons H, A into charginos and neutralinos:

Branching 
ratios of more 
than 80% 
possible!

Dedicated searches for heavy Higgs decays into 
SUSY particles could probe the ``LHC wedge’’ region
⇒

[H. Bahl et al. ’18]
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Theoretical description: N2HDM and NMSSM

56

Scans in the N2HDM (Higgs sector consists of two doublets and a 
real singlet) and the NMSSM (MSSM + Higgs singlet + superpartners), 
taking into account the constraints from collider searches, the signal 
rates of the Higgs at 125 GeV, flavour physics, electroweak precision 
observables, vacuum stability and perturbative unitarity


NMSSM with MA = 400 GeV and low tanβ: ``alignment without 
decoupling’’ region


                                             𝝌2 = 𝝌2125 + 𝝌2tt + … 


                                             Require: 𝝌2 ≦ 𝝌2SM 

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]


