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Topic: Fundamental Particles and Forces (FPF)

Present situation (in a nutshell):


The Higgs-boson discovery at 
the LHC in 2012 has established 
a non-trivial structure of the                                
vacuum, i.e. of the lowest-energy 
state in our universe              


The origin of mass of elementary                            
particles is related to this 
structure: mass arises                              
from the interaction with the 
Higgs field
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three locations
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FPF: present situation and open questions

3

The vacuum structure is caused by 
the Higgs field through the Higgs 
potential. We lack a deeper 
understanding of this!

                                                                                                               


We do not know where the Higgs 
potential that causes the structure of 
the vacuum actually comes from and 
which form of the potential is realised 
in nature. Experimental input is 
needed to clarify this!

1 The Brout-Englert-Higgs mechanism and the SM Higgs sector 3

gauge invariant mass term from coupling to Higgs field

SSB: L is invariant under symmetry transformation, but not the ground states
example: ferromagnet, pencil on the tip
goal: gauge-invariant mass term for gauge boson and fermion from couplings to scalar fields

1.3 Minimal version: SM Higgs sector
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Higgs physics: status
The Standard Model of particle physics uses a ``minimal’’ form of the 
Higgs potential with a single Higgs boson that is an elementary particle.


The LHC results on the discovered Higgs boson within the current 
uncertainties are compatible with the predictions of the Standard Model, 
but also with a wide variety of other possibilities, corresponding to very 
different underlying physics.


Thus, we have discovered a new particle, but we do not know yet the 
physics that is associated with it. We have a description of the known 
particles and their interactions, but we do not know the underlying 
dynamics.


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? 
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FPF: some of our main goals
Determine the underlying dynamics of electroweak symmetry 
breaking: single doublet or extended Higgs sector (new symmetry?),       
fundamental scalar or compositeness (new interaction?), …                
Find out what protects the Higgs mass from physics at high scales

5

⇒Precision measurements of Higgs properties (mass, couplings, CP 
properties, …) and comparison to precise theory predictions

Get access to the dark sector of the universe (dark matter and 
dark energy) and to the imbalance between matter and anti-matter
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Guiding themes for PoF IV

6

Mission and Strategy

6

Our mission: Study the fundamental laws of Nature in our universe, governed by quantum 
physics and the dynamics of space-time

Topic MU-FPF

68% 5%

27%

Dark Energy

Dark Matter

Atoms

What is dark
matter?

What is the 
structure of 
the vacuum?

Science drivers

Where did the 
anti-matter go?

Cosmology 
and the dark 
sector of the 

universe

Higgs and 
fundamental 

interactions at 
high precision

Searches for 
new particles 
& phenomena

Guiding themes for PoF IV
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Update of the European Strategy for Particle PhysicsUpdate of the European Strategy for Particle Physics
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Programme

8

Program Pillars: Experiments and Theory

7

International 
Linear Collider

Leading contributions to global 
collider projects (CERN, KEK)

Attractive
on-site
program

Preparation of future 
facilities / experiments

Broad 
theory portfolio
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Some examples of recent results

Higgs production at the LHC in 
comparison with the ATLAS 
measurement: gg → H → 𝛾𝛾

9
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FIG. 3. Total fiducial gg ! H ! �� cross section at
fixed N3LO (this work) and including resummation (also this
work), where �resum ⌘ �qT � �' � �match, compared to
preliminary ATLAS measurements [26].

include them in the subtractions (and to resum them).
The remaining nonsingular corrections at ↵

3
s
are about

10 times larger than at ↵
2
s
, and at q

cut

T
= 1–5GeV still

contribute 5%–10% of the total ↵3
s
coe�cient. Together

with the current precision of the nonsingular data, this
makes the above di↵erential subtraction procedure essen-
tial to our results.

Evaluating Eq. (15) either at fixed order or including
resummation, we obtain our final results for the total
fiducial cross section presented in Fig. 3. The poor con-
vergence at fixed order is largely due to the fiducial power
corrections. To see this,

�
FO

incl
= 13.80 [1 + 1.291 + 0.783 + 0.299] pb ,

�
FO

fid
/B�� = 6.928 [1 + (1.300 + 0.129fpc)

+ (0.784� 0.061fpc)

+ (0.331 + 0.150fpc)] pb . (17)

The successive terms are the contributions from each or-
der in ↵s. The numbers with “fpc” subscript are the
contributions of the fiducial power corrections in Eq. (7)
integrated over qT  130GeV. The corrections with-
out them are almost identical to the inclusive case. The
fiducial power corrections break this would-be universal
acceptance e↵ect, causing a 10% correction at NLO and
NNLO and a 50% correction at N3LO and showing no
perturbative convergence.

Integrating W
(0) over qT , all qT logarithms and re-

summation e↵ects formally have to cancel. (Numerically,
this strongly depends on the specific implementation of
resummation and matching. We have verified explicitly
that it is well satisfied in our approach.) For the fiducial
power corrections, the nontrivial qT dependence of the
acceptance spoils this cancellation and induces residual
logarithmic dependence on pL/mH in the integral. This
causes the large corrections in Eq. (17), which get re-
summed using the resummed �

sing in Eq. (15). Together

with timelike resummation, this leads to the excellent
convergence of the resummed results in Fig. 3, very sim-
ilar to the inclusive case [73],

�incl = 24.16 [1 + 0.756 + 0.207 + 0.024] pb ,

�fid/B�� = 12.89 [1 + 0.749 + 0.171 + 0.053] pb . (18)

To conclude, our best result for the fiducial Higgs cross
section at N3LL0+N3LO for the cuts in Eq. (1) reads

�fid/B�� = (25.41± 0.59FO ± 0.21qT ± 0.17'

± 0.06match ± 0.20nons) pb

= (25.41± 0.68pert) pb . (19)

Multiplying by B�� = (2.270± 0.047)⇥ 10�3 [107–109],

�fid = 57.69 (1± 2.7%pert ± 2.1%B (20)

± 3.2%PDF+↵s ± 2%EW ± 2%t,b,c) fb ,

where we also included approximations of additional un-
certainties. The PDF+↵s uncertainty is taken from the
inclusive case [24, 109]. For the inclusive cross section,
NLO electroweak e↵ects give a +5% correction [110],
while the net e↵ect of finite top-mass, bottom, and charm
contributions is�5% (in the pole scheme we use). We can
expect roughly similar acceptance corrections for both,
and therefore keep the central result unchanged but in-
clude a conservative 2% uncertainty (40% of the expected
correction) for each e↵ect. Their proper treatment re-
quires incorporating them into the resummation frame-
work, which we leave for future work.
Acknowledgments. We are grateful to Xuan Chen for

providing us with the NNLOjet results and for commu-
nication about them. We would also like to thank our
ATLAS colleagues for their e↵orts in making the prelim-
inary results of Ref. [26] publicly available. This work
was supported in part by the O�ce of Nuclear Physics of
the U.S. Department of Energy under Contract No. DE-
SC0011090 and within the framework of the TMD Topi-
cal Collaboration, the Deutsche Forschungsgemeinschaft
(DFG) under Germany’s Excellence Strategy – EXC 2121
“Quantum Universe” – 390833306, and the PIER Ham-
burg Seed Project PHM-2019-01.
Note added. While finalizing this work, we became

aware of complementary work computing fiducial ra-
pidity spectra in Higgs production at N3LO using the
Projection-to-Born approach [111]. The perturbative in-
stabilities observed there are avoided here by resumming
the responsible fiducial power corrections.

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B
716, 1 (2012), arXiv:1207.7214 [hep-ex].

[2] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett.
B 716, 30 (2012), arXiv:1207.7235 [hep-ex].

[see flash talk by X. Chen]
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FIG. 2: Inclusive N3LO QCD corrections to total
cross section for Drell-Yan production through a vir-
tual photon. In the bottom panel we plot the ratio to

the analytic calculation in [14].

therefore it is important to choose a su�ciently small qcutT
to suppress such power corrections.

Fig. 2 demonstrates the SCET+NNLOJET predictions
being independent on q

cut
T for values below 1 GeV. In

fact, for all partonic channels except qg, the cross section
predictions become flat and therefore reliable already at
q
cut
T ⇠ 5 GeV. It is only the qg channel that requires a
much smaller q

cut
T , indicating more sizeable power cor-

rections than in other channels. A more detailed under-
standing of this feature could become useful when apply-
ing qT -subtraction to more complicated final states.

Also shown in the upper panel of Fig. 2 in dashed
lines are the inclusive predictions from [14], decomposed
into di↵erent partonic channels. We observe an excellent
agreement at small-qT region with a detailed compari-
son given in Tab. I. This agreement provides a fully in-
dependent confirmation of the analytic calculation [14],
and lends strong support to the correctness for our qT -
subtraction-based calculation. In the bottom panel of
Fig. 2, we plot the ratio between di↵erent partonic chan-
nels to the total inclusive N3LO corrections. We ob-
serve large cancellation between qg channel (blue) and
qq̄ channel (orange). While the inclusive N3LO correc-
tion is about �8 fb, the qg channel alone can be as large
as �15.3 fb. Similar cancellations between qg and qq̄

channel can already be observed at NLO and NNLO.
The numerical smallness of the NNLO corrections (and
of its associated scale uncertainty) is due to these cancel-
lations, which may potentially lead to an underestimate
of theory uncertainties at NNLO.

In Fig. 3 we show for the first time the N3LO pre-
dictions for the Drell-Yan di-lepton rapidity distribution,
which constitutes the main new result of this letter. Pre-

Fixed Order �pp!�⇤(fb)

LO 339.62+34.06
�37.48

NLO 391.25+10.84
�16.62

NNLO 390.09+3.06
�4.11

N3LO 382.08+2.64
�3.09 from [14]

N3LO only qT -subtraction Results from [14]

qg �15.32(32) �15.29

qq̄ + qQ̄ +5.08(11) +4.97

gg +2.17(6) +2.12

qq + qQ +0.09(13) +0.17

Total �7.98(36) �8.03

TABLE I: Inclusive cross sections with up to N3LO
QCD corrections to Drell-Yan production through
a virtual photon. N3LO results are from the qT -
subtraction method (qcutT = 0.63 GeV) and from the
analytic calculation in [14]. Cross sections at central
scale of Q = 100 GeV are presented together with
7-point scale variation. Numerical integration errors

from qT -subtraction are indicated in brackets.

FIG. 3: Di-lepton rapidity distribution from LO to
N3LO. The colored bands represent theory uncer-
tainties from scale variations. The bottom panel is
the ratio of the N3LO prediction to NNLO, with dif-

ferent cuto↵ q
cut
T .

dictions of increasing perturbative orders up to N3LO
are displayed. We estimate the theory uncertainty band
on our predictions by independently varying µR and µF

around 100 GeV with factors of 1/2 and 2 while elimi-
nating the two extreme combinations (7-point scale vari-
ation). With large QCD corrections from LO to NLO,
the NNLO corrections are only modest and come with
scale uncertainties that are significantly reduced [5, 7, 8].
However, as has been observed for the total cross sec-
tion, the smallness of NNLO corrections is due to cancel-

High-precision predictions for:

Drell-Yan production at the 
LHC: di-lepton rapidity 
distribution
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LHC (CMS): Higgs CP properties

10

Final states with tau leptons

• The  decay is a powerful probe of 
CP violating effects in the Higgs sector 

• Generalized  Yukawa interaction: 

 

• CP mixing angle: 

 

• measured by studying distribution of 
angle between  decay planes ( ) 

• Analysis performed on full Run 2 dataset 
( ) in most sensitive final states: 

H → 𝜏𝜏

H𝜏𝜏
𝐿𝑌 =

𝑚𝜏

𝜈
H(𝜅𝜏 �̄�𝜏 + ~𝜅𝜏�̄�𝑖𝛾5𝜏)

tan𝛼𝐻𝜏𝜏 =
~𝜅𝜏

𝜅𝜏

𝜏 Φ𝐶𝑃

137 fb−1

𝜏h𝜏h,  𝜏𝜇𝜏h,  𝜏𝑒𝜏h

HIG-20-006, arXiv:2110.04836  
(sub. to JHEP)

dummy
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LHC (CMS): Higgs CP properties (II)

11

Final states with tau leptons
HIG-20-006, arXiv:2110.04836  
(sub. to JHEP)

• Measured value of CP mixing angle 
 

➔ consistent with SM prediction 

➔ Hypothesis of pure CP-odd coupling is 
rejected at  level 

➔ First measurement ever of the CP 
structure of the  Yukawa coupling 

• DESY contribution: 

• analysis of  and  final states 

• participation in statistical combination

𝛼𝐻𝜏𝜏 = (−1 ± 19)𝑜

3 𝜎

𝐻𝜏𝜏

𝑒𝜏h 𝜇𝜏h
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CP structure of the top Yukawa coupling: current 
constraints and HL-LHC prospects
Global fit to LHC inclusive and differential signal rates

12

[experiment + theory joint effort]

Only mild constraints on the CP structure at LHC and HL-LHC ⇒
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Figure 3: Exemplary Feynman diagrams for tt̄H, tH and tWH production.

contributions proportional to the top-Yukawa coupling (see upper middle diagram of Fig. 3)
and proportional to the electroweak gauge couplings (see upper right diagram of Fig. 3).1
Similar to tH production, also tWH production receives contributions proportional to the
top-Yukawa coupling and to the electroweak gauge couplings (see bottom diagrams of Fig. 3).
Experimentally, tWH is challenging to distinguish from tt̄H production. At next-to-leading
order in the five-flavor scheme or at leading-order in the four-flavor scheme, tWH and tt̄H

production even interfere with each other (see [39] for a detailed discussion). The distribu-
tions of the Higgs transverse momentum in tH, tt̄H and tWH production o�er additional
sensitivity to the CP-nature of the top-Yukawa coupling. Measurements of these shapes are
not yet possible but are expected to become feasible in the future. STXS bins for the tt̄H

Higgs pT -shape have been defined already [48].
In addition to the processes discussed above, also the Higgs decay mode into a photon and

a Z boson, four leptons, as well as four-top-quark production [41,49] can be used to constrain
the CP-nature of the top-Yukawa coupling. With the current experimental precision, these
processes are, however, not competitive to the processes discussed above (but may become
relevant after the high-luminosity upgrade of the LHC). Therefore, we do not include them
into our analysis.

3 E�ective model description

For our analysis, we use a model similar to the Higgs-characterization model defined in
Refs. [7, 37, 50]. The top-Yukawa part of the Lagrangian is modified with respect to the SM,

Lyuk = ≠
y

SM
t

Ô
2

t̄ (ct + i“5c̃t) tH, (1)

where y
SM
t

is the SM top-Yukawa coupling, H is used to denote the Higgs boson field and t

to denote the top quark field. The parameter ct rescales the CP-even coupling with respect
to the SM prediction (ct = 1). The CP-odd coupling of the Higgs boson to top quarks is

1In addition to the t-channel tH contributions, shown in Fig. 3, there is also a s-channel contribution
mediated by a W boson. The s-channel contribution is an order of magnitude smaller than the t-channel
contribution [38]. Therefore, we neglect it in the present study.

5�0.5 0.0 0.5 1.0 1.5
ct

�2

�1

0

1

2
c̃ t

tH, H � �� w/ 3 ab�1

(ct, c̃t, cV , ��, �g) free

0

5

10

15

20
��2

Figure 19: Impact of the prospective µtH/(tt̄H+tW H) determination of the proposed tH

analysis with 3 ab≠1 of data [the green areas indicate the 1 ‡ precision] on the currently
allowed ranges of ct (top panels), c̃t (middle panels), as well as on the (ct, c̃t) parameter
plane (bottom panels). The figures contain the fit results of the 5D parametrization shown
in Fig. 13 (right panels) and Fig. 8 (bottom right panel), respectively. We assume the
future µtH/(tt̄H+tW H) measurement to be consistent either with the SM (left panels) or the
CP-mixed 2 benchmark scenario (right panels).

39

current constraints

SM value

impact of 
measurement of 
tH production at 
the HL-LHC
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ATLAS: search for invisible Higgs decays and dark matter 

13

Final state: Z → leptons + missing energy

Page 10

● One hypothetical set of dark matter candidates 
is the Weakly Interacting Massive Particles 
(WIMPs)

● Complementary sensitivity to search for dark 
matter
○ Dark matter can be produced in invisible decays 

of the Higgs boson in the right mass range, 
Z(→ll)H(→ inv)  
■ Absence of significant excess allows us to 

constrain H→ invisible
○ Consider simplified dark matter model and 

two-Higgs-Doublet models plus an additional 
pseudoscalar mediator a (2HDM+a), 
Z(→ll)+Dark Matter

● Distinct signature in final states with Z→ℓℓ and 
missing transverse momentum

Search for Z(→ℓℓ)H(→inv) and Z(→ℓℓ)+Dark Matter
Motivation

Z(→ℓℓ)H(→inv)

2HDM+a

ATLAS-CONF-2021-029
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Complementary to dark matter direct detection searches
14

ATLAS: search for invisible Higgs decays and dark matter 

Page 12

No significant excess over SM is observed (limited by the ZZ modelling uncertainties/Jet, MET description)
● Z(→ll)H(→ inv) Branching ratio limit: < 0.18 (0.18) observed (expected) @ 95% C.L.
● Complementary sensitivity at low dark matter/WIMP masses compared to direct searches

Search for Z(→ℓℓ)H(→inv) and Z(→ℓℓ)+Dark Matter
Results ATLAS-CONF-2021-029

Reinterpretation in Higgs portal model, 
comparison to direct detection limits

Reinterpretation in dark matter simplified model,  
comparison to direct detection limits

Axial vector mediator couples to the nucleon spin, Spin Dependent (SD)
Vector mediator coupling increases with nucleon mass, Spin Independent (SI)

⇒
Page 12

No significant excess over SM is observed (limited by the ZZ modelling uncertainties/Jet, MET description)
● Z(→ll)H(→ inv) Branching ratio limit: < 0.18 (0.18) observed (expected) @ 95% C.L.
● Complementary sensitivity at low dark matter/WIMP masses compared to direct searches

Search for Z(→ℓℓ)H(→inv) and Z(→ℓℓ)+Dark Matter
Results ATLAS-CONF-2021-029

Reinterpretation in Higgs portal model, 
comparison to direct detection limits

Reinterpretation in dark matter simplified model,  
comparison to direct detection limits

Axial vector mediator couples to the nucleon spin, Spin Dependent (SD)
Vector mediator coupling increases with nucleon mass, Spin Independent (SI)



Fundamental Particles and Forces — Overview, Georg Weiglein, MU Days 2021, 11 / 2021

400 410 420 430 440 450 460 470 480 490 500

mA (:2o)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

c A
tt̄

*Ja N8W *G 2t+HX (�A/mA = 2.5W)
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N8W 2tT2+i2/
e3W 2tT2+i2/

2.0 2.2 2.4 2.6 2.8 3.0
�A/mA [W]

Search for additional Higgs bosons: H, A → tt
Slight excess in CMS search at about 400 GeV:

15

CMS, best fit value for ΓA/mA = 2.5%

[see flash talk by A. Anuar]
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Search for additional Higgs bosons: H, A → tt
Slight excess in CMS search at about 400 GeV:

16
[experiment + theory joint effort]

Good description of the A → tt excess at 400 GeV in models with 
extended Higgs sectors (N2HDM, NMSSM)

⇒
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Important DESY contributions to first Belle II publications

Axion-like particle searches:              Rare decay: 

17

8

FIG. 5. Upper limit (95% C.L.) on the ALP-photon cou-
pling from this analysis and previous constraints from electron
beam-dump experiments and e+e� ! �+invisible [6, 9], pro-
ton beam-dump experiments [8], e+e� ! �� [11], a photon-
beam experiment [12], and heavy-ion collisions [13].

In conclusion, we search for e+e� ! �a, a ! �� in the
ALP mass range 0.2 < ma < 9.7GeV/c2 using Belle II
data corresponding to an integrated luminosity of
445 pb�1. We do not observe any significant excess of
events consistent with the signal process and set 95%C.L.
upper limits on the photon coupling ga�� at the level of
10�3 GeV�1. These limits, the first obtained for the fully
reconstructed three-photon final state, are more restric-
tive than existing limits from LEP-II [11]. In the future,
with increased luminosity, Belle II is expected to improve
the sensitivity to ga�� by more than one order of magni-
tude [6].
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Large improvements expected 
from much more data during the 
next years

Projections+of+Integrated+Luminosity+Delivered+by+SuperKEKB to+Belle+II

o Target+scenario:+extrapolation+from+
early+2021+run+including+expected+
improvements

o Base+scenario:+conservative+
extrapolation+of+SuperKEKB
parameters+from+early+2021+run

800fbE1

1300fbE1

600fbE1

900fbE1

Long+Shutdown+1+(LS1)+is+currently+scheduled+to+start+January+2023

If+SuperKEKB performance+indicates+that+insufficient+integrated+luminosity+will+be
collected+before+LS1+or+COVIDE19+travel+restrictions+persist,+the+option+exists+to+
postpone+the+start+of+LS1+to+July+2023

[see flash talk by A. Martini]
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Plans and opportunities for on-site experiments

18

Axions in the lab: ALPS II 
“light shining through a wall” 
• Construction finished 
• First data run summer 2022

Axions from the sun: BabyIAXO 
• Design ongoing 
• Start construction 2022

Local dark matter Axions: MADMAX 
• CERN experiment followed by DESY 

experiment?

Search for ALPS (axion-like particles, very weakly interacting), non-linear QED

Non-linear QED, light Axions: LUXE 
• Utilise E-XFEL beam and strong laser 
• Conceptual design report released

Page 17| Status of the ALPS II Experiment | Todd Kozlowski | PRC Open Session | 03.11.2021

ALPS II Update: Infrastructure Progress

Magnets 24 / 24 dipoles straightened, installed, and aligned

Vacuum installed and tested, including central vacuum tank 
and in-vacuum optomechanical components

Cryogenics installed and ready for TÜV pressure tests 

https://arxiv.org/abs/2102.02032

[see flash talk by K. Karan]
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Future Collider Forum

Kick-off meeting: April 2021, first Workshop: October 2021
19

• Forum for all projects: Compact Linear Collider (CLIC), Future 
Circular Collider (FCCee/eh/hh), International Linear Collider (ILC), 
Muon Collider, …


• Foster the interaction between physics studies (experiment and 
theory) and activities on the detector and accelerator side 


• Identify and exploit synergies between the activities on the 
different future projects


• Reduce the threshold for contributions in individual groups, 
enable exchange at the ``working level’’


• Allow to reach critical mass also with smaller contributions

• ``Community Meeting’’, increase of visibility, especially for younger 

researchers

Support activities in Germany related to future colliders
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Higgs factory: invariant mass reconstruction in      
H → bb / cc

20

• At a future e+e- collider, reconstruction of        
H → bb / cc is important for many Higgs 
measurements


• invariant mass of reconstructed jets suffers 
from semi-leptonic b/c decays (SLD):

• shift of peak position

• long tail to lower masses

• ZH / ZZ not very cleanly separated 

(black histo) 
=> this is what enters projections so far! 

• kinematic fit with ParticleFlow-based error 
parametrisation for each jet (cyan histo & 
stars)  sharpens mass peaks drastically


• adding an explicit correction for neutrinos 
from semi-leptonic decays could offer even 
further improvement (red histos)

Impact expected on many Higgs and top 
projections, incl Higgs BRs, Higgs self-
coupling, top electroweak couplings, …
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arXiv:2110.13731

Improvement by  
kinematic fit alone

https://arxiv.org/abs/2110.13731
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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

21

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

⇒

Higgs couplings: HL-LHC vs. Higgs factory 
Example: heavy SUSY scenario
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Figure 2: combined limits at 95% CL, 500 fb≠1 @ 250 GeV
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LEP, Φ➞bb, observed limit

ILC, recoil method

ILC, Φ➞bb

HL-LHC: indirect sensitivity

m!/GeV 

HL-LHC

ILC

HL-LHC/ILC: indirect sensit.

Higgs factory discovery potential for new light states: 
Sensitivity at 250 GeV with 500 fb-1 to a new light Higgs

22
Higgs factory at 250 GeV will explore a large untested region!⇒

Indirect HL-LHC 
sensitivity from 
measurements 
of the Higgs at 
125 GeV

Excluded 
from

LEP 
searches

Higgs factory sensitivity:

h ⟶ bb search

Higgs factory 
sensitivity:

Recoil method

✓
ghZZ

gHSMZZ

◆2

Mh/GeV

Could 
probe the 
excesses 
from LEP 
and CMS 
at about 
96 GeV
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Figure 13: Prospects for the determination of the Higgs self-coupling � from various proposed colliders
as a function of the value of �/�SM, in terms of (a) �meas/�true (b) �meas/�SM. The error bars illustrate
the expected measurement uncertainties from HL-LHC and ILC.

sensitivity of the cross section to � is assumed to be independent of the coupling value. For � > �SM,
these assumptions are all optimistic, since in reality the other channels have a worse S/B and will
therefore be more strongly a↵ected by the decreasing cross section, and since �(�) is approaching its
minimum. Still, the expectations from HL-LHC become about 40% worse for large values of �. In
contrast, the measurement from ZHH at 500 GeV profits from a rising cross section and an enhanced
sensitivity of the cross section on �, which results on significantly better prospects for the case of
� > �SM. The combination with the 1 TeV analysis leads to very good prospects for this di�cult
measurement for any value of �.

In the case � < �SM the HL-LHC prospects improve due to an increased production cross section,
but no deviation from � = 0 larger than 2 � can be established. On the other hand, the ILC500
prospects become worse in this region. Here the ILC1000 weak boson fusion measurements will be
crucial to yield precise results. Around � ⇠ 0 both colliders show similar precisions. For even smaller
values, �/�SM

<
⇠ �0.5 the ILC determination improves again and yieds substantially better results than

the HL-LHC. Concerning the comparison of HL-LHC and ILC it should be kept in mind that the HL-
LHC analysis assumes that the other Higgs-boson couplings take their SM value without experimental
uncertainty, whereas for the ILC analysis it has been shown that the inclusion of the variation of the
other Higgs-boson couplings within their anticipated uncertainties does not lead to a degradation of the
anticipated precision [641] (assuming SM values for the Higgs-boson couplings).

3.2.9 Testing unitarity

The process of V V scattering is a corner stone in the investigation of the EWSB mechanism. The
scattering of longitudinally polarized gauge bosons corresponds to the scattering of the Goldstone boson
modes, where unitarity must be preserved. Even after the discovery of a Higgs boson at ⇠ 125 GeV
the mechanism of preserving unitarity must be tested. The study of triple and quartic gauge boson
couplings remains an important test, where deviations from the SM could be encountered.

At the ILC the relevant processes are e+e�
! ⌫⌫̄/e+e� WW/ZZ (and similar chains), which would

allow to test gauge-boson scattering at high energies. Detailed ILC studies for
p

s = 1 TeV have
been performed in Ref. [122], employing full six-fermion matrix elements and assuming an integrated

38

Higgs self-coupling sensitivity: ILC vs. HL-LHC
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Capabilities of the facilities depend on the actual value of λ!               
ILC: 10-15% precision on λ or better with ZHH (500 GeV) + 𝜈𝜈HH (1 TeV)

⇒
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Interplay between collider physics and cosmology
A Golden Triangle :

3

HIGGS AXIONS

GW

 EW phase 
transition

Cosmic strings,
Parametric resonance,          
Fragmentation

Relaxion

Inflation, reheating

Baryogenesis

Dark Matter

Large Scale 
Structures

Temperature evolution of the Higgs 
potential in the early universe:                                      

Does not work in the SM, can be 
realised in extended Higgs sectors 

Baryogenesis: creation of the 
asymmetry between matter and anti-
matter in the universe requires a  first-
order EW phase transition (FOEWPT)                                        

  Introduction
What is a FOEWPT?

9

High temperature

Critical temperature 
(degenerate minima)

Transition temperature



Fundamental Particles and Forces — Overview, Georg Weiglein, MU Days 2021, 11 / 2021

FOEWPT: N2HDM (two doublets + real singlet)

25

``Smoking gun’’ collider signature: A → Z h2, A → Z h3             
Nucleation temperature for the FOEWPT, N2HDM scan:

Lower nucleation temperatures, i.e. stronger FOEWPTs, are 
correlated with larger signal rates at the LHC!

⇒
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Figure 8: Correlation of the cross sections for the processes A æ Zh2 and A æ Zh3 for the N2HDM
benchmark scenarios defined in Table 4. The color coding is the same as in Figure 7 (right).

are generally open in scenarios with a FOEWPT, except when h3 is very singlet-like (and can
thus e�ectively decouple from the FOEWPT dynamics, mh3 ∫ v).

In Figure 8 we show as result of our parameter scan defined in Table 4 the predictions for
the signal rates pp (gg) æ A æ Zh2 and pp (gg) æ A æ Zh3 at the LHC with

Ô
s = 13 TeV,

where the production cross section has been calculated with SusHi v.1.6.1 [105, 106], and the
branching ratios have been obtained with N2HDECAY [27, 78]. Since the production cross section
‡(gg æ A) is constant in our scan (it only depends on mA and tan —), Figure 8 e�ectively
shows the interplay between BR(A æ Zh3) and BR(A æ Zh2). As a result, we find that
(stronger) FOEWPTs with smaller nucleation temperatures are correlated with larger values
for these branching fractions. However, the largest values of the signal rates for each of the
two processes in our scan correspond to unphysical trapped-vacua scenarios. The detection
of the processes pp æ A æ Zh2 and pp æ A æ Zh3 at the LHC would open the possibility
to infer details about the thermal history of the Universe that would have occurred in the
N2HDM. Regarding the current status of LHC searches of this kind, ATLAS and CMS have
searched for the pp æ A æ Zhi (with hi ”= h125) signature within their 8 TeV [107] and
13 TeV [108, 109] data sets, assuming that the Higgs boson hi decays into a pair of bottom
quarks or a pair of · -leptons. It should be noted that our scan shows that for scenarios
featuring a FOEWPT in the N2HDM the masses of both h2 and h3 could easily be above
the decay threshold into top-quark pairs. In fact, for the rather small value of tan — = 2 in
our scan the discovery potential for the “smoking-gun” signatures in the N2HDM scenarios
could be higher for the decay of h2,3 æ t̄t. Thus, our results motivate to explore the signature
pp æ A æ Z(hi) æ Z(t̄t) within the programme of experimental searches at the LHC (see

32

No FOEWPT; 
universe is trapped 
in a ``false’’ vacuum

[see flash talk by M. O. Olea]
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Canonical examples of GW backgrounds
 of primordial origin .Gravitational waves as probe into the early Universe
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Gravitational waves as probe into the early Universe
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Irreducible GW background from amplification of 
initial quantum fluctuations of the gravitational field 
during inflation

Gravitational waves as probe into the early Universe
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Figure 2: The matter-kination scenario leads to a peaked GW
spectrum from primordial inflation. The peak’s height and position
are determined by the inflationary scale Einf , the kination e-folding
NKD, and the kination energy scale EKD. The shown spectra corre-
spond to the benchmark points in Fig. 3. The dashed lines represent
the positions of the peak generated in different models of QCD axion
dark matter (according to Eq. 13).

as / f
3/2. The effect of a kination era on the GW spectrum

from cosmic strings are presented in a sister publication [9].
If such cosmic string source is present, a multiple-peak struc-
ture may arise. Finally, another source of stochastic GW may
come from the couplings of the inflaton. A well-known exam-
ple is axion inflation that may lead to an enhanced signal due
to parametric resonance effects induced by the inflaton cou-
pling to gauge fields [10]. The spectral shape of this signal
is also very different from what we predict from a short ki-
nation era. In this letter, we focus on the model-independent
irreducible background from inflation. Fig. 3 shows which
types of cosmological histories, characterised by the energy
scale of kination and duration of kination, can be probed by
LISA [3], BBO [6], ET [4, 5], CE [11] and SKA [12]. To
derive these regions, we have used the integrated power-law
sensitivity curves of [8]. Note that a kination era lasting more
than ⇠ 12 efolds is not viable as it would lead to a too large
energy density in GW, violating theextra relativistic-species
(Ne↵ ) constraint from Big Bang Nucleosynthesis (BBN) [1].

Having derived the GW smoking gun signature resulting
from an intermediate matter era followed by the kination era
inside the radiation era, we will next argue that such cosmo-
logical history is a characteristic feature of axion field dynam-
ics, that arises for instance in the Peccei-Quinn framework
before the axion starts oscillating and relaxes the strong CP
parameter to unobservably small values. Our discussion is
very general and applies to any axion-like particle (ALP), the
PQ axion being one particular example. We will discuss two
possible implementations. The first implementation relies on
the interplayed dynamics of the radial and angular modes of
the PQ field. A large kinetic energy can be transferred to the
axion by the dynamics of the radial mode at early times. The
second one called “trapped misalignment” only involves the
axion, the angular mode of the complex PQ field, and was in-
troduced in Ref. [13, 14]. In this framework, the axion has a
large mass Ma at early times. At some temperature Tc, the

Einf = 1.6 � 1016 GeV

Figure 3: Model-independent probes of a short kination era in the
early universe by GW experiments. Coloured regions indicate ob-
servable windows for each experiment. BBN constrains the energy
scale at which kination ends (gray) and the amount of GW (red-
hatched). Dashed lines indicate the temperature T� when kination
ends. Peaked signals exist in the white region but are not observable
in planned experiments. Like in Fig. 2, this figure does not assume
anything about axions, it just relies on a kination era as defined in
Fig. 1. Only the three parallel solid lines refer to specific models
where the kination era is triggered by a QCD axion. The black line
denotes the scenario where kination is induced by the spinning of
conventional QCD axion DM, the corresponding GW peaks would
require new observatories sensitive to ultra-high frequencies. The
lighter QCD axion DM with ZN -symmetry [13, 14] can induce a
GW signal, from the shown benchmark points, e.g. at ET, BBO, and
LISA for N ' 25, 31, 39, respectively.

axion potential vanishes abruptly. In this process, the axion
acquires a large kinetic energy that induces a kination era. In
both cases, the kination era lasts a few efolds, until the energy
density of the scalar field, which redshifts as a�6 is overcome
by radiation, and the standard evolution then takes over. Be-
fore describing these two cases in turn, we investigate the gen-
eral case where the axion makes all the dark matter (DM) of
the universe, as this represents one of the golden scenario that
has led to a large variety of experimental searches.

GRAVITATIONAL WAVES AND AXION DARK MATTER

RELATION

From the so-called kinetic misalignment mecha-
nism [15, 16] or kinetic axion fragmentation [17] the
ALP relic abundance today reads ⌦a,0/⌦DM,0 '
170.94 (ma/1eV) (Ya/40), where the comoving ax-
ion number density is conserved after kination has
started, Ya = na/s = f

2

a ✓̇KD/s(TKD). Eq. (9)
can be re-written in terms of Ya, fKD = 4.6 ⇥
10

�9
HzG

1/4
(T�)G

3/4
(TKD) (fa/Ya) e

2NKD , such that
we can relate the GW peak amplitude to the ALP abundance

radiation era-> flat

GW from a spinning axion.
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Primordial GW enhanced by an early spinning axion!
Gravitational waves from primordial inflation
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Figure 7: Inflationary GW with energy scale Einf is enhanced by an NKD-efold kination era from energy
scale EKD to the temperature T¢ (dashed lines). The peak signal resides in observable windows (colored
region). BBN constrains the latest end of kination (gray) and the amount of GW (red-hatched). The
QCD axion that allows kination era could be dark matter along the solid-gray lines for the conventional
QCD axion and theZN -QCD axion. The smaller the inflation scale, the weaker the GW amplitude. The
black dashed lines show the prospect detectability of the HF experiments operated at 10 kHz and 1 MHz
frequencies with sensitivity ≠sens = 10°10. (Right panel) The GW spectra correspond to benchmark
points in the left panel.

Figure 8: The longer kination era enhances the peak’s detectability and allows strings with smaller Gµ
to be probed. Planck2018 puts an upper bound on Einf . 1.6£1016 GeV (purple-hatched).
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Gravitational waves as a probe of the early universe
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Canonical examples of GW backgrounds
 of primordial origin .Gravitational waves as probe into the early Universe
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Gravitational waves as probe into the early Universe
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Irreducible GW background from amplification of 
initial quantum fluctuations of the gravitational field 
during inflation

Gravitational waves as probe into the early Universe
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Figure 2: The matter-kination scenario leads to a peaked GW
spectrum from primordial inflation. The peak’s height and position
are determined by the inflationary scale Einf , the kination e-folding
NKD, and the kination energy scale EKD. The shown spectra corre-
spond to the benchmark points in Fig. 3. The dashed lines represent
the positions of the peak generated in different models of QCD axion
dark matter (according to Eq. 13).

as / f
3/2. The effect of a kination era on the GW spectrum

from cosmic strings are presented in a sister publication [9].
If such cosmic string source is present, a multiple-peak struc-
ture may arise. Finally, another source of stochastic GW may
come from the couplings of the inflaton. A well-known exam-
ple is axion inflation that may lead to an enhanced signal due
to parametric resonance effects induced by the inflaton cou-
pling to gauge fields [10]. The spectral shape of this signal
is also very different from what we predict from a short ki-
nation era. In this letter, we focus on the model-independent
irreducible background from inflation. Fig. 3 shows which
types of cosmological histories, characterised by the energy
scale of kination and duration of kination, can be probed by
LISA [3], BBO [6], ET [4, 5], CE [11] and SKA [12]. To
derive these regions, we have used the integrated power-law
sensitivity curves of [8]. Note that a kination era lasting more
than ⇠ 12 efolds is not viable as it would lead to a too large
energy density in GW, violating theextra relativistic-species
(Ne↵ ) constraint from Big Bang Nucleosynthesis (BBN) [1].

Having derived the GW smoking gun signature resulting
from an intermediate matter era followed by the kination era
inside the radiation era, we will next argue that such cosmo-
logical history is a characteristic feature of axion field dynam-
ics, that arises for instance in the Peccei-Quinn framework
before the axion starts oscillating and relaxes the strong CP
parameter to unobservably small values. Our discussion is
very general and applies to any axion-like particle (ALP), the
PQ axion being one particular example. We will discuss two
possible implementations. The first implementation relies on
the interplayed dynamics of the radial and angular modes of
the PQ field. A large kinetic energy can be transferred to the
axion by the dynamics of the radial mode at early times. The
second one called “trapped misalignment” only involves the
axion, the angular mode of the complex PQ field, and was in-
troduced in Ref. [13, 14]. In this framework, the axion has a
large mass Ma at early times. At some temperature Tc, the

Einf = 1.6 � 1016 GeV

Figure 3: Model-independent probes of a short kination era in the
early universe by GW experiments. Coloured regions indicate ob-
servable windows for each experiment. BBN constrains the energy
scale at which kination ends (gray) and the amount of GW (red-
hatched). Dashed lines indicate the temperature T� when kination
ends. Peaked signals exist in the white region but are not observable
in planned experiments. Like in Fig. 2, this figure does not assume
anything about axions, it just relies on a kination era as defined in
Fig. 1. Only the three parallel solid lines refer to specific models
where the kination era is triggered by a QCD axion. The black line
denotes the scenario where kination is induced by the spinning of
conventional QCD axion DM, the corresponding GW peaks would
require new observatories sensitive to ultra-high frequencies. The
lighter QCD axion DM with ZN -symmetry [13, 14] can induce a
GW signal, from the shown benchmark points, e.g. at ET, BBO, and
LISA for N ' 25, 31, 39, respectively.

axion potential vanishes abruptly. In this process, the axion
acquires a large kinetic energy that induces a kination era. In
both cases, the kination era lasts a few efolds, until the energy
density of the scalar field, which redshifts as a�6 is overcome
by radiation, and the standard evolution then takes over. Be-
fore describing these two cases in turn, we investigate the gen-
eral case where the axion makes all the dark matter (DM) of
the universe, as this represents one of the golden scenario that
has led to a large variety of experimental searches.

GRAVITATIONAL WAVES AND AXION DARK MATTER

RELATION

From the so-called kinetic misalignment mecha-
nism [15, 16] or kinetic axion fragmentation [17] the
ALP relic abundance today reads ⌦a,0/⌦DM,0 '
170.94 (ma/1eV) (Ya/40), where the comoving ax-
ion number density is conserved after kination has
started, Ya = na/s = f

2

a ✓̇KD/s(TKD). Eq. (9)
can be re-written in terms of Ya, fKD = 4.6 ⇥
10

�9
HzG

1/4
(T�)G

3/4
(TKD) (fa/Ya) e

2NKD , such that
we can relate the GW peak amplitude to the ALP abundance

radiation era-> flat

GW from a spinning axion.

41

Primordial GW enhanced by an early spinning axion!
Gravitational waves from primordial inflation

Figure 7: Inflationary GW with energy scale Einf is enhanced by an NKD-efold kination era from energy
scale EKD to the temperature T¢ (dashed lines). The peak signal resides in observable windows (colored
region). BBN constrains the latest end of kination (gray) and the amount of GW (red-hatched). The
QCD axion that allows kination era could be dark matter along the solid-gray lines for the conventional
QCD axion and theZN -QCD axion. The smaller the inflation scale, the weaker the GW amplitude. The
black dashed lines show the prospect detectability of the HF experiments operated at 10 kHz and 1 MHz
frequencies with sensitivity ≠sens = 10°10. (Right panel) The GW spectra correspond to benchmark
points in the left panel.

Figure 8: The longer kination era enhances the peak’s detectability and allows strings with smaller Gµ
to be probed. Planck2018 puts an upper bound on Einf . 1.6£1016 GeV (purple-hatched).
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FPF: exploration of the fundamental laws of nature provides a 
window to the evolution of the early universe and may reveal a 
connection to the dark sector


Goal: find our way on the                                                                                                                                     
``Quantum Universe map’’


Role as a leading partner and national lab:

• Indispensable partner for German universities in int’l endeavours

• World-leading infrastructures, experience and expertise

• On-site experiments with unique discovery potential

• Facilitate decisive German contribution to next int’l collider project

27

Conclusions: FPF, present and future
[See the ``Outlook’’ talk by Priscilla Pani!]

Who We Are

2

PIs of the proposal

J. Mnich

P. Pani

Theory +
Experiments

Theory

Spokesperson 
and deputy

Topic MU-FPF

§ 2 Helmholtz centers
at 3 locations

§ 158 scientists
§ 78 Ph.D. students
§ 34 MEUR costs / a
§ 42 nationalities                

97% DESY

3% KIT
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Backup
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Are there additional sources for CP violation in the 
Higgs sector? 
The amount of CP violation in the SM (induced by the CKM phase) is 
not sufficient to explain the observed asymmetry between matter 
and anti-matter in the universe


Search for additional sources of CP violation


Baryogenesis: creation of the asymmetry between matter and anti-
matter in the universe requires a first-order electroweak phase 
transition (FOEWPT)                                                                       
Does not work in the SM, can be realised in extended Higgs sectors


But: strong experimental constraints from limits on electric dipole 
moments (EDMs)

29
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CP properties of h125
It has been experimentally verified that h125 is not a pure CP-odd 
state, but it is by no means clear that it is a pure CP-even state


The main testing ground are processes involving only Higgs 
couplings to fermions


e.g.: 


with H → 𝛕𝛕, bb, …

30

Intro Model Relevant processes Global fit Conclusions

Relevant processes: gg æ H & H æ ““
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I top-Yukawa influences
• gg æ H signal strength

Ÿ2
g © ‡ggæH

‡SM
ggæH

----
Mt æŒ

= c
2
t +

9
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c̃

2
t + . . . ,

calculate Ÿg either in terms of ct and c̃t or treat it as free parameter

(æ undiscovered colored BSM particles),

• kinematic shapes not sensitive yet,

(future potential: �„jj in gg æ H + 2j)

I similarly H æ ““.
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Intro Model Relevant processes Global fit Conclusions

Relevant processes: ttH and tH production
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H
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I tt̄H and tH di�cult to disentangle
æ combination of both measured,

I ‡SM
tt̄H

¥ 7‡SM
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,
I but CP-odd Yukawa coupling can

enhance ‡tH .

Kinematic shape:
I no measurements yet.
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Composite Higgs

Approaches to address the question how a scalar particle can 
be light, M ~ 125 GeV:


• SUSY: elementary scalars related via SUSY to elementary 
fermionic superpartners, which naturally have a small mass 
(weakly broken chiral symmetries)


• Spontaneous breaking of a continuous global symmetry:          
⇒ massless Goldstone boson                                           
Explicit breaking of global symmetry                                         
⇒ pseudo-Goldstone boson (PGB)                                      
Mass of the PGB is proportional to the strength of the 
symmetry breaking  

31
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Simultaneous constraints on QCD and BSM

New CMS data used in QCD+CI fit at NLO with DIS (EPJC 75 (15)12) and CMS ttbar (EPJC 80 (2020) 7) 

• Improvement in PDF accuracy at high x 

• Simultaneous extraction of QCD and BSM parameters 

• No risk of absorbing BSM into PDFs

SMEFT interpretation of the inclusive jet production in pp collisions at 13 TeV

contact interactionsdirect probe of gluon and strong coupling constant

95% CL exclusion for  ( ): 
 Left-handed :  
 Vector-like:  
 Axial-vector like 

Λ 𝑐1 = − 1
Λ > 24TeV

Λ > 32TeV
Λ > 31TeV
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Probing t-Z couplings with EFT and ML 

• t-Z coupling modified by various BSM scenarios 

• EFT framework: interpret deviations in precision measurements  
as signs for new physics at higher energy, model-independent 

• Novel approach: constrain several t-Z EFT operators  
in a simultaneous analysis of ttZ, tWZ, & tZq events: 

• Consider up to 5 EFT operators simultaneously 

• Pioneer use of Deep Learning techniques to target EFT effects

Featured on last CERN Courier
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tZq production in final states with 3 leptons 

• EWK production → polarized top 

• Sensitive to many EFT operators 

• First ever tZq differential measurements of top & Z observables, top-Z system, leptons  
• First ever measurement of top spin asymmetry in tZq (proportional to polarization) 

• Exploit machine learning   
techniques (DNN) 
to enhance  
sensitivity 
to tZq signal 

Rare process, connects top with EWK sector
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Flavour physics anomalies

357

B physics anomalies

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.

8

analysis.
The analysis strategy aims to reduce systematic uncertainties induced in modelling

the markedly di↵erent reconstruction of decays with muons in the final state, compared
to decays with electrons. These di↵erences arise due to the significant bremsstrahlung
radiation emitted by the electrons and the di↵erent detector subsystems that are used
to identify electron and muon candidates (see Methods). The major challenge of the
measurement is then correcting for the e�ciency of the selection requirements used to
isolate signal candidates and reduce background. In order to avoid unconscious bias, the
analysis procedure was developed and the cross-checks described below performed before
the result for RK was examined.

In addition to the process discussed above, the K
+
`
+
`
� final state is produced via

a B
+

! XqqK
+ decay, where Xqq is a bound state (meson) such as the J/ . The

J/ meson consists of a charm quark and antiquark, cc, and is produced resonantly at
q
2 = 9.59GeV2

/c
4. This ‘charmonium’ resonance subsequently decays into two leptons,

J/ ! `
+
`
�. The B

+
! J/ (! `

+
`
�)K+ decays are not suppressed and hence have a

branching fraction orders of magnitude larger than that of B+
! K

+
`
+
`
� decays. These

two processes are separated by applying a requirement on q
2. The 1.1 < q

2
< 6.0GeV2

/c
4

region used to select B
+
! K

+
`
+
`
� decays is chosen to reduce the pollution from the

J/ resonance and the high-q2 region that contains contributions from further excited
charmonium resonances, such as the  (2S) and  (3770) states, and from lighter ss

resonances, such as the �(1020) meson. In the remainder of this article, the notation
B

+
! K

+
`
+
`
� is used to denote only decays with 1.1 < q

2
< 6.0GeV2

/c
4, which are

referred to as nonresonant, whereas B+
! J/ (! `

+
`
�)K+ decays are denoted resonant.

To help overcome the challenge of modelling precisely the di↵erent electron and muon
reconstruction e�ciencies, the branching fractions of B+

! K
+
`
+
`
� decays are measured

relative to those of B+
! J/ K

+ decays [110]. Since the J/ ! `
+
`
� branching fractions

are known to respect lepton universality to within 0.4% [2,111], the RK ratio is determined
via the double ratio of branching fractions

RK =
B(B+

! K
+
µ
+
µ
�)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

! K
+
e
+
e
�)

B(B+
! J/ (! e

+
e
�)K+)

. (2)

In this equation, each branching fraction can be replaced by the corresponding event yield
divided by the appropriate overall detection e�ciency (see Methods), as all other factors
needed to determine each branching fraction individually cancel out. The e�ciency of the
nonresonant B+

! K
+
e
+
e
� decay therefore needs to be known only relative to that of the

resonant B+
! J/ (! e

+
e
�)K+ decay, rather than relative to the B+

! K
+
µ
+
µ
� decay.

As the detector signature of each resonant decay is similar to that of its corresponding
nonresonant decay, systematic uncertainties that would otherwise dominate the calculation
of these e�ciencies are suppressed. The yields observed in these four decay modes and the
ratios of e�ciencies determined from simulated events then enable anRK measurement with
statistically dominated uncertainties. Percent-level control of the e�ciencies is verified with
a direct comparison of the B+

! J/ (! e
+
e
�)K+ and B

+
! J/ (! µ

+
µ
�)K+ branching

fractions in the ratio rJ/ = B(B+
! J/ (! µ

+
µ
�)K+)/B(B+

! J/ (! e
+
e
�)K+), as

detailed below.
Candidate B

+
! K

+
`
+
`
� decays are found by combining the reconstructed trajec-

tory (track) of a particle identified as a charged kaon, together with the tracks from a
pair of well-reconstructed oppositely charged particles identified as either electrons or

3

https://arxiv.org/abs/2103.11769

Could the underlying physics of flavour be accessible at the TeV scale?
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Azimuthal correlations in Z+jets events

• Small : soft-gluon resummation and non-perturbative  
contributions essential  

• High : Z+jet production dominant, significant corrections  
from QCD processes   

•  Z + jet measurements challenge theoretical predictions 

•  Good agreement achieved incl. contr. of multiparton interactions, parton shower, PB        

𝑝𝑇 (𝑍 )

𝑝𝑇 (𝑍 )

Particular interest in Parton Branching (PB) predictions

 < 10 GeV𝑝𝑇(𝑍)  100 GeV𝑝𝑇(𝑍) ≥

Tested predictions: Madgraph5 NLO with / without MPI, GENEVA (NNLO + NNLL resummation)  
                                   MCatNLO-CA3 (Z+j) NLO PB , MCatNLO-CA3 (Z+2j) NLO PB
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Insight into the structure of higher-order corrections

• For the first time measured jet multiplicity in bins of the leading jet 𝑝𝑇  & azimuthal angle between leading jets Δ𝜙1,2 

• Up to seven jets are measurable 

• Cross section of the four leading jets measured up to the TeV scale:  
• Benchmark for Standard Model multi-jet cross section calculations 

• Test simulations including parton showers for higher jet multiplicity 

• Measurements compared to LO (MadGraph, Pythia8, Herwig++) 

• Comparison to NLO (MADGRAPH5_MC@NLO) with Pythia8 and CASCADE3 predictions 

• For high jet multiplicities the lack of higher order contributions can be observed

Data compared to MG5_atMC NLO predictions interfaced with Pythia8 and CASCADE3
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• project carried out with UHH in QU Excellence Cluster 
• fast ML based shower simulation 
• use sample of photons at 90 deg impact angle in ILD 

Ecal (5x mm^2, SiW) w/ uniform energies 10-100 GeV 

• achieve high fidelity in distributions of relevant 
physical variables 

• using Bounded-Information-Bottleneck Auto Encoder 
(BIB-AE) w/ post-processing 

• also compared to GAN and WGAN

high fidelity simulation of photons in highly granular ILD-ECal 

Bounded-Information-Bottleneck Auto Encoder with Post Processing

Getting High: High Fidelity Simulation of High Granularity 
Calorimeters with High Speed, Erik Buhmann (Hamburg U.) 
Sascha Diefenbacher (Hamburg U.), Engin Eren (DESY), Frank 
Gaede (DESY), Gregor Kasieczka (Hamburg U.), Katja Krüger 
(DESY) et al. (May 11, 2020), e-print: 2005.05334 to be published 
in Computing and Software for Big Science

Geant4 BIB-AE

GAN

WGAN

Machine learning for calorimeter simulation

https://arxiv.org/abs/2005.05334
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Figure 14: Expected sensitivities of the ILC250 to the production of a new scalar S in association with
the Z boson with Z ! e+e�/µ+µ�, based on [690–692]. The considered scenario is L = 2 ab�1 at
p

s = 250 GeV with the standard polarisation mix of the H20 running scenario, where the impact of
the 125 GeV Higgs signal is not shown. Left: S ! bb̄. Shown is the existing limit from LEP [8] and the
projection for the ILC based on a generator-level extrapolation. Right: recoil method. Shown is the
existing limit from OPAL [689] and the projectsions for the ILC based on a generator-level extrapolation
(orange solid) [690] and the results of an ILD full detector simulation study (red solid) and at Pythia
stable particle level (red dotted) [691,692], see text.

production at the ILC or CLIC has been studied for for various types of the 2HDM (or the MSSM, but
with heavy SUSY particles) [120,121,231,413,414,667], where access to the heavy Higgs boson almost
up to the kinematic limit (assuming similar masses of the two Higgs bosons) was demonstrated. In
the MSSM, where the heavy Higgs bosons are nearly mass degenerate, the discovery reach is close to
MA

<
⇠

p
s/2. A statistical accuracy for the mass of the heavy Higgs bosons below the GeV level can be

reached (for
p

s  1 TeV) [120, 121]. Taking a concrete example, for Higgs boson masses at 385 GeV
at

p
s = 800 GeV and Lint = 500 fb�1 a cross section measurements of e+e�

! HA ! bb̄ bb̄ (bb̄ ⌧+⌧�)
better than 7(30)% can be achieved, whereas the widths can be determined up to 20 � 40% [120,121].

Two particular scenarios of the 2HDM were studied in detail in Ref. [231] (see also Refs. [204, 205]),
the 2HDM type I with MA = 902 GeV, and the type II with MA = 742 GeV, assuming MSSM mass
relations. (The 2HDM type III and IV have been analyzed in Refs. [413,414,667].) In both models the
dominant decay modes are e+e�

! HA ! bb̄bb̄ and e+e�
! H+H�

! tb̄t̄b. The achievable accuracy
on the Higgs-boson masses using 2 ab�1 at

p
s = 3 TeV is about 3%, and the width can be determined

with an accuracy of 17 � 31% for the bb̄bb̄ final state and 23 � 27% for the tb̄t̄b final state.
In [797] the production of heavy Higgs bosons has been studied in a real singlet extension of the

SM for CLIC energy of
p

s = 1.4 and 3 TeV. The heavy Higgs boson H decays into gauge bosons,
either in 4`’s or in 2 `s plus missing energy. Studying Di-Higgs production in the 4b final state would
exceed the reach of HL-LHC by two orders of magnitude in the range of mH = 250–1000 GeV [797].
Assuming a mixing between the SM-like Higgs- and the heavy Higgs-boson a measurement of the Higgs
self-coupling allows one to gain access to the nature of the electroweak symmetry breaking in the early
Universe. Such a singlet-extended model can easily be embedded in the NMSSM, constituting a perfect
model for achieving at the same time a strongly first order electroweak phase transition, generating the
observed matter-antimatter asymmetry.

Heavy Higgs bosons can also be detected via interference e↵ects with o↵-shell contributions of a SM-
like light Higgs boson. In [629] the process e+e�

! ⌫⌫̄{h, H} ! ⌫⌫̄ZZ(⇤)/WW (⇤)
! ⌫⌫̄uūdd̄ in a type

40

e+e- collider at 250 GeV with 2 ab-1, recoil method: 
generator-level extrapol. + ILD full detector simulation

39
Higgs factory at 250 GeV will explore a large untested region!⇒

Excluded 
from

LEP 
searches

Generator-

level 

extrapolation

ILD full 
detector

simulation
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Outlook
Future developments for the future
• DESY particle physics will contribute significantly to the recently started ECFA study 

on e+e- Higgs/Top/EW factories 

• Software & High-level reconstruction algorithm developments for e+e- Higgs factories 

• Key4HEP  

• kinematic fitting => exploit highly-granular particle flow detector for detailed error 
analysis 

• charged hadron ID with time-of-flight and specific energy loss measurements => 
detector optimisation 

• machine learning in simulation and  

• Apply these to Higgs & BSM physics - implications on detector concept design? 


