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SMEFT vs models

SMEFT representing UV-Model [Aachen–Heidelberg–Siegen]

– SMEFT questions: combining sectors, flavor assumptions, uncertainties
specifically: error from truncating at D6?

– problem: no good scale separation
⇒ SMEFT as placeholder for UV-models [vector triplet]
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1
4
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2
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µAJA
lµ + g̃q ṼµAJA
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Matching

– 17 Wilson coefficients↔ 6 model parameters

– SFitter limits in terms of model parameters
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SMEFT vs models

SMEFT representing UV-Model [Aachen–Heidelberg–Siegen]

– SMEFT questions: combining sectors, flavor assumptions, uncertainties
specifically: error from truncating at D6?

– problem: no good scale separation
⇒ SMEFT as placeholder for UV-models [vector triplet]
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ṼµνAṼ A
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Hµ + g̃l Ṽ
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Matching at one loop [Dawson, Giardino, Homiller]

– 17 Wilson coefficients↔ 6 model parameters plus matching scale

– remember renormalizing αs with heavy states

– cancellations in Wilson coefficients f (g̃,Qmatch)
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Anomalies in EFTs

Physical S-matrix elements satisfy Ward identities [Cata, Kilian, Kreher]

– In the SM, they do only if (hyper)charge sum rule is satisfied

– SMEFT: extra dim-6 sum rules for mixed U(1) anomalies

– specifically, Wilson coefficients proportional to hypercharge

Z , γ

q

q̄

γ

W +

W−

kµ(γ) Mµ...(k , . . . ) 6= 0.

Puzzle (in progress): some anomaly-free BSM models violate requirements?

– extend SMEFT to correctly represent low-energy approximation

– map operator space of SMEFT anomalies
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2HDM for baryogenesis

Minimal model for baryogenesis [Hou, Modak, TP]

– first-order ew phase transition plus CP-phase
– complex 2HDM [type-3, Muhlleitner etal]

V (Φ,Φ′) = µ
2
11|Φ|

2 + µ
2
22|Φ

′|2 −
(
µ

2
12Φ†Φ′ + h.c.

)
+
η1

2
|Φ|4 +

η2

2
|Φ′|4 + η3|Φ|2|Φ′|2

+ η4|Φ†Φ′|2 +

[
η5

2
(Φ†Φ′)2 +

(
η6|Φ|2 + η7|Φ′|2

)
Φ†Φ′ + h.c.

]
.

scalar mixing c2
γ = (η1v2 −m2

h)(m2
H −m2

h)

– complex Yukawa sector F i (−λij sγ + ρij cγ)hFi + · · ·
rotated to λij =

√
2 mi/vδij ∈ R while ρij ∈ C

– allowed mA,H,H+ ∼ 300 ... 600 GeV, |ρtc | ∼ 0.5

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.0

0.2

0.4

0.6

0.8

1.0

1.2

|cγ|
|ρ

tc
|

Bs-Bs

mH+ = 300 GeV

ℬ(t → ch)

ℬ(t → ch)3 ab-1

E
W

B
G



BSM Physics

Tilman Plehn

A2a

A2b

A3a

B1x

B3a

2HDM for baryogenesis

LHC to find the necessary states [Uli’s talk]
c
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b (t)
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ρtcH+

– ρtc from anomalous t → ch decays

– heavy Higgs produced through |ρtc |
– charged Higgs decaying through cγ

cg → bH+ → b (W +
` h)→ b W +

` W +
` W−`
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2HDM for baryogenesis

LHC to find the necessary states [Uli’s talk]
c
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H+(A/H)

b (t)

ρtc

ρtcH+

– ρtc from anomalous t → ch decays

– heavy Higgs produced through |ρtc |
– charged Higgs decaying through cγ

cg → bH+ → b (W +
` h)→ b W +

` W +
` W−`

– neutral Higgs decaying through ρtc

cg → tH/tA→ t (t c̄)

probed by recycled 4t search
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⇒ So what about finding the CP-violation? [Brehmer, Kling, TP, Tait]
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The CP-Violating NMSSM Higgs Sector
• The NMSSM Higgs Sector: 2 Higgs doublets and 1 complex singlet

Hd =

(
1√
2

(vd + hd + iad )

h−d

)
, Hu = eiϕu

(
h+

u
1√
2

(vu + hu + iau)

)
,

S =
eiϕs
√

2
(vs + hs + ias) .

• The Higgs Potential: (neglecting D-term contributions)

VH =(|λS|2 + m2
Hd

)H†d Hd + (|λS|2 + m2
Hu

)H†u Hu + m2
S |S|2

+
∣∣∣κS2 − λHd · Hu

∣∣∣2 +

(
1
3
κAκS3 − λAλSHd · Hu + h.c.

)

• CP Violation in the Higgs Sector: λ, κ,Aλ,Aκ can be complex

• Higgs interaction states mix: Mass term

Lm
neutral =

1
2
φT Mφφφ , φ = (hd , hu , hs, ad , au , as)

mass eigentstates h1, ..., h5 with mh1 ≤ ... ≤ mh5
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O(α2
new) ≡ O((αλ + ακ + αt)

2) NMSSM Mass Corrections

[Dao,Gabelmann,Mühlleitner,Rzehak, preliminary]

Corrections to hu-like Higgs
(=̂ SM-like Higgs)

∆ren =

∣∣∣∣Mmt (DR)

h −M
mt (OS)

h

∣∣∣∣
M

mt (DR)

h
remaining theoretical error O(few %)

coupling to WW/ZZ normalized to SM

transparent: excluded by Higgs data
full (dashed): hu = h1 (h2)
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SUSY-EW and SUSY-QCD Corrections to Charged Higgs Decays

[NMSSMCALCEW; Dao,Mühlleitner,Patel,Sakurai,’21]

Points from scan in the NMSSM parameter space, compatible w/ experimental
constraints

δΓ(H+XY ) = Γ(H+→XY )NLO

Γ(H+→XY )LO − 1

∆BR(H+XY ) = BRNLO(H+→XY )−BRLO(H+→XY )

max(BRNLO(H+→XY ),BRLO(H+→XY ))
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Invisible Higgs Decays in the N2HDM
• Updated Limit on Higgs invisible branching ratio: BRinv <0.11 [ATLAS]

• Indirect constraints on BRinv in the N2HDM: below 0.1 electroweak (EW)
corrections to BRinv become important

• Dark Doublet Phase (DDP) of the N2HDM: 2 SU(2)L doublet fields Φ1,2 and a
real singlet field ΦS with two discrete Z2 symmetries, DDP: Φ1,ΦS get VEV,
not Φ2  dark particles HD ,AD ,H

±
D from Φ2, lightest one is DM candidate

[Azevedo,Gabriel,Mühlleitner,Sakurai,Santos,’21]

BRNLO < 0.1: no additional constraints from inclusion of EW corrections
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Measuring QCD splittings

Jet properties from low-level observables [Bieringer, Butter, Heimel, Höche, Köthe, TP, Radev]

– using neural networks for simulation-based inference

– condition (simulated) jets
train model parameters −→ Gaussian latent space
test Gaussian sampling −→ QCD parameter measurement

– going beyond CA vs CF [Kluth etal]

Pqq = CF

[
Dqq

2z(1− y)

1− z(1− y)
+ Fqq(1− z) + Cqqyz(1− z)

]
Pgg = 2CA

[
Dgg

(
z(1− y)

1− z(1− y)
+

(1− z)(1− y)

1− (1− z)(1− y)

)
+ Fggz(1− z) + Cggyz(1− z)

]
Pgq = TR

[
Fqq

(
z2 + (1− z)2

)
+ Cgqyz(1− z)

]
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Measuring QCD splittings

Jet properties from low-level observables [Bieringer, Butter, Heimel, Höche, Köthe, TP, Radev]

– using neural networks for simulation-based inference

– condition (simulated) jets
train model parameters −→ Gaussian latent space
test Gaussian sampling −→ QCD parameter measurement

– going beyond CA vs CF [Kluth etal]

– idealized shower [Sherpa]
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Measuring QCD splittings

Jet properties from low-level observables [Bieringer, Butter, Heimel, Höche, Köthe, TP, Radev]

– using neural networks for simulation-based inference

– condition (simulated) jets
train model parameters −→ Gaussian latent space
test Gaussian sampling −→ QCD parameter measurement

– going beyond CA vs CF [Kluth etal]

– idealized shower [Sherpa]

– reality hitting...

– Fun measurement?
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DMEFT troubles all over again

Tree-level scalar mediator [2016]

– relic density for small mũ
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2
 h

Ω
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1−10
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=10 GeVχm
=50 GeVχm
=100 GeVχm
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u~
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DMEFT troubles all over again

Tree-level scalar mediator [2016]

– relic density for small mũ

 [GeV]u~m
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2
 h

Ω
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– two effective Lagrangians

Leff ⊃
cuχ

Λ2
(ūRχ) (χ̄uR) Leff ⊃

c
Λ3

(χ̄χ) GµνGµν

– EFT not valid for LHC and relic density...
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pp
→
χ
χ
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b] EFT
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p.total

sim
p.single

sim
p.pair

mχ = 100 GeV , �
��ET > 300 GeV
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DMEFT troubles all over again

Tree-level scalar mediator [2016]

– relic density for small mũ
– two effective Lagrangians

Leff ⊃
cuχ

Λ2
(ūRχ) (χ̄uR) Leff ⊃

c
Λ3

(χ̄χ) GµνGµν

– EFT not valid for LHC and relic density...

Tree-level vector in s-channel

– relic density for small mV or around pole
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– only 4-fermion operator

– EFT not valid...
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DMEFT troubles all over again

Tree-level scalar mediator [2016]

– relic density for small mũ
– two effective Lagrangians

Leff ⊃
cuχ

Λ2
(ūRχ) (χ̄uR) Leff ⊃

c
Λ3

(χ̄χ) GµνGµν

– EFT not valid for LHC and relic density...

Tree-level vector in s-channel

– relic density for small mV or around pole

– only 4-fermion operator

– EFT not valid...

Loop-mediated scalar in s-channel

– relic density around pole
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– EFT not valid...
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νSMEFT

Replace neutralino with RH neutrino [Bischer, TP, Rodejohann]

– focus on 4-fermion operators to 3rd generation

(LL)(LL) and (RR)(RR) (LL)(RR) (LR)(RL) and (LR)(LR)

ONe (NαγµNβ )(eγγµeδ ) ONl (NαγµNβ )(lγγµ lδ ) ONlel (Nα l j
β

)εjk (eγ lkδ )

ONu (NαγµNβ )(uγγµuδ ) ONq (NαγµNβ )(qγγ
µqδ ) OlNqd (l jαNβ )εjk (qk

γ dδ )

ONd (NαγµNβ )(dγγµdδ ) O′lNqd (l jασµνNβ )εjk (qk
γσ
µν dδ )

ONN (NαγµNβ )(NγγµNδ ) OlNuq (l jαNβ )(uγ qj
δ

)

OeNud (eαγµNβ )(uγγµdδ )
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νSMEFT

Replace neutralino with RH neutrino [Bischer, TP, Rodejohann]

– focus on 4-fermion operators to 3rd generation

(LL)(LL) and (RR)(RR) (LL)(RR) (LR)(RL) and (LR)(LR)

ONe (NαγµNβ )(eγγµeδ ) ONl (NαγµNβ )(lγγµ lδ ) ONlel (Nα l j
β

)εjk (eγ lkδ )

ONu (NαγµNβ )(uγγµuδ ) ONq (NαγµNβ )(qγγ
µqδ ) OlNqd (l jαNβ )εjk (qk

γ dδ )

ONd (NαγµNβ )(dγγµdδ ) O′lNqd (l jασµνNβ )εjk (qk
γσ
µν dδ )

ONN (NαγµNβ )(NγγµNδ ) OlNuq (l jαNβ )(uγ qj
δ

)

OeNud (eαγµNβ )(uγγµdδ )

– indirect detection from dwarf spheriodals

– direct detection only for Dirac neutrino [induced vector coupling]
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νSMEFT

Tree-level models, slightly weirder?

– gauged (B − L)3
vector leptoquarks
scalar leptoquarks

– relic density required

– EFT constraints for DD, ID, etc
model constraints from collider

– EFT consistency improved

⇒ global analysis framework?
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DMEFT analysis

Many technical innovations [Kahlhöfer etal]

– Fully automated calculation of RG evolution and matching onto non-relativistic
effective operators for direct detection

– EFT validity at the LHC addressed through flexible form factors suppressing
events with large missing energy

– Indirect detection constraints from γ-rays, solar νs and CMB energy injection

– Highly efficient likelihood evaluations allowing scans of up to 14 Wilson
coefficients (including interference) simultaneously

Example: Global fits of dim-6 operators
(relic density imposed as upper limit)

– No significant excess in any data set
(best-fit point “preferred” at 1σ level)

– Plenty of viable parameter space for
WIMP models (contribution from
parity-violating operators required)

– Preference for mχ & 100 GeV

Many other scans with different sets of op-
erators and different constraints

★

d = 6, full LLHC (smooth cut-off), fχ ≤ 1

G
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Athron et al. (the GAMBIT collaboration), arXiv:2106.XXXXX
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Dark metter in jets

Consider a dark sector with a SU(3) dark gauge group [Aachen–Heidelberg]

– the dark pions π±d are stable and viable dark matter candidates;

– the interaction between the dark sector and the SM ist mediated by a Z ′;

– cosmology and direct detection constraints suggest benchmark scenario with
mπ ≈ 5 GeV, mZ ′ ≈ 1 TeV

Novel LHC signature: Z ′ production with decay into dark sector:
SciPost Phys. 10, 046 (2021)
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Figure 1: Schematic illustration of a dark shower from the decay of a Z 0 produced in
association with a gluon. Figure taken from ref. [10].

promptly.2 The invisible energy fraction in a dark shower is then given by rinv = 0.75, which
we will use as the benchmark value in the following. Furthermore, the relevant mass for
characterising the dark shower is the mass of the dark vector mesons: mmeson = m⇢d

.
We note in passing that the assumption m⇢d

< 2m⇡d
can be motivated from cosmology,

because the relic density of dark pions is determined by the rate of the annihilation process
⇡d⇡d ! ⇢d⇢d, which becomes Boltzmann suppressed at low temperatures. Provided m⇡d

and m⇢d
are sufficiently close, the observed relic abundance can be reproduced even for weak

portal interactions and/or heavy Z 0 bosons, which makes it possible to satisfy constraints from
direct detection experiments. For example, for m⇡d

= 4 GeV and gd = 1 one requires m⇢d
⇡ 5

GeV, while the Z 0 mediator can be in the TeV range [10].
LHC phenomenology for this model is then dominated by the on-shell production of the

Z 0 (possibly in association with SM particles) and its subsequent decays into either SM or
dark quarks. While the former case leads to di-jet resonances that can be easily reconstructed,
the latter case gives rise to more challenging semi-visible jets, see figure 1. Although existing
LHC searches for missing energy have some sensitivity to this set-up, they are not optimised
for the case of dark showers, where the missing energy tends to be aligned with a visible
jet. The reason is that such a configuration is difficult to disentangle from QCD backgrounds
resulting from mis-reconstructed jets [46,47]. A detailed reinterpretation of existing exclusion
limits from a search for di-jet resonances [48] and searches for missing energy [46, 49, 50]
was performed in ref. [10]. It was found that for the benchmark values mqd

= 500 MeV,
m⇡d

= 4 GeV, m⇢d
= ⇤d = 5 GeV and mZ 0 = 1TeV couplings of the order of 0.1 are still

consistent with all constraints, even though the production cross section for dark showers is
of the order of picobarn.

In order to enhance experimental sensitivity to dark showers it is essential to improve
background suppression, which potentially allows for other selection cuts to be relaxed. The
most promising strategy for doing so is to develop techniques for distinguishing semi-visible
jets from QCD jets and extend existing analyses by a dedicated tagger for semi-visible jets. In
the following section we will study how to achieve this goal with a neural network trained to
identify dark showers.

2We note that for small Z 0 couplings the ⇢0
d can be long-lived and lead to displaced vertices at the LHC. The

corresponding production cross sections can nevertheless be sufficiently large that thousands of such events have
already gone unnoticed at ATLAS and CMS. Ongoing detector upgrades as well as new analysis strategies make
these signatures a promising target for future LHC runs. Exploring the sensitivity of searches for displaced vertices
for dark sector models is subject of separate work in progress.

4

→ semi-visible jets: challenging benchmark scenario for BSM searches at the LHC
[Bernreuther, Kahlhoefer, Krämer, Tunney, JHEP 01 (2020) 162]



BSM Physics

Tilman Plehn

A2a

A2b

A3a

B1x

B3a

Dark matter in jets

Existing LHC searches for missing energy sensitive to such a scenario

Figure 5. Summary of existing LHC constraints on the dark sector model considered in this work.

Above the green dashed line it is a good approximation to treat ⇢0 decays as prompt, whereas below

the line one expects displaced decays.

four jets with pT > 30 GeV. For the angular distance between the missing energy and the

leading jets the search requires that �� > 0.4, with �� as in eq. (4.4). A range of inclusive

and exclusive signal regions are defined in terms of the amount of missing transverse energy.

Among SUSY searches available for recasting we find the most recent CMS squark

and gluino search [76] to have the highest sensitivity to dark shower signal in the Z 0 mass

range we consider. This search uses 35.9 fb�1 of data at
p

s = 13 TeV and is implemented

in the MadAnalysis5 PAD [77]. In contrast to the mono-jet analysis, here at least 2 jets

are required. Events need to fulfil /ET > 300 GeV and HT > 300 GeV, where HT denotes

the scalar sum of transverse momenta of all jets. Moreover, ��(j, /ET ) > 0.5 is imposed on

the two leading jets, and ��(j, /ET ) > 0.3 on the third and fourth jet. Each signal region

is defined by the combination of an /ET range and an HT range.

For each Z 0 mass, we conservatively approximate the exclusion bound from a given

search by the limit from the most sensitive signal region, based on observed event numbers.

Since �Z0/mZ0 , as given in eqs. (4.1) and (4.2), is well below 10% in the relevant parameter

space, we translate bounds on the number of signal events S into bounds on couplings and

masses using the narrow width approximation, i.e.

� (pp ! qdqd) ⇡ �
�
pp ! Z 0�⇥ BR(Z 0 ! qdqd) , (4.6)

with the branching ratio given in (4.3).

We present our results in figure 5, which shows the parameter regions excluded by

searches for di-jet resonances and searches for missing energy in the gq-mZ0 parameter

plane for di↵erent values of ed. Larger values of ed suppress the branching ratio of the Z 0

into SM quarks and therefore the impact of di-jet constraints while enhancing the sensitivity

of searches for missing energy. For mZ0 . 2 TeV the combined constraints imply gq . 0.1,

while for mZ0 > 4 TeV values of gq as large as 0.3 are allowed.

We also indicate the combination of parameters corresponding to �c⌧⇢0 = 1mm for

� ⇡ 10. As discussed above, ⇢0 decays can be treated as prompt above this line, so that

– 16 –

To improve the LHC sensitivity to dark sectors one should

– search for long-lived particles

– suppress QCD backgrounds using neural networks
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Long-lived particle searches at the LHC

– are generally tailored towards heavy LLPs and thus not very sensitive to BSM
physics at the GeV scale, but

– can be improved by modifications of the vertex reconstruction and the analysis
cuts:

Figure 8. (Projected) exclusion contours of the existing analysis, the ‘relaxed d0’ analysis, and the
‘relaxed cuts’ analysis for the dark shower model (top) and the dark Higgs model (bottom) shown in
the parameter plane spanned by the LLP mass and its inverse lifetime (left) or coupling gq (right).
Contours for 32.8 fb�1 integrated luminosity are shown with solid lines, contours for 300 fb�1 with
dashed lines.

luminosity this range can be extended considerably to both larger and smaller couplings.

The range of dark Higgs masses that can be probed also increases substantially. Note that

we do not consider ms > 200 GeV, because the model we consider requires the hierarchy

m� > ms. However, for di↵erent values of m� (or relaxing the model assumptions), we

expect that the search should be sensitive also to heavier dark Higgs bosons.

Let us finally comment on complementary search strategies. For the case of a strongly-

interacting dark sector, the dark rho meson can mediate interactions between the dark

pions and SM particles. If the dark pions are stable and we fix their mass through the

assumption that they constitute all of DM, we hence obtain complementary bounds from

direct detection experiments. These bounds are found to be sensitive to a comparable

range of couplings, excluding gq & 0.01 for m⇢d
& 20 GeV. However, since these bounds

require additional assumptions, we do not show them in figure 8. For the dark Higgs model,

bounds from direct detection are suppressed due to the assumed Majorana nature of the

DM particle and only probe gq & 0.5. The strongest complementary constraints hence arise

from LHC searches for jets in association with missing energy, which exclude gq & 0.1. We

– 16 –

modified vertex corrections: light blue, modified analysis cuts: dark blue.
Dashed lines: projections for 300 fb−1

[Bernreuther, Carrasco Mejia, Kahlhoefer, Krämer, Tunney, JHEP 04 (2021) 210]
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Strongly interacting dark sectors at the LHC

Casting a graph net to catch dark showers

– dark showers vs QCD serious generic challenge for jet classification

– supervised deep neural networks now leading jet-taggers

– graph convolutional neural networks most powerful, also for dark showers

– dynamic graph network as a dark shower tagger gives super-powers
SciPost Physics Submission

Figure 8: Expected limit on the benchmark model considered in this work from a mono-
jet search [46] including a dynamic graph convolutional neural network dark shower tagger
(labelled “monojet DGCNN”). The couplings of the Z 0 mediator to dark quarks and SM
quarks are denoted by ed and gq, respectively. Other LHC limits are taken from ref. [10].

Last but not least, one would like to use semi-supervised or unsupervised learning meth-
ods for the identification of dark shower events. For example, unsupervised machine learning
algorithms based on autoencoders have successfully been used to search for anomalous jet
substructure, see e.g. [73–76]. However, we find that it is not straightforward to apply this
technique to the detection of semi-visible jets. Since the semi-visible jets often contain less
information and structure than the QCD background jets, an autoencoder trained to re-
construct QCD may also be able to reconstruct semi-visible jets and thus may not detect
semi-visible jets as an anomaly. Adapting the autoencoder approach for the detection of sim-
ple jet structures, and exploring alternative unsupervised and semi-supervised deep learning
techniques [72, 77–80] for the identification of dark shower events, is left for future work.
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Jet autoencoders

Unsupervised learning — the typical jets [Heimel, Kasieczka, TP, Thompson; Dillon, TP, Sauer, Sorrenson]

𝑥 𝑥′zE D

– train network to map jets onto typical jets

– train QCD→ find anomalous tops→ works
train tops→ find anomalous QCD→ not good...

– next, give latent space a meaning: VAE

– next, make latent space multi-modal
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Jet autoencoders

Unsupervised learning — the typical jets [Heimel, Kasieczka, TP, Thompson; Dillon, TP, Sauer, Sorrenson]

– train network to map jets onto typical jets

– train QCD→ find anomalous tops→ works
train tops→ find anomalous QCD→ not good...

– next, give latent space a meaning: VAE

– next, make latent space multi-modal

Better latent spaces 𝑥 𝑥′
𝜇

𝜎
z = 𝜇+ 𝜎⊙ 𝜀

𝜀 ~ N(0, I)

E Dr = softmax(z)

– sample from Dirichlet distribution

– separate modes

⇒ Tag symmetrically in latent space [Heidelberg–Aachen]
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Anomaly detection with autoencoders

Challenging BSM scenarios for unsupervised machine learning?

– Autoencoders shown to work as top-taggers
– however, standard autoencoders have a simplicity bias

tend to identify complex jet imagines as anomaly, irrespective of training
– improve existing autoencoders:

modify the data preprocessing, loss function, latent space
– truly model-independent autoencoder for anomaly tagging still to be developed

improved autoencoder for dark shower tagging

[Finke, Krämer, Morandini, Mück, Oleksiyuk, 2104.09051; Heidelberg–Aachen in progress]
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Generative networks with uncertainties

Bayesian generative network [Bellagente, Luchmann, Haußmann, TP]

– generate events with error bars
i.e. learn density and uncertainty maps over phase space

– normalizing flow/INN [Köthe etal]

– 2D toy models: wedge ramp, kicker ramp, Gaussian ring

⇒ Error estimate works...
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...and we see how the network learns!
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Generative networks with uncertainties

Bayesian generative network [Bellagente, Luchmann, Haußmann, TP]

– generate events with error bars
i.e. learn density and uncertainty maps over phase space

– normalizing flow/INN [Köthe etal]

– 2D toy models: wedge ramp, kicker ramp, Gaussian ring

⇒ Error estimate works...

Simple LHC process

– 1D kinematic distributions with errors
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Thank you...
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