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Context: Confining Sectors
• Add some non-Abelian group with confinement in the IR


• Dark quarks and gluons bind into a rich spectrum  
of dark hadrons, several possible portals to SM


• Non-minimal solutions to DM, Hierarchy Problem, … 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Context: Our UV Theory

• Vector-like dark quarks in the      -dimensional rep of 


• Well-studied in the literature, often in DM context


• For us, no hypercharge


•             is a gauged subgroup of a flavor
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Context: H-Parity and Noble DM
• If dark baryons are DM, a natural Z2 protects them from direct 

detection via electromagnetic moments 
(H-parity: P Asadi, G Kribs, C Mantel, 2410.23631)


• Leading signals become EW loops


• If lightest baryon is a singlet, even more suppressed!  
(Noble DM: P Asadi, AB, G Kribs, 2412.14240)
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Outline

• Dark mesons spectrum


• The 5-plet anomaly


• Collider signals


• Conclusion
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Dark Mesons
• Suppose dark quarks are lighter than confinement scale, 

trade microscopic parameters for 


• Chiral symmetry breaking leads to light(-ish) pNGBs


• Each meson species is in some             multiplet
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Z2 Zoo: H, C, and G
• H-parity forbids neutral baryon EM moments 
 

• G-parity (with SM analog) leads to meson selection rules 
 
 
 
 

7

<latexit sha1_base64="JPU+TB7oNXNPI5RSMyIHggMPWUM="></latexit>

Q
H

! ei⇡JyQ

<latexit sha1_base64="Iy3kNRX9iamU9tXij0UqEA8m4U8=">AAACBHicbZC7SgNBFIbPxluMt1XLNINBsAobTWJSiIEUppII5gJJCLOTSTJk9sLMrBCWLWx8FRsLRWx9CDvfwkdwdxOMtx8GPv5zDnPOb7qcSWUY71piaXlldS25ntrY3Nre0Xf3mtLxBKEN4nBHtE0sKWc2bSimOG27gmLL5LRlTqpRvXVDhWSOfa2mLu1ZeGSzISNYhVZfT1+gM9S1sBoTzP1qsOBa0NczRtaIhf5Cbg6Z8w+IVe/rb92BQzyL2opwLGUnZ7iq52OhGOE0SHU9SV1MJnhEOyHa2KKy58dHBOgwdAZo6Ijw2QrF7vcJH1tSTi0z7IxWlL9rkflfreOpYannM9v1FLXJ7KOhx5FyUJQIGjBBieLTEDARLNwVkTEWmKgwt1QcQrlcME4KKIJ8qbi4/Quax9lcMVu4ymcql7M0IAlpOIAjyMEpVKAGdWgAgVu4h0d40u60B+1Ze5m1JrT5zD78kPb6CXiNmQo=</latexit>

G = CH for dark sector matter, maps particles to anti-particles

<latexit sha1_base64="/cPHXWzPxwXc4lMcTVaqMZVLXHI=">AAACH3icbVDLSsNAFL2pr1pfVZduBovgqiTaVl2IBRe6EgX7gKaUyWTaDp1kwsxEKCG/4Vb9Gnfi1r/wC8QkLWrVAwOHc+6dezhOwJnSpvlm5ObmFxaX8suFldW19Y3i5lZTiVAS2iCCC9l2sKKc+bShmea0HUiKPYfTljM6T/3WHZWKCf9WjwPa9fDAZ31GsE4k++LU9rAeuiqy4l6xZJbNDOgvsaakdPYOGa57xQ/bFST0qK8Jx0p1LDPQ3QhLzQinccEOFQ0wGeEB7STUxx5V3SjLHKO9RHFRX8jk+Rpl6s+NCHtKjT0nmUwTqt9eKv7ndULdP+5GzA9CTX0yOdQPOdICpQUgl0lKNB8nBBPJkqyIDLHERCc1zVxJ/9ZCcBUXZnRXpZHjQlbYyUnVPKyilFSOa989fZHmQdmqlas3lVL9atIc5GEHdmEfLDiCOlzCNTSAQAD38ACPxpPxbLwYr5PRnDHd2YYZGG+fMFClaw==</latexit>

G = 1 for all SM fields

maps particles to other particles in the same EW multiplet



Austin Batz, University of Oregon

• All dark meson species are G eigenstates!

Dark Meson H, C, and G
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Tower of pNGBs
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3-plet Cascade Decays
• Charged 3-plet cascades by emitting off-shell W


• permitted for all multiplets, but required for 3-plet


• small phase space → long lifetime (few cm)


• Decays of the neutral 3-plet violate G


• can’t be done with renormalizable operators,  
but dim-5 can do it:
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Higher Rep Hopping Decays
• Dim-6 operators in chiral Lagrangian lead to loops


• Higher multiplets hop to lower ones with the same G-parity 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Anomalies with EW
• An anomaly couples pNGBs to EW bosons


• analogous to SM pion anomaly with QED


• The 5-plet is the only pNGB for which this is non-zero


• due to gauge invariance and symmetries of the trace
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The 5-plet Anomaly
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• Not just decay, also resonant production via  
vector boson fusion!


• Clear pheno implications at the LHC 
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Anomaly-induced Processes
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Review of pNGBs
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Species SU(2)L Rep. Nf,min G-parity Dominant decay

⇡̂3 3 2 �1
cascade (⇡̂±

3 ),

G-violation (⇡̂0
3)

⌘̂5 5 3 +1 anomaly

⇡̂7, ⇡̂11, ⇡̂15, . . . 7,11,15, . . . 4, 6, 8, . . . �1
hopping

⌘̂9, ⌘̂13, ⌘̂17, . . . 9,13,17, . . . 5, 7, 9, . . . +1

Table 1: Summary of the pNGBs of dark chiral symmetry breaking, including their
representation under SU(2)L, the minimum Nf such that the species exists in the
spectrum (Sec. 2.1), the charge under the dark G-parity (Sec. 2.2), and the dominant
decay mode (Secs. 2.2 and 3.2) for each meson. Decay modes specific to particular
components of the SU(2)L multiplets are specified. Several species decay via cascade,
i.e. they decay to lighter meson in the same multiplet by radiating an o↵-shell gauge
boson. The higher multiplets decay by hopping down to a lower multiplet with the
same G-parity and emitting two gauge bosons.

where

c =
1

12
p
10

s
(Nf + 2)!

(Nf � 3)!
(3.14)

is an overall coe�cient derived in App. B. Since c scales as N
5/2
f , the strength of

the anomaly interaction increases rather quickly with Nf . In the electroweak-broken

phase, this operator leads to the decay of the ⌘̂5 to di↵erent combinations of W±,

�, and Z boson pairs.9 In addition, the anomaly also allows the ⌘̂5 to be resonantly

produced in proton-proton collisions via VBF [28],10 followed by decay to pairs of

electroweak bosons, as shown in Fig. 1. The collider phenomenology of this global-

gauge-gauge anomalous interaction is discussed in Sec. 4.2.

The anomaly is the dominant decay mode of each species in the 5-plet. One may

have expected the singly-charged ⌘̂
± mesons to decay analogously to the SM pion,

i.e. via e↵ectively mixing with the W boson. However, the operator W±

µ @
µ
⇡
⌥

SM that

leads to this mixing is parity-violating. The couplings of the W to the SM quarks

violate parity, so this mixing operator naturally appears in the chiral Lagrangian.

By contrast, the dark quarks have vector-like couplings to the W , so operators such

as W±

µ @
µ
⌘̂
⌥ are forbidden.

The anomaly allows one to probe some details of the UV theory while only

measuring a few IR processes. The SU(Nf ) generators T a and SU(2)L generators J i

in Eq. (3.1) depend on Nf , which causes the strength of the anomaly interaction also

9Since W i
µ⌫ is the full SU(2)L non-abelian field strength, these operators also include couplings

of the ⌘̂5 to three electroweak bosons at higher order in gW .
10See Ref. [74] for another example (in a composite Higgs context) of having a subset of mesons

that can be produced through VBF via an anomaly.
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Dark Mesons at the LHC
• 3-plet and 5-plet each have striking signatures


• Existing searches place strong bounds

16

Species Production Lifetime Signal

⇡̂
±

3 pairs via O(0.1) ns
disappearing tracks

⇡̂
0
3 DY and VBF collider-stable

⌘̂
0
5, ⌘̂

±

5 , ⌘̂
±±

5

resonances via
prompt diboson decays

the anomaly

Table 2: Summary of the dark mesons we consider in our collider study.

to have dependence on Nf that is captured by the coe�cient c in Eq. (3.14). In an

idealized scenario, one could precisely measure the rate for some process involving

self-interactions of the pNGBs to extract f⇡, as well as the rates for the anomaly-

induced processes to extract cNc/f⇡. Then, one may be able to reconstruct the UV

parameters Nc and Nf . (Since Nc and Nf are discrete, the product cNc is usually

not degenerate between di↵erent combinations of Nc and Nf .) This is analogous to

using SM pion decay rates to extract the number of colors in QCD.

We have now explored each pNGB of chiral symmetry breaking and their de-

cays, which are summarized in Table 1. In Sec. 4.2, we explore signals of resonant

production of the ⌘̂5. We only consider production and decay via the anomaly, which

allows us to put an experimental bound on 4⇡f⇡/Nc for a particular choice of Nf .

4 Collider Signals and Constraints

The results of Secs. 2 and 3 imply striking collider signals of the model’s dark mesons.

A summary of the properties and signals of the pNGBs of dark chiral symmetry

breaking is shown in Table 2. The ⇡̂3 and ⌘̂5 multiplets have entirely distinct and

complementary signatures, each of which is the subject of several LHC searches. We

use these searches to place constraints on the meson masses and the ratio f⇡/Nc.

For event generation, we use MadGraph5 aMC@NLO [75, 76] with a model we

implement in FeynRules [77, 78]. For the LLP study, we use Pythia 8 [79] for

showering and Delphes 3 [80] with the default ATLAS card for detector simulation,

which includes jet clustering using FastJet [77, 78] with the anti-kT clustering

algorithm [81]. We generate events with zero, one, or two jets in the hard process,

which are combined by MadGraph5 with matrix-level matching.

4.1 Disappearing Tracks: A 3-plet Signature

The ⇡̂
±

3 decays with a lifetime of O(0.1) ns to a neutral collider-stable ⇡̂
0
3 and a soft

SM pion, which leads to the same kind of signal as the classic chargino decay to a

neutralino in the Minimal Supersymmetric Standard Model when the wino is much

lighter than all of the other superpartners. The charged particle leaves a few hits

in the inner tracker before it decays, the soft SM pion is not reconstructed, and the

– 15 –
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3-plet: Disappearing Tracks
• Production via VBF/DY


• Displaced decay analogous to chargino


• Targets of powerful LLP searches
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VBF >> DY
• DY cross section plummets as a function of mass
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• Re-used re-interpretation framework for an earlier search 
(2008.08581)
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5-plet: Resonances
• Several combinations of final states with different  

relative rates, some with clean signals
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Existing Limits
• Diboson resonances are targets of many searches
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5-plet Parameter Space
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• Opportunity for significant HL-LHC improvement
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Potential Future Directions
• G-violating decays within the detector


• Could probe a UV scale that suppresses  
dim-5 operators 
 

• Vector mesons mixing with EW bosons


• Relevant when decay constant is small enough
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Conclusion
• Confining dark sector with EW charge


• Rich spectrum of dark mesons in various reps


• 3-plet is long-lived, 5-plet decays via anomaly


• LLP searches constrain 3-plet above ~1.2 TeV


• 5-plet resonances more strongly probed by HL-LHC


• Other possible signals from heavier dark mesons / G violation
24
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