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AM in classical electromagnetism (W.C Haxton)

e Recall the scalar (#(x)) and vector (A) potentials:
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e performing a Taylor expansion on A(X') around X', one can find terms
of the form:
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Anapole DM Models

® Determining the identity of DM is one of the most active areas of
research in particle physics.

® QOne interesting class of DM models is where the DM particle is itself
electrically neutral, but couples to the photon through higher
multipole interactions.

® This scenario has been considered in many models: technicolor,
composite dark sectors, supersymmetry, simplified leptophilic models,
simplified light dark sectors.

® The purpose of the work is to probe multipole moments at the
Large Hadron Collider (LHC) using the vector boson fusion
(VBF) topology.

® The study focuses on the so called anapole moment (AM).
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Fermion, which by definition is a CPT self-conjugate particle
(Scherrer).
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Anapole DM Models

Previous studies, have considered the DM candidate to be a Majorana
Fermion, which by definition is a CPT self-conjugate particle
(Scherrer).

It has been proven that for massive Majorana Fermions, the only
allowed form factors are the anapole moment and higher order
multipoles of it.

We work within an effective field theory (EFT) framework, remaining
agnostic about the UV completion.

The anapole dark matter (ADM) operator can be written as:

g - 5 .
ﬁefF,anapoIe — p ,\'7/17 X ()]/F/u,/ )

where A is the cutoff scale and x denotes the DM particle.
Possible UV completions could be Bino DM coupling to sleptons in
supersymmetry or DM that is a composite state of charged particles.
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Vector Boson Fusion Topology

TP (SR Nl —— —
\

1
Jets

® The VBF topology is characterized by the presence of two highly
energetic jets, with a large An gap, located in opposite hemispheres
of the detector, and with a large dijet reconstructed mass.
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Samples and Simulation

e Simulated events from pp collisions at /s = 13 TeV were generated
for signal and BKG using MadGraph_aMC, hadronization was

performed using Pythia8 and detector effects were included using
Delphes.
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Delphes.

® The signal model was produced using Feyn-Rules.

® We produced several signal samples for different values of A = /\2'
which as expected has a direct impact on the production cross section.

® For the purpose of the studies shown in this paper, we set the
value of the coupling g to 1.

® Signal samples were produced for a variety of ADM masses, ranging
from 1 GeV to 3000 GeV.

® The value of A was varied between 500 GeV to 3000 GeV, in steps of
10 GeV, for every ADM mass point considered.
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Samples and Simulation

e Simulated events from pp collisions at /s = 13 TeV were generated
for signal and BKG using MadGraph_aMC, hadronization was
performed using Pythia8 and detector effects were included using
Delphes.

® The signal model was produced using Feyn-Rules.

® We produced several signal samples for different values of A = /\2'
which as expected has a direct impact on the production cross section.

® For the purpose of the studies shown in this paper, we set the
value of the coupling g to 1.

® Signal samples were produced for a variety of ADM masses, ranging
from 1 GeV to 3000 GeV.

® The value of A was varied between 500 GeV to 3000 GeV, in steps of
10 GeV, for every ADM mass point considered.

® The signal samples were produced considering pure electroweak
production of a xx pair and two additional jets (i.e. pp — xxJjj with
suppressed QCD coupling a%CD).
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ADM Cross Sections
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We find that the VBF ADM production cross sections dominate over those
of the more traditional mono-Z and monojet processes (See Eq. 49.38).

Andrés Flérez (Uniandes)

Anapole DM-VBF

September 30”’, 2019

9/19


http://pdg.lbl.gov/2018/reviews/rpp2018-rev-cross-section-formulae.pdf

-
Jet n Distribution

Z(—ww)+ jets  — xxij,m(x)=1GeV St XIS
< 0.030 N
= 00 W(— (m) + jets —  xxJj, m(x) =500 GeV
©
0.025
0.020
0.015
0.010
0.005
0.0001"

Since the minimum pr of reconstructed jets is limited by experimental
constraints, we select events with at least two jets with pr(j) > 30 GeV.
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Jet An Distribution

0505

— xxijim(x)=1GeV X1X17J
—  xxjj, m(x) =500 GeV

Z(— o)+ jets

a.u.

Comparison of the pseudorapidity difference |A7;;| between the two
leading jets.
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Event Selection Criteria

) * 2~ )+ jets i
3. L ey ® Thresholds were selected using
‘ —  xxdd m(x) = 500 GeV . . .
v best signal significance:
S
z=
/S + B +(0,25B)2
N Criterion Selection
" [n()I >3,0
! pr() > 30 GeV
g‘ Ly =100fb" N(J) 2 2
T T i smoev pr(£) > 10 GeV
N [n(0)] <25
. N(£) =0
. pr(b-jet) > 30 GeV
§ [n(b-jet) <24
- N(b-jet) =0
0z Anji > 7,0
Emiss > 175 GeV

miss
Ef
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mj; Distribution
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We used the mj; Distribution as fitting variable.

mjj = \/ 20k Pl cosh( An(j}))
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Selection Efficiency After Each Additional Criteria.

>
@]
C 10!
9
= A
“H: 102
| P
c N
o S~
) 1073 Seo
@] el A
9
$ 10* IR .
10° ~
— my=1GeV, A=1TeV
e m, =500 GeV, A=1TeV
a2 Zup+jets a
r-2 W (v+jets
107 1L " " s n
Epis, b/t vetos  pr(i),n(i)  pr(dz), (i) Anjj mj;>3.2 TeV
Selection

Andrés Flérez (Uniandes)

Anapole DM-VBF

September 30”’, 2019

14 /19



Normalized Signal Significance vs mj;
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® The signal acceptance is 0.8-1 % depending on mxjnvjvjhile the
W /Z+jets backgrounds are reduced by approximately 6-7 orders of
magnitude.

e Additionally, we required that the momentum transfer (Q;,) at the
EFT vertex be lower than A (sets the validity of the EFT.).
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3000 50

% LHC (s =13TeV, L, =100f0" ® Expected signal significance as a
[ A<2m, 45 .

O — 50 Discovery Contour function of the cutoff scale A

<

and the ADM mass m,,.

® The signal significance was
calculated by performing a
profile binned likelihood of the
myj; distribution, assuming a
luminosity of 100 fb~!.

® The 50 discovery potential
region is enclosed by the black
dashed line, while the shaded
1 10 10° 10° grey area is the kinematically
m, [GeV] forbidden region A < 2m, .

Signal Significance
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3000 50

% LHC (s =13 TeV, L =3000 o'’ ® Expected signal significance as a
[ A<2m, 45 .

O — 50 Discovery Contour function of the cutoff scale A

<

and the ADM mass m,,.

® The signal significance was
calculated by performing a
profile binned likelihood of the
myj; distribution, assuming a
luminosity of 3000 fb~1.

® The 50 discovery potential
region is enclosed by the black
dashed line, while the shaded
1 10 10° 10° grey area is the kinematically
m, [GeV] forbidden region A < 2m, .

Signal Significance
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® In this work, we have explored the possibility of using VBF processes
as probes to discover DM that couples to the SM through higher
electromagnetic moments. Remaining agnostic about the UV
completion, we consider the anapole DM operator within an effective
field theory as a benchmark scenario.
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Summary

® In this work, we have explored the possibility of using VBF processes
as probes to discover DM that couples to the SM through higher
electromagnetic moments. Remaining agnostic about the UV
completion, we consider the anapole DM operator within an effective
field theory as a benchmark scenario.

® We find that s-channel WW fusion is the important VBF ADM
production mechanism, with cross sections that dominate over those
of the more traditional mono-X processes for TeV scale values of A
and all relevant values of m,.

® A particularly interesting feature resulting from s-channel WW fusion
events within the ADM EFT is that it leads to a VBF topology with
significantly more forward jets and a larger dijet pseudorapidity gap
compared to VBF DM production in other models such as SUSY,
where t-channel WW/ZZ /WZ fusion diagrams dominate.
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Summary

® Assuming proton-proton collisions at /s = 13 TeV at the HL-LHC,
the proposed VBF xxjj search is expected to achieve a discovery
reach with signal significance of at least 5o for ADM masses up to
1.1 (0.5) TeV and A cutoff scales up to 1.62 TeV, assuming an
integrated luminosity of 3000 fb—! (100 fb~1).
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