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Yl [ — NCE Reliable news for an expanding universe

Meetings: WIMP Alternatives Come Out

o of the Shadows
Physicists Look Beyond WIMPs For Dark Matter ...«

At an annual physics meeting in the Alps, WIMPs appeared to lose their foothold as the favored dark matter

CREATURE CULTURE EARTH HUMAN  PHYSICS SPACE SPORTS TECHNOLOGY

After top dark matter candidate fizzles out, physicists look to more exotic realms

candidate, making room for a slew of new ideas.

The Rencontres de Moriond (Moriond Conferences) have been a fixture of European high-energy physics for ov

half a century. These meetings—typically held at an Alpine ski resort—have been the site of many big

announcements, such as the first public talk on the top quark discovery in 1995 and important Higgs updates i
2013. One day, perhaps, a dark matter detection will headline at Moriond. For now, physicists wait. But they’ve
gotten a bit anxious, as their shoo-in candidate, the WIMP, has yet to make an appearance—despite several ong
searches. At this year’s Moriond, held this past March in La Thuile, Italy, some of the limelight passed to other d

More Negative Results in Hunt for

Dark Matter WIMPs -

- ) TENTIFI
But the search continues 2,500 meters i%mmmﬁ a
underground at China's PandaX experiment.

m PHYSICS
@ In the Dark about Dark Matter

Recent disappointments have physicists looking beyond WIMPs for dark matter particles
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It’s crunch time for dark ma
WIMPs don’t show

If dark matter isn't made of WIMPs, could neutrinos or axions fit th
particle at all but a strange modification of gravity?

Dark Matter Recipe Calls for One Pa
Superfluid

By Lisa Grossman

A different kind of dark matter could help to resolve an old celestial

conundrum.



Fake News?



What is behind this
Question!
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Relic Density

* The basic picture is:

* We start out with dark matter
in equilibrium with the SM
plasma.

m, =100 GeV

» As the temperature falls, the
number of WIMPs does too.

* We track the equilibrium density
until freeze-out:

NegloV) ~ H
ealot) ~ H,

2
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— ~  — ~ 1 . T Y 4
T log [ m ] i 00 GeV T 0 many WIMPs are left over.
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Ceiling:
These limits become
ineffective around [0-33
cm?
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model-dependent in
this parameter space
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4-year Pass 7 L%m%t Fermi L AT

6-year Pass 8 Limit i |
Median Expected Dwarf satellites
68% Containment '

95% Containment

DM Mass (GeV/c?)




4-year Pass 7 Limit
6-year Pass 8 Limit
Median Expected
68% Containment
95% Containment

“Electrowealk’” Cross section

Thermal Relic (‘1*().?s6(\<‘1‘i<)11
(Steigman et al. ’[){2) E
N

Fermi LAT
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gg production, B(g — qq ;’Z?)=100%

— ATLAS Preliminary
—s =13 TeV, 36.1 fo

[ O-leptons, 2-6 jets
| MEff or RJR (Best Expected)
— All limits at 95% CL.

SUSY)
theory

=== Exp. limits (x10
Exp. limits MEff
Exp. limits RJR
——— OL obs. limit (3.2 fb™", 13 TeV)

exp)




So what does this mean for
WIMPs!?



Electroweakly Interacting
Massive Particles



X

To be EW-charged, but avoid full strength Z interactions, DM could have T3=0.

This happens for odd-dimensional representations (triplet, quintuplet, ...)
It doesn’t work for doublets, quadruplets, etc..

Another way to say it: Dark Matter should not carry hypercharge (Q=T3+Y).

This implies EW-charged dark matter comes with electrically charged EW
siblings whose masses differ by O(<H> ~ 100 GeV).



Relativistic

EFT

Operator

Coefficient

XXqq
X7’ Xqq
XXV q
X7°x37°q
XY X@Vpua
XYY X GV
XY XG.7°4
XYY X GV
XM xqouwq
XY’ Xq0apq
XXG w GHY
XV XG L GH
YXG G

XY°XG 0 GH

mg /M3
imq/Mf’
img /M3
my /M3
1/M?
1/M?
1/M?2
1/M?2
1/M?2
i/ M?2
aus [AM]
iovs JAM
iovs [AM3
g [AM3

*

Goodman et al, 1008.1783

This description knows that physics respects special relativity.

E F I S (For illustration: just quarks and gluons)

Nonrelativistic EFT

More Realistic

. P-even, S,-independent

. P-odd, S,-dependent

. P-odd, S,-independent:

. P-odd, S,-dependent

More general Fitzpatrick et al, 203.3542

This description is the natural language
for the scattering problem.




EFTs

Relativistic EFT

Nonrelativistic EFT

mq/M; 3 . P-even, S, -independent

X7°Xqq | ime/M; 0 Or = ("), 3 = iS -
XX(TYBQ imQ/ ‘]\I’? 2. P-even, S,-dependent Spm Independent
XYxav°a | me/M; 05 = iS, - (7% T,
2
LM . P-odd, S,-independent SP'” Dependent

XY XGYg | 1/M2
XY“xavye | 1/M2
4. P-odd, S,-dependent

1/M?2

\_’U;WW’O\’(YUQ 5q ; / N2 . P-odd, S,-independent:
AY / (f ’ *

XXG/U/GHV 05/4]\[*3

XV XG o GH | iag JAM. f . P-odd, S,-dependent

icug JAM?

A3
o/ AM Fitzpatrick et al, 1203.3542

Goodman et al, 1008.1783 The Z boson is a problem because it switches on
relativistic operator D5 which maps to O, (SI).



WIM P-neutron cross section [pb]
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Majorana DM

102 10°
WIMP Mass [GeV/c?]
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The vector interaction vanishes
(identically) for a Majorana
particle. That leaves behind spin-
dependent (and v-suppressed)
terms.

That suggests another
strategy for EW-charged
WIMPs:
Majorana particles are less
constrained than Dirac,
even if they carry hyper-
charge.
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WIM P-neutron cross section [cn¥]

...this is not really enough at
this point...



DA

A

But...at loop level, what was spin-dependent at tree
level can turn out to be spin-independent.

At weakly coupled loop costs ~10-3.

At maximum sensitivity, the Xe limits on S| scattering
are something like A2 ~10> better than SD.



Mixed DM

Another strategy is to construct a dark matter which is a mixed state of more
than one EWV-charged object.

There can be cancellations between the different contributions to the the
coupling (though this may not be generic).

| don’t know of any theory where this is the dominant scheme to avoid
constraints, though the MSSM benefits from it to some degree. Mostly, the
MSSM survives by having a large component EW charge.




Indirect Constraints

It isn’t enough to engineer away scattering with nuclei. There are
also important constraints from indirect detection too.

Fermi LAT
X

X

10
DM Mass (GeV/c?) DM Mass (GeV/c?)

The Majorana and T3=0 options work here as well, below the
threshold for ZZ and WWV annihilation. Z-exchange is suppressed
by either the velocity or the mass of the final fermions.



Heavy EVV WIMPs

Baumgart, Cohen, Mouilt, Rodd, Slatyer,
Solon, Stewart,Vaidya. 1712.07656

; - A
- Estimated Limits

Line (HESS Published)
Line (this ref)
+ endpoint (this ref)

--- 4 continuum (this ref)




Dirac EW-Charged WIMP
Scorecard

Gamma Rays

CMB

Nuclear Recoils

4ttt T I I

100 MeV | GeV 10 GeV 100 GeV Y 1I0TeV 100 TeV
Really a WIMP!? Unitarity Bound



Majorana EW-Charged WIMP
Scorecard

Gamma Rays

Nuclear Recoils

11 1

100 MeV | GeV 10 GeV 100 GeV Y 10TeV 100 TeV
Really a WIMP!? Unitarity Bound



“Kinda-weakly” Interacting
Massive Particles



Non-EVV Mediators

Without the weak interaction itself to provide a scale, focus shifts
to the relic density through freeze-out.

Though the couplings are typically free parameters, a general issue
remains. The constraints from direct detection are very strong.
Unless something mitigates them, they often rule out the cross

sections necessary for freeze-in.

Things become much more model-dependent. Let’s just consider a
few strategies one can use to engineer viable models.



Hidden
Sector DM

Light
Force Carriers

QCD Axions

R-parity
violating

R-parity
Conserving

Theories of
Dark Matter

Axion-like Particles

Supersymmetry

Solitonic DM

Quark
Nuggets

Littlest Higgs

" Extra Dimensions
Dynamical
DM

Woarped Extra
Dimensions

Little Higgs




Higgs

Unlike the weak bosons, the Higgs coupling to dark matter is not
specified in terms of parameters we’ve already measured.

It is very unlikely that the Higgs is the source of mass for the dark
matter in the same way that it is for the SM particles.

~---% <H>

--- H

Classic Scalar DM Mixed fermions Mixed scalar Vector dark matter,
Higgs portal (MSSM-like) mediator radiative portal



EVV Higgs Exchange

Hill, Solon 1309.4092

100 110 120 130 140
mpn (GeV)

Even without a tree level coupling to the Higgs, an EVV-
charged WIMP picks up a coupling at one loop.
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-CMS N A

B Axial-vector ?;; i Q & = 12.9 o (13 TeV)
. h N E A DL T T T

ial-yector med, Dirac DM, 9,= 0.25,g =1

——— CMS obs. 90% CL
PICO-60
—— PICO-2L
IceCube t*1
e Super-K

Median expected 95% CL

Expected +1 s.d.
| _——— Observed 95% CL
— Observed + 1 s.d.
- ] Qxh? >0.12

experiment .
P excluded region
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00 2000 2500
m_ .4 [GeV]

| I 1 | 1 |
500 1000 15

AXxial vector — SD at tree level.
Note the choice of DM and quark couplings.




Pseudo-scalar Mediator

Vector Interactions
¢ (; PuI;ars, Iinter:sityl—scz:Ied ( NFW, NFW-c ) i j i I s
-. O Pulsars, index-scaled ( NFW, NFW-c )

A /A OB Stars, intensity-scaled ( NFW, NFW-c )
| B[] OB Stars, index-scaaled ( NFW, NFW-c )

@)

/

X _ <z
L
'x> \L %

A pseudo-scalar mediator leads to

scattering which is both SD and v-

suppressed, but annihilation is not
suppressed.

(3 8)(53) @«

.
Scuuznés 1S Spin,

'_“\_} _lz{?rsx][%*s%] (DY) V= Supproad,

Mo

Pseudoscalar Interactions

LUX ( 2016 )
XENONnT, LZ

VYA

¢ <> Pulsars, intensity-scaled ( NFW, NFW-c )

@ O Pulsars, index-scaled ( NFW, NFW-c )
A /\ OB Stars, intensity-scaled ( NFW, NFW-c )

W] 0B Stalrs, index-scalaled ( NFWI, NFW-c )I

10°
Mass [ GeV ]




Colored Scalar

® Another construction has dark matter A
interacting with quarks via a colored scalar
mediator.

® Minimal flavor violation suggests we
consider mediators with a flavor index Mediator
corresponding to {uR,cR,tR}, {dR,sR,bR}, £
{Q1,Q2,Q3} and/or combinations.

® This theory looks kind of like a little part of
a SUSY model, but has more freedom in
terms of choosing couplings, masses, etc.

. . >
® There are basically three parameters to this
model: the mass of the dark matter, the
mass of the mediator’ and the Coupling Chang, Edezhath, Hutchinson, Luty 1307.8120
. An,Wang, Zhang| 308.0592
strength with quarks. Berger, Bai 1308.0612
Di Franzo, Nagao, Rajaraman, TMPT 1308.2679




ur Model

LHC exclusion

— Jets + Missing Energy -36 fb !

— Jets + Missing Energy -3 fb —!
— dilepton + Missing Energy f,f, -36 fb !

pp »UrX
ATLAS monojet
1000 | 1 I arXiv:1711.03301

= 800 -
600 |-

400 |

0 1 L L L 1 1 1 1
200 100 600 800 1000 1200 1400 1600 1800 2000
M, (GeV)

1

2000

1000 1500

Mohan, Sengupta, TMPT, Yan,Yuan in progress MJR [GeV]

® For example, we can look at a model where a Majorana DM particle couples to
right-handed up-type quarks.

‘llllﬂ | - | e |
_ y - _
‘ TR / ; ] i
500

® At colliders, the fact that the mediator is colored implies we can produce it at the
LHC using the strong nuclear force or through the interaction with quarks.

® Once produced, the mediator will decay into an ordinary quark and a dark matter
particle.




Direct Detection

500 1000 1500 2000
MJR [GeV]

500 1000 1500 2000
Mohan, Sengupta, TMPT, Yan,Yuan in progress M; . [GeV]

® At tree level, the fact that Majorana particles have vanishing vector current implies
that the scattering with nuclei is spin-dependent..

® But at one loop, the scattering is spin-independent, and these are the dominant
constraint- the smaller rate is compensated by the stronger experimental bounds.




Dark Matter Coupled to Gluons

Godbole, Mendiratta, TMPT 1506.01408 & JHEP
+Shivaji 1605.04756 & JHEP
Bai, Osborne 1506.07110 & JHEP

® Another possibility is to engineer the
coupling to the SM to occur at loop level.

® In that case, a quartic interaction can
connect the two.

Ad ‘X’Q ‘¢‘2 The dominant coupling to the

. : : SM is at one loop to gluons!
® This interaction does not require the scalar Ptos

to be Z,-stabilized, and (given an appropriate
choice of EW charges) it can decay into a
number of quarks, looking (jn some cases)
more like an R-parity violating squark.

® The color and flavor representations (r, Nf)
of the mediator are free to choose.

® For perturbative A, a thermal relic actually

favors my < my so annihilation into @™ is <
Open % 2000 3000 4000 5000




Mediator Searches

The physics of the mediators is model-
dependent, depending on the color and
EWV representation.

As a starting point, we considered

mediators of charge 4/3 coupling to 2 uR Decays into unflavored jets are
quarks. bounded by my > 350 GeV.

In this case,a MFV theory can be obtained
by coupling anti-symmetrically in flavor
indices:

yezgk¢i ﬂjuz + h.c. | Excluded by tt+jet

There are interesting searches for pairs of
dijet resonances and also potential
impacts on top quark physics.

Excluded by tt + 2;

All of these constraints are rather weak. TR T T T T T PT:

m¢1,2 ( GeV )

1600




DM Searches

. . , —Lux:85day-result
® Direct detection generally provides a - -Lux:300day—projection

strong bound unless the dark matter
mass is particularly small.

® At a hadron collider, the mono-jet
signature occurs at one loop.

-—
S
A

-—
<
(=)

500

—

r=8 —=m-- 100.GeV = = -200.GeV — — 300.GeV
400.GeV 600. GeV 800.GeV

® As a result, prospects at the LHC are
not particularly hopeful, though for
large enough r and A, it is possible to
see something with a very large data
set.

—

S N b O 00 O

Discovery Significance

e A |00 TeV pp collider would do

better... 500 1000 1500 2000 2500 3000
L (fb™")




Light Dark Matter

One can construct theories where the DM is
light enough that direct bounds become rather
weak.

This typically requires light mediators as well.

In this limit, the couplings of the mediator to the
SM look like photon couplings scaled down by E&.
The mediator in this case is often referred to as
a “dark photon”.

There are other variations with scalars, pseudo-
scalars, or vectors with chiral interactions.

Mass

e

Mediator

\ 4

>

Yp Parameters:

{mX7 mas,&p, 6}



MeV Relic Dark Matter

Thermal and Asymmetric Targets at Accelerators
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US Cosmic Visions Report
arXiv:1707.04591




Invisible Searches

Invisibly Decaying Dark Photon A4' - yx

US Cosmic Visions Report
arXiv:1707.04591

Missing Mass/Momentum Experiments (Kinetic Mixing, m o= 3m,)

2 107% : )
€ ’ DarkLight ;
\\ /
10_9 L ,,/ 10—7 L \\\\ : II,
- : \\L\ / BaB III /
. ,/’ ~ . |I \\\ ,/J aBar !
10-10} NA64 _’ 1078 : ] St /I ‘u
’ L s 1
/’ ﬂ' 1 :
/, _9 1 !
10111 e = 10 s =
o LDMX E 10 n6h  vEpp s MMAPS N7
10712 Jriad % 10719F nA64  vEPP-3 bl
,z/ E ------ =
10_]37\ L L | ﬂ’\”\’\’\ L Ll BC"C ll
1 10 102 103
~100% BR into invisible channels. <
10-151 e pEil MMED — 3 MDM
10—'6// xp =0.5
1 10 1()2 103

m, [MeV]

Many projects both underway and proposed can search

for mediators decaying (dominantly) invisibly.



Visible Searches

When the dark matter is too heavy,

the mediator largely decays visibly
into SM states.
1 0_7 LHCb D*
% E VEPP-3 MMAPS LHCb Belle-ll
i 5ab~!
1078 = E141
i HPS
1079
LHCb
10-1°
Orsay/E137/CHARM/U70 ]
: Pre-2021 |
10— : e 1 | IR | _J
1073 1072 107" 1 '
my [GeV] 1070 ™300 57— ...
: SeaQuest
| FASER: near location
arXiv:1707.04591 10- 7 Lmax_150m A 5m R 4cm . a—
1072 1 O 1 1

Feng, Galon, Kling, Trojanowski '
arXiv:1707.0459 | my [GeV]



Beyond Dark Photons

PrOtO-PhObiC vector COUPIingS to Family Non—Universal Couplings, c§, = 1073
-2
address the Be-8 anomaly. 10

Beam
Dumps

LY 1

Vector particle with chiral interactions

Kahn, Krnjaic, Mishra-Sharma, TMPT
arXiv:1609.09072

Feng, Fornal, Galon, Gardner, Smolinsky,
Tanedo, TMPT arXiv:1707.04591




Outlook

® Are WIMPs dead!?
® The answer really depends on how you frame the question.
® Some are...
® Electroweakly charged particles are rather constrained.
® Some options survive by making choices of EWV representation / spin.
® Others not so much.
® Freeze-out relics can exist for a wide variety of masses.

® Engineering may be required on the theory side, but this could just be
how nature works.

® | think the only argument | can take away is that we need to keep looking
everywhere we can.



Bonus Material



Annihilation

® We can also map interactions into
predictions for WIMPs annihilating.

® This allows us to compare with DM interacting with gluons
cross sections leading to a thermal
relic density through freeze out.

current
— — - projections™ _

f—
(@
N

Indirect

—
o
(A}

® This example is for dark matter
interacting with gluons. The cross
section has been normalized to the
thermal cross section for a thermal
relic at a given mass.

Too Little DM

—
o
()

Too Much DM

Colliders

5
o)
~
n
a
O
k=
=]}
T
1077
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® The LHC does better for lighter
WIMPs or p-wave annihilations
whereas direct detection is more
sensitive for heavy WIMPs.

DM Complementarity, arXiv:1305.1605




Quarks & Leptons

DM interacting with quarks DM iIltleI‘aCtiIllg with 1lept0ns
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DM Complementarity, arXiv:1305.1605




Excess?

CMS036 #2: Hr=250-450 GeV, M1,=200-300 GeV CMS033 #2: Hr=300-500 GeV, Fr=300-500 GeV

hy

0 1 2 3 4 5 6 0
N

Ny=0 N=1-3

Asadi, Buckley, DiFranzo,
Monteux, Shih
arXiv:1707.05783
&1712.04939

i |
——— Ne=0 ——— N=2-6

Nj=5-6 [10x

- . i : CMS-16-036 and ATLAS-2017-060

N '\"'I"‘I"'Uf"‘"""I"
Lo< MS048 4

CMS036 #2: Nj=1-3, Np=0, M2=200-300 GeV CMS033 #2: Nj=2-6, Np=0, Fr=300-500 GeV max 95 % CL

N=2-3 T N=2-6 i

N1 b

iy

Nj=5-6 [10x]

400 600 800 1000
Hr [GeV]
CMS036 #2: Nj=2-3, Np=0, Hr=250-450 GeV

1200

400 600 800

Hr [GeV]
CMS033 #2: Nj=2-6, Ny=0, Hr=300-500 GeV
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0 I
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400 500
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ATLAS060
(monojet)
ATLAS022
(2-6j+MET)
CMS036
(jets+MT2)

CMS033

400 600

(jets+MET)

CMS048
(monojet)
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ATLAS060+CMS036

He-H

(mg,my)=(1250, 900)
— 68%CL
— 95%CL

— 99.7%CL

-05 00 05 1.0
Usignal [pb]

1.5 20 25

There is a theoretical recast
of the jets + MET data that

indicates ~2.50 excesses
over backgrounds.




Dijet Searches

DM Simplified Model Exclusions ATLAS Preliminary March 2017
| Vs =13 TeV, 37.0 b

/ o arXiv:1703.09127 [hep-ex]

Dijet 8 TeV

Vs =8TeV, 2031
Phys. Rev. D. 91 052007 (201

Dijet TLA
Ys=13TeV, 3.4 1o
ATLAS-CONF-2016-030
Dijet + ISR
Ys=13TeV, 155"
ATLAS-CONF-2016-070
miss
BT +y
Ys=13TeV, 36.4 fb™
CERN-EP-2017-044
miss | :
Er +jet

Ys=13TeV,3.2fb™"
JHEP 06 (2016) 059

DM Mass [TeV]

Axial-vector media*or, Dirac DM
g = 0.25, g = 0, 9.} = 1
All limits at 95% CL

SRR, I ADiAEL) MALKALY AL AL | PR T T N T T
2 2.5 3
Mediator Mass [TeV]







