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A Wide Net for New Physics

O [n general, i the search for new Pl/\ysics w-e
want to cast a wide net!

O Design a wide sef of experiments,

O For given experiments [ook beyond the

4

. H" . .
cavonical  signal vegion




Multi-Purpose Detectors

O A wide net can be cast by single experiments,
if they are versatile and performing well.

O A long tradition i collider experiments-
CDF, Do, ATLAS, CMS..
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MOJ‘QY“ ), D-Q{'-QC/.OYS (particularly LAr)

0 (arge.

O (Clean.

O Particle [D.

O Track reconstruction.

O (Good energy resolution.

Multi-purpose!
[s there an equivalent

menu of searches?

Large ED (ADD) : monojet
Large ED (ADD) : diphoton
UED vy + E

RS with k/M,, = 0.1 : diphoton, m,,

RS with k/Mp, = 0.1 : dilepton, m,
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Near and Far

O [u near detectors, tncluding short baseline,

beam related signals have been proposed.

(min(BOONE DM search)

O There may be new opportunities for LAr... (i progress)

O |u this talk | will focus on large and deep far
detectors....

Dark Matter



Outline
O DM;:
0 Direct Detection, and connections to v defectors.
0 Nou-mintmal DM,
a0 (DM aund the Luminous Higgsino
O Signals af Low threshold (Borexino, ultra-clean DUNE...?)
O Self Destructing DM

O Models - variations on the SM.
O Signals 1w DUNE,



My oune slide nfroduction fo DM:

There 1s Dark Matter

i Fhis room!! -0

Blows your mind.
Makes you want fo fiud 1f, no?



Direct Detection

O The effort to detect halo DM here:

0 (o underground.

0 Build a big, clean, and quiet detector.
o Wait.

v~ 103

0 Available energy:

Emco[( ~ HVZ ~1 O"éH

B = reduced mass
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Neutrino Defectors

0 Neutrino detectors are very big and very clean!

Have a higher threshold..
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is for electron recoil... still)
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Neutrino Detfectors

detector Mass [Fon] | Threshold
XENON 1T T Few keV
Borexino 10° ~200 keV
SNO 10° ~ MoV
Super K 5x10% ~ b MoV
DUNE 3x10% ~1-10 Y\/\e\/P RA LT
Hyper K 5x10° ~ b MeV 7
[ceCube? ~ 107 ~ 10 GeV

Can we use them to search for DM?



Non-Minimal DM

O A non-minimal DM model can bring the sigual

fo higher energies.
O (nelastic DM (1DM)
O exothermic DM

O Form Factor DM

These models modify DD pheno.
But the search for DM rematus tu

the domain of low threshold experiments.
LUX, XENON, CDMS, PICO, DAMIC.,...



[(Weiner, Tucker-Smith]

lnelastic DM

O [ (DM scattering is up to a heavier y .

O Originally built for DAMA,

O Example: Higgsino!

in? 0 cos? Oy 1
o (B0 000y oL
q ~ my M, + Y2 + M12,2

192 keV 10;\/[# Mo > My >
| 640keV (10GNV) p > My >

M.

X

[Bramante, Fox, Kribs, Martin)



(Wetner, Tucker-Smith)

lnelastic Frontfier

O [y (DM we gef a w\oall.fl'ea( pheno:

0 Scaling with targef mass
(heavy wnuclel preferred).

Xenon Experiments

O MOdl.fl.-Qd Y-QCOI.{ SP-QC{'YMW\. \\O% 1:5))((=e;ca1r_g$/t
(Pushed to higher recotl) 001} L K

O Modified modulation.

-9-"'-"'-"'-""""" -~

"AS 001 =

dR/dER keV-' day-' kg (0n/10-4° cm?)

[Bramante, Fox, Kribs, Martin)



[(Weiner, Tucker-Smith)

lnelastic Frontfier
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[(Weiner, Tucker-Smith)

lnelastic Frontfier
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[(Weiner, Tucker-Smith)

lnelastic Frontfier
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What Happens Next?

0 After excitation ¥ decays back to ¥.
O;‘ﬁew X,_é X+Y via a a(l'PoLe operator.

O For Higgsino:

A2 m? —(1sec)(350 keV)?’( m )2
Y 0 1 TeV

Af 1073 it takes about 10 seconds
to cross the earth.

Can we detect the decay?



(Feldstein, Graham, Rajendran - written for DAMA....]
(Eby, Fox, RH, Kribs - wot for DAMA. (n progress]

Luminous DM

O Scatter somewhere in earth. 4

Say of £ of [ead, reach higher &1

. . . ", 00 *
O Signal rate 1s msensitive fo t

01 farget volume g7
T ol angle T R

4 )

Rate ~ (Vyet na) u, {ov)

- J




(Feldstein, Graham, Rajendran - written for DAMA....]
(Eby, Fox, RH, Kribs - wot for DAMA. (n progress]

Luminous DM

v-detectors (Borexino):

Search for a  mono-photon” line
stignal at a few 100 keV/!

ahem: how can 1t be

distinguished from BG...7



[Eby, Fox, RH, Kribs - (n progre

Modulation

0 DM s heavy— The “botng s mostly Forward!

0 Defines a cone of height ~vt, and an opening
angle cwax for the decay.



[Eby, Fox, RH - in progress]

Modulation

0 — strong dependence on witial DM direction.

Strong daily modulation.

Strong dependence on (atifude!



(Eby, Fox, RH - (n progress]

Modulation

0 — strong dependence on witial DM direction.

Strong daily modulation.
Strong dependence on (atifude!



(Eby, Fox, RH, Kribs - in progress)

Cyguus Time

0 The DM ”wiwo(” comes frolfv\ Cygmus (H«a Swaw),

a northern constellation...




(Eby, Fox, RH, Kribs - in progress)

Cyguus Time

0 The DM ”wiwo(” comes frolfv\ C_ljgmus (H«a Swaw),

a northern constellation...




(Eby, Fox, RH, Kribs - in progress)

Datly Modulation

O Sigual rate peaks at miduight (Cyguus time).
0 Will depend on the lab's (atitude.

1/6/2000 Preliminary!
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lnelastic Frontfier

0 Sorry. We dont have a ready money-plot.
Just a guess.
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Message So Far:

With Luminous DM, and a bit of (ead, we were able to
bring DM signals fo 100's of keV, and to Borexiwo.

But we are still within the realm of

Esignal ~ pv* ~ 107u

Can we go beyond this?

Can we find DM signals tn the T0 MeV - 10 GeV range?
Use Super-K? DUNE?



Self Destructing DM

SELF-DESTRUCT BUTTON

DO NOT PUSH UNLESS YO
‘ REALLY REALLY MEANN




Self Destructing DM

0 A DM particle, @ (can be a subcomponent),

scatters somewhere tn the Earth.

0 Transforms (nto a different species, &',




Self Destructing DM
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Self Destructing DM

0 A DM particle, @ (can be a subcomponent),

scatters somewhere tn the Earth.

0 Transforms (nto a different species, &',

0y decays within 10 seconds

nside a defector!

[Esigmaf ~ "V‘x]




Self Destructing DM

O This sounds crazy!!

Why would DM decide to self destruct just

when it gets to us?

From the journal of a DM particle:

P{OCQ Tl.l’V\Q SP-QVIIL, AIL DQ(’ISI.ILB O7£ SILM7£7£, "
Ga{ac/‘{c Ha{o TO” sec ~ T cm’g (DM@ 1 GeV)
Earth 10 sec 10%% cm3

—W

<N[wﬁerach’om> ~ nov' At —  There 15 room.



Self Destructing DM

a0 Want to dynamically turn off the stabilizing
“symmetry  of DM by scattering.

(> 107 to 1028 5ec) — (1t ¢ 10 sec )
0 Require both meta-stable and sort lived states.

O Note: the SM has a variety of dynamical
mechanisms and Fimescales.

\_

We will relax minimality.
Focus on variation on the standard model.

.




\Variations on the SM

(The Grossman variations)

0 The angular momentum variation.
O The molecular variation.

O The baryon to meson variation.

Examples of dramatic event friggered by frifles:




Angular Momentuim

O A sub-component of DM s stabilized by

rotational tvariance (angular momentum).

O [ngredients -
O Constifuents: x and 7.
a0 Heavy dark photon V.
O Light dark photon ¢.

. _ 1 1 I 1 K )
L= ilDy — My XX + §8quc9ugb — §m(2bgbugb“ — ZV“ Vi + §m%/VMV“ — §VWF“



Angular Momentum

0 Requirements:

O ¢ mediates long range force, (%) bound states = @,

O ¢ 15 heavier than Rydberg.

Oy My £ Mg £ Oy My

a0 Vs a lighter than

m, £ hny



Angular Momenfum

O Coustder a high 2 state.
x and ¥ have small wave function overlap.

ay \ 26+3 N
-
Fn,f—)V’s ™ (7) Qy, o 1Ty

— £=9 15 cosmologically stable.

0 The decay (n,2) = (u-1,2-1) (s kinematically
suppressed. (Either to 3 photons or 2 v's).

/(XX) can be (Parz‘ 075) dark maz‘ﬁer.\

Stabilized by angular momentum.

g J




Self Destruction

O ¥y can loose angular momentum by nteraction
with an external nucleus.
6.2K%e? 72

()-(L‘[gh—e)—»({ow—ﬁ) ~ 7 X (form—facforo(ogy)
V m,

O Ouce £ 15 {ow XX can go PromPHy fo 2 va 5. o

Then to %e. %
\//*\ ,

}



Self Destruction

my =2/3my, ay =107, a, = 107, Signal rate = 100 events/yr

107"}
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/ e !
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Phenomenology

O Putting the angular momentum story aside:
0 What are “generic’ signals of SDDM?

0 How can results be presented?

O Common lugredients for the framework:
0 “Short lived state &’
a  Mediator V
o @ — W — M



Phenomenology

O Final states:

O o%¢” resonances
O  u'u resonances

O yy resonances (say, for axion-like mediators)

0 Kinematics of each pair:
. Maie — TN

O  [wvariant mass. pat v

TNy

. EWQ)’gy. Epair — 9

2
8my,

ms,

a0 Opening angle.

COS (95+g— ~ 1 —

We can do a bump hunt!



Directionality

0 Dark Photon [ifefime determines multiplicity
and direction of signal:

0 (ct, ¢ TOm): can see fwo [epfon Pairs tn the detector.

g (T0m ¢ ct, ¢ Tkm): single pair, isotropic.

o (Tkm < ct, < T0%m): single pair, up-going.

2 pailrs per event.

Isotropic.

10m S, Ldecay 5 1 km

4 N

1 km 5 Ldecay 5 RGB

4 ,\ N

~ /
\f \ﬂ/

Single pair per event.

Isotropic.

kf\//

Single pair per event.

Pointing up.



Phenomenology

my = 2/3my, ay =107, a, = 107, Signal rate = 100 events/yr
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1 0_3 (e (elec.)

-5| Beam
1077 Dump

e o =

g / 1 ewer LHCS
>Zy ‘ N "
Na48 CRESST-I| ) ,/ ,,/' '
- VAR
Xenon,10 Babar CDMSLite /7 7/, . Xenon,1T

7 e

107"
1 0_9 - et Super K DUNE
- e Qsppu/ Qo = 107
Qsppm/Qpy =107
1 0_1 1 Qsppm/Qpy = 107
0.01 0.1 1 10 100 1000



Stmplifred Model Analyses

0 We can do more model independent analyses,

a la " simplfied models” searches at LHC.
O Pick a final state.

o, O Can be repeated for

various angular

distributions 1om and

- \ / Final states.

energy of pair (DM mass)

ivariant mass of pair (mediator mass)



General Remarks

Large v detfectors have a big exposure fo DM,

Dark matter does not have to be simple!
(Fhe SM (s nowhere near minimall).

Can have seusttivity to non-mintmal

frameworks, (DM SDDM .7

Di-lepton, mono-photon, di-photons.
These are won Just signals for LHC !



General Remarks

O Experimental questions fo study:

a

a

What are the background rates for these signals?
Can angular distributions be [everaged?

Can datly or annual modulation be [everaged?

Can DUNE's threshold be pushed down?
(Well motivated! the lower the threshold the simpler the models)

What can the near detectors do?

Let's keep talking!



Deleted Scenes

Exploding DM



Counclusions

O We do nof know what DM 5.
We should cast a wide nef.

O Nou-mintmal DM models can bring the search
For DM to large detectors w/ high thresholds.

O Variations on the SM can give dramatic new
effects and new pheno.




[see also An, Wise,Zhang]

Cosmology

0 Yes. We have a cosmological story for this!

O ¥ and ¥ freeze out to dark photous, giving only
a sub component of DM,

O Fraction of % s tn a bound state can be
estimated:

ny n <J X— ¥ U> N, —10,0=9 _
_ ™ X[)i] ¢ n=10, ~ 10 2
Uo% Ty




Molecular Variations

O [u the real world, a DZ molecule can fuse fo

helium-¢&.

0 An excited molecule” could have larger

wavefunction overlap — faster fusion rate.

O A designer potential can work:
V()]

L

St working on

a SM variation...




Other variations

O A scattering can convert a dark baryon to a

dark meson,

O Other dramatic phenomena....




counts/N4/keV./year

Borexino

O A large scntillator detector tn Gran Sasso.

Superduper clean! over 2000 days exposure!

electron recoil

E rec (keVee )
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PHYSICAL REVIEW D 89, 112007 (2014)



O Reasonable energy resolution.

Counts
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PHYSICAL REVIEW D 89, 112007 (2014)



Borexino

O Observed spectrum:

Rate [counts / (day x 100 ton x 1 keV)]

10

I I.I I.IIWI I II'IIIII|

e

T T TI0I0

102

|

J

\\

—— Fit: %2/ NDF =92 / 95
—— "Be: 45.75+ 1.71
— Kr: 33.03+2.02
*10B4: 39.10 + 1.45
Hc:28.99+0.25

210pg: 684.46 + 1.20
pp, pep, CNO (fixed)

3
10200

400

60

1000 1200 1400 1600
Energy [keV]



Borexino

Common practice for DM experiments BG:
DM signal cannot exceed the observed BG.

[n a 50 keV window, Borexino has ~ 15 event
per day around 200 keV.

— (DM vrate ¢ 15 events per day.

No 9a[w frozfv\ {arge exposure, :—(

We (they) can do better....



Borexino
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Borexino

O The fif residuals are at the few percent [evel.

Residuals [%]
-
|

[s the (tmit thus T15events/day x few percent?
[ doubt if... but we can do much better!



Borexino Modulation

O A strong daily modulating signal 15 striking!
O Expected (it

N ~ 15 eveuts /day x 2000 days ~ 3xT0% events!

15

N7/2

Limaf ~

events/ day

O For §=300 keV the signal rate for our
benchmark is 1.5/day. :-)



