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Elastic nuclear recoll kinematics

Momentum conservation implies that for elastic
nuclear recoils we have keV thresholds
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Two questions:

1. When does the elastic billiard ball picture break?
(Today)

2. What about inelastic recoils?
(Yesterday)



Relevant length scales

Mx
Strong target dependence for mx < 1 GeV!
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Experiments in R&D phase

HERALD
(superfluid He)

W. Guo, D. McKinsey: 1302.0534

Ultimately ~ 1 meV energy threshold

SPICE
(GaAs, sapphire)

. TES and QP collection antennas (W)

. Athermal Phonon Collection Fins (Al)

. 1cm3Polar Crystal

M. Pyle et. al.

Ultimately ~ 10-20 meV energy threshold




Towards single phonon detection

Strategy

« Very small, ultra cold detector (1 cms3)

o NO biaS Voltage . TES and QP collection antennas (W)

. Athermal Phonon Collection Fins (Al)

. 1cm3Polar Crystal
o

« Develop low threshold TES sensor

Phonon collection

1. DM creates athermal phonon(s)

2. phonon decays rapidly to soft (~1 meV)
athermal phonons

3. phonons bounce ballistically

4. Collection fins guide phonon energy to
Transition Edge Sensor (TES)

Projected sensitivity to a single ~ 30 meV phonon

M. Pyle et. al.
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Theory input

Outline

1. Models: Constraints on the mediator

Strong model & material dependence of the scattering rate



Models: Executive summary

Constraints

X X
Stellar cooling \.</—\ Dark Matter self-interactions
5th force ! (e.g. bullet cluster)
meson factories v\/\ !
BBN / CMB /\
SM SM
Models
If mx <1 MeV-: Composite dark matter
(V) Coupling to nuclei 100} -
(if subcomponent of DM density) :
Coupling to elect L0
X oupling to electrons 5
TON
v Coupling to Charge 1076}
(Dark photon mediator) .
10°2 10-" 109 10° 102
We won’t go into this today, but the moral q (1/Rx)

here is that you need to be very careful with

DM lighter than ~ MeV! Form factor suppresses high energy recoils

SK, T. Lin, K. Zurek: 1709.07882



Dark photon mediator

Very light dark photon mediator
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Dark Sectors report: 1311.0029
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Dark photon mediator

Very light dark photon mediator
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Theory input

Outline
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: 2. Beyond “billiard ball” scattering
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- Dark Matter - phonon effective theory
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“We’re quietly conﬁdem‘ that it smells of cinnamon.”

Strong model & material dependence of the scattering rate



Effective theory overview

Nuclear recoil

2

W = d
2mN

Phonon regime

g << V2mpyw —> Momentum exchange is a good expansion parameter

Phonons are the goldstones of spontaneous breaking of translation invariance: They must be derivatively coupled!

Leading order

< DM-phonon vertex

(Matching with UV)

O(q), O(¢*) or O(q*)
(Depends on DM model & phonon branch)

Next-to-leading order

Elasticity theory
(Measure this)

O(q*)
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Kinematics: superfluid helium

Detection principle

q [1/A] . . . oo
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w = 0.62 meV
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q [keV]
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Kinematics: superfluid helium

g [1/A] Leading order
0.5 1.0 1.5 2.0 2.5 3.0
3.0 | | | | | X _X
Finite
lifetime \/
25 7] T~ ~ - -
2.0 - Only accessible for mx = 1 MeV
=
)
£ 151
3
1.0 A .
Next-to-leading order
- w = 0.62 meV
0.5 -
No evaporation X X
0.0 I I I I \/
0 1 2 3 4 5 S
~N -
q [keV] Q

Always accessible for
back-to-back phonons.

SK, T. Lin, K. Zurek: 1611.06228
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Multi-phonons in superfluid helium

X X There is no straightforward
\/ expansion parameter for the
N multiphonon vertex
Q\ \ But we experimentally know that the
\ Strongly coupled multi-phonon expansion converges
quantum liquid (slowly)

We must use an effective theory, impose some symmetries and match unknown parameters to data

Quantum hydrodynamics Superfluid effective field theory

1 n 2 [1.o c 2
H = /d3r (—mHeV NV —|—V(n)) Sbulk D —5 [ dz| 57" — (V)

2 pcs 2 2

( Unknown, but drops
out to leading order E A7t (V7)? + /\35?3]

Need to renormalize the ground Extract from pressure dependence of
state, which involves using an ansatz

sound speed
for the counter term (We’ll do this later for crystals, which is simpler)

F. Acanfora, A. Esposito, A. Polosa: 1902.02361
A. Caputo, A. Esposito, A. Polosa: 1907.10635
K. Schutz, K. Zurek: 1604.08206 A. Caputo, et. al.: 1911.04511

T. Lin, K. Zurek: 1611.06228 A. Caputo, et. al.: 2012.01432


https://arxiv.org/abs/1604.08206
https://arxiv.org/abs/1911.04511
https://arxiv.org/abs/2012.01432

Reach

Dark Matter-nucleon cross section [cm?]
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Superfluid helium can be sensitive down to mx ~ 10 keV




Kinematics: crystals

GaAs Brillouin zone

GaAs

- TO \\

\/

LA

TA

3 gapless modes (acoustic)
3 n - 3 gapped modes (optical)

n = # atoms in primitive cell



Kinematics: crystals ¥ X

Recall g ~ v mx \/

GaAs T~

40

Always
accessible

Accessible for
high mx only

Not accessible

W I' L
Sound speed LA: Longitudinal Acoustic
higher than in He TA: Transverse Acoustic

LO: Longitudinal Optical
TO: Transverse Optical



Degrees of freedom

Deviations from equilibrium position

3n
1 i(qrd—w, ot)
ug = E E €d,v.q Quv,q € d—%v.at) 4 h.c.
2dew,,,q

v.q

Atom mass Eigenvector \ Equilibrium
position
Eigen- Annihilation
frequency operator
Indices:

v . labels phonon branches

d : labels atoms in primitive cell

1th

q: momentum over Brioullin zone

i,j . spacial indices (x,y,z)




Degrees of freedom

As

Deviations from equilibrium position: B Y,

GaAs

3n

1 0
_ E E i(Qrg—wy qt)
Hd = 2NmMaqw, o (ed’y’q R h.c.)

= \_/
. <)
Eigenvalue problem: £20 |

3 LA

2
> Dqdar - €vdq =W qCdua 01 [y
d/
0
X W I’ L

I

with /\_, Quadratic part of electrostatic potential .

aka “force constants”

40

Dq,d,a =

Numerical Calculation:

force constants
Crystal
> > > W e
structure VASP phonopy v,qy ©d,v,q

Density Functional Theory diagonalize force matrix

S. Griffin, SK, T. Lin, M. Pyle, K. Zurek: 1807.10291
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Theory input

Outline

2. Beyond “billiard ball” scattering

Dark Matter with coupling to charge

Strong model & material dependence of the scattering rate



Dark Matter - phonon coupling: Charge

Model:
“Nano-charged dark matter” aka “light dark photon mediator” I

Born effective charges: 1 P
Atoms in the primitive cell can have an “effective” charge tensor Zi; '

€ (911]'

Example: GaAs

2.27 —2.97
g, = 2.27 7\, = —2.27
2.27 —2.97

Materials for which Z # 0 are called “polar materials”



Examples of Polar Materials )i

GaAs Al2Os3 (Sapphire)

Primary
crystal axis

2 atoms in primitive cell 10 atoms in primitive cell

At least two different atoms in the unit cell



Frolich Hamiltonian )i

Each unit cell contains an electric dipole P

E

>

@ 0 © 0 © O ——p Longitudinal optical (LO) phonon

Electric dipole interacting with test charge

P .
H ~ Z-el q ezq-r X X
g q2 \/
~~__I0
Same thing, in a periodic lattice
14366 (q + G) ) Zd "€d,v.q T i(q+G)-r
= z— ———@,, o€ + h.c.
Z;Z ¢2dewuq(q+G) - (@+G) "

-

Reciprocal lattice vectors
H. Frdlich, 1954
C. Verdi, F. Giustino, Phys. Rev. Lett. 115, 176401 (2015)



Sapphire in more detalil

Most energetic mode dominates

Al
120 _AlOs
100 —
— o N S
> e e o=
2 60 e A=< =~
3 S —— o
3 40 sé?_ %bg&? §
B —_— —_— >c_—.3<'<7' —
&?k SS—"AA A
2 |
0

Aluminum atoms move in phase

|

Large dipole

Al>O3 Brillouin zone




Sapphire in more detalil

| —
\)
-}

For low my, a lower mode dominates

Al,O4

80 = (==
— > <2
=
40 [ §§Z =
=N =

Aluminum atoms still move In
phase, but smaller amplitude

A’ mediator

mx [ke\/]

103




Reach

Both GaAs and Sapphire probe Dark Matter masses as low as 10 keV ot ot o

kg-year exposure, no background

10732 et e SXPOSUS,

107 F ppN A |
1034 | Stellar bounds JEE Kenonl0 g
S
1073 | O |
10_36 B {7/&0 : - F“ _—
1057 | R o
RO wNE e
< - / T\ ko
— 10 39 L N\ / Bﬂg‘a&,}‘Q‘Q%d&“‘ﬂ\\ A
L 1040 N Lol BRSO e
10_41 | O‘Q\O&\ ‘.’.:.'.::-.. ..... g\)‘p‘e‘{."‘ Lot B
WO et

10~4 F _
1074 | ) ]
104 | | - an

Dark photon mediator 1,03
1074 L . M < llieV | | - Al%og (mod)_

1073 1072 107t 10Y 101 102 103
m, [MeV]

Probe the new parameter space with gram-minute exposure



Sidenote: how to read these plots? ' '
Both GaAs and Sapphire probe Dark Matter masses as low as 10 keV ot ot o
kg-year exposure, no background
}8:2 T e These are not “projected limit” plots:
107# | Stellar bounds § Xenonl0 g
o | y. | ] - Backgrounds in many future
=) o | detectors are not yet known
= o O
o 07T S e - Eventual exposure and thresholds
- | S o | are not yet known
1074 ¢ -
1074 b Dark photon mediator — (A}??)Sg |
107 B M sk T AlOs (mod)
102 102 107t 10° 10! 10? 107

m, [MeV]

At some point, it became sort of a convention to plot cross section curves for 3
events with kg-year exposure

This is quite useful to quickly compare materials, proposals etc, but should not
be taken overly literal

You need to exercise your own judgement and evaluate the status of the
experiments: Some have data, some have pilot data, some are still in R&D phase



Daily modulation

13 T !
— mx=25keV A’ mediator
— mx=50 keV
1.2 * -
— mx=75 keV
mx=100 keV

0.9 i

07 | | | |
0.0 0.2 0.4 0.6 0.8 1.0

t/day

Amplitude and pattern depends on Dark Matter mass




L>—ZF, FH

2
Dark photon absorption
Very light, bosonic dark matter can be absorbed on the target
Example: Dark photon dark matter:

2 HY
10710 L . Stellar
'-._constraints Direct detection
< constraints
10712 | 2
Nag
1071
phonon
excitation
10710 |
—— 1 kg-yr, Sapphire
— 1 kg-yr, GaAs
10—18 —— —— ) 1 ] Ll
1073 1072 101 10" 10!
ma |eV]

102
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Theory input

Outline

2. Beyond “billiard ball” scattering

Dark Matter with coupling to nuclei

Strong model & material dependence of the scattering rate
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Dark Matter - phonon coupling: Nuclel e

Model

Coupling proportional to nucleon mass: e.g. scalar mediator

A/_\

LD —XXNN Atomic mass number
A2
AY
Potential felt by DM in crystal N
[ ® °
1 a
Vir) = FZZAd 0(€+rg+ugy— 1) L . .
e d Geu.
| s -
@ e ® ®
1 .
V(q) — E Z ZAd ezq-(ﬁ—i—rg—i—ug,d) . )
e d




Dark Matter - phonon coupling: Nuclel e

1 - 0
SURES 3 ST
L d

i q-ug <1
1 iq-(L4rg) |, 1 2
V(@) = 15 303 A e i e — L)
e d
X X X X

Relative coefficients of both operators are fixed by the UV completion



Single phonon rate ~

Matrix element

\/ ’./\/l|2 _ F <q‘ S:S:Adeiq-(ﬁ%—rg) q - Ue,d‘0>
d

~ e

Bloch decomposition +
some index wrangling

Form factor

Ay _ _iq-r°
F,(q))” = Z N e~ Wald) q-€duyq€ ¢
d

Debye-Waller factor Daily modulation!
(Measures the delocalization of
the nucleus)



Daily modulation (Sapphire)

X X X X
\u// X
N /\ N pt,e” pt,e
| | | | 1-3 | | | |
1.4 L mx=50 keV ¢ mediator - — inig EZX A" mediator
—_ =
L2+ mx=T75 keV i
1.2 % R | mx=100 keV
— w>1meV
— w > 25 meV
—  w > 50 meV
w > 75 meV
L L 07 | | | |
0.4 0.6 . . 0.0 0.2 0.4 0.6 0.8 1.0
t/day t/day

Opposite phase from dark photon mediator!

S. Griffin, SK, T. Lin, M. Pyle, K. Zurek: 1807.10291



Daily modulation (Sapphire)

~—

~_
s

1.4 + mx=50 keV

— w>1meV
— w > 25 meV
—  w > 50 meV

w > 75 meV

¢ mediator -

0.4 0.6
t/day
1.4 | mx=100 keV ¢ mediator -
al ﬂ |
10 . SN ——
0.8 — w>1meV
— w> 25 meV
—  w > 50 meV
0.6 + w > 75 meV 7]
0.0 0.2 0.4 0.6 0.8 1.0
t/day

Modulation pattern depends on the DM mass

1.4 F mx=75 keV

— w>1meV
— w>25meV
—  w > 50 meV

w > 75 meV

0.0 0.2 0.4 0.6 0.8
t/day

1.4 F mx=200 keV

— w>1meV
— w>25meV
—  w > 50 meV
0.6 | w > 75 meV

¢ mediator

0.0 0.2 0.4 0.6 0.8
t/day

1.0

S. Griffin, SK, T. Lin, M. Pyle, K. Zurek: 1807.10291



Single phonon rate ~

Matrix element

\/ ’./\/l|2 _ F <q‘ S:S:Adeiq-(ﬁ%—rg) q - uﬁ,d‘0>
d

~ e

Bloch decomposition +
some index wrangling

Form factor

2
A 0
2 d —W. —1iq-r
F(a)f =) e WD q-eqyq e T
g V'
Debye-Waller factor LA: constructive interference Daily modulation!

(Measures the delocalization of LO: destructive interference
the nucleus) TA,TO: vanish



Destructive Iinterference T~

Ay _ —ig-p?
F,(q)]* = Z eVl qeq,q e 9T

g V!
Ga As 7 5 O 5
. —> ~Y
LA: o~ o~ | Fr.a(q) (¢°)
q
—
G A
LO: —e NI — [Fro(q)]” ~ O(q")
€1,L0,q €1,L0,q

Contributions for the LO mode add up with the opposite sign

v

Strong suppression of LO mode



Result (single phonon)

LO mode

/ — w>1meV

= = w>1meV, analytic
— w > 25 meV
- = w> 25 meV, analytic ]

GaAs |

LA mode

Is the next-to-leading order (multi-phonon) process important?

o, (cm?)

10734 ¢
105 |
1036 ;
10-37 ;
10-38 ;
1039 ;
1040 ;
"
e |
1043 |

— w>1meV
— w>25meV 7
— w>50meV |
w > 75 meV 1

ALOj°

107
my (keV)

103




Multi-phonon processes R
N/'/\\N
Contributions
) X ) T~ )
\‘x\"—\’ N
\ Elasticity theory )

(Measure this)

Four channels

- LA-LA

- LA-TA

« TA-TA (both in momentum plane)

« TA-TA (both orthogonal to momentum plane)



Some elasticity theory

Elastic strain tensor

ni; = Oju; + 0ju; + Z Oru; Ok

k—» Local deformations of the solid

|dentify this with acoustic phonons, after
averaging over the primitive cell

Hooke’s law
— E sz;jkﬁnke
l k.t (
Second order elasticity parameters

Stress tensor

In Hamiltonian form

1 1
H = §qujk€ Nij Mhe + %"fﬁ?jﬁémn Nij Mkt Mmn + Tij Nij

L—V Third order elasticity parameters



Phonon self-interactions X X
1 1 \/
H = §Cijk£ Nij Mke + §Cijk€mn Nij Mkt Mmn + Tij Mij AN
. .-
Independent components \
Cijke  Cijkemn
general 21 56
cubic 3 6
1sotropic 2 3

Phonon self-interactions in the isotropic approximation

1 o N
H = 5(5 + Mgt + (7 + () wijuritgg + o Wi U Ukk + o5 WiilljkUk; + o Wi kUi
with ui; = 0;u;
Couplings map to the elasticity parameters
A, <> Bulk modulus & Young’s modulus
o, 3,7y <> Third order elastic constants

Can be measured or calculated from first principles!



Computing the scattering rate X X
Dynamical structure function LS~ A
d’c q v
= n i S(q,w) = V()|0)* §(Ey — w), ‘
dado = 2o OnS(@0w) witn - Slae) = SUV@IOFE ) g
Example:
(anh) zd Ag q2 w? (anh) (4CLA B
SLALA( w) 647T CLAmpp [( - CLAQ) n FLA q/4] 9drarLA < W > 9(&) CLAQ)
with
(anh) (22 ~ 1) oy 2
giaia (@) = (28 + 4y + A+ 3p)° 575 (CC6 + 3zt + 72? + 5) (tanh_ (x) — 3 a:)

10 8 6 4 2
+ ajox” + agx® + agx” + asx” + asx” + ag

1
a0 = 5,0 (15a + 100(1083 + 87 + B + 611) + 66852 + 43(568 + 167\ + 426.)

4+ 2112~% + 11369\ + 3168~y + 16722 + 852\ + 1188;L2)

B. Campbell-Deem, SK, T. Lin, P. Cox, T. Melia: 1911.03482



43
Results

Reach comparison

5 LLTTTY
10—28 - : —— GaAs acoustic (w > 10 meV)
| —— GaAs acoustic (w > 1 meV)
\ :| -=-= GaAs optical (wpo = 33 meV)
‘\‘ 1 — = Helium multiphonon
1073 4 & \
NE 10—34 -
s
I
© 10—37 -
10—40 -
10—43
10°

my eV]

Tends to be subdominant compared to the LO mode



. 3
Magnons

We won’t go into any detail here, but spin-dependent DM can interact with collective
spin-wave excitations in the crystal (Magnons)

L = gyXxd+ ge.€iv’ed 0% = —9x9< g1,

g2me

The treatment is fairly analogous but we now need to quantize the spin operator
(see Trickle et.al. 1905.13744 for details)

Heisenberg hamiltonian:

N n

1 Can be diagonalized - e a
H=3 >, >, JuwiySy-Svy > H=) ) wukblibok

Li'=13,3"=1 v=1kecl1BZ

Given existing constraints on these models, this avenue seems more challenging
than the more “vanilla” spin-independent case

For axion absorption see Mitridate et. al. 2005.10256 and Chigusa et. al. 2001.10666

For a general treatment of all possibilities, see T. Trickle et. al 2009.13534


https://arxiv.org/abs/2001.10666

4
Summary

For mx < MeV the deBoglie wavelength exceeds the inter-particle spacing

This means that we must integrate out the atoms and figure out how the DM
couples to collective degrees of freedom, such as phonons, magnons etc

We do this by

1. Matching the SM operator to a macroscopic property e.g. number density:
NN — 25(3)(1' —1;)

2. Canonically quantizing the fluctuations of the displacement operator

3n
1 i(qrd—w, ot)
ug = g g TN €duq dug € 1 4 1 4 he.
q d%v,q

3. Match the various parameters of the effective theory to either data or a first
principle DFT calculation, e.g. from elasticity parameters

1 o ¥
H = 5(5 + MNugujrtge + (7 + 1) Ui Urkiteg + o Yid s Uk + o WiilljkUk; + o Wig Uk Ui

4. Compute the amplitude & evaluate the rate. (This can involve a nasty set of
integrals)



%
Summary

Different materials can have very different phonon excitations!

Which phonon branch the DM dominantly couples to depends on your model!

Rule of thumb:
Coupling to charge > LO mode
Anything else > LA mode

L—v “Astrophysically challenged” anyways...

The LA mode in most materials will likely be too low energy to low to detect, in this
case we likely need multi-phonon production OR live with the suppression of the
destructive interference in the LO mode

I]llTl l:

Questions?



Additional References

Model constraints: 1709.07882
First calculations: 1604.08206 (He), 1712.06598 (crystals)

Comprehensive theory discussion: 1807.10291, 2009.13534

Also: Many other works by Kathryn Zurek’s group (Caltech)
(e.g. comparative studies of different targets etc.)


https://arxiv.org/abs/1604.08206
https://arxiv.org/abs/1712.06598
https://arxiv.org/abs/1807.10291
https://arxiv.org/abs/2009.13534

Thank you!
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Comment on superfluid helium

Phonon 3-points function in crystal ~ Q - = " (w1, k1)

(a|ki, ka) ~(q-e) (ki-e1) (ka-e2) + - ~ q

Phonon 3-points function in superfluid He

(a|ki, ko) ~ a1 (w2q - ks +w1q-k2)+aw ~

Mysterious cancellation: Why does the 3-points function vanish whenqg — 0 ?

SK, T. Lin, K. Zurek: 1611.06228
A. Caputo, A. Esposito, A. Polosa: 1907.10635
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Comment on superfluid helium

(w,q)
(a| ki, ko) ~ a1 (woq-ki +wiq-ks) + GQW o o- - = (k)
\
. \ (w27k2)
Superfluid He has a spontaneously broken U(1) symmetry
qu(0]J* k1, ko) =0 07D w(0]k, k) = 0

The charge of the conserved current is the particle number density: J°(q) = n(q)

(01J°|k1, ko) = (0|n(q)|k1, ko) = (qlki, ko)

The Ward identity ensures that 3-points function vanishes if g =0 *

SK, T. Lin, K. Zurek: 1611.06228
* discussions with A. Esposito A. Caputo, A. Esposito, A. Polosa: 1907.10635



Phonons in superfluid Helium

Superfluid helium allows for efficient heat collection —
— Transition Edge Sensor (TES) readout o -~
—> No E-field needed: lower threshold " §@

Look for phonons instead of ionization

Phonon collection X

1. DM creates phonons/rotons
2. phonon/roton bounces ballistically

3. phonon/roton evaporates He atom
(gives 10-40 meV boost)

4. Helium atom is detected on Transition
Edge Sensor (TES)

W. Guo, D. McKinsey: 1302.0534
S. Hertel, A. Biekert, J. Lin, V. Velan, D. McKinsey: 1810.06283



Mediators matter!

X X X X

~~___ ~~__

Coupling to nuclei: o Coupling to electrons: ¢

10_3 E 1 1 1 o 1 'f 1 1 1 ~ F 1 1 R 1 ot 1
F [ :/ ; B->K¢ / e e —>y MET ee—>yo

. 10—3 F
1 / / 4 1 5
F ] ! ) 3 Fifth f
: :: K->md [ G / (&2,

BBN beam dump

1076

5th force

Lo i SNI98Ta_ .S

:r ' HB stars

10712

Ye

SN1987a 4

__________________________________________________________________________________

HB stars

F RG stars ] i
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Strong astrophysical & terrestrial constraints

SK, T. Lin, K. Zurek: 1709.07882
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Mediators matter!

X X X X
Coupling to nuclei: o Coupling to electrons: o
my = 1073 M ye
10730 ——=— 10736 ; — =
: 5th force,:/’/\ 10-3 :
30p f
10 ‘\_/-/.\mr 10—42: :
= 10| S, 1070}
N ) r -1
> S 10-s] |
B 1;
45} ~51 R ’
10 o 10 g
: . . . . 10—54 ! . y . . . 1
103 1072 107! 10 10" 10° 10° 102 1072 10°' 10 108 10> 10°
m, [MeV] m, [MeV]
Experimentally viable if subcomponent DM x‘x

SK, T. Lin, K. Zurek: 1709.07882
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Phonon 3-points function (@e)s,  (kien)

B. Campbell-Deem, SK, T. Lin, P. Cox, T. Melia: 1911.03482



I ———————————
EFT cut off

GaAs

2qcut qcut qcut 2qcut

40

B. Campbell-Deem, SK, T. Lin, P. Cox, T. Melia: 1911.03482



Phonons in superfluid Helium

Superfluid helium allows for efficient heat collection —
— Transition Edge Sensor (TES) readout o -~
—> No E-field needed: lower threshold " §@

Look for phonons instead of ionization

Phonon collection X

1. DM creates phonons/rotons
2. phonon/roton bounces ballistically

3. phonon/roton evaporates He atom
(gives 10-40 meV boost)

4. Helium atom is detected on Transition
Edge Sensor (TES)

W. Guo, D. McKinsey: 1302.0534
S. Hertel, A. Biekert, J. Lin, V. Velan, D. McKinsey: 1810.06283
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Phonons & rotons in superfluid He

q [1/A]
0.5 1.0 1.5 2.0 2.5 3.0 :
5 . . . . — Final state: two hard, back-to-back phonons
- -+ Bijl-Feynman e
S a 1 50
Al Measurefi K P, 157}
"""" Quadratic 5
|40
4
%‘ 3 B II 30 E
/ .
) /! v
w9+ //’ \‘\ ,'
R \\N ,,’ 1 20 ‘\(q,CU)
1 I ,,/ K \®’ . (kl’wl)
// 7] 10 -7
7 &\QQ ‘ roton k ]
2/ QO
4 ég\/ “““““““ He ( 2,0&.)2)
O ...... | | | | | | O
0 1 2 3 1 5 6
q [keV] v

Calculate the 3-excitation

Issue: speed of Dark Matter >> speed of sound .
matrix element

l R. Feynman, 1954
C t tt inst sinal hell itati H. W. Jackson, E. Feenberg, 1962
annot scatier against singie, on sneill exciiation E. Feenberg, 1969

M. J. Stephen, 1969

K. Schutz, K. Zurek: 1604.08206
SK,T. Lin, K. Zurek: 1611.06228



Basis of states

1

) = ng|%o)
noS(a) | 1 &
| | with Ng = W Z exp(iq - r;)
q1,492)" = N, N | Vo) i=1
VnoS(di) vnoS(az)
Static structure function “ ]
1 Z 3% s
S(a) = —(¥o|n_qnq| Vo) | 390X veessnssrsemeesssssssnsmemn
no 300K, . eeenienssmseresmm
Froblems o 7 - a—
- Ground state extremely complicated oo
- |9 and |g1 g2)° are not orthogonal of 4 oSSt
O.GI-:
0 2 3 a so (63 )7 8 9 10 2

E. C. Svensson, et. al. (1980)
SK,T. Lin, K. Zurek: 1611.06228
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Calculation

Step 1: Gram-Schmidt orthogonalization

a) = a)°
a1, q2) = a1, q2)° = Y (d'|ar, a2)° |d')
a |—> Fix overlap term with ansatz

Step 2: Specify Hamiltionian

Quantum hydrodynamics or Microscopic formulation

H = /d3 ( Mye V- NV + V(n )) H = Z( QmHe)+V({Ti})

(+ continuity equation)

Al

SK, T. Lin, K. Zurek: 1611.06228



-
A Modern Simulation

Combination of standard perturbation rotons
theory & dynamic multiparticle fluctuations log,0(S(q,w) x eV)
theory l . . . . / 4
3
- More sophisticated ansatz for the
potential 2
1 1
- Resummed self-energies
1 0

No resolution for low momentum transfer

l

| | . N 15 2.0 25 30 35
Use our analytic expressions to extrapolate ¢ [keV]

phonons

Campbell, Krotscheck and Lichtenegger (2015)



Comparison with simulation

g+ scaling is reproduced in the simulation data”

102 w=3meV

10—4 |

10—6 n

S(q,w) [1/eV]

CKL15

- -+ ¢* extrapolation |

— Leading order |-

1073 1072 1071 109

* Campbell, Krotscheck and Lichtenegger (2015)

Reach agrees within a factor of ~ 2

Massless mediator

10735 ¢
10736 |
10737 |

10-38 b

10739 |
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10741 |
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1042 F
1074 F

Leading order

CKL15

s

10—44 I
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1072

kg X year exposure
1 meV threshold

S0
my [MeV]

1

SK,T. Lin, K. Zurek: 1611.06228



Spectrum

Simulation data Our computation
Massive mediator Massive mediator, leading order
I . ' l l | | | I I |
192 F — mx=0.01 MeV, 0,=107%0 cm? | 192 | —  mx=0.01 MeV, 0,=107% cm?
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— _ —41 2
E 1.0 —  mx=0.3 MeV, 0,=3x10"" cm? E 1.0 F —  mx=0.3 MeV, Up—3><10_42 Cm2
= mx=0.5 MeV, 0,=3x10"*? cm? . mx=0.5 MeV, 9,=3x10""" cm
o o5
N 08 B 1 i
~— ~
= Z
S 06 f l =
2 A o
= | <,
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= 3
0.2 -\ .
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Only qualitative agreement on the differential rate, but integrated rate roughly right



