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Evidence for dark matter

 Alot of evidence for DM from astrophysics and cosmology
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Particle nature of dark matter

* Yet, we know very little about the nature of dark matter

10-33 eV “WZ keV M, M. i
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DE Ultra-light DM “Light” DM WIMP (1>(\'11“1Mm Primordial BHs
Not DM Limit

thermal relic

* For many reasons, WIMP and ALP are two leading candidates for particle
dark matter -- they exhibit sharply different cosmological histories
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* Relic abundance insensitive to the initial condition
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Pure weak-scale physics, “WIMP miracle”

Strong experimental constraints



Cosmic history of ALP

* Feeble coupling, never thermalized, described by a homogeneous, classical field
N
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« |nitial field value misaligned, relic abundance depend on
both initial field value and mass

Q¢h2 N ¢z 2 ( M >1/2
0.12 1014 GeV 10-10 eV

Sensitive to the UV physics scale >> weak scale




What about WIMP + ALP?

- What-if both-a WIMP and
present int

|
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WIMP Meets ALP: Coherent Freeze-Out

* Naively, you might think they would evolve
iIndependently, since ALP is not thermalized

and momentum exchange is negligible

« However, physics are much richer thanks to
the coherent forward scattering between

these two sectors




Coherent forward scattering

 No momentum exchange, but modify dispersion relation of scattering particles

« Example in the Standard Model: MSW effect of neutrino oscillation

0.8 C T

b E
w“; 06 E_ Be . _E
a® 05— { o -
v V 0.4 i— ‘ _;
& o3 :

0.2: 1 L1 : 1 . L I1IO

El/ % El/ _|_ \/§GF ne Neutrino energy (MeV)

change neutrino oscillation probability by O(1),

crucial for solving the solar neutrino missing puzzle
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Coherent forward scattering for WIMP + ALP

* Due to coherent forward scattering, both of their dispersion relations are

modified by the medium of the other one, schematically,

')(: * ALP interacts with WIMP thermal bath
e ® O 4 9 0 6 0
® ® ® m — m m,
& . ¢ eff ¢ T ¢
WIMP interacts with ALP classical background
o ‘X S L 5
My off = Ty 1 0Ty
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Coherent forward scattering for WIMP + ALP

* Due to coherent forward scattering, both of their dispersion relations are

modified by the medium of the other one

 This effect is much more significant than one might naively expect. In the

following, | will show it quantitatively via an explicit example
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The setup

« We consider an effective quadratic coupling between a fermion y (the WIMP) and

a (pseudo-)scalar ¢ (the ALP):

1 ¢

Lo D KXXE (A > My > m¢)
« Motivation for this coupling: QCD axion coupling to nucleons including the sign!
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The setup

m

Non-linear sigma model contains £ ~ — 7° NN
i
. . .. fﬂ' 1 2 NTAT
Pion-axion mixing T— T + T a =y L ~ n a“ NN
a

This is the leading non-derivative coupling of QCD axion to matter

Our model: QCD axion -> ALP, nucleon -> WIMP (possible UV completion: dark QCD)

Following discussions do not depend on UV completion
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Dynamics

After reheating, WIMP is in equilibrium with the SM plasma, while ALP is not populated

Coherent forward scattering generates a “plasma mass” for ALP

X _ d3k My eff
m?ﬁ,eff — mi . <X1>§>T <XX>T = gX/ (27T)3 Exl’( fx(k)

Negative mass-squared indicates a symmetry breaking for ALP at high-T, generating a
nonzero ALP VEV. This in turn shifts the WIMP mass

¢2
C2A

My eff = ‘mx

As the Universe expands and T decreases, the evolution of the two sectors is coupled via
these effects
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Effective ALP potential at finite T

r=m,/T
0 = ¢/ \/myA
« Coherent forward scattering on WIMP plasma modifies the ALP potential v =11-¢7/2]
V(6,T) = 5 25miV(ep, )
Vp,x) - £ LKD) e o= 2 ok
2 T 2 gy my

thermal mass term bare mass term

* High-T: symmetry is broken, ALP obtains a VEV, reducing the WIMP mass
Low-T: symmetry is restored, VEV returns to zero, WIMP freezes out

17
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* Thermodynamics picture --- system
tends to minimize the free energy:

F=FE-TS

* Broken-symmetry phase has
higher entropy, because WIMPs
are ~ massless and so relativistic!
It is therefore preferred at high T

* High-T: symmetry is broken, ALP obtains a VEV, reducing the WIMP mass

Low-T: symmetry is restored, VEV returns to zero, WIMP freezes out
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Orders of the phase transition v, - -2 27502 &

« Using Ginzburg-Landau theory, we find k. ~ 0.27 splits FOPT and crossover
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So K is a measure of relative importance
of the thermal vs. bare ALP mass
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Crossover regime
(both WIMP and ALP contribute to dark matter)

22



Crossover Regime

Post-inflation random value Broken-symmetry phase Adiabatic drop:
In the crossover regime, both ALP and WIMP l — /
can contribute to DM 1074 SASN
WIMP contribution is computed by the o'y |/ -___,_o__;_g__(_)_._o,(_s_s_\__‘_‘;_\_ _________________
standard freeze-out
S ¢ ~ 0.014
| | o NG VS I D U SO ko e
ALP DM is coherent field oscillations as in '
misalignment, but the initial value is fixed by k = 30
iall -3
the v.e.v. due to thermal potential! 0% —— p=105 ____ 0.0049 7-5/2
i — n=10" ---- 0.0011 23>
More precisely: Lo | |
L ; 105 10+ 10-3 102 /1
2 42 K\* [ g+5(o) x
p¢(33()) ~ m¢¢ (zc) (_) (_C) : illati
n Lo g« (fEc) Coherent oscillations (DM)
Value at PT T Matter-like scaling
Adiabatic drop 03



ALP Dark Matter

€o = Q¢/QDM
Predicted ALP relic abundance: ;
10
1.66 - 49..5(20)\/20x9x (zc) my *A/>T} : NoBSynllr_netry (Trn = 107 GeV)
Qy = 3gus (@) H()?Mgl 108_z reaking
3/2 1/2 7
~ 0.3 ( My ) A , 10 f
10 GeV 0.1 Mpy ]
. . 10° Overclosed
Correct relic density for reasonable values of < .
WIMP mass and coupling! (“ALP miracle”) Q@ 10 s 1S 3 |~ S
$ 104 | ? ? CIT ? I
No dependence on initial conditions, as opposed & 3Z L s s | S J?‘/
to the usual misalignment 1073 1 |
].02'; /
The dependence on the ALP mass has dropped ] —
-~ ' ) 101 | /
out (as long as it’s consistent with the cross-over g L FOPT
I’egime) 100 — A = 107> Mp
10° 101 102

Works for ALP mass ~ eV - MeV my (GeV)
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Experimental Searches for ALPs

10-°
[
10~7 <
1078
SN1987A
10-9 Solar v )
\—1' ' 10—10 . e Horizontal branch SNy
| Fermi-SNe B ="} %4 (;
10—11 Hydra g_,\..@ 2 ] %)
SR > remi csworo 8 4 8.5 7
) M87 2 2 B S & \/I/\
U 10_12 | p= % = g X
“ IAX ) > 7
e 10—13 <o %, <
éo BREAD % No's
\ aLIGO BRASS X4
_ <,
; 10~ ORGAN © %
[ C MADMAX
_ SPL!
&g 1070 yo \ ALPHA
10-16 ,_, Z’; |’ ADMX ‘]
= -]
3 [ FLASH
E 2 [a THESEUS
10—18 ég 25 M-Newton w
19 13 eROSITA
10— LBLILLLLLL LLALLLLL | III | |||||m| |nnrr| IIIII|T| |||||m| lllllﬂl ||||||T|| |||||rT| IIII|T|| |||||m| LILLLLLL ESUALALLLLLY LLALLL AL

6
A0 x?—@ “@ \§ @ xO @ @ x(\ @ xQ xQ VAP 40 AT 4T 40 4P A0 4

m, [eV]

Source: Snowmass report on axion DM, 2203.14923



First-order phase transition regime

(only WIMP contributes to dark matter)

26



First-Order Phase Transition

e Critical temperature is given by
m
T, ~ —X

V2
e However, the ALP field remains stuck in the

false vacuum long after that (tunneling rate
is tiny). The PT occurs at

1/4

K

Teto = (c2/K)"? ~ 0.836 K 1/3 /

e Aslong as ALP has a vev, WIMP’s effective
mass is close to zero, and it does not freeze
out!
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Normal Vs. Coherent Freeze-Out

» Normal freeze-out: triggered by universe expansion, typically occurs at x;, ~ 25

« Coherent freeze-out: triggered by phase transition, can occur at x.¢, > 25

\{\e\k \{‘\e.\k

Normal\freeze-out Coherent freeze-out
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Coherent Freeze-Out

The WIMP freeze-out occurs suddenly as

the ALP v.e.v. disappears. i.e. at ¢ cfo 102
It can be delayed by 1-2 orders of 10-4]
magnitude compared to the usual my = 1 TeV
thermal freeze-out value, . ~ 25 105/ s-wave

P e pwave
If delay is too much, ALP vacuum energy ST 1078 T Yies
starts to dominate and there is a burst of —— Standard Freeze-Out
. . _ k= 1074
inflation Ty avoid inflation, zef < 500 1079 o 13_5

—— k=107

There may be a way to have consistent 07 0
cosmology with a short inflationary L 10°7° .| o
phase, at the expense of some fine- 1701 100 0! 102 i0°

tuning (work in progress) z = my/T
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Relic abundance of coherent freeze-out

» Because freeze-out is delayed, the relic abundance is enhanced thanks to less
redshift between freeze-out and present day

cfo f f

Yio 9 x4 o8 + 210 /(1024

X, 00

* Quantitively, we find

cfo fo
. S-wave. o o ~ I X
- To get the observed yield*, we have 0 /%% cto/ Tfo

p-wave: 0'(1st 0{0 ~ (xcfo/mfo)2

* S0, coherent freeze-out allows for an enhanced WIMP cross section!

* In the FOPT regime, ALP coherent oscillations must decay to avoid over-closure, so generically WIMP is 100% of DM 30



Enhancement of annihilation cross section

— cfo fo
=01 /‘70,1

102
— Ratios r
----- Unitarity Bound
ot T Relativistic FO
" CMB Bound s-wave: enhanced up to 30
. Standard - . 3
= " Freese-Our p-wave: enhanced up to 10
S 1071+
This may modify the existing bounds
. from indirect detection and collider
/@ Vacuum ¢ § 4 e | S€Arches of dark matter
Domination (7> ‘/ ......... A = 102 Mp, W p-wave
107 o 10! i 10 100 104
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Conclusions

» Considered a coupling between WIMP and ALP
motivated by QCD axion-nucleon coupling

« Even a tiny (Planck-suppressed) coupling can
substantially modify cosmological histories of both
WIMP and ALP through coherent forward scattering

« This may qualitatively change the predicted properties
of WIMP and ALP dark matter particles, such as their
masses and couplings

« This in turn leads to important consequences for
targeted experimental searches for particle dark matter

The story of “WIMP meets ALP”

33



Outlook

UV completion of the WIMP-ALP interaction

Crossover regime: identify the targeted experiments searching for the “ALP

miracle” window

FOPT regime: compute possible gravitational-wave signals during WIMP

coherent freeze-out

For strong enough phase transition (small enough ), vacuum domination may

occur (a new regime with interesting dynamics and signals)

Axion-WIMP interaction to realize phantom crossing for axion dark energy arXiv: 2607.28721

Thank you for your attention!
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- 1~ ¢
Separation of scales — = R
p [ir. = XX

« WWe assume the hierarchy among three relevant scales

A>m, > my m, ~ electroweak scale

* The coupling is assumed to be small enough to prevent the ALP from ever
being thermalized via its scattering with the WIMP

T3 T2
o < e > \/Tru Mp
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Modification of dispersion relation

« Both masses are shifted due to the coherent forward scattering inside the
other medium

d3k My eff
— \/ — ) k
MG et = Mg, — <XX>T boor gX/ (2m)3  Ex Srlk)
¢2 gy = 4 (or 2) for Dirac (or Majorana)

My eff = 'mX fx 1s the phase-space distribution

- 92A

* The dynamics of the two sectors are therefore coupled
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m o ,7=38C T=28°C
Why Inverse phase "
g m © o o
transition oo © o
o © o
o ° o o
« Thermodynamics tend to minimize the P E_ & Woe
free energy c -

50 um

- Normal phase transition: the symmetric inverse melting

(disordered) phase has a larger entropy
than the broken (ordered) phase

* Inverse phase transition (our case): the F — E —_— Z S

broken phase has a larger entropy due
to the suppression of the WIMP mass by
the ALP VEV
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The full one-loop thermal potential

2

1 o0
Veal(p, ) = —x—4/ dy y* log [1 +e 'V y2+72w2] + ﬁl%
0

9x

272

mi Ve (, )

27‘(2 méA

9x ms3

X
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Equation of motion for ALP z = my /T

Y = ¢/\/ my A
« The EOM is non-linear due to the backreaction v =1— ?/2

d+3Hp+V'(6,T) =0

&S . 2
A (1 - %) [(1 —¢°) Ki(vz) + %vao(vw) 0+ nKx’p =0

 The EOM depends only on two dimensionless parameters:

212 mjA n = 9x 1 M
- 272 1.66%g, m, A

K 3
gX mx
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Solutions of the EOM

1.25 T TTTTTESIL T TTTTRRRRL N T {

~
Y
~ -
1.00 1 ST
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50l Crossover

B 8
S 0.5 kst
0.00 AL ‘ %h —0.5 i
~0.251 e e il
k=30,n7 =10 _10] k=1073,n=10" —— ,=0.01
~0501 —— K =30,n = 10" k=10"%n =108 |----- o= 0.2
10-° ld_4 ].OI_3 10I_2 1d_1 10° 10—5 10I—4 10‘—3 10I—2 ld—l 1|00 lbl 162 I
x
T

Crossover regime: ALP evolution is nearly adiabatic, decouples earlier, does not affect freeze-out

FOPT regime: ALP evolution is non-adiabatic, decouples later, affects WIMP freeze-out
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More details in the crossover regime
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Evolution of the ALP field

0.00

—0.25 1

* In this regime, the symmetry is restored earlier |

at x « 25, so freeze-out is not affected T
 The EOM in this regime is given by . m3 A
2 > 3 i
90”-|-590’—77(1—/s:w)90—|—?790 =0 M2,
’]7 ~J
my A

o for x < 1/,/n: the ALP field is frozen by Hubble friction
o for 1/\/n S S 1/4/k: it evolves toward the vacuum at ¢, =1 wash out the initial dependence

o for z = 1/4/k: symmetry is restored and the field relaxes back toward 0
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Relic abundance of ALP

» Usual misalignment: ¢; ~ UV dependent

chhz N gb,L 2( M )1/2
0.12 1014 GeV 10-10 eV
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Relic abundance of ALP

N
» Usual misalignment: ¢; ~ UV dependent \\./
Q4 h? b; 2 m 1/2 = b
0%12 - <1014 Gev> (10—10¢ev) i

e Qur case: Vi ~ Py ("3/77)1/4 ~ Dy \/H(xc)/m¢ \ . fixe]/by thermal dynamics
™
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Relic abundance of ALP

« Usual misalignment: ¢; ~ UV dependent 1, n=10° . —
Q¢h2 0% ? Mg 1/2 o — n=10" - 0.001123/2
0.12 ~ <1014 GeV) (10—10 eV) 105 10~4 103 ] 10-2 o1 100
[ Our case. (PZ e 90* (K)/n)l/4 ~ Dy \/H(xc)/m(b le7/by thermal dynamics
o o

“sudden drop” due
/ to adiabatic invariant
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Relic abundance of ALP

« Usual misalignment: ¢; ~ UV dependent 1, n=10° . —
Q¢h2 0% ? Mg 1/2 o — n=10" - 0.001123/2
0.12 ~ (1014 GeV) (10—10 eV) 105 10~4 103 ] 10-2 o1 100
[ Our case. (PZ e 90* (K)/n)l/4 ~ Dy \/H(xc)/m(b le7/by thermal dynamics
o o

1 3
~ o2 12 K\* [ c gxs(o)
Pé (zo) ~ m¢¢ (z) (77) (330) ges(ze) / “sudden drop” due
to adiabatic invariant
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Relic abundance of ALP

« Usual misalignment: ¢; ~ UV dependent 1w n=10° . —
Q¢h2 0% ? Mg 1/2 o — n=10" - 0.001123/2
0.12 ~ (1014 GeV) (10—10 eV) 105 10~4 103 ] 10-2 o1 100
[ Our case. (P’L e 90* (K}/n)l/4 ~ Dy \/H(xc)/m(b f|x7/by thermal dynamics
o o

po(@0) = mge* (zc) (E) : (w)B g«5(z0)

N L0 9*5(330)

3/2 A 1/2
Q4 ~ 0.3 ( Mx )
10 GGV 0.1Mp1

Surprisingly, the ALP mass also drops out!

“sudden drop” due
/ to adiabatic invariant
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The “ALP miracle” | 2. ~03(;00) " (

10 GeV

A

1/2
e

 For my, ~ weak scale, A ~ Planck scale, the ALP obtains correct relic abundance

 This is largely insensitive to both the initial ALP field value and the ALP mass

¢ No Symmétry.. g, . NOBSrZ;TII(fiT;etFY (Try = 107 GeV) _
10 Breaking e N3y ;i 10 1 e __
Mg —
1074 (Trn = 107 GeV) ____.—-—/ 107
109 4 10% 4 Overclosed
— —~~
10 REIEHE 3 | o |
- Overclosed = 1 5 S IS S |;
S| S5 [ 0| X
S = ks — < S S w \L? v
3] |13 o o 3 o | W v
10 1| I L 10 //
10 | | ¢ N / 107 //
101_ 101_ /
// A= 10_1MPI FO PT // A= 10_3MPI FO PT
10° : 10° .
10° 10t 102 10° 10t 102

€¢ = Q¢/QDM
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More detailed calculations of relic abundance

2
- Symmetry is restored at x, = 1/Vk 2 A (1-kz*)p+ne’>=0

The adiabatic approximation holds when 7 (1 — kz?) > 1/2”

We define x; = x, + dx the time when adiabaticity is restored, i.e., when effective mass =
Hubble friction n(1—k2?)| = 1/23

For n > k (which always holds), the loss of adiabaticity is extremely brief  §z/z. ~ k/(2n)

For x > x;, we have adiabatic invariant

M oii(@)$*(7) 63(2) = mys o (@1)9%(21) a*(21)
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More detailed calculations of relic abundance

* Near x,. = x4, the field undergoes a sudden drop due to the adiabatic condition

~ Sy

¢?(x1) a(z1) mey Mg

¢*(z0) a®(zo)  H(z1) _ H(ze) (’i)é <1

n

» S0, the present-day energy density is given by

po(x0) = mgo® (z.) (E) : (wc)s gxs(%o)

7 o) gxs(zc)

100_

10-° 104 1073 102 10-! 109
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More detailed calculations of relic abundance

» S0, the present-day energy density is given by

oo =mia(a) (1) (22) 2

H(z. 3 .
ps(x0) = M3 X 2my A x (z) X xg x J 5(2o)
gz Lo g«s(zc)
1.66+/ 9. (z.) m? . 0y
:m35><2mXA>< - (e) X><$3><gS(xO)
Mpymyg Ty gxs(Tc)

1.661/g-(@c)m2 1 g \V2 md/? s

_VZ/X 2mXA X ( 2) m 3 y

MPl% 2\/3 2T A /%xo Q*S(ZEC)

=1 66\/9x9*($c) g*s(a:o) X/2A1/2T63 |
6 g*S(JIC) MPI

ALP mass precisely drops out
in the relic abundance!
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More details in the FOPT regime



Evolution of the vacuum

» Given the potential, for k < 1 and x > 1, the

symmetry-breaking vacuum evolves as

1075 104 103 102 10! 100 10"

C
Py = \/2 (1 - —1) c1 ~ 1.33 is the root of ¢;Ky(c1) = Ki(cq)
xZr

102
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Evolution of the vacuum ..

» Given the potential, for k < 1 and x > 1, the

i

10! 100 10" 102

symmetry-breaking vacuum evolves as ' ] =
. / .
Py = \/2 (1 — —) c1 ~ 1.33 is the root of ¢ Ky

(c1) = Ki(er)

» The evolving vacuum reduces the effective WIMP mass as temperature decreases

My et = (1 — p2/2) my ~ T
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Evolution of the vacuum ..

» Given the potential, for k < 1 and x > 1, the

symmetry-breaking vacuum evolves as il . | | A
1075 1074 1073 1072 1071 100 10 102
Cl / .
Py = \/2 (1 — —) c1 ~ 1.33 is the root of ¢;Ky(c1) = Ki(cq)

i

» The evolving vacuum reduces the effective WIMP mass as temperature decreases

My et = (1 — p2/2) my ~ T

* This makes the WIMP stay in equilibrium even at x = % > 0(25)

2 3 No Boltzmann
Tx,eq ™ mx,eﬂ-‘TKZ (mx,eff/T) ~ T suppression at large x!
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WIMP Mass Evolution in FOPT

T atalatte et el LT 10 5
Px = \/2
1.21 103 -
1.0 102 4
0.8 1
< 1]
§ — k=0 ?*\ 10
0.6 1 K = 10—3 100 ]
— — 10—4 )
0.4 k
— k=107° 10~ 4
024 —— k=106
— k=10"" 1072
0.0
102 10! 100 10" 102 10° 10-2 10! 10° 10" 102 103
xr xr

FIG. 7. The evolution of the symmetry-breaking vacuum ¢. (left panel) and the boost factor v« = |1 — 2 /2| (right panel)
as a function of the inverse temperature z = m,/T. The ratio my es/T = 7v«x remains smaller than O(1) until x reaches Zs
(corresponding to the sudden drop of ¢. and the sharp increase of .z in the plots), after which the coherent freeze-out begins.

57



k=102

T st Order PT

b S

Coherent freeze-out NN

« WIMP freeze-out is controlled by ALP dynamics

« We define x.¢, as the time when the local minimum disappears

e For x < x.5, WIMP stays in thermal equilibrium, regardless how large x is

* For x > xt, ALP rolls back to the origin, m, ¢ rapidly tends to m,, driving WIMP out of

equilibrium --- the beginning of coherent freeze-out
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Dark matter in the FOPT regime

* Freeze-out of WIMP is delayed in a dynamical way, allowing for orders of
magnitude enhancement of its annihilation cross section while still yielding
the correct relic abundance

* |In this regime, however, ALP only behaves as a spectator field. In order not
to overclose the Universe, it must decay to radiation after WIMP freeze-out.
Therefore, dark matter consists solely of the WIMP in the FOPT regime
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Making ALP Decay After FOPT

ALP Coherent oscillations in FOPT regime would over-close the universe

OK if they decay into SM radiation before BBN, but SM-ALP coupling
must be small enough to not thermalize the ALP particles

Solution: introduce dark photon with ALP-DP coupling Lgax D —%FHVFW
¢

Preheating quickly transfers energy from ALP to DP

Dark photon then decays to SM e+e- before BBN

See paper for details, consistency checks etc.
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