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Outline

1. Brief intro to scalar fields and how they control effective theory 
parameters 

- Dark matter sources neutrino mass through long-range interaction

- Thermal relic dark matter promoted to ultra heavy status

- Non-equilibrated scalar leading to strongly first order phase transition 

Davoudiasl, Mohlabeng & Sullivan, PRD 98, 021301(R) (2018)

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177

Knapp-Perez, Mohlabeng, Ratz & Tait, JCAP 03 (2026) 002

2. I will discuss three examples of scalar controlled masses and couplings

3. Summary and outlook
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Scalars are hard to avoid
- Generic features in many theories of fundamental physics

Moduli - scalars parametrizing flat directions in string compactifications
- obtain VEV which determine parameters of low-energy 
theory, i.e. masses, couplings etc.

Coughlan, Fischler, Kolb, Raby, Ross, PLB 131 (1983) 59

de Carlos, Casas, Quevedo, Roulet, PLB 318 (1993) 447

Buchmüller, Hamaguchi, Ratz, PLB 574 (2003) 156

Axions/ALPs - angular mode of broken global symmetry.
- radial partner carries VEV that sets decay constant.

Preskill, Wise, Wilczek / Abbott, Sikivie / Dine, Fischler, PLB 120 (1983) 127, 133, 137

Svrcek, Witten, JHEP 06 (2006) 051

Arvanitaki et al, PRD 81 (2010) 123530

+ many others

Dark matter

Dark Higgses - radial modes of dark symmetry breaking carries a 
VEV that sets masses of mediators/dark matter

e.g. Batell et al arXiv: 2207.06905 for current constraints

+ many others
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- Inflaton - scalar field whose energy density drives rapid 
accelerated expansion in early universe

- Relaxions - dynamically sets electroweak scale

In many of these scenarios there is a common theme - VEV controls 
masses and couplings of interacting fields

Graham, Kaplan & Rajendran, PRL 115 (2015) 221801

- Can also drive the dynamics of the universe

- Quintessence - slowly evolving scalar field whose energy 
density drives late-time accelerated expansion of universe - Dark 
Energy

central organizing principle of this talk

Amendola, PRD 62, 043511 (2000)

Guth, PRD 23, 347 (1981).

+ many others…
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- Scalar coupling to both dark sector and/or SM is often allowed leading 
to opportunities for detection

- Interacting & evolving scalar often leads to dynamically changing 
couplings and masses

<latexit sha1_base64="AE0mRpI2y5X299r8ck7lWAi8UJU="></latexit>

gi(ω), mj(ω), yf (ω), εl(ω)

1. Dynamical QCD coupling, leading to early confinement  
<latexit sha1_base64="BHpdu0dxBJ0aB2joM0y+PHp2dqw="></latexit>

L → ↑1

4

(
1

g2s
+

ω

M→

)
GµωG

µω

Ipek & Tait, PRL 122 (2019) 112001

Heurtier, Huang and Tait, JHEP 12 (2021) 216

Berger, Ipek, Tait & Waterbury, JHEP 07 (2020) 192

+ many others

e.g.

2. Scalar coupled to EM field strength  

Leads to variations in fine structure constant

Ghosh, Boddy & Yu PRD 114 (2026) 2, 023525

<latexit sha1_base64="nCvFvuwrDFAHEL0MRVUf3jfluQs="></latexit>

!ω

ω
→ d(2)ω

ε2

M2
pl

Brzeminski, Chacko, Dev & Hook, PRD 104 (2021) 075019

+ many others

<latexit sha1_base64="94vBegVlaGT/sh0zjAwFmPFCpPg="></latexit>

L → ω2dω
M2

pl4e
2
FµεF

µε
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3. Scalar controlled Yukawa couplings lead to novel cosmological 
dynamics

<latexit sha1_base64="KAEhBTBGhHHoH/OGGxdNntWNt60="></latexit>

L →
∑

i,j

gi,j
!

ωQ̄i”̃uj
Lillard, Ratz, Tait & Trojanowski, JCAP 07 (2018) 056

Cheek, Osinski, Roszowski & Trojanowski, JHEP 03 (2023) 149

4. Scalar controlled masses

- mass varying neutrinos Fardon, Nelson & Weiner, JCAP 10 (2004) 005
Davoudiasl, Mohlabeng & Sullivan, PRD 98, 021301(R) (2018)

+ many others

- mass varying dark matter Anderson & Carrol, astro-ph/9711288 (VaMPs - varying mass particles)
Davoudiasl & Mohlabeng, JHEP 04 (2020) 177 (THUMPs - Thermal Ultra Massive Particles)

- dark matter coupled to dark energy - possible explanation for 
dynamical equation of state

+ many others

Ferrante, Perelstein & Yu, PRL 136 (2026) 201004

Khoury, Lin & Trodden, PRL. 135, 181001 (2025)

Burrage & Sevillano Munoz, arXiv: 2603.28881

C. Wetterich, Astron. Astrophys. 301 (1995) 321

+ many others

Froggatt & Nielsen, Nucl. Phys. B 147 (1979) 277

https://arxiv.org/abs/astro-ph/9711288
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I will discuss three examples that share common thread of modulus 
controlled masses and couplings

1. Dark matter sources neutrino mass through long-range interaction

2. Thermal relic dark matter promoted to ultra heavy status

3. Non-equilibrated scalar leading to strongly first order phase transition 

Davoudiasl, Mohlabeng & Sullivan, PRD 98, 021301(R) (2018)

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177

Knapp-Perez, Mohlabeng, Ratz & Tait, JCAP 03 (2026) 002

Result in novel dark sector dynamics

Scalar/modulus is not thermalized with plasma
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Galactic dark matter population as the source of neutrino masses

- Neutrino mass can be zero in vacuo and generated by local dark matter 
distribution through long-range scalar interaction

<latexit sha1_base64="q6BIb2a8yVnvIfvT/6cxhot3ZFk="></latexit>

L → ↑gωωε̄ε↑mωε̄ε↑ gεωϑ̄ϑ ↑ 1

2
m2

ϑω
2

- Classical background scalar field gives neutrinos apparent mass
<latexit sha1_base64="RXGng5dzIWXpcjAZ6IaR8zEQck0=">AAACBHicdVDLSsNAFJ3UV62vqMtuBovgqiRFYrsrunFZwT6gCWEynbRDJ5M4MymU0IUbf8WNC0Xc+hHu/BsnfYCKHrhw5px7mXtPkDAqlWV9GoW19Y3NreJ2aWd3b//APDzqyDgVmLRxzGLRC5AkjHLSVlQx0ksEQVHASDcYX+V+d0KEpDG/VdOEeBEachpSjJSWfLMc+ZnL0xl0yV1KJ3C4eiYj6psVq2ppOA7MiV23bE0ajXqt1oD23LKsClii5Zsf7iDGaUS4wgxJ2betRHkZEopiRmYlN5UkQXiMhqSvKUcRkV42P2IGT7UygGEsdHEF5+r3iQxFUk6jQHdGSI3kby8X//L6qQrrXkZ5kirC8eKjMGVQxTBPBA6oIFixqSYIC6p3hXiEBMJK51bSIawuhf+TTq1qO1Xn5rzSvFzGUQRlcALOgA0uQBNcgxZoAwzuwSN4Bi/Gg/FkvBpvi9aCsZw5Bj9gvH8BP9+YhA==</latexit>

mω → gωω

- dark matter also gets an apparent mass
<latexit sha1_base64="y3rFarxSjoTNXuP0rLy7wZdEy8M=">AAACEXicdVDLSsNAFJ3UV62vqEs3g0UoCCUpEttd0Y3LCvYBTQiT6aQZOnk4MymU0F9w46+4caGIW3fu/BsnfYiKHrhw5px7mXuPlzAqpGF8aIWV1bX1jeJmaWt7Z3dP3z/oiDjlmLRxzGLe85AgjEakLalkpJdwgkKPka43usz97phwQePoRk4S4oRoGFGfYiSV5OqV0M1sHNAptMltSsdw+PVOAgpP4dJ39bJRNRQsC+bErBumIo1GvVZrQHNmGUYZLNBy9Xd7EOM0JJHEDAnRN41EOhnikmJGpiU7FSRBeISGpK9ohEIinGx20RSeKGUA/ZiriiScqd8nMhQKMQk91RkiGYjfXi7+5fVT6dedjEZJKkmE5x/5KYMyhnk8cEA5wZJNFEGYU7UrxAHiCEsVYkmFsLwU/k86tappVa3rs3LzYhFHERyBY1ABJjgHTXAFWqANMLgDD+AJPGv32qP2or3OWwvaYuYQ/ID29glk/p1n</latexit>

mω → gωω+mω

- Assume long range force is described by Yuwaka potential
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- For our parameters scalar field equation of motion is described by

<latexit sha1_base64="VcJ5dh8CYI33ACdfMvQiLzM+5aI="></latexit>

(↭+m2
ω)ω = →gεε̄ε→ gϑ ϑ̄ϑ

- Positive mass and number density means long-range force between DM 
and neutrinos is repulsive

- We assume static and spatially uniform DM and neutrino 
populations

<latexit sha1_base64="ebGcGazX1rpXnNPUwwaVgwM1ZVM="></latexit>

ω → ↑gωnω

m2
ε + ε2

ϑ

<latexit sha1_base64="RzpBRnc3aG/mPFe9/9UPK2ApDGU="></latexit>

ω2
ω → g2ωnω

↑Eω↓

Screening mass induced by neutrinos

- for dominant screening mass term and low DM density, neutrino 
number density drives

<latexit sha1_base64="bUFTSXDXmQrylsOG9KmVoUWNtL4=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFclUmR2G6k4MZlBfuAJpTJdNIMnWTCzEQtob/ixoUibv0Rd/6Nk7aCih64cDjnXu69J0g5UxqhD2tldW19Y7O0Vd7e2d3btw8qXSUySWiHCC5kP8CKcpbQjmaa034qKY4DTnvB5LLwe7dUKiaSGz1NqR/jccJCRrA20tCueGnEoCfZONJYSnEH0dCuohoycF1YEKeBHEOazUa93oTO3EKoCpZoD+13byRIFtNEE46VGjgo1X6OpWaE01nZyxRNMZngMR0YmuCYKj+f3z6DJ0YZwVBIU4mGc/X7RI5jpaZxYDpjrCP12yvEv7xBpsOGn7MkzTRNyGJRmHGoBSyCgCMmKdF8aggmkplbIYmwxESbuMomhK9P4f+kW685bs29Pqu2LpZxlMAROAanwAHnoAWuQBt0AAH34AE8gWdrZj1aL9bronXFWs4cgh+w3j4B112UVQ==</latexit>

ω → 0
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 ➡ Neutrinos are massless and relativistic in DM underdense regions

- Once DM clumps enough 
<latexit sha1_base64="UlyodfVVvGNyqjxU103jcsKaovk=">AAAB73icdVBNSwMxEJ2tX7V+VT16CRbBU8kWWduLFLx4rGBroV1KNs22odnsmmSFsvRPePGgiFf/jjf/jdm2goo+GHi8N8PMvCARXBuMP5zCyura+kZxs7S1vbO7V94/6Og4VZS1aSxi1Q2IZoJL1jbcCNZNFCNRINhtMLnM/dt7pjSP5Y2ZJsyPyEjykFNirNSVg6xPx3w2KFdwFVt4HsqJW8euJY1GvVZrIHduYVyBJVqD8nt/GNM0YtJQQbTuuTgxfkaU4VSwWamfapYQOiEj1rNUkohpP5vfO0MnVhmiMFa2pEFz9ftERiKtp1FgOyNixvq3l4t/eb3UhHU/4zJJDZN0sShMBTIxyp9HQ64YNWJqCaGK21sRHRNFqLERlWwIX5+i/0mnVnW9qnd9VmleLOMowhEcwym4cA5NuIIWtIGCgAd4gmfnznl0XpzXRWvBWc4cwg84b5+lBZBj</latexit>nω

<latexit sha1_base64="ZWm+tb3xKOkE3EaclXVx0BxzNPo=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbBU8kWWduLFLx4rGA/oF1KNs22ocnukmSFsvQvePGgiFf/kDf/jdm2goo+GHi8N8PMvCARXBuMP5zC2vrG5lZxu7Szu7d/UD486ug4VZS1aSxi1QuIZoJHrG24EayXKEZkIFg3mF7nfveeKc3j6M7MEuZLMo54yCkxuTRIJnxYruAqtvA8lBO3jl1LGo16rdZA7sLCuAIrtIbl98EopqlkkaGCaN13cWL8jCjDqWDz0iDVLCF0Ssasb2lEJNN+trh1js6sMkJhrGxFBi3U7xMZkVrPZGA7JTET/dvLxb+8fmrCup/xKEkNi+hyUZgKZGKUP45GXDFqxMwSQhW3tyI6IYpQY+Mp2RC+PkX/k06t6npV7/ai0rxaxVGEEziFc3DhEppwAy1oA4UJPMATPDvSeXRenNdla8FZzRzDDzhvn20rjoM=</latexit>

ωdrives to non-zero values

- Cosmic neutrinos are repelled from DM overdense regions 
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- Inside the Milky Way galaxy we calculate the neutrino mass to be 
<latexit sha1_base64="2ff3oPhm2nX/H+QK8EBF3EEJshA="></latexit>

mω → 0.1 eV
( gω
10→19

)(
gε/mε

10→19GeV→1

)( ωε
0.3GeV.cm→3

)(
10→26 eV

mϑ

)2

~kpc scale interaction

NFW

Einasto

Burkert
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D

Neutrino Mass in the Galactic Halo

R [kpc]

<latexit sha1_base64="wxMk93Ysoi5UZpWDLPTjYHXJ2Fs=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIVI9FLx4r2FpoQ9hsN+3S3U3Y3Ygl5K948aCIV/+IN/+N24+Dtj4YeLw3w8y8KOVMG8/7dkpr6xubW+Xtys7u3v6Be1jt6CRThLZJwhPVjbCmnEnaNsxw2k0VxSLi9CEa30z9h0eqNEvkvZmkNBB4KFnMCDZWCt2qCPO+zArUy/tKINopgtCteXVvBrRK/AWpwQKt0P3qDxKSCSoN4Vjrnu+lJsixMoxwWlT6maYpJmM8pD1LJRZUB/ns9gKdWmWA4kTZkgbN1N8TORZaT0RkOwU2I73sTcX/vF5m4qsgZzLNDJVkvijOODIJmgaBBkxRYvjEEkwUs7ciMsIKE2PjqtgQ/OWXV0nnvO436o27i1rzehFHGY7hBM7Ah0towi20oA0EnuAZXuHNKZwX5935mLeWnMXMEfyB8/kD1meUUw==</latexit> m
ω
[e
V
]

0.1 eV at 8 kpc

Davoudiasl, Mohlabeng & Sullivan, PRD 98, 021301(R) (2018)
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- Focus of this study was on scalar controlled neutrino masses

- DM mass is also scalar dependent

- Dynamically changing DM mass separates physics of production from 
physics of detection, opening up new phenomenological possibilities

E.g. DM can freeze-out while light and become much heavier at late 
times, evading bounds on thermal relics like the unitarity limit

Thermal Ultra Massive Particles (THUMPs)
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Davoudiasl & Mohlabeng, JHEP 04 (2020) 177

- Dark matter is light before freeze-out, i.e. WIMP

- Require it to over-annihilate so that number density of DM particles 
after freeze-out is very small

- DM obtains large mass after freeze-out which sets the right relic density

- Over-annihilation sets small number density for heavy DM, expected at 
present times

Concrete example

L � (��+mi
�)�̄�+ igDQDA0

µ�̄�
µ�+ ".eA0

µf̄�
µf � 1

2
m2

�(�� �0)
2

mf
�

SM fermions light scalardark photon

THermal Ultra Massive Particles (THUMPs)
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𝜒

𝜒

A’

A’

gD

gD

Large number ~ 1, ensures DM annihilates efficiently

Thermal annihilation process

Before freeze-out DM over-annihilates

mi
� & mA0if then dominant annihilation process is

h�vi ⇡ g4D
16⇡mi 2

�

s

1�
✓
mA0

mi
�

◆2

f

f

f

f

ε.e

ε.e

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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- After freeze-out, ultra-light scalar rolls in its potential

𝞍

V(𝞍)

𝞍0

V (�) =
1

2
m2

�(�� �0)
2

Vacuum expectation value

- When scalar reaches minimum, gives large mass to dark matter  after freeze-out

Lm � (mi
� + ��)�̄� mf

� ! mi
� + ��0

𝛌 mϕ ϕ0

10-6 10-14 eV 1015 GeV

Some benchmark numbers

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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⌦�h
2 ⇠ n�(m

i
�) m

f
�Relic density

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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Direct Detection of THUMP Dark Matter

𝜒 𝜒

e-/p

A’

e-/p

ε.e

gD

��n ⇠
16⇡µ2

n�✏
2↵↵D

m4
A0

- Light mediator, large direct detection cross-section

- Different modeling can produce cross-sections relevant for multi 
scattering in direct detection experiments
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Complementarity of direct detection and low energy accelerators

- Low energy experiments search for mediator
- Direct Detection experiments search for THUMP

Davoudiasl & Mohlabeng, JHEP 04 (2020) 177
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- Previous two scenarios focussed on scalar controlled masses

We will pivot to a scalar controlled quartic Higgs coupling

<latexit sha1_base64="AE0mRpI2y5X299r8ck7lWAi8UJU="></latexit>

gi(ω), mj(ω), yf (ω), εl(ω)

- Focus on scalar field sufficiently weakly coupled to thermal bath 
that it is out of equilibrium

- While out of equilibrium, scalar potential still received thermal 
corrections

- Important consequences for symmetry breaking & phase 
transitions
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- Potential of weakly coupled scalar receives thermal corrections from fact 
that masses and couplings of thermal bath depend on its VEV 

- Generally contributions to the thermal effective potential of the scalar 
come from the Free energy

<latexit sha1_base64="wFlkFI5dAG0NgphZk4g1Y8h0w1w="></latexit>

F(T,ω) → T 2




∑

i

c(g)i g2i (ω) +
∑

f

c(y)f y2f (ω) +
∑

j

c(m)
j m2

j (ω) +
∑

l

c(ω)l εl(ω)





Laine & Vuorinen, arXiv: 1701.01554

<latexit sha1_base64="IBLx9K2DmooWRJophf+6Z0SuIN0="></latexit>

c(ω)l =
3

576
T 2

- Free energy wants couplings to be as small as possible at high T
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Concrete example: consider dark Higgs whose VEV spontaneously 
breaks U(1)’ gauge symmetry

<latexit sha1_base64="FFTkEp76DqB4LkqGOO8N2fPQqFg="></latexit>

L → µ2h→h↑ ω(ε)(h→h)2 +
1

2
(ϑµε)(ϑ

µε)↑ Vω
eff (ε, T,!,mω,ε0)

With
<latexit sha1_base64="/Rvr5vYiZPK0rKyQCLqARHVPNzk="></latexit>

h =
1→
2
(h1 + ih2 + v)

Quartic coupling 
<latexit sha1_base64="NMvVhGsZ17t1FwbLu8+0EjgQ0Og="></latexit>

ω(ε) =

(
ε

!

)2

Equilibrated scalar Non-equilibrated scalar

evolution in universe quantified by equation of motion
<latexit sha1_base64="KXXrItm1TQk/0EGzYMLVGRM3xb4=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbBU8kWWVu8FLx4rGA/oF1KNs22ocnukmSFsvQvePGgiFf/kDf/jdm2goo+GHi8N8PMvCARXBuMP5zC2vrG5lZxu7Szu7d/UD486ug4VZS1aSxi1QuIZoJHrG24EayXKEZkIFg3mF7nfveeKc3j6M7MEuZLMo54yCkxuTRIJnxYruAqtvA8lBO3jl1LGo16rdZA7sLCuAIrtIbl98EopqlkkaGCaN13cWL8jCjDqWDz0iDVLCF0Ssasb2lEJNN+trh1js6sMkJhrGxFBi3U7xMZkVrPZGA7JTET/dvLxb+8fmrCup/xKEkNi+hyUZgKZGKUP45GXDFqxMwSQhW3tyI6IYpQY+Mp2RC+PkX/k06t6npV7/ai0rxaxVGEEziFc3DhEppwAy1oA4UJPMATPDvSeXRenNdla8FZzRzDDzhvn2xEjoA=</latexit>

ω

<latexit sha1_base64="R7AE+gSu5cF7+NIRe1INO9bNW7Q="></latexit>

ω̈+ 3Hω̇+ Vω
e!(ω, T,!,mω,ω0) = 0
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<latexit sha1_base64="KXXrItm1TQk/0EGzYMLVGRM3xb4=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbBU8kWWVu8FLx4rGA/oF1KNs22ocnukmSFsvQvePGgiFf/kDf/jdm2goo+GHi8N8PMvCARXBuMP5zC2vrG5lZxu7Szu7d/UD486ug4VZS1aSxi1QuIZoJHrG24EayXKEZkIFg3mF7nfveeKc3j6M7MEuZLMo54yCkxuTRIJnxYruAqtvA8lBO3jl1LGo16rdZA7sLCuAIrtIbl98EopqlkkaGCaN13cWL8jCjDqWDz0iDVLCF0Ssasb2lEJNN+trh1js6sMkJhrGxFBi3U7xMZkVrPZGA7JTET/dvLxb+8fmrCup/xKEkNi+hyUZgKZGKUP45GXDFqxMwSQhW3tyI6IYpQY+Mp2RC+PkX/k06t6npV7/ai0rxaxVGEEziFc3DhEppwAy1oA4UJPMATPDvSeXRenNdla8FZzRzDDzhvn2xEjoA=</latexit>

ω value determines 
<latexit sha1_base64="qQanu6wAmQbWIfEQ8d1yiSqE4OA=">AAAB9HicdVDLSgMxFM3UV62vqks3wSLUTckUGVvcFNy4rGAf0BlKJpNpQzOZMckUytDvcONCEbd+jDv/xkxbQUUPBA7nnMu9OX7CmdIIfViFtfWNza3idmlnd2//oHx41FVxKgntkJjHsu9jRTkTtKOZ5rSfSIojn9OeP7nO/d6USsVicadnCfUiPBIsZARrI3kuN9EAV91kzM6H5QqqIQPHgTmxG8g2pNls1OtNaC8shCpghfaw/O4GMUkjKjThWKmBjRLtZVhqRjidl9xU0QSTCR7RgaECR1R52eLoOTwzSgDDWJonNFyo3ycyHCk1i3yTjLAeq99eLv7lDVIdNryMiSTVVJDlojDlUMcwbwAGTFKi+cwQTCQzt0IyxhITbXoqmRK+fgr/J916zXZqzu1FpXW1qqMITsApqAIbXIIWuAFt0AEE3IMH8ASeran1aL1Yr8towVrNHIMfsN4+AXVikeg=</latexit>

ω(ε)

Quartic coupling determines symmetry breaking pattern of equilibrated 
scalar h

Thermal effective potential of h gets contributions up to two loops

<latexit sha1_base64="rJ1e9uBVOo8/8ae5YWylFp4+Qg4="></latexit>

V(h)
e! (v, T, µ,ω(ε), g)
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Strongly first order phase transition from field dependent quartic

Knapp-Perez, Mohlabeng, Ratz & Tait, JCAP 03 (2026) 002

log10(T)

lo
g 1

0(
λ)
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Summary

Scalar controlled couplings and masses can lead to interesting and rich 
phenomenology

Considered three seemingly different scenarios that share a common thread
Modulus controlled effective masses and couplings

1. Scalar controlled neutrino mass to address neutrino mass origin

2. Scalar controlled DM mass to address Ultraheavy DM

3. Scalar controlled quartic leading to strongly first order 
phase transition

All studies have important consequences for dark sector searches 
particularly DM

Modulus can itself also be dark matter
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Thank you


