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Abstract:

Long-range forces that couple selectively to particular forms of matter are one of the m
physics beyond the Standard Model. They can be studied, depending on the coupling &
many different probes, from tabletop experiments to cosmological observations. In tf
experimental methods to detect them, such as equivalence-principle violation tests. We
effects, which are peculiar to long-range-force scenarios, in concrete models. As one ¢
coupling to dark matter and their role in cosmology.
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Outline

« Some history of the EP tests
* Implementing EP violation with extra long range force

« A spefic case of current interest: Dark Matter
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Do things fall in the same way?
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Newton, Principia

PROPOSITION VL TIIEOREM VL

That all bodies gravitate towards every planet ; and that the weights of

l.ifa.tilza tt;wards any the same planet, at equal distances Srom the centré

Y the planet, are proportional to the quantifi ich they
i o quantities of matter whi

’ It h;s l‘aeen, now of a _long time, observed by others, that all sorts of

eavy bodies (allowance being made for the inequality of retardation which

they suffer from o small “pow 7] descend to the

earth JYOM Gual heiglis n equal times; and that oquality of tHIEs We

?
may distinguish to a great accuracy, by the help of pendulums, I tried the

thing in gold, silvr, lead, glass, sand, common galt, wood, water, and wheat.

I provided W5 Wosaen hoxcs, round nid cquart T Iled tha one witrwood,
a;d suspended an equal weight of gold (as exactly as I could) in the centr®
ot oscillation of the other, The boxes hanging by equal threads of 11 fect
made o couple of pendulums perfectly cqual in weight and figure, and
equally receiving the resistance of the air. And, placing the one by the

other, I observed them to play toethe
ther, T ob Y ogether. Sorwarl and backwad, for 8 1078
:‘51{%_(%%1 : il’ftf‘b'iﬁm Img, - And thercfore the quantity of matte. 0 the
e 3;“3 W1-. dan'& }(:, rop. X X1V, Book 117 Was 1o tho quantity of mat-
ol 00 'n.s't e :fcplon of the motive foree (or vis molriz) upoi ¥
e gold to the action of the wims upon all the wood; that ig, o the weight
of the one to the weight of the other: and the like :happcnozi in the other
_bodles. By these experiments, in bodies of the same weight, 1 could man-
ifestly have discovered u difforence of matter less than the t};ouséladtll part
of the whole, had any such been, But, without all doubt, the nature O

gravity towards the plancts is the same as towards the earth, For, should
WH AMATING ONP fawnaskai-d 1 . L .

(1687)
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Galileo

credit: R.Munroe GALILEO‘S
A EXPERIMENT:

REORV, BAVS TA . INCREMENTA
EENTYR., "o

(1590’s, probably a legend...)
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(A

Newton, Principia

PROPOSITION VL TIIEOREM VL

That all bodies gravitate towards every planet ; and that the weights of

l.ifa.tiiza tt;wards any the same planet, at equal distances Sfrom the centré

o the planet, are proportional to the quantiti ich they
s rosiadeid quantities of matter 10hi

1 It h{:s l‘aeen, now of a _long time, observed by others, that all sorts of

eavy bodies (allowance being made for the inequality of retardation which

they suffer from o small pow ; escend to the

eart “]?ﬁmm in equaltimes; and that cquality of TiHEs We

!

nll:ﬁ}'s‘tmgmsﬁ‘ to a great accuracy, by the help of pendulums. I tried the
thing in gold, silvbr, lead, rlags, sand, common galt, wood, water, and whea.

I provided Wemmma T Tled the onc witirwood,
a;d suspended an equal weight of gold (as exactly as I could) in the centre
ot oscillation of the other, The boxes hanging by equal threads of 11 feet
made g cou[_mle.? of pendulums perfectly cqual in weight and figure and
equally receiving the resistance of the air.  And, placing the one by the

other, T observed them to play towe orward and hackward, for
time, with ST At T KT i

AUI0TB. And therefore the quantity of matte. 7 the
gold (by Cor. T and b, Prop, X X1V, B0k 11) Was to the quantity of mat-

:;:lr in Sle wood a8 the :}c@ion of the motive foree (or vis molriz) upoi ¥
e gold to the action of the wimg upon all the wood; that ig, s the weight
;)f the one to the weight of the other : and the like :happcnozi in the other
':odles. By these experiments, in bodies of the same weight, 1 could man-
ifestly have discovered u difforence of matter less than the thousandth part
of the whole, had any such been, But, without all doubt, the nature of

gravity towards the plancts is the same ag towards the earth. For,should
W AMACING ONP towwaskalod 1 3 * ? "

(1687)
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Eotvos experiment Late 1800’s , 1922

M, b lesn

~ 5(1.,2) Null test, At

_ a-a (mg/my), — (my/m;),
2 -9
(a1 + ay)/ [(mg/mi)l Y (mg/mi)z] /2 n< 5x10 DC Signal

Mo

~ relative max acceleration wrt gravitational
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Eot-Wash experiment

_ Rev. D 42 3267-3292
The modern version
Wagner et al. 1207.2442

-l P turntable

LI
CRAh
H st

tilt sensor

fiber positioning
stage

swing damper

thermal and
—1 : T
magnetic shields
fiber
vacuum
chamber

alllm T———

autocollimator

local 7
1oosource

gravity gradient
compensators

tilt sensor pendulum

: rotate apparatus n< 10713 |dea: rotate attractor
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MICROSCOPE 2200 15487

(2012.06472)

Toy model: inertial alignment

T—h

L X=6 9o cos(worbt)

L.

7@ = 5(2,1)F () + ([T] - ()R + b,

n <1015  2016-2018 (~1400 orbits)
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Landscape of interactions

Toy model: spin-0 Yukawa, selective couplings

1 1
< = E(aﬂ@z - Eméqbz + YaPXaxa + Ve + Z,

N —|7=7|m,
(V2 —m?)¢ = qS5(3)(F) V.= qsqijd3r’e| T p(r)

Gm;m; oy o 99;
Vij(r) = — . (1 + ajje /’\) Cis Gymam;

Long Range Force selectively coupled “looks like” EPV
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Landscape of interactions
Spin-1

1 1
Z=-=V, V- EmgvyVﬂ +gA N+ Z,

4 #
Gm;m; =
Vij(r) = — L (14 aize™?)

T

Repulsive or attractive depending on sign

« Not all SM currents can be gauged: U(1)z_;, U(I)Li_Lj and combinations
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What can we learn from #?
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How to set a constraint

For “potential”/force bound: compute
potential sourced from density around

Make it so that
AFim=—-V(V,=V,)/im<n

Example: B-L (neutrons count)
Gr =~ 0.5, Gp, ~ 117/195 = 0.6, Gy, = 0.54 0~ oGy — Gn)ds (1 N %) -
B2

g8 1
a = ~ 10°'g
4 Gp(1 amu)?
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Constraints

107

10°®

- MICROSCOPE
- = Eot-Washl2
Eot-Wash99
- LR

Excluded region

-13 i } .
10! 10° 10' 102 10° 10% 10° 10° 10’ 10° 10°
A Iml

1712.00483
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ConStraintS https://cajohare.github.io/AxionLimits/

puHz MHz GHz THz eV keV

2 102

©Q 10-25 3
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Constraints 1712.00483

107

Excluded region
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What about (non-)ordinary matter?

L S e SR S Eo S S e oo e e
NGC 6503

"llhmv""'h“ﬂlﬁ'.{:!{

_[ 1

6h5gm42: 36° 3

P

10 20 . ; '- T . . 5 80
Radius (kpc) e Dark Matter b.8%
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Half in the Dark Ross et al. 2509.10701

Lab experiments

Air-bearing Tumntable

Not to scale
Thermal

Expansion Feet

Test Bodies

Tilt Sensors

Positioning Stage | Vacuum E
Chamber il

Swing Damper
Quartz Torsion
d Fiber

Autocollimator
Milky Way Galaxy

Magnetic Shield

Dark Matter Halo
¥ Gravity Gradient
5 Compensation

NpmBe—al < 2:5 X 107
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What about DM falling?
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M L Kamionkowski Kesden 0606566, 0608095
- e Frieman Gradwohl
Tru Iy In the Da rk Keselman et al. 0912.417...
DM DM
Astrophysics

8 D T " T I T I T T
0.0 Gyr

0 Sgr MW dwarf satellite (~14 kpc away)
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80

40

0

“_40

Loy T P Y L

T T T

80

40
0

g= 0.0 g= 0.11
80 | R " A
-80 -40 0 40 80 —40 0 40 80
x (in kpe) x (in kpe)

1 { L1 N | 1

T % [T Lt

—40

1 J 1 | 1 I 1 1 ‘ L I 1 | 1 1 J 1 | L [ 1
—80—-40 0 40 B0 —-40 0 40 80 —40 O 40 80 . . .
« i o) (e i Disrupted stars and will fall differently
. c]osc_:st to t._]w Galactic center. Stars distupted from t_hc
Leading stream star depleted i e o oosed ono igher o

velocity is slower than that of the satellite. They there-
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Can we have a bigger lab?
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Truly in the Dark

credit: R.Munroe l mLILEO‘S
EXPERIMENT:

/

Also see Bogorad Graham Ramani 2311.07648

Pirsa: 26070020 Page 23/35



Why now?

p

Excluded by cosmic variance
~? years

)
o /‘S
E e
3 ppm———
] e

10" 4
E

CMB-SO

~10-1§ years

0 S
1074 =
4
]

Planck

10-14 DAPISESD SpecTel PUMA-32K
] == MegaMapper PUMA-5K
DESI/EUCLID

0.5 1.0 2. 2. 3. 3.1 4.0 1. 5.0
‘:IIMX

Readapted from Sailer Castorina Ferraro White 2106.0971
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Archidiacono, Castorina, Redigolo, Salvioni 2204.08484
Bottaro, Castorina, MC, Redigolo, Salvioni 2309.11496
Bottaro, Castorina, MC, Redigolo, Salvioni 2407.18252

Dark force model

9 =G;'Ps
Yukawa interaction '

3int — KZ2§0

— 274
G, =«x"/m,

DM DM
> o _< s induced mass m)?
DM DM

1
22 4~
X sources Vo ~ ——m_s” + p,s

M

Scalar mediator

nmy,m
V, = —4nGyp L2 p=m,r Working assumptions:

G Light mediator m,, < H,,

472Gy All DM self interactingj; ~ 1

Perturbative regime: ff <« 1
Only new params: f3, my,

J relative strength compared to gravity f =

Page 25/35



Mediator is a physical DOF!
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Mediator background evolution

0.005T

Qeq G,

0.000 ___Rl \ /\ e ]

~——
.

—0.005; R Oscillation
= B=0.005 {

F L
~0.010 [Mp/Ho =100 K«\O,j N ¥, 5 CDM-liké

~0.015F numerical ¥ redshift faster
[ than CDM

p, = n,m, = a_3(1 —(Blogala,

f;nassless ~ ﬁﬁ/3

Pirsa: 26070020 Page 27/35



sl

Pirsa: 26070020

Mediator background evolution
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_ i
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log a
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Effects on CMB

Massless mediator
6000 -
: my =0.1Hy
'5F, z=0
5000 2 h = 0.67
4000 * 24=027

3000 :
ACDM

T 2000
1000 -
Ulﬂllw.lll|u|‘|!!\\|\|\|||1.|| PR 1% i |
13} m, =0.1H, SF,z=0

| h=067 sy
12 04=027

L1t

1.0+

| ratio of O(f logala
Pl by fiy 2Tl e ey T iy T
51020 200 500 1000 1500

)

eq

12500

1
dz
Hycpm(z) + AH(Z)

f < 0.015 from CMB alone
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Effects on CMB

Massless mediator

' SF, 2=0
! i
4000 -

3000 :

2000

Ratio to ACDM

1000 -
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O S O il e W M

L3} my=01H, SF,2=0

| h=067 sy
12 04=027

111
1.0+

ratioof O(ff logala,,)

eq

0-9%,I.|u.,I..,Ju.l.:JulH | T (ST

51020 200 500 1000 1500 200 2500

rec ]
x I dz
0 Hycpm(z) + AH(zZ)

Data does NOT fix these parameters!
Still useful to understand size of effects

f < 0.015 from CMB alone

Page 31/35



Effects on CMB

Massless mediator Massive meditator
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i I i Opposite phase shift!
dz
0

e, " Hycpm(z) + AH(Z) < 0.015 from CMB alone

S°TEC
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This visualization is a map of ~1 million DESI Main Survey objects from a 80°x5° thin wedge near
the Equator (155°<RA<235° and -1°<DEC<4°), covering ~1% of the full sky.
From DESI website Credit: David Kirkby / DESI collaboration
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¢ pre-recon
post-recon

s[h~Mpc]

This visualization is a map of ~1 million DESI Main Survey objects from a 80°x5° thin wedge near
the Equator (155°<RA<235° and -1°<DEC<4°), covering ~1% of the full sky.
From DESI website Credit: David Kirkby / DESI collaboration
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