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New scalars can mediate macroscopic forces

* Two possible fermion vertices:

Scalar: QME%D
Pseudoscalar: ¢)iy°

* In this talk we’ll only care about the scalar-scalar potential:
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Single-particle versus collective interactions
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A sketch of the experiment

111l
Moderator I I I

Velocity Selector

Source _
Collimator

Detector
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Structure factors: scaling behavior
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Target material candidates

* Single-material:
* Noble “snow”
* Aerosols
 Boiling liquids

Image from
https://www.youtu
be.com/watch?v=Qt

DPv637KHY&ab ch
annel=AttilaDobi,
from Carter Hall’s
group at UMD
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Sensitivity projections
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Thank you!

Questions?

This talk is based on work supported by the Simons Investigator Award No. 824870, NSF Grant No. PHY-2014215, DOE HEP QuantISED Award No. 100495, the Gordon and
Betty Moore Foundation Grant No. GBMF7946, and the U.S. Department of Energy (DOE), Office of Science, National Quantum Information Science Research Centers,
Superconducting Quantum Materials and Systems Center (SQMS) under contract No. DE-AC02-07CH11359. ZB is supported by the National Science Foundation Graduate

Research Fellowship under Grant No. DGE-1656518 and by the Robert and Marvel Kirby Fellowship and the Dr. HaiPing and Jianmei Jin Fellowship from the Stanford
Graduate Fellowship Program. GG is supported, in part, by DoE grant DE-SC0017970.
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New scalars can mediate macroscopic forces

* Two possible fermion vertices:

Scalar: qﬁ@b
Pseudoscalar: ¢)iy°

* In this talk we’ll only care about the scalar-scalar potential:
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Existing limits on new forces
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Existing limits on new forces
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Single-particle versus collective interactions

One-one interactions Many-many interactions

— |7

Short Interaction Range Long

Test masses

10 nm
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Single-particle versus collective interactions

One-one interactions One-many interactions Many-many interactions

— Test masses
/nt'ever

0.1 nm 30 nm

Short Interaction Range Long
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Outline

* New forces: motivation and previous experiments
* Single-material targets: how they work and possible implementation

 Two-material targets: challenges and possible implementation
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A sketch of the experiment
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Three main sources of neutron scattering
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New forces are most visible at qr ~ u
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Optimal angles are phase space-suppressed

101

— Nuclear | [~ (1 nm)_l
—— Electromagnetic

101 -
- New Force

1073 -
107> o
1077 -

1079 - :;:?”gﬂiii,f'
- -/

dp/din 6 (AU)

Plot is for noble

. 10713+ dp do 9 :
elements: otherwise ~ x |bo|* (1 + O(kgm) + O(Knew)) 0 sin 20
electromagnetism is s dIngr dIn @
10_ I I I I I [ | I I 1 I I I I L | I I I I I 1 I I |
much more 10-1 100 101

complicated qr (hnm~1)



A familiar modification: Bragg scattering

Image from : \ d Sin B

https://commons.wikimedia.org/
wiki/File:Bragg_diffraction_2.svg
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Target structure can change scattering
distributions

e Each scatterer in the target comes in with a factor of
equr
due to different path lengths

* The total scattering cross-section from a collection of identical

scatterers is then proportional to
2

N
NS(qr) =|> e'9r™

J=1

The “structure factor”



Coherence from separated lengthscales

Large separation,
random phase
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Coherence from separated lengthscales
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Structure factors for uniform spheres: exact
form

* The structure factor of a sphere of radius R with number density n is

S(ar) = <3<sin<qTR>(qTq£ cos(qr R)) ) g +‘i
Incoherent

scattering

* Averaging over a small spread in radii smooths this tj)/
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Structure factors for uniform spheres: scaling
behavior —=
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Structure factors for uniform spheres: scaling
behavior —
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Structure enhances low-angle scattering
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The problem: how do you distinguish a new
force from a change in the structure factor?

 Both new forces and structure factors
look like low-angle bumps

* No way to know the structure factor a
priori

* |n fact, a typical use of neutron scattering
is to measure structure factors

dp/dQ

gr (nm~1)



The solution: X-ray scattering

* Can perform the same measurements with X-rays

e X-ray scattering distributions will be proportional to the same
structure factor

e Structure factors are a property of geometry alone

Compare to
* Then look at Vieasurable

A / prediction
dpn,s (de,u/dQT> _ dpn
dgr \ dpx s/dqr dqr
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Single-material target candidates

* Noble “snow”
 Aerosols

 Boiling liquids

Image from
https://www.youtu
be.com/watch?v=Qt
DPv637KHY&ab ch
annel=AttilaDobi,
from Carter Hall’s
group at UMD
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Signal fitting and statistics

e Given a signal, want to compare two fits:

(

(fit) (fit)
2 2 new .
do_ _ NEY ] 4 “EM + . 5| | S(qr(0))0sin 20
dIn® 1+ (qr(0)/pf0)

\ \/1 + (QT(Q)/Q(()ﬁt))2

* Formally done using an F-test of whether improvement in fit from
including new force parameters is significant



Projected sensitivity: single-material targets
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Outline

* New forces: motivation and previous experiments
* Single-material targets: how they work and possible implementation

 Two-material targets: challenges and possible implementation
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Two-material targets: less effective but more
certain

* Noble elements have simpler electromagnetic scattering, but giving
them structure is hard « Catalystsand supports |
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Structure factors for two-material targets:
contrast dependence

* Coherent scattering depends only on the “scattering length density,”
or “SLD” of a material:

S(ar) ==Y nyb(ar)

 Structure factors thus depend only on the contrast between the SLD
of different regions:

127 R FIAS|?
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Two-material target candidates

Material | b. (fm) 7iiquia (nm ™) SLDjiquia (fm nm™")
He-4 3.3 22 72
Ne-20 4.6 37 170
Ar-36 25 21 530
Kr-86 8.1 18 140
Xe-136 9.0 14 120

Material [b2™* (fm) n"™* (nm™°) SLDpax (fm nm™?)
Si0o- 16 27 420
Al>Os3 24 24 280
Al Ti30g 49 5.0 275
BaTiOs 19 15 290
CeQOs 16 25 410
CNTs 6.7 100 670
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Structure factors for two-material targets
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Structure factors for two-material targets
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Distinguishing new forces from two-material
structure factors is difficult...

* Tempting to simply subtract solid-only scattering from combined
target scattering

* This doesn’t work: can only measure scattering probabilities of
different targets, but there’s interference between amplitudes

d_O' B 2
dQ
# Zgbg(@)eiqT

> gbg(0)e™ T + 37 by (0)e'

2 |
-+ ‘Zsbs(ﬂ)e"q'r

| 2




Distinguis
structure

ning new forces from two-material
ractors is difficult... but possible

* Can still obtain noble element scattering distribution through a
combination of measurements using two different noble gases

Neutrons

X-Rays

Xenon Alone

Neutrons | X-Rays

Argon Alone

Xenon Alone _
2X Atomic Form

Solid Alone

Argon Alone Factor

Solid + Xenon

Solid Alone

2Xx Scatter Len.

Solid + Argon
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SKIK

Solid + Xenon
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Solid + Argon 2X Phase
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Projected sensitivity: two-material targets
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Astrophysical constraints on new forces

* New scalars could radiate from stars, increasing their cooling rates
* Relevant for masses 1 < Tiore ~ 10% eV

* Model-dependent:

* B-coupled scalars g <107
» (B-L)-coupled scalars  ¢° < 1073
 Extra dimensions not constrained

* Etc.



Projected sensitivity: SEJL(JeWmary
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Multiple scattering: the fully coherent peak
-Acc-h

Pc

Ainc

dp/dIn @ (log-scaled)

6'4::011 911:1i1'1 éX gpﬂ ﬂ-/ﬁL
6 (log-scaled)
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Multiple scattering: upper bound

e Can divide scattering from invisibly small angles into two regimes:
* Almost-visible angles that can be predicted from X-ray measurements

* Very small angles where scattering is very common but rarely adds up to a
significant angle

* Approximate probability of the latter:

ox _53( n )2 b : Ar | : Ao 2 701\°
P b 10 nm—3 10 fm 10 pm 10 A Ape




Interactions at the solid-gas surface

* Magnetic moments of solid surface atoms can distort noble atoms’
electron orbitals

* A magnetic field gradient should thus change the scattering length by

9nl€” pp|AB]
8mm. AFE
* The average change in the scattering length is then

LY E PRy
Rgra,in \/(Rgrain/£)2 R

grain

Ab] ~

‘A—b‘ N |gn |€2MQB Ratom
STm.R3, _AFE

atom



Fiducial neutron beam parameters

* Flux: 108 cm2 st
* Target area: 10 cm?
* Integrated over 28 hours: 104 incident neutrons
* 10% of neutrons scattered

* Neutron wavelength: 0.6 nm

* Minimum observed angle: 3 mrad
* Minimum observed momentum transfer: (30 nm)!



Systematic errors

* Nuclear force momentum-dependence: O((grbnuc)?) < 1078

* Electric polarizability: O(gr+/(r2)bp /bpuc) ~ 1077

* Also: multiple scattering, atomic interactions, thermal effects,
structure degradation, temperature/pressure drift, etc.



Pores and grains are largely equivalent

* Coherent scattering from a collection of grains is equal to coherent
scattering from everything except those grains

* Negligible coherent scattering from isotropic targets, so

<btot (qT)> — / Sgas(qT)eiqT-rdgr + / Ssolid(qT)eiqT.rdSr
Rgas Rso1ia

N / (Sgas(ar) — Ssonia(ar))e’ T *d’r +W
Rgas al



Two-material separation of contributions: a
rough estimate

e Can write full two-material scattering distribution as

2 DI Blan) + bylar) (W(an)

2—material C ds? g,inc
* As a conservative approximation, assume we predict the gas-only
part; this leaves us with

S,in

dp - d_p dp dp ) B )
a9~ da|, , ~aa|,~ dqa| ~ PO WOl =2 ReUBH0) (W0)) by (0)
* Then we have
d dQ Cross A o
dg?dﬂcrossi = (const.) (1 + rkEM1(1 — fi(qr)) — kEM2(1 — f2(qT)) + = (ZT/M)z + O(X2)>



Projected sensitivity: other solid options
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New scalars can mediate three macroscopic
forces

* Two possible fermion vertices:

Scalar: qﬁ@b
Pseudoscalar: gbwify5w

* Three forces, depending on whether zero, one, or two
scalar/pseudoscalar vertices are included:

9s19s2 (1\ _ .. . o
Vss(1) = — Dot <—) € " g Diiscussed in this talk

47 r
—_ gsﬂlngQ - - /‘1' 1 — ur
Varr) = gy 7217 (; ! —) o

L 1 4 o 3 .
Vpp(1) = Ip.19p.2 [(01-02) (%%—T—S—I—?(S(S)(T))—(01-?‘)(02-?") (M——F—u—l-—)]e a
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The solution: X-ray scattering

* Can perform the same measurements with X-rays

e X-ray scattering distributions will be proportional to the same
structure factor

e Structure factors are a property of geometry alone

* Then look atA/ MeaSurAable)k Predictable

dpr s /dgr ™  dpp/dgr dpn, s (dpx,u/qu) dpn

= or
dPX,s / dqr de,u/ dqr dqr de,s / dqr dqr

/

58



Distinguishing new forces from two-material
structure factors is difficult... but possible

* Can still obtain noble element scattering distribution through a
combination of measurements using two different noble gases

* Can show this by comparing number of possible measurements with

number of degrees of freedom
* Important to separate degrees of freedom per bin (e.g. structure factors) from
degrees of freedom that are universal (e.g. a new force coupling)



Possible measurements with two materials

* 4 measurements from mixed targets:
* Neutrons and X-rays, with each of two noble gases

\

* 2 measurements from solids alone: e 8 total constraints

* Neutrons and X-rays

* 2 measurements from gases alone: /
* Only X-rays; avoiding this measurement with neutrons is the original goal



Degrees of freedom per bin for two materials

* 1 phase sum for the gas region:

Wier) = [ oo
|%

gas

» 2 atomic form factors for the noble elements —— / d.o.f./bin

* 4 components of the solid scattering lengths /

* Real and imaginary parts, for neutrons and X-rays

* All other parameters (scattering lengths, new force mass, etc.) are not
per-bin so they can be extracted from the “extra” measurement



Carbon nanotube arrays/forests

WDE 4mm 100pum  File Name = 072506-171.tif Signal A = InLens Date :25 Jul 2006

Mag= 500X | | Stage at T = 70.0° EHT =15.00kV Time :20:12:00




Finite target depth effects

* A given coherent slice is effectively flat (to within o) over depths of
no more than

AZN 47 o
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Existing limits on new forces
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