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I d en t i t y  C omponen t s

BLOCK  IU

A diverse assortment of graphic representations of “IU,” Indiana University’s 
acronym, has been in use dating back to 1898. Many variations appear in 
limestone carvings throughout the university, and many more have been 
developed for other applications.

One version of the IU expression, created and first implemented in 2002, and 
referred to as the Block IU, has been selected as the foundational element for 
the Indiana University Integrated Image Program. It is graphically strong, simple, 
communicative, and can be quite effective when integrated with other elements. 

The IU Seal, discussed in detail later in this guide, is to be reserved for 
ceremonial and executive-level communications. Given that many universities 
have institutional seals of approximately the same contours, the Block IU offers 
a more differentiating presentation. IU has also been represented in the past 
by a wordmark; however, while distinctive, it does not provide the flexibility to 
accommodate the complex identification system required by the university’s 
various needs and has therefore been discontinued. 

Adopting the Block IU as the standard across all media and increasing its presence 
will help meet the objectives of the program and provide synergies supporting the 
extensive presence of the university throughout the state and world.

IUPU I  WORDMARK

Because the Indiana University–Purdue University Indianapolis campus is a 
partnership between Indiana and Purdue Universities, the Block IU is not an 
appropriate mark to represent that campus. An IUPUI wordmark in the official IU 
Font proudly showcases both school colors. 
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The two-body interaction in coordinate space
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Motivation for New Long-Range Interactions	

ü  Scalar 
ü  Pseudoscalar 
ü  Vector 
ü  Axial-vector  



Standard Model extensions possess spontaneously broken continuous symmetries 
producing Weakly Interacting Sub-eV Particles (WISPs) such as axions, arions, 
familons, Majorons, etc.

pf
1 ,σ f

1

pi
1,σ i

1
pi
2,σ i

2

pf
2,σ f

2 The two-body interaction in coordinate space

V (r 2 ,P 2 , !r • !P )= Oi
e−µr
4πri=1

16

∑

B. Dobrescu and I. Mocioiu J. High Energy Phys. 11 (2006) 005.

Oi = f1 ,  f2  !σ1 •
!
σ 2 ,  f3  !σ1 •∇ !σ 2•∇,  f4,5  ( !σ1 ±

!
σ 2)•P ×∇,

f6  !σ1 •P  !σ 2•∇,  f7  !σ1 •P  !σ 2•P ,......,  f16  !σ1 •(P ×∇) !σ 2•P
f : a dimensionless constant α g2

Motivation for New Long-Range Interactions	

ü  Scalar 
ü  Pseudoscalar 
ü  Vector 
ü  Axial-vector  

Laboratory experiments provide very sensitive and model-independent probes of 
such particles [See Rev. of Mod. Phys. 90, 025008 (2018)].  



Current Limits from Laboratory Experiments  	

Ø  Very	stringent	limits	on	possible	
interactions	arising	from	scalar	and	
vector	couplings	from	spin-independent	
experiments.	In	contrast,	limits	on	
pseudoscalar	and	axial	couplings	are	
many	orders	of	magnitude	weaker		

Ø  Limits on pseudoscalar couplings to 
nucleons are more suppressed than their 
electron analogs. 

12 

Type of coupling μ≈[100 μeV, 10 meV]

1R. S. Decca, et. al, PRL 116 (2016) 221102. 
2W. A. Terrano, et. al, PRL 115 (2015) 20801.
3M. P.  Ledbetter et. al,  PRL 110, 040402 (2013), N. F. Ramsey, Physica A (Amsterdam) 96, 285 (1979).
4C. Haddock, et. al, PLB 783, (2018) 227. 
5,8T. M. Leslie, et. al, Phys. Rev. D 89 (2014) 114022. 
6B. R. Heckel, et. al, PRL 111 (2013) 15802. 
7K. Tullney, et. al, PRL 111 (2013)100801, M. Bulatowicz, et. al, PRL 111(2013)102001(IU), A. K. Petukov, et. al, PRL 
105 (2010) 170401.
9H. Yan, et. al, PRL 110 (2013) 082003.
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g 2
S ,  g 2

V          10−40 −10−35  
gPe( )

2
            10−16 −10−8

gPN( )
2

            10−4 −10−6

g AN( )
2

            10−15 −10−12

g Ae( )
2

             10−32 −10−29  
gSgPe               10−28 −10−21

gSgPN              10−25 −10−17

gV g Ae               10−26 −10−23

gV g AN              10−29 −10−25
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Why are Limits on Pseudoscalar and Axial Couplings Poor?	
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vertex relative to scalar and vector interactions for nonrelativistic motion  
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2.  Necessarily spin-
dependent at lowest 
order 

Experimental difficulties associated with polarization:
Ø  Only the valence fermions are accessible
Ø  Large external magnetic fields.
Ø  Polarization techniques vary widely in efficiency.
Ø  Difficult to maintain polarization of members of the ensemble. 
Ø  Both internal and external magnetic fields produce large systematic 

effects in delicate experiments.
Ø  …. 
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Aim of this work: 
Ø  derive all long-range spin-independent interactions from double boson exchange from 

spin-0 and spin-1 with spin-dependent couplings between a pair of NR Dirac fermions

Ø  Use the derived expressions with the strong spin-independent limits to help improve 
constraints on interactions involving pseudoscalar and axial couplings.
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Previous	Work		
K1(x): modified Bessel 
function of the second kind
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Previous	Work		
K1(x): modified Bessel 
function of the second kind

[E. Fischbach and D. E. Krause, (1999)]
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•  No similar analysis done and no functional forms exist for interactions 	
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•  Limits do not necessarily apply to the pseudoscalar derivative coupling 

m  ψeiγ5ϕ/faψ ≈ −i mfa
 ψγ5ψϕ +

m
2f 2

a
 ψψϕ2 + ⋅⋅⋅

1
2fa

ψγ µγ5ψ∂µϕ
field	

redefinitions	

gPD =
m
fa

KSVZ axion 

Previous	Work		
K1(x): modified Bessel 
function of the second kind

•  No similar analysis done and no functional forms exist for interactions 	
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p0Regularization 
schemes for NN interactions

V3NV

p0
1 p0

2
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Separation of long- and 
short-range physics

p = (p1 � p2)/2

p0 = (p0
1 � p0

2)/2

q = (p1 � p0
1)
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v No	self-energy	terms	are	considered	since	masses	and	couplings	are	taken	from	
experiments.		

v Methods	based	on	UT:	Okubo	(Prog.	Theor.	Phys.	12,	603	1954),	Epelbaum	(Nucl.	Phys.	A	
637,	107	1998)	
	
v Methods	based	on	covariant	PT:	Dispersion	Method	(	Feinberg	and	Sucher),	
EFT(	Holstein),	Chiral	EFT	(Kaiser,	Machledit,	etc.). 		
	

	 	 	 									

The	Green	
function	of	two	
fermions	Go	

v  Use	non-relativistic	Old-Fashioned	Perturbation	Theory	(OFPT)	to	calculate	a	
transition	amplitude	and	relate	to	a	potential	via	the	Lippmann-Schwinger	(LS)	
equation		

	

Calculating an Interaction Energy



Agrees	(up	to	a	minor	discrepancy)	with		
N.	Kaiser,	R.	Brockmann,	and	W.	Weise,	Nucl.	
Phys.	A	625	758	(1997).	M.	Sugawara,	S.	
Okuno,	Phys.	Rev.	117,	605	(1960).	J.	L.	Friar,	
Phys.	Rev.	C	60	,	034002	(1999).	

Agrees	with	
S.	D.	Drell	and	K.	Huang,	Phys.	Rev.	91,	1527	
(1953).	
F.	Ferrer	and	J.	A.	Grifols,	Phys.	Rev.	D	58,	096006	
(1998).	

S.	Aldaihan,	D.	E.	Krause,	
	J.	C.	Long,	and	W.	M.	Snow,	
Phys.	Rev.	D	95,	096005	
(2017).	

Results	for	the	spin-independent	long-range	interaction	from	two	
boson	exchange		

24	

x =µr

r ≥ 1
µ
>>

1
m

Range	of	applicability:	
	
	
with	finite	boson	mass		
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a	factor	of	5	
improvement	

S.	Aldaihan,	D.	E.	Krause,	J.	C.	Long,	and	W.	M.	Snow,	
Phys.	Rev.	D	95,	096005	(2017).	

Constraints	from	Spin-Independent	Experiments	

λ =1/µ VP−P(r )=−
gP4

4m2r 2
K 1(2r /λ)
8π 2λ

an	existence	proof	that	sensitive	experimental	searches	for	spin-independent	interactions	
can	also	yield	interesting	limits	on	spin-dependent	interactions	at	certain	distance	scales.	



Further	Opportunities	
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Ø    VPD-PD α                    sensitive to short-length scales. 

Ø  No constrains on (gN
PD)2  below 10-12 m, a theoretically 

interesting regime.
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Ø    VPD-PD α                    sensitive to short-length scales. 

Ø  No constrains on (gN
PD)2  below 10-12 m, a theoretically 

interesting regime.



Conclusion:

v Ultralight bosons, including axions, generate long-range interactions of various 
types that can be probed with precision laboratory experiments. 

v Experiments testing spin-dependent interactions experience additional challenges 
that do not exist in spin-independent experiments. 

v  	The functional forms derived from 2-boson exchange processes open up an 
opportunity to constrain, using spin-independent data, spin-dependent couplings 
over new length scales that are outside the sensitivity of current spin-dependent 
experiments.
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