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Precision spectroscopy

Experimentally:
Measurements of energy shifts can be very accurate,

E.g.

E(1S - 2S)|H = 2466 061 413 187 035(10) Hz
Garching 2010

E(HFS)|H = 1420. 405 751 768(1) MHz,
Karshemboin 2005

Theoretically:
simple atomic systems can be calculated very precisely: QED
up to the nuclear structure corrections: low energy QCD



EFTs for bound states:

Non-relativistic systems fulfill the relation: mr � |p| � E

When bounded by QED, α ∼ v is the only expansion parameter

Scales in bound state Coulomb interaction
Hard scale: mr −→ mr

Soft scale: |p| −→ mrα

Ultrasoft scale: E −→ mrα
2

when hadrons are involved other scales appear: ΛQCD,mπ, . . .

Scales are well separated

QED/ HBChPT
(mr ,mπ)
=⇒ NRQED

(mrα)
=⇒ pNRQED .
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+ corrections to the potential
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pNRQED

pNRQED is a theory for ultrasoft photons

Schrödinger-like formulation(
i∂0−

p2

2mr
−V (0)(r)

)
φ(r) = 0

+ corrections to the potential
+ interaction with other low-energy degrees of freedom

The potential:

V(x,p, σ1, σ2) = V (0)(r)+V (1)(r)+V (2)(r)+· · · ,

V (n) ∝ 1
mn
µ
, V (n,r) ∝ 1

mn
µ
αr + expansions in small parameters



A multi-scale problem

On top of the expansion parameter α there are other mass scales.

Scales in H:

ΛQCD ∼ mp ∼ mρ

mµ ∼ mπ

mr ∼ me ∼ mµα

Small expansion parameters:

mπ

mp
∼

mµ

mp
≈

1
9

me

mµ
∼

mµα

mµ
∼ α ≈

1
137

Energy levels: EH = EC
n (1+c1

α
π

+· · ·+c4

(
α
π

)4
+. . . ) EC

n = −mrα
2

2n2

cn ∼ cn

[mµα

me

]
pure QED for 1 ≤ n ≤ 3

cn ∼
∑∞

j=0 c(j)
n

(
mπ

mp

)j
for n ≥ 4



A multi-scale problem

On top of the expansion parameter α there are other mass scales.

Scales in µH:

ΛQCD ∼ mp ∼ mρ

mr ∼ mµ ∼ mπ

mrα ∼ me

Small expansion parameters:

mπ

mp
∼

mµ

mp
≈

1
9

me

mr
∼

mrα

mr
∼ α ≈

1
137

Energy levels: Eµp = EC
n (1+c1

α
π

+c2

(
α
π

)2
+. . . ),

c1 ∼ c1

[mµα

me

]
pure QED

cn ∼
∑∞

j=0 c(j)
n

(
mπ

mp

)j
; c(j)

n ∼ c(j)
n

[
mr
mµ
,

mµ

mπ
, ...

]



Why EFTs are the way to go:

Effective Field Theories approach:

model independent

efficient

systematic (power counting)



EFT for a new boson exchange

New spin-1 or spin-0 boson with generic couplings to fermions

Lψ = ψ̄(i 6∂−m)ψ−yS ψ̄φψ−iyP ψ̄γ
5φψ−gV ψ̄γ

µAµψ−igA ψ̄γ
5γµAµψ

Scale hierarchy:

I New parameters: gNP and mNP

I Reasonable assumption: g2
NP � 4πα

Compute contribution up to O(g2
NP)



EFT for a new boson exchange

What about mNP??

If mNP . mrα ∼ |q| ∼ 1
r

The tree level propagator is dynamical: ∼ 1
q2+m2

NP

tree level matching produces the leading order contribution



EFT for a new boson exchange

What about mNP??

If mNP � mrα ∼ |q| ∼ 1
r

The tree level propagator is NOT dynamical: ∼ 1
q2+m2

NP
∼ 1

m2
NP

The leading order contribution is a contact interaction

the tree level matching not necessarily produces the leading order
contribution



EFT for a new boson exchange

What about mNP??

If mNP � mrα ∼ |q| ∼ 1
r

e.g. Pseudoscalar exchange

iM ∼
σi

1

m1

σ
j
2

m2

qiqj

m2
PS

∼ O(v5)

iM ∼ α
σi

1

m1

σ
j
2

m2

∫
dD l

(2π)D

lµlnu
l2−m2

PS

∼ O(v4)

The leading order contribution comes from 1loop exchange!



The NREFT

Integrate out the hard scale m � |q| ∼ mv

Lagrangian up to O(mrg2
NPα

3)

LNR = ψ†
{

i∂0+
∂2

2m

}
ψ+(ψ→ χc)

+yS

−OS
1 +

cS
D

8m2 O
S
2 +

icS
S

8m2 O
S
3 +(ψ→ χc)

+yP

 cP
F

2m
OP

1 −(ψ→ χc)

+L4ψ
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OS
1 = ψ†φψ, OS

2 = ψ†σ·(∇·(∇φ)−(∇φ)·∇)ψ

OS
3 = ψ†σ·(∇×(∇φ)−(∇φ)×∇)ψ, OP

1 = ψ†σ·(∇φ−φ∇)ψ



The NREFT
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For mNP ∼ |q|

L4ψ =
dann

s

m2 ψ†ψχ†cχc+
dann

v

m2 ψσψχcσχc

Only for tree level annihilation if masses equal



The NREFT

Integrate out the hard scale m � |q| ∼ mv

Lagrangian up to O(mrg2
NPα

3)

LNR = ψ†
{

i∂0+
∂2

2m

}
ψ+(ψ→ χc)

+yS

−OS
1 +

cS
D

8m2 O
S
2 +

icS
S

8m2 O
S
3 +(ψ→ χc)

+yP

 cP
F

2m
OP

1 −(ψ→ χc)

+L4ψ

For mNP ∼ mr

L4ψ =
ds

m1m2
ψ†ψχ†cχc+

dv

m1m2
ψσψχcσχc

encodes the leading order contribution



The pNREFT

LpNREFT =

∫
d3xd3XS†(x,X, t)

{
i∂0−

p2

2mr
−

P2

2M
−V(x,p,σ1,σ2)

}
S(x,X, t)

The leading order potentials:

VS(r) = −y(1)
S y(2)

S
e−mNP r

r
, VV (r) = −(−1)f g(1)

V g(2)
V

e−mNP r

r

f = (0)1 for fermion-(anti)fermion potential S12 = 3σ1 · r̂σ2 · r̂−σ1 ·σ2



The pNREFT

LpNREFT =

∫
d3xd3XS†(x,X, t)

{
i∂0−

p2

2mr
−

P2

2M
−V(x,p,σ1,σ2)

}
S(x,X, t)

The leading order potentials:

VP(r) =
(−1)f y(1)

P y(2)
P

16πm1m2

4
3

4πδ(3)(r)−m2
φe−mφr

r

S1 ·S2−e−mφr

m2
φ

3r
+

mφ

r2 +
1
r3

S12



VA (r) = −
g(1)

A g(2)
A

4π

 16
3m2

φ

πδ(3)(r)−m2
φe−mφr

r

S1 ·S2−
e−mφr

m2
φ

m2
φ

3r
+

mφ

r2 +
1
r3

S12


f = (0)1 for fermion-(anti)fermion potential S12 = 3σ1 · r̂σ2 · r̂−σ1 ·σ2



The energy levels

Compute potential in sertions in a quantum-mechanical fashion

V

+
V V

+ . . .

∆ENP = 〈Vx(r)〉nlsj

same bound form scalar and vector.

Set a 2-sigma bound for allowing the new contribution

|∆ENP
a→b | ≤ |∆Eexp

a→b−∆E the
a→b | . 2σMax



Phenomenological bounds: scalar
From 1S-2S and n = 30 Rydberg:

σmax = σexp = 3.2 MHz, σtheo = 0.58 MHz σmax = σprojected = 0.5 MHz
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Phenomenological bounds: scalar

From 1S-2S and Lamb shift:

σmax = σexp = 9.8 MHz, σtheo = 1.4 MHz, σmax = σexp = 22 MHz, σtheo = 0.002 MHz
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Phenomenological bounds: scalar

From 1S-2S Lamb shift, Rydberg:
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Phenomenological bounds: pseudoscalar
From 1S-2S and HFS, Ultrafine:

σmax = 3.2 MHz, σtheo = 0.58 MHz σmax = σexp = 2.1 MHz, σtheo = 0.22 MHz

σmax = σprojected = 2.6 kHz
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Phenomenological bounds: pseudoscalar

From HFS:

σmax = σth = 0.27 kHz, σexp = 0.053 kHz
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Phenomenological bounds: pseudoscalar
From HFS:
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Outlook

Precision physics is an efficient probe for dark sectors

EFTs are the right tool to describe energy transitions with
precision

Best laboratory bounds for spin-independent interactions

Independent and robust test of new physics

Prospective improvement in near future experiments

Thank you!
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