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EFT tor Nuclear Transitions

Since Jonathan Feng has already explained the highlights of our work on BSM
explanations for the Be-8 and He-4 transitions, | will focus on a theoretical tool that we

have developed along the way.

We have developed effective field theories to describe the nuclear transitions, as well
as possible X17 bosons.

These transitions treat each state of the nucleus as a point-like quantum field. This is a
reasonable approximation when the energies and momenta of interest are small
compared to the inverse size of the nuclei [P ~ 1 /(100 MeV)]:

R/A~1/20 << 1

We are able to reproduce various interesting observed features of nuclear EM
transitions using this language.




Spin & Parity

The nuclear states are categorized by their spin and parity j*

The same can be done for X boson possibilities (assuming one dominates)

The ground states are all 0™ states, so assuming parity is a good symmetry:

J.=LDJx P, = (—1)LPX

These simple observations
already Imply interesting results

It X Is spin-0 its He width
s likely to be larger than Be

Opposite for axial vector
The vector decays are both P-wave

The Be decay shows the X is not 07
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Spin & Parity

The nuclear states are categorized by their spin and parity j*
The same can be done for X boson possibilities (assuming one dominates)

The ground states are all 0™ states, so assuming parity is a good symmetry:
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Including Carbon

We proposed to include analysis of a 1 carbon state with energy 17.23
MeV to fill out the possible J* (It is great to see this has been followed up!)

The width of this state is large, making the experimental analysis more
challenging, but the results can be applied easily to other 1~ states

't also has isospin of 1, which illustrates other etfects

N, J T, 'n. (keV) B(N, — Nyv)
*Be(18.15) 1T 0 138 1.4 x 107°
*Be(17.64) 1T 1 10.7 1.4 x 1073
120(17.23) 1~ 1 1150 3.8 x 107°
1He(21.01) 0~ 0 340 0
1He(20.21) 0" 0 500 6.6 x 10~ 1Y (E0)



EXamining Dynamics
We now turn to each of the possible X bosons, according to spin and parity

X might not be a parity eigen state, but at these low energies the portions
of X with definite parity will typically dominate in a particular decay

For instance, If X is spin-0 then only the pseudoscalar part can explain the
pberyllium result

1t =0T +0" 1T A 07 +07
We go from the spin-parity analysis to a more complete investigation of the
particle dynamics using effective field theory

The eftective operators are composed of nuclear states that are each
described by a distinct point-like quantum field



FFT Coefticients

The EFT operators reproduce the spin-parity results, and can be used to
calculate decay widths for the excited states

To compare with other experiments we look at more elementary particles

These nuclear decays are matched to nucleon couplings to the X boson,
assuming Isospin conservation

This allows us to determine decay rates up to unknown nuclear matrix
elements

For a vector X, the decay widths can be compared to photon decays and
the nuclear physics divides out, allowing for more a precise analysis



A Scalar X

L et's start with the simplest analysis

f X is a scalar, 0T, it cannot explain the beryllium signal

1+740+—|—O+

Moving on...



Pseuqgoscalar

To make concrete predictions we take

- . _
Lx D X e,pysp +ennysn] = X §(€p + en)Jg | 5 (ep — en)Jf

for iIso-spin singlet and iso-spin triplet currents

Jo =Dy +Tysn Jp = Pysp — iysn
Beryllium decay Is Iso-spin preserving (up to some mixing)

The beryllium decay amplitude can be written as

1 1
M = <NOX|5 (ep, +€n) XJZ|N,) = 5 (e, + €n) (°Bel.J3|°Be(18.15))




Pseuqgoscalar

We compare this amplitude

1 1
M = <NOX\5 (e, +€n) XJZ|N,) = 5 (e, + €n) (°Be|J5|°Be(18.15))

With the one obtained from the dominant EFT operator
04(1(1)3) = Nngé’uX () (Spin of X)

Dimension and Type of Decay
which IS

1 1
M = <N0X\§ (ep +en) CpBe Oi(l)a)\N*> =5 (ep +en) CpBe € Dx 1

This leads to
Polarization

Cppe €k px, = ("BelJ;|"Be(18.15)) Vector
Where we expect the C coefficient to encapsulate the nuclear eftects, and
be roughly order 1.

The fact that we don’t know the nuclear coefficient is the major uncertainty in this estimate, and
could be improved by finding an observable to match to, or having a first principles calculation of it.



Pseuqgoscalar

The process Is similar for the isospin preserving helium decay, with
1 1
M = <NOX\5 (e, +en) XJZ|N,) = 5 (e, + &) (*HelJ2|*He(21.01))

and

1 1
M = <NOX|§ (Ep -+ 577,) Cp,He (O) |N > 2 (€p -+ 577,) Cp,He A
where (0) ;
O35 = ANgN. X Dim 4 vs
. . Order 1 Dim 3

The decay width ratio Is l

F;Be 1 CP Be mHe* PX Be pX Be 17y 10~ Cp Be [ GeV :

rdle 3 Chye mpo, Pxe A2 | Chme \ A

From experiment* T' B¢ /I He ~ 1 so the spin-0 case seems to be

disfavorea (But see more on this soon from Daniele Alves...

)



Axlal Vector

For the axial vector we define the couplings

1

Ji“ — epg_w““%p -+ enﬁv“%n — —(6p R en)Jg“

2
[ eads to the beryllium decay amplitude

1
M = <N()X‘§ (€p gn) C1A,Be OQSS*)‘N*>
with

1
25(529

(ep — 5n)J15M

en) CaBe Nl €x

ol = ANINF X, Cape A€ = (®Be|JH|®Be(18.15))

For helium we have
1
M = (NoX |5 (ep +€n) Caie Op | N-)
with

1

5 (gp =+ 5n) C(A,He p': €EX

o) = N X*9,N,  Cameplt = P, (*He|lJ3"|*He(21.01))

\Projector orthogonal

to X momentum



Axlal Vector

Dim 3 VS
The ratio of decay widths is /Dim A
FSBG _ Ci Be A2 m5 pX Be (1 p%(,Be ~ 1.8 % 102 & Be A\
He © (7 : 3mz | Y T e\ Gev
FA A, He mBe* pX He mX A,He =

Which seems borderline consistent with current results, up to unknown
nuclear matrix elements

|Isospin changing carbon decays might be used to distinguish the spin-1
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Vector

In the previous cases all results were in terms of order 1 numbers
determined by nuclear physics

In the vector case, X decays can be compared to known electromagnetic
decays and eliminate the unknown nuclear matrix elements

Therefore, we define the X couplings with a factor of the QED coupling

1 1
J5 = ee,pyHp + ee,iytn = ie(a‘p + &n)J5 2€(€p —ep)J7
S _ 1 1
The photon current is similar ~ JY = epy!p = iejgb I zeJ{‘

1

Factors of §e<NO\J5L’1 N,) are common to both X and photon decays




Vector X and Beryllium

For instance, the beryllium decay is dominated by

1 1 1
M = <NOX‘ 5(519 - gn) € C1V,Be Oé? ‘N>1<> — 5(519 1 577,) € CV,Be Kg,uvozﬁ Pxp €xv PXa €EX
with
(1) _ NT cHvof 1 va ] 8
Osp = 1 (OuNw) 0aXp  Cy e 1" Pav €xa Pxp = ("Be|Jy|"Be(18.15))

T'his operator Is "accidentally” gauge invariant when we replace X by the

photon: N‘L

ng — ﬂguyaﬁ (a N*V) Faﬁ

In short, the X and photon decays are mediated by the same operator



Vector X and Beryllium

This leads to the simple ratio

3
B 3
FXe . o PX Be
SBe (€p + €n)

Y P~ Be

This Is modified slightly by isospin mixing with a nearby iso-spin 1 state

FSBe 2 p%(,Be
e =|—0.09 (¢, +€,) + 1.09 (e, — ,,)| _
g v,Be

~0.043|—0.09 (£, + £,,) + 1.09 (5, — )|

|[sospin breaking in the photon decay can also be includea:

8
B 3
I'° > PX Be

0.05 (e En 0.95 (e, — &,
I‘iBe ‘ ( p ) ( p )| pfy,Be

~0.0430.05 (2, + £5) + 0.95 (2, — €|

Feng, Fornal, Galon, Gardner, Smolinsky, TMPT, Tanedo 1608.03591



Vector X and Helium

The X decay for helium follows the familiar pattern

1 1
M = <NOX‘§ (ep +€n) € Cy He 04(12|N*> — 5 (ep +en) eCvae PL €xy
wWith

oY) = N x*9,N, Cy e p” = P (*He|JY |*He(20.21))

But when we exchange X for the photon this operator is not gauge invariant

The electromagnetic transition is mediated by

1
Opo = 5 I 0,N] 8, N,
By integrating by parts and using the photon’s equations of motion we find
that this cannot lead to an on-shell photon e No
1 Y
O = JYN!d, N, >

A2 7



Vector X and Helium

We relate the X decay operator to the EO operator by replacing the photon
N EO by X and then using the X equations of motion

1

5 X" 9,Ng 9, N, 0, X" +m% XV = JY%
to find the EO operator with X includes the term
2
T
1o X"NGOuN,

S0, the Wilson coefticients of the two operators are related by

AZ
Cro = —5 Cv He
mx




Vector X and Helium

Having related the two operators we can know how the unknown nuclear
matrix elements can be divided out

The two body X decay Is related to the three body EO transition

4
H 2

N\

Fgg 6.0x 10713 o mY

The EO width has been extracted experimentally from inelastic scattering of
electrons with helium

lpo = (3.3+£1) x 107 %eV




Vector X constraints

Because the electromagnetic decay widths have been measured, we can
make definite statements about the X couplings to SM fields and compare
those to other experiments

The coupling to the proton is limited by NA48/2 searches for m — X~
e,| < 1.2x10" 3

There is a much weaker bound on the neutron coupling from lead-neutron
scattering

1,]< 2! 10 “

The beryllium results favor nucleon couplings of order 10 ¢, implying
‘protophobic” couplings

Feng, Fornal, Galon, Gardner, Smolinsky, Tait, Tanedo 1608.03591



Vector X predictions

The decay width given by ATOMKI in the helium measurement may be
refined

They are working to understand a possible £1 transition backgrounad
| (*He' | “HeX)=(4.0+ 1.2)" 10 ° eV
Here we include the uncertainty from the EO width

Still, it would surprising if the value changed much

In the meantime, we use the measured beryllium width and our analysis of
the helium decays to make helium width predictions



Vector Width Predlctlons

With ISOSIpIﬂ breaklng and mlxmg
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Vector Width Predictions

In summary, we predict that

| (*He(20.21)! “*HeX)=(1" 11)# 10 1 g =(0.3" 3.6)# 10 ° eV

Which overlaps with the measured™ wiath!

| (*He(20.21)! “HeX)=(4.0+ 1.2)" 10 > eV



A Helium Opportunity!?

The two excited He states can be used to extract more information about X

The experiment ran in between the two states, but normalized the signal to
the EO transition from 0 s 1%

& &#HS | %

N, Ny

In this process the photon Is never
on-shell

"#% %W&HE& Y&HS WIH&E WA %%
0



Helium Opportunity

This first opportunity is to maximize the vector X signal by running on
resonance

More generally, by scanning the beam energy the decay widths from both
states can be extracted

X _LO LX), 078, BBy " M2
- |

I I ] i1
B0 -+ Egy M!2

MZl21 (0 I X)
- EO |\/|2|2

f the ratio to the EO decay remains constant
N the scan, then X coupling to 0~ Is excluded

------------------------- —

I"#$ %&H#&  Y&HS WIHE  WHS %%

0



Final Thougnts

We have tried to build a framework that can describe nuclear reactions involving
deBroglie wavelengths small compared to the nuclear size.

Our effective field theories are written in terms of coefticients which parameterize
the nuclear physics and must be determined from measurements or first
principles nuclear calculations.

Their structure Is highly constrained by relativity, gauge invariance, and
(approximate) nuclear parity and iso-spin conservation.

't may be that they could be helpful to understand some of the continuum
processes (such as those discussed by Xilin Zhang before me) and perhaps to

help study the nuclear physics background processes, many of which seem to
have significant uncertainties.

t's an exciting tool, and I'd be thrilled to hear any ideas for where to apply it!



GRAZIE!



Bonus Material



Kinematical Consistency
For the nuclei —v

m—-
under consideration | N I No + [ X w—

\»

vy, ! 0011 vy <veg' 1

SO we can neglect the motion of the excited state and the electron mass

p+ A | N, Epeam (MeV)  ma (MeV)  my, (MeV) v, /c Vx /C | mn,

o+ 7Li |  8Be(18.15) 1.03 6533.83 7473.01 0.0059 0.350  13C
p+ ‘Li ! 3%Be(17.64) 0.45 6533.83 7472.50 0.0039  0.267 14¢
o+ 1B 1| 12C(17.23) 1.40 10252.54 11192.09 0.0046  0.163 161
o+3H | “4He(21.01) 1.59 2808.92 3748.39 0.0146  0.587  '10¢
o+ 3H | “4He(20.49) 0.90 2808.92 3747.87 0.0110 0557 112

p+3H | “4He(20.21) 0.52 2808.92 3747.59 0.0084  0.540  11F




Kinematical Consistency

In the X rest frame the electrons are produced back to back

p>e<! = mzx [1,sin!,0, cos! | p>e<+ = ”'ZX I11,! sin!,0,! cos!]

't the direction of the X motion aligns with I then the opening angle remains
180 deg

<« —>

When the boost of X is orthogonal to I the opening angle is minimized

/
e

T Boost|

'




Kinematical Consistency

In the Lab frame, the angular distribution is peaked toward ! min

The spin of X may modify this slightly "Li(p,1)’Be Hipe'e) He
E =1100 keV E = 900 keV

oS-

.,

[T TR NN TN T W NN NN SNNN SR NN SN SN A NN A NN NS N N
100 120 140 160 ) 90 100 110 120 130
O (deg.) ® (degree)

EPJ Web Conf. 232 (2020) 04005

Note that the peaks are at different angles, useful experimentally

IE #" 5" 1%" 18" T (" )
oy T



Kinematical Consistency

The min angle is given by /0123 .4 1 - 15+6°
- | m
min - 1] X
lar e 1 28IN -

My . My

0

The angular distributions In the
two measurements fall along
a consistent mass

myx =16.98+ 0.16 £ 0.20 MeV
mx =17.01+ 0.16 MeV

Note that these similar masses ) 0 o '$) &)
are obtained from different Feng, TMPT, Verhaaren 2006.01151 R
angles, removing the possibility of some systematic experimental errors



