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To construct the HdQ wave function we follow the

H exad | q yar k Wavef Un Ct | on: three-step procedure described above. The scalar di-

quark ¢“/' is given by the spin-isospin singlet product

yled = [ud), (6)
p %%(u”w‘i —d"Tu’l),
The HdQ iS a J — O+, I — O hidd@ﬂ'COlor where the indices a, b, ¢ = 1,2, 3 are color indices in the
4 : _ fundamental SU(3)¢ representation. The scalar diquark
Component Of the He HUC|ear WaverﬂC’[IOﬂ. is aJ¥ = 0*,1 = 0 object which transforms as color 3.

In the second step we construct the DAQ, y/!“%4], the
product 3¢ ® 3¢ from two scalar diquarks. It is the sum
of a 3¢ and a 6, represented by the symmetric tensor
@. The DAQ, !4l is thus given by the symmetric
tensor operator

dud] _ 1], [ud]
w([;}l)( ud] _ wam]'ﬁbm ’ (7)

an isospin singlet state which transforms in the symmet-
4 ric 6 color representation under SU(3)c transformations.
A” q uantum n Umbel’S Of the HdQ aﬂd the H@ The DdAQ itself is also an effective scalar boson since it
. . is the product of two scalar bosons: It transforms as a
ground state are identical: Q=2, B=4, 1=0, J=0 1P = 0 state under SO(3) rotations.

Lastly, we construct the HdQ which is the color sin-
glet product of three DAQ in the 6¢. To this end, we first
construct the symmetric 6¢ out of the product of two 6¢
in the complex conjugate representation: EC ®6C — 6.
It is given by the symmetric tensor (A.11). The HdQ
wave function, ¥y, 1s thus the color singlet

Important: HAQ requires 2 neutron-proton
pairs. The effect of the HdQ is “isophobic”
because [ud] diquarks form only across n-p

a(-febdg ¢[11dud]w[11(111(1]¢[11(111(1] (8)

YHio = € ab cd fg

pairs in the quark-diquark nucleon
configuration. EMC effect must be n-p
dominated.

which, as required, is fully symmetric with respect to
the interchange of any two bosonic duo-diquarks. The
HdQ spatial wave function must also be totally sym-
metric with respect to the exchange of any two DdQs
in order for the total wavefunction to obey the correct
statistics. The HdQ is a J* = 0%, I=0 color singlet
state, matching the quantum numbers of the *He nucleus
ground state.

“QCD hidden-color hexadiquark in the core of nuclei,” JRW, Brodsky, de Teramond, Goldhaber, Schmidt,
Nucl.Phys.A 1007 (2021), arXiv:2004.14659
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Gateway from QCD to nuclear: EMC effect

* Deep inelastic scattering (DIS) experiments

* Lepton scatters from target, exchanging virtual photon with 4-
momentum g given by: Q% = — g* = 2EE'(1 — cos 6)

hadrons

« y* strikes quark: The fraction of nucleon momentum carried by the
2

struck quark is known via the Bjorken scaling variable xg =
pV hadrons

wherev = FE — E’ Mp:mass of proton, lepton mass neglected
Adapted from Nuclear & Particle Physics by B.R. Martin, 2003

Differential cross section for DIS:

4o (- — _ 2ra”s
dxdy (= e7X) = zf:x 7 [ qf(x”qf(x)] o (141 —y)

1%
where y = — is the fraction of £~ energy transferred to the target. F,(x) is the nucleon structure function, defined as:

Fy(xp) = Z Xp €f2 ( qr(xp) + Gr(xp)
[

in terms of quark distribution functions qf(x): probability to find a quark with momentum x; € [x, x + dx].

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022



—MC effect: Distortion of nuclear structure functions

Plotting ratio of F,(xg) = 2 Xp €; ( qe(Xg) + qf(XB)) Xg
f

o Predicted F,(xp) ratio in
complete disagreement
with theory

 Why should quark
behavior - confined in
nucleons at QCD energy
scales ~200 MeV - be so
affected when nucleons
embedded in nuclel, BE 0w 06 X

/(ZF) +(A-2)F3)

A
yi

L

> 2 2 I\/l evf) Fig. 1. Theoretical predictions for the Fermi motion correc-
o . . tion of the nucleon structure function FJ for wron. Dotted 0 02 04 06 X
line Few-nucleon-correlation-model of Frankfurt and Strik-
man [9]. Dashed line. Collective-tube-model of Berlad et al, Fig. 2, The ratio of the nucleon structure functions FN mea-
[10] Solid line Correction according to Bodek and Ritchie sured on 1ron and deuterium as a function of x = QZ /2M v.
[8]. Dot—dashed hne. Same authors, but no high momentum ‘The 1ron data are corrected for the non- -1soscalarity of I}e
tail included. Triple-dot—dashed line Same authors, momen- 267 ¥
° MyS‘te ry h as not bee N tum balance always by a4 — 1 nucleus, The last two curves both data sets are not corrected for Fermi motion. The full
should not be understood as predictions but as an ndication curve 1s a linear f1t F2 (Fe)/F2 (D) =a + bx which results in
Solved tO th I S d ay of the sensitivity of the calculations to several assumptions aslopeb =—-052+ 0.04 (stat.) + 0.21 (syst) The shaded
' which are only poorly known. area indicates the effect of systematic errors on this slope.

“THE RATIO OF THE NUCLEON STRUCTURE FUNCTIONS Fév FOR IRON AND DEUTERIUM *
The European Muon Collaboration, J.J. AUBERT et al. 1983
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EMC effect experiments & explanations

POSSIBLE EXPLANATIONS DOZENS OF EXPERIMENTS
- Mean field effects involving the whole nucleus CONFIRM EMC EFFECT
Local effects, e.g., 2-nucleon correlations

JLab
HERMES
JLab
SLAC
NMC
JLab
SLAC
NMC

Simple mean field effects inconsistent with the EMC effect
in light nuclei - MC of "Be —>clustering
Seely et al., 2009.

“This one new bit of information has reinvigorated the
experimental and theoretical efforts to pin down the
underlying cause of the EMC effect.” Malace et al., 2014
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Short-range N-N correlated pairs (SRC) may cause EMC
effect (first suggested in Ciofi & Liuti 1990, 1991).

HERMES
BCDMS

Neutron-proton pairs later found to dominate SRC

(CLAS collaboration & others) RochesteérL SAIZ:AC MIT
NMC
New model: Diquark formation proposed to create short-range *Ca ?\ILQS
correlations (SRC), modifying quark behavior in the NN pair EMC

Rochester-SLAC-MIT
SLAC
NMC
BCDMS
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Malace, Gaskell, Higinbotham & Cloet,
Int.J.Mod.Phys.E 23 (2014)
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Overview: Fundamental QCD dynamics in NN pairs

New model: Diquark formation proposed to create short-range correlations (SRC),
modifying quark behavior in the NN pair

Gluon exchange across nucleons SU(3) diquark bond created
Proton & Neutron

Short-range QCD potentials act on distance scales < 1 fm. Strong NN overlap can bring
valence quarks within range.

Quantum fluctuation

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022 9



What are S

RC?

Short-range correlated nucleon-nucleon pairs

Nuclei consist of protons and neutrons
~80% of which are organized into shells/
LRC

Nuclear shell model is a “description of
nuclei of atoms by analogy with the Bohr
atomic model of electron energy levels.

It was developed independently in the late
1940s by the American physicist Maria
Goeppert Mayer and the German physicist
J. Hans D. Jensen, who shared the Nobel
Prize for Physics in 1963 for their work.”

- William L. Hosch, www.britannica.com

~20% of nucleons are in short-range
correlated pairs - not shells/LRC

SRC have very high relative momentum - nearly
all nucleons above the Fermi momentum of the
nucleus, krp ~ 250 MeV/c, are in SRC

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022

- Guide to the Nuclear Wallchart*
" i — — ‘-\\

*You don't néed to be a Nuclear Physicist
to understand Nuclear Science.

The Shell Model

One such model is the Shell Model, which accounts for many
features of the nuclear energy levels. According to this
model, the motion of each nucleon is governed by the
average attractive force of all the other nucleons. The
resulting orbits form "shells," just as the orbits of electrons in
atoms do. As nucleons are added to the nucleus, they drop
into the lowest-energy shells permitted by the Pauli Principle
which requires that each nucleon have a unique set of
quantum numbers to describe its motion

Protons Neutrons

When a shell is full (that is, when the nucleons have used up
all of the possible sets of quantum number assignments), a
nucleus of unusual stability forms. This concept is similar to
that found in an atom where a filled set of electron quantum
numbers results in an atom with unusual stability-an inert
gas. When all the protons or neutrons in a nucleus are in
filled shells, the number of protons or neutrons is called a
"magic number." Some of the magic numbers are 2, 8, 20,
28, 50, 82, and 126. For example, 116Sn has a magic number
of protons (50) and 5¢Fe has a magic number of neutrons
(28). Some nuclei, for example 4°Ca and 208Pb, have magic
numbers of both protons and neutrons; these nuclei have
exceptional stability and are called "doubly magic." Magic
numbers are indicated on the chart of the nuclides.

www2.lbl.gov/abc/wallchart/chapters/06/1.html
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What are diguark-induced short-range correlations (SRC)?



Diquark-induced SRC

What causes the “short-range” part of short-range NN correlations”

- Quantum fluctuations in separation distance between 2 nucleons
and/or
- Quantum fluctuations in relative momentum between 2 nucleons

What causes the “correlation” in SRC?
. Diquark forms across nucleons g

- Valence quarks from different nucleons “fall into” q

short-range QCD potential V(r) 0}

. Highly energetically favorable [ud] diquark created, q
a spin-0, isospin-0 gq combination

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022
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What are the requirements for a diquark to form in the nuclear environment?
(not inside of a single baryon)



Diguark formation across N-N pairs

Ny

Requirements for diguark induced SRC:

1. Nucleon-Nucleon wavefunctions must
STRONGLY overlap

2. Attractive short-range QCD potential between
valence quarks

3. Significant binding energy for diquark to form
(much stronger than nuclear binding energies -
comparable to confinement scale)

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022
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1. SRC 3D-overlap for relative momenta 400 MeV/c &

. According to the >C
measurements from 2021 CLAS,
NN tensor force dominates at
400 MeV/c relative momenta.
Natural unit conversion gives
0.49 fm = 400 MeV/c.

: Tensor-scalar transition
momenta - according to the >C
measurements from 2021 CLAS,
NN scalar force is in effect at
800 MeV/c relative momenta .
Natural unit conversion gives
0.25 fm =800 MeV/c .

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022

300 MeV/c

Show[Graphics3D[{Opacity[0.3], Sphere[{{0, O, O}, {0.49, 0, 0}}, 0.84]}, Axes - True],
Boxed -» True, Background - Grey]

DO

Show[Graphics3D[{Opacity[0.3], Sphere[{{0, O, O}, {0.25, O, O}}, 0.84]}, Axes » True],

Boxed -» True, Background - Grey]
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2. Quark-quark potential in QCD: V(r) calculation

« The SU(3)c invariant QCD Lagragian:

1 .
Loon = =7 Fl+ ¥ (ir'D, —m) ¥,

v

where covariant derivative Dﬂ = 8” — igSA;ft“ acts on quark fields, t“ are Diquark induced N-N correlation:
the 3x3 traceless Hermitian matrices (e.2g. the 8 Gell-Mann matrices), g
the strong interaction coupling, a, = 4—S N1

T

« QCD potential for states in representations R and R'is given by:

gz
V) =i ® 1 ) q

rr
. To compute V(r) fora3,.® 3. — 3. we use the definition of the :
scalar C5(R), ty ty = C5(R) 1, the quadratic Casimir operator (NB: Ry g

is the final state representation):

g?

Arr

V=222 (6 (R) - e - @)

* Diquarks combine 2 fundamental representation quarks into an anti-

fundamental, 3~ ® 3. — 3~
¢ c ¢ Compare to color singlet attractive potential:

2 gf . . 2
V(r) = — == — Diquark is bound! — Vi) = _ 28
3 4nr 99: VN =—-=,—>

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022 16



3. Diguark binding energy: Color hyperfine structure

Use A baryon to find binding energy of [ud] :
— D b b
B.E.(ua) = my, + m,; + mg — M o

Spin-spin interaction contribute to hadron mass;
QCD hyperfine interactions:

3

1. Mparyon) = Z m; + a’z <al- . Gj)/ml-mj
i=1 i<j

2. Mppesony = My +my +a (01 - 02)/m1m2

(de Rujula, Georgi & Glashow 1975, Gasiorowicz & Rosner
1981, Karliner & Rosner 2014)

Effective masses of light quarks are found using
Eqg.1 and fitting to measured baryon masses:

m, =m} =m, =363 MeV, m{ =538 MeV

u

B.EE..jj=m’+m)+m)—M, =148 £ 9 MeV

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022

Relevant diquark-carrying baryons: A, X7, >0 >~

TABLE I: Diquark properties

Diquark | Binding Energy (MeV)|Mass (MeV) |Isospin I |Spin S
[ud] | 148 +£9 | 57811 | 0 | O

(ud) 0 764+11 | 1 1
(uw) 776 + 11 1 1
(dd) 0 TT6+£11 | 1 1

Uncertainties calculated using average light quark mass errors
Amg =5 MeV [37]

TABLE II: Relevant SU(3)¢ hyperfine structure baryons [28]

Baryon | Diquark-Quark content‘ Mass (MeV)

[ud]s ’1115.683 + 0.006‘0

(uu)s 1189.37 +0.07
(ud)s 1192.642 + 0.024
(dd)s 1197.449 + 0.030

I (J P ) denotes the usual isospin I, total spin J and parity
quantum numbers, all have L =0 therefore J = S

“Diquark Induced Nucleon-Nucleon Correlations and the EMC Effect,”

JRW, arXiv:2009.06968

17



Diguark formation across N-N pairs

Requirements for diguark induced SRC:

1. Nucleon-Nucleon wavefunctions must
STRONGLY overlap

2. Attractive short-range QCD potential between
valence quarks

3. Significant binding energy for diquark to form
(much stronger than nuclear binding energies -
comparable to confinement scale)

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022
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What are the implications of NN diquark formation®?
Quark flavor dependence of low mass [ud] will affect the np vs. pp SRC!



Diquark formation prediction for A=3 SRC: Isospin

The number of possible diquark combinations in A = 3
nuclei with nucleons in the 3-valence quark configuration is
found by simple counting arguments. First, the 9 quarks of
3He with nucleon location indices are written as:

Ni:pD wuin wiz dis

Scalar [ud] diquark formation for nucleons Naip2 um o dio ey
W|th 3—Va|eﬂCe qual’k Iﬂtel’ﬂa| Stl’UCtUI’G where the first index of ¢;; labels which of the 3 nucleons

the quark belongs to, and the second index indicates which of

| N> X | qqq> : the (31 valence qfari(s it is.tDiquark induced SRC trequires the

first index of the quarks in the diquark to differ, [u;;dk;| with
it # k. The 4 possible combinations from p — p SRC are listed
below.

SH: 2n+p— 4u, 5d = np D [ud] x10
—> nn D [ud] x4

u11dez  u12da3 (22)

: 60 % 1 ey pa 40 % n—n u21d13  U22d13 (23)

Short-range correlations from n — p pairs have 10 possible
combinations,

SHe : 2p+n — Su, 4d = np D [ud] x10 Ziggi Zizgzz
— 60 % 't 00 40 %p =D Zigii Z;zggz (24)
uz1d13 u31da3

—> pp D [ud] x4

which gives the number of p — p combinations to n — p com-
binations in this case as 2.

Scalar diguark formation for nucleons in quark-diguark Combining these results yields the following inequality for
Internal Conflguratlon |N> X |q[qq]> the isospin dependence of N-N SRC:

e < Ner o 2
He: 0< N, < 5 (25)
3H: U [l/td] + U [l/ld] + d [l/ld] => 100% n _p where Ay is the number of SRC between the nucleon flavors

in the subscript.
The same argument may be made for *°H due to the quark-
level isospin-0 interaction, to find

Nnn
Noy

JRW, arXiv:2009.06968
Combine 1nto 1sospin dependent SRC ratio predictions :

SHe: d[ud] + dlud] + ulud] = 100% n—p

SH: 0<

<Z. (26)

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022



Diguark formation induced SRC inequality tentatively confirmed:
JLab experiment E12-11-112 A=3 mirror nuclel results

N pp 1
New Nature paper from JLab/LBNL: — = —— ~ 0.24

By Shujie Li, John Arrington & collaborators - just out!! /V np 4 . 23

Individual nucleon wavefunctions at lowest order are dom-
inated by two Fock states with unknown coefficients; the 3
valence quark configuration and the quark-diquark configura-
tion,

IN) = alqqq) + Blq[aq]), (27)

where square brackets indicate the spin-0 [ud]| diquark. The
full A =3 nuclear wavefunction is given by

Isospin dependent SRC ratio inequalities from diquark induced SRC :

|Wa=3) o (alqqq) + Blalqql))(lqqq) + Blalgql))
(7lqqq) + 6lqlqq]))

where the proton and the neutron are allowed to have different

3 . PP src
He: 0L——<04
weights for each valence quark configuration. This expands

out to np SRC

(28)

[Wa—s) < &®v|qqq)® + 2a8v|qqq)?|qlqq]) N
o®8lqqq)’|alaq)) + B*vleaa)lalaa))*+  (29)

3717 . nn src
20.86]9qq)lqlqql)” + 626lqlqql)®, H . O S R S 04

with mixed terms demonstrating that it is not straightforward N np srC
to map the j\v% ratio to precise coefficients for each nucleon’s
np

Fock states. A perhaps reasonable simplification is to assume
that the proton and the neutron have the same coefficients for
their 2-body and 3-body valence states, i.e. to set 7 = «

and 6 = [ in Eq. 28. In this case, the nuclear wavefunction : NU.CIGOII WavefunCtlon MAY COntaln bOth | qqq> and | q[ud]>

reduces to

with approximately equal coefficients

|Wa—s) x a®|qqq)® + 30*Blaqq)?|alqq])
+ 38%alqqq)|alqq))® + B°|qqq))®.

JRW, arXiv:2009.06968

(30)

—> Diquark formation — single gluon exchange & SU(3). transformation —

favored over quark and diquark exchange .

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022 21



Nuclear structure functions F,(xp) from the diquark model?



Non-relativistic analysis: Diquark formation modification of F,
from Fermi motion of quarks in SRC

— 2 —
Recall quark momentum distribution functions q(xg) : " 2(xp) = 2 B €f ( qrxp) + g f(XB)X
f
2
. PF
Fermi energy : Ep=-—
2m

. 1
Fermi momentum : pg =4/2mEg & m?

- Diquarks lower the mass of the system

- Effective masses of quarks in nucleons:
m, = m,; = 363 MeV

. [ud] diquark mass: my,;; = 578 MeV
. Therefore each quark loses 75 MeV and its Fermi

. BE
momentum is depleted: mg,, =14/ m, — 7
Momentum ratio of quark in diquark to free quark :
p m
nal = /L ~0.89
Pinitial 1n;

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022
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Diguark structures in nuclel: X17 anomaly

e Possible effects Qf Hexadiquark
Fock state in "He nuclear
wavefunction —

« Based on “QCD hidden-color
hexadiquark in the core of
nuclei,” jrw, Brodsky, de
Teramond, Goldhaber &
Schmidt, 2021

« NB: HdQ predicts a bump in
EMC effect for each a particle

Jennifer Rittenhouse West, jennifer@Ibl.gov, CIPANP 2022
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Quantum Chromodynamics Resolution of the ATOMKI Anomaly in ‘He Nuclear
Transitions

Valery Kubarovsky,! Jennifer Rittenhouse West,>® and Stanley J. Brodsky*

! Thomas Jefferson National Accelerator Laboratory, Newport News, VA 23606, USA
2 Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3EIC Center at Thomas Jefferson National Accelerator Laboratory, Newport News, VA 23606, USA
4SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94309, USA
(Dated: Wednesday 29" June, 2022)

Recent observations of the angular correlation spectra in the decays *He* — *He + ete™ and
8Be" — ®Be+ete™ have been suggested as due to the creation and subsequent decay to an electron-
positron pair of a new light particle with a mass of ~ 17 MeV. In this work, we present a calculation
of the invariant mass m,+ .- spectrum of the electromagnetic transition of an excited state of helium
and estimate the differential and total width of the decay. We investigate the possibility that the
source of the signal is an ete™ pair created by a new electromagnetic decay of *He caused by a
proposed 12-quark hidden-color Fock state in the *He nuclear wavefunction, the “hexadiquark.” We
find that we can fit the shape of the signal with the QCD Fock state at excitation energy E* ~ 17.9
MeV and a Gaussian form factor for the electromagnetic decay. We address the physical issues with
the fit parameters using properties of the hexadiquark state. In light of this work, we emphasize
the need for independent experimental confirmation or refutation of the ATOMKI results as well as
further experiments to detect the proposed new excitation of “He.

Introduction

Observations by the ATOMKI collaboration of anomalous angular correlations in electron-positron pairs produced
in the nuclear decays *He" — “He + ete™ [1, 2] and 8Be” — ®Be + ete~ [3] have been attributed to the creation
and subsequent decay of a new light particle to an ete™ pair of a new light particle with mass of ~ 17 MeV, dubbed
the X17 or simply X. Recently, the same group reported observations of the lepton pair in the off-resonance region of
"Li(p, e*e~)8Be direct proton-capture reactions [4]. Our work in this article will focus on the *He experiment in which
the observed invariant mass m+.- of the lepton pair was found to be mx = 16.94 + 0.12(stat.) £ 0.21 (syst.) MeV.
The Feynman diagram for this transition is shown in Fig. 1l The signal has generated a great deal of theoretical
interest in both the particle and nuclear physics communities [5-25].

The light-front Fock state expansion of QCD has led to new perspectives for the nonperturbative eigenstructure
of hadrons, including the quark-antiquark structure of mesons, the quark-diquark structure of baryons (such as the
|u[ud]) composition of the proton) and the diquark-antidiquark structure of tetraquarks. In the case of nuclear
physics, the color-singlet |[ud][ud]{ud][ud][ud][ud]) “hexadiquark” Fock state has the same quantum numbers as the
“He nucleus. The existence of the hexadiquark Fock state in the eigensolution of the He nuclear eigenstate [27] can
explain the anomalously large binding energy of the a particle. QCD also predicts orbital and radial excitations of
the hexadiquark and thus novel excitations of He beyond the standard excitations predicted by nucleonic degrees
of freedom. The excitation energy of the hexadiquark can be below the energy required to produce hadronic decays
such as p +3 H and thus have evaded detection.
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