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Summary of the project (251RF-1C002)

* Date and place: The project started on 27-Jun-2025 at the Division for
Quantum Technologies, A. 1. Alikhanyan National Laboratory (Yerevan

Institute of Physics)

* Group members: Arshak Hovhannisyan, Hakob Khachatryan, and Qristinne
Hovhannisyan

* Main research themes: 1) Quantum mechanics of few- and many-body
systems, exactly solvable few-body quantum models, the internal structure of
atoms and molecules composed simultaneously from matter and antimatter
particles, superposed/delocalized quantum states of protons 1n molecules,
quantum matter, e.g., metallic hydrogen, under extreme hydrostatic pressures,
and 2) the many-body theory of reorganizable/deformable particles.

* Publication: M. Goli, D. Bressanini, Sh. Shahbazian, Phys. Chem. Chem. Phys. “The two-positron
gluic bond as a manifestation of ‘super’van der Waals interactions” 28, 11154 (2026)
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THE MATTER-ANTIMATTER COSMOLOGICAL PUZZLE: PRODUCTION vs. |BNDBEENAIIONI
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Two Pathways for Positron Production

|. Positron Production from Cosmic Ray Collisions
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II. Positron Production from Beta Plus (B*)
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“Two Facets of Positronium: Discovery and Combination

'A. |. Formation and Discovery of Pnsltrnnlum. (Ps)

by Martin Deutsch (1951) A
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III. Formation and Discovery of Positronium Hydride (PsH) by David Schrader (1992)
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COMPARISON OF MOLECULAR BONDING: COVALENT H; AND DIPOSITRONIUM

FORMATION OF HYDROGEN MOLECULE (H,)
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Positron-Induced Bond Between Two Hydride Anions

With positron:
Attraction and Bonding

Without positron:
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Two interacting PsH atoms

Heavy Proton

(1836 times electron m_,) Electron
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The bond has been named
“gluic bond" and it's enti-
rely based on quantum
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EXPLORING CHEMICAL BONDS ACROSS MATTER AND ANTIMATTER STATES.
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Future research into matter-antimatter systems may
reveal new classes of stable and semi-stable exotic
bonds beyond current models.
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The Heitler-London model on the origin of the homopolar covalent bonding

Interaction Between Neutral Atoms and Homopolar Bmdmg 8

According to Quantum Mechanics ®S f12 '
W. Heitler and F. London
Z. Phys. 44, 455 (1927)

EH2 ( I_éa _Eb‘)THZ ({7719772>O-1>O-1}; Ra _Rb‘)

I Theory: Do=3.15 €V, R.= 0.87 A \ | /
Exp: D.=4.75 eV, R.= 0.74 A ./"Z SN—TEx
-3

Z. Phys. 44, 455 (1927), Hinne Hettema, Quantum chemistry. Classic scientific papers, World Scientific, 2000.
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The Heitler-London (approximate) wavefunction and its ramifications
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Beyond the Heitler-London wavefunction: Approximate but practically exact wavefunctions

Dissociation energy of Hj in the ground state (in cm™!)

® & Fi2 > ® €
- / Year Author Experiment Theory
' r. > 1926 Witmer 35000
| //>Q / 1927 Heitler-London 23100
< - @ 1933 James-Coolidge 36104
Nuca o Nuc b 1935 | Beutler 36116(6)
1960 Kotos-Roothaan 36113.5
Faj =+ I'bj - Taj = T'bj 1960 | Herzberg-Monfils 36113.6(3)
“EJ’ — R ) ”J' N R ? 1964 I(o’ros—WoIniewicj 36117.3
1968 Kotos-Wolniewicz 36117.4
1970 Herzberg 36118.3
| M Sometimes the only way to answer a question is
U= [a()B2) —a2)B(])] Zﬂ: (¢f(1- 2) + P, (2, 1))- ,
V2 to solve the exact model numerically...

i

i
i(1.2) = exp(— A& —A&)E "0\ &) 113 ("””) :
| (EXP(B"“ + Bn2) + (=D exp(— B — an)) .

Ci. A,
n. k. l. m

, |4 are Integers

_ B. B are variational parameters

JCP 1, 825 (1933), RMP 32, 205 (1960), JCP 41, 3663 (1964), JCP 49, 404 (1968), Adv. Quantum Chem. 87, 1 (2023)
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The mirror symmetry of matter and anti-matter
Hydrogen

Antihydrogen
Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
I I Il I I I
—
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o Ve ) Vi y Yy y Ve y Vir y W X . N i. Proton - Antiproton Annihilation i, Electron - Positron Annihilation
o
electron muon tau electron muon tau _ {proton) (electron)
IiIJ \ hneutrino || neutrino | neutrino | antineutrino | | antineutrino | | antineutrino LW" boson J| W™ boson p(_“ \ JJ“A\W ! S \ !
Maybe there is antichemistry somwhere, S 'ﬂ,,,l’,q )
43 =N ]
o1 ° . . ¥ (positron or antielectron) v
and who knowns, maybe even antibiochemistry... (antiproton)

In each case the particle and its antiparticle annihilate each other,
releasing a pair of high-enargy gamma photons
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Timeline of some important experiments on the anti-hydrogen atom

2002: cold antihydorgen atoms were first produced at CERN

2010: the first cold antihydrogen atoms were trapped successfully

2016: the spectrocopic 1s-2s transition frequency was meausred and it was demonstrated to

be equal to that of the hydrogen atom's transition frequency within the error bars of the measurements
2023: it was demonstrated that antihydrogen falls in the gravitational field similar to hydrogen atom
obaying Newton's gravitional law (no negative mass)

2025: the hyper-fine structure components of 1S-28S transitions was observed and was demonstrated to

be equal to that of the hydrogen atom's transition frequency within the error bars of the measurements

As far as these experiments reveal until now, within the error bars of the measurments,

there 1s no difference between properties of the hydrogen and antihydrogen atoms

Nature 419, 456 (2002), Nature 468, 673 (2010), Nature 541, 506 (2016), Nature 621, 716 (2023), Nature Phys. 21, 507 (2025)



The spectroscopy of the anti-hydrogen atom: 1S-2S transition

nature physics

Article

https://doi.org/10.1038/s41567-024-02712-9
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antihydrogen
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It 1s a matter of time to produce the first antiHydrogen molecule...

Prepared by Shant Shahbazian (Report-1) (May-2026)

19



Mirror symmetry between covalent and “anti-covalent” bonds
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Z. Phys. 44, 455 (1927), Hinne Hettema, Quantum chemistry: Classic scientific papers, World Scientific, 2000.
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Timeline of some discoveries on Positron and positronium binding to atoms

1951: Deutsch produced Positronium (Ps) atom,a bound state of an electron and a positron, it

has 10” seconds lifetime in its singlet ground state and decays spontaneously to gamma photons

upon pair annihilation, 1t was postulated to exist in1934

1951: Ore demonstrated computationally that PsH 1s a stable species in regard to dissociation to H+Ps
and other dissociation channels

1992: PsH, as combination of positronium and hydrogen atoms, was discovered by Schrader and
coworkers and its binding energy was measured

1997: for the first time it was demonstrated by Ryzhikh and Mitroy that a neutral atom, Li, may bind

to positron forming e"Li species

1998-2002: a large number of neutral atoms were demonstrated computaionally to form stable ¢"A
species A = Be, Na, Mg, Ca, Sr, Cu, Zn, Ag, Cd,.. and simialary stable PsA species, A=Li1, Na, K, C, O, ...

C’ﬂ ™ H Ps

o

JPB 35, R81 (2002), Riv. Nuovo Cimento. 34, 151 (2011), PRL 79, 4124 (1997)




Usual mode of positron and positronium binding to molecules

Thymine (T) Gtosing 10}
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= 4
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0.00 0.005

RMP 82, 2557 (2010), JPB 38, R57 (2005), CPC 14, 3458 (2013), PCCP 15, 16208 (2013)
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Positron as a bonding agent: Gluonic bonds

80 _' f LI "' | L f L f —r T T [ T T r r J rr Tt 7 7T

L v : 5 e* - H3- ]

Fo 1 § § Ground state 1 n

I O SRR SRR First excited state — "~ [ — —
6oyl T ] H-.-e™ H

; ; ; ; ; TR ./'.;‘./’ 4
S - e
L : : : : : : 1 $® Cl
2 4 6 8 10 12 14 16 ."’. ® Na
-
Internuclear distance. R (A) ./‘. .’. ./‘, +
NaCl
_*. —

t

+

4

R

¥

rﬁ- center

Angew. Chem. Int. Ed. 57, 8859 (2018), CPC 20, 831 (2019), Ashcroft and Mermin, Solid State Physics (1976)
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Energy (hartree)

Two positron bonds: The interaction energy and the one-electron/positron densities
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JCP 155, 054306 (2021), PCCP 25, 29531 (2023)
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Two positron bonds: Evidence for a “super” van der Waals bond
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PCCP 10.1039/d6cp00453a (2026)
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Future plans

* What 1s the nature of three-positron bonds and the three-center two-positron
bonds? Is there a universal model, similar to Heitler-London’s, for the gluonic

bonds?

- -2.02
-1.52- / H,+Ps,+e*
- .-“:; 204 | Bosimg e H3_+ Ps
— 1.541 DD G
o 1 206 Hy™ + Ps,
g 1567, g 2L 261, v e
5 1)\ (PsH), + 2 TeeRingge
S AR SH), + e* 5 -2.10 | oo
g -1.58 - | \ _— [_5 e+H32_ +Ps
LL |I I".\ N ‘__,-""/ Tj i
- I| .. o _ L
[\ PsH + e*PsH = 22 (a9
-1.60-r———\;\——————“——"j_‘__‘,“.:;i-‘—‘-‘—i‘—'
. a N " -2.14 + |
e-"'(PsH)z 2€+H33_ e R o
1.62 216 |
4 6 8 10 12 14 16 18 20 '
R (bohr)
JCP 155, 054306 (2021), Chem. Sci. 13, 13795 (2022) TAlE S Bn B2 dn B w0 wE
Internuclear separation, R [bohr]
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More technical slides...



The multi-component quantum chemistry of positronic species
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The Quantum Monte Carlo as definite proof for the positron binding capacity

-1.25
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FIG. 1. VMC (blue) and DMC (red) energies for the e* Hg_ system, together with
the energy thresholds for the various dissociation channels as a function of R. The
error bars of the individual points are smaller than the size of the symbols.
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fix(r) = gij(r) = P3(r) = e =

TABLE |. Total energies (E) and binding energies (BE) at the minimum of the PEC
calculated by different methods.

Method R (bohrs) BE (mhartree) E (hartree)

FCI® 6.16 25.1 ~1.310227
CISDTQ® 6.16 25.1 —-1.318601
CBS* 6.16 29.8 —1.346 256
MC_VMC” 6.16 15.8(3) ~1.3155(2)
MC_DMC" 6.16 22.6(1) ~1.3396(1)
VMC' 6.4 + 0.4 22.7(1) ~1.336 1(1)
DMC* 6.4 + 0.4 23.5(1) ~1.3404(1)
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The nature of the one-positron bond: energy partitioning

P P P
Etotal — Z Eintra(Qf) + Z Z Einter(Qf- Q,r)

|

JI'J
= Y [Te() + Tq(2) + Venue( ) + Varnue(2) + Vee () + Vg () + Veq(2:)]

Ire-nuc(Qf-Qj) i I,e—nlulz(-Q_,a"-ggf) | I,q-nuc(-Qf-Qj) i I,q—nuc(Qj-Qf)

PP
+ZZ {IE(Q;.Q;) f I?;(Q.-‘.Q;) i ]’;L(QI'QI) f IES(QE-QI) i
i j>i
_—I—[rgq (Q;.Q_;) —I— Irgq (Qj.Qf) + Vnuc—mm(Qr\ Qr)

Ve (Q.Q) = _qJ .dFEL . pe(Fe)py(7q)

q — — 3
0 e = 7|
One-positron bonds have only an exotic electrostatic nature

CPC 20, 831 (2019), PCCP 25, 29531 (2023)
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The nature of the two-positron bond: energy partitioning

p P P
Etcntal — Z Eintra(-Qf) + Z Z Einter (Qf Qf)

I j>i

= Y [Te() + Tq(2) + Venue( ) + Varnue () + Ve (R) + Vaq(Q1) + Veq (21)]

Ire-nuc(-Qf-Qj) i Ire-nuc(-Q_,th) i Iq-mu. -Q.: Qj i Iq-nuq. Q Q

PP
FDD | V() VE (@) + Vg (2.2)
o J=i
Ve, (@ Q) Viue—nue (L1, €))

. , Peg (Fes T .
Ve (2.9)) = —aJ dreJ a7, alre 7o V;;(Qf-:ﬂj):qzj - J G
o Jg o o

‘fe—fq‘ 11—

Two-positron bonds have a dual nature, an electrostatic part and a part coming from

pure quantum correlations between electrons and positrons
CPC 20, 831 (2019), PCCP 25, 29531 (2023)
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The radial distribution functions

0.04 -+ (a)
Z 0.03 -
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E (a) Electronic (blue) and positronic (green) radial pair distribution
A~ 0.01 1 runctions depicted with respect to the middle of the inter-proton axis in
(PsH)- (the clamped proton is located at 3 bohr) compared to the same
0.00 '0 5 4 6 g 10 distributions in Ps,, which are depicted with respect to its center of mass
(dashed black). (b) The separate-electron (blue) and separate-positron
0.015 A (b) (green) radial pair distribution functions of PsH (dashed curves) and
— (PsH)> (solid curves) with respect to a proton in each species (the proton
g 0.010 - used as the reference in (PsH)> is that placed in the left-hand side of the
5 ~ middle of the inter-proton axis). Only the two closest electrons and the
8, % ’,f* ‘_ closest positron are plotted for (PsH)-.
= 0.005 1 [/ N
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0.000 AL — =
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PCCP 25, 29531 (2023)
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