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From the Standard Model to molecular structure theory




The Standard Models of particle physics, cosmology and beyond




The Standard Models of particle physics, cosmology and beyond

The building blocks of nature: bosons and fermions

Force rel. Strength Range/m Mediator
Gravity 1 104 1 graviton?
Weak 1 10 1 10¥® | and/
Electromagnetic 1 103 1 photon
Strong 1 1 10 ®  gluon
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The building blocks of nature: bosons and fermions

Standard model of particle physics

quarks q gauge bosons
S '

strange

.

Force rel. Strength Range/m Mediator

bottom
w49 +13

Standard Model (Quantum eld theory)
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The Standard Models of particle physics, cosmology

Symmetries in the Standard Model

Symmetry Conserved quantity Non-observable SM
Continuous symmetries
translation in time energy absolute time 3
translation in space linear momentum absolute spatial position 3
rotation angular momentum absoulte spatial direction 3
Lorentz symmetry CPT absolute velocity 3
Discrete symmetries
permutation symmetry Bose-Einstein/Fermi-Dirac statistics .d' erence bet_ween 3
identical particles
inversion in space parity (P) absolute left/right 7
inversion in time time-reversal ( T) absolute direction of time 7
inversion of electric charge charge conjugation ( C) iﬁz%ite sign of electric 7
Unitary symmetries
% 110 ) ! ! phase shifts between
1° gauge invariance electric charge & states of di erent & 3
190 . . phase shifts between
(* L 12° gauge invariance weak charge & w states of di erent &y 3
(* 13°gauge invariance color charge &¢ phase shifts between 3

states of dierent &

T. D. Lee Particle Physics and Introduction to Field Theory, Harwood Academic Publishers, Chur, Switzerland, 1981
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The Standard Models of particle physics, cosmology and beyond

The SM: An impressive success story

The Standard Model agrees with Most precise predictions in QED

experimental data to highest precision in
history of physics!

Prediction of , ,/,”,t, c... and Higgs boson!

CERN

T. Aoyama et al., Phys. Rev. Lett.2012, 109, 111807, X. Fan et alPhys. Rev. Lett.2023, 130, 071801.

I Anomalous magnetic dipole moment of the electron
Oe =17 2062
Oelexp® = 0.0011596521805913°
Oe 'theo® = 0.0011596521817877°

1 part in 1012 agreement!
I Other magnetic dipole moments (muon, tauon, etc.)
I Lifetime of muon
I Many more...



The Standard Models of particle physics, cosmology and beyond

Limitations of the Standard Model

Dark Matter

.a Visible Matter

Dark Energy

Unexplained phenomena:
Gravity
Dark matter and dark energy (Standard Model of cosmology)
In ation ( atness and isotropy of the universe)
Baryonasymmetry (imbalance of matter and antimatter in the observed universe)
Neutrino oscillations (extension of the Standard Model)

Discrepancies :
Neutron lifetime puzzle, B meson decay, missing hadrons and glueballs, sterile neutrinos, muon- *, proton radius

Theoretical/conceptual problems :
Empirical formulas (Koide, CKM mixing matrix, masses and Higgs vacuum expectation value), solving QCD, hierachy problem, number of

parameters (19/28), quantum triviality, strong CP problem, etc.



The Standard Models of particle physics, cosmology and beyond

Einstein's General Relativity

10



The Standard Models of particle physics, cosmology and beyond

CDM: The standard model of cosmology

In GRabsolute energy matters!
Constant vacuum energy density dyac addsto ) “5
= O jsthe cosmological constant

8c
Our universe is fairly at and matter dominated:
1 .M

From the Friedmann equation 2

B Matter- (M), radiation- (R) and vacuum () density
parameters today:

Dark Matter / 202 / M 03 / M 04

Observation » 0, =03 0.1 =0.7 0.01

$ Best estimates of baryon density  =0.04 0.02

.I Visible Matter as wm. Carroll, Spacetime and Geometry: An Introduction to General Relativity, Cambridge University

Press, 2019.

Dark Energy

11
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The Standard Models of particle physics, cosmology and beyond

CDM: The standard model of cosmology

In GRabsolute energy matters!
Constant vacuum energy density dyac addsto ) “5

= gé‘” is the cosmological constant

Our univarca ic fairhy ot and mattar dominatad:

Either GR is wrong or most of the matter content of the universe is dark!
Modi ed Newtonian Dynamics (MOND)? !
Not able to explain gravitational lensing, waves. .. ty

PorTtTTe te T to ety -

I 202/ O3/ Ot

Observation » 0, =03 0.1 =0.7 0.01
$ Best estimates of baryon density  =0.04 0.02

.I Visible Matter as wm. Carroll, Spacetime and Geometry: An Introduction to General Relativity, Cambridge University

Press, 2019.

Dark Energy
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What is dark matter?
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The Standard Models of particle physics, cosmology and beyond

Dark matter in science- ction

13



The Standard Models of particle physics, cosmology and beyond

Dark matter in sciestiaflill

10 2eV=C  ocomm  keV=C GeV=C  100TeV=C M epianck 10Mm?
classic window WDM limi
Fuzzy DM 1|( 100 udev =2 m 1028 ev =2 1067 ev =c2

\Ultralight* CDM \Light" DM Composite DM Primordial black
bosonic sterile holes

non-relativistic WDM or CDM

14



The Standard Models of particle physics, cosmology and beyond

New bosons?

New Bosons

Pseudoscalar/ Scalar/ Pseudoscalar/ ‘/Vectnr/\“/Axia]-vectur]”’Axia]-vectur]\‘ Pseudotensor/
Pseudoscalar Scalar Scalar . Vector / " Axial-vector ' " Vector ' \_Pseud

L. Cong et al.,Rev. Mod. Phys2025, 97, 025005 15




Why is there matter at all?

16



The Standard Models of particle physics, cosmology and beyond

Baryon asymmetry

1928/32 Feynman Stiickelberg interpretation of Dirac equation
I Antimatter

1933 Discovery of the positron by Anderson.
Where is the antimatter?
Hidden anti-matter clusters? ! #anti *#mat Y 10 8!

1967 Sakharov conditions

Baryon number () violation ,
C- and CP-violation,
Deviation from thermal equilibrium.

A. D. Sakharov JETP Lett1967, 5, 24, A. D. SakharovSov. Phys. Usp1991, 34, 392 393.
L. Canetti et al., New J. Phys2012, 14 095012.
G. 't Hooft, Phys. Rev. Lett.1976, 37, 8 11. 17
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The Standard Models of particle physics, cosmology and beyond

Baryon asymmetry

1928/32 Feynman Stiickelberg interpretation of Dirac equation
I Antimatter

1933 Discovery of the positron by Anderson.
Where is the antimatter?

7In the SM only C-violation is su cient!
) We need other mechanisms for CP and violation!

Deviation from thermal equilibrium.

3 Cis maximally violated in the SM (electroweak)

3 CPisviolated inthe SM (CKM, neutrino oscillations)

3 His violated in the SM (non-perturbative, electroweak)

3 Primordial plasma was out of equilibrium in the expanding universe

7CP-violation very small in the SM (Jarlskog invariant 10 )

7_-violation minuscule (sphalerons, at ) =0: «+ <% exp! 8c2e20 <3 10 180)

A. D. Sakharov JETP Lett1967, 5, 24, A. D. SakharovSov. Phys. Usp1991, 34, 392 393.
L. Canetti et al., New J. Phys2012, 14 095012.
G. 't Hooft, Phys. Rev. Lett.1976, 37, 8 11. 17




Searching for New Physics at di erent scales

18



Searching for New Physics at di erent scales

Astrophysics

hitps:/1

e

4a/

High-energy physics Low-energy precision tests

ACME C i org/

CERNhttps:

/lhome. llery

19



Searching for New Physics at di erent scales

How to do a low-energy precision test: Two strategies

1. Precise comparison of theory and experiment 2. Looking for non-observables of the SM
3 Small well controllable systems: 3 Symmetry violation beyond the Standard Model
H,D,He,HD H etc. 3 Forbidden transitions in atoms and molecules
3 Accuracy of calculations 1% 3 Measuring very precisely zero
7 System selection usually limited by nuclear 3 Weakly dependent on theory uncertainty
structure

7 Very important to control experimental
systematics

REVIEWS OF MODERN PHYSICS, VOLUME 90, APRHIUNE 2018

Search for new physics with atoms and molecules

M.S. Safronova?, D. BudkeP#®, D. DeMille®, Derek F. Jackson Kimbdl] A. Dereviank8 and Charles W.
Clarkk

20
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3 Small well controllable systems: 3 Symmetry violation beyond the Standard Model
H,D,He,HD H etc. 3 Forbidden transitions in atoms and molecules
3 Accuracy of calculations 1% 3 Measuring very precisely zero
7 System selection usually limited by nuclear 3 Weakly dependent on theory uncertainty
structure

7 Very important to control experimental
systematics

REVIEWS OF MODERN PHYSICS, VOLUME 90, APRHIUNE 2018

Search for new physics with atoms and molecules

M.S. Safronova?, D. BudkeP#®, D. DeMille®, Derek F. Jackson Kimbdl] A. Dereviank8 and Charles W.
Clarkk

We will follow the second route!
Searches for P-violation, CP<P, T -violation, P-violating dark matter, local Lorenz invariance violations,
variations of fundamental constants, etc...

20



Searching for New Physics at di erent scales

why molecules?

Pro

| Contra

3 Complex many body system
3 Internally broken symmetries
3 Nucleus-nucleus interactions

7Complex many body system
7Lower resolution than in atoms
7Ab initio description can be limited

3 Can have simpler electronic structure than atoms
3 Recent breakthroughs in molecular spectroscopy

)

Computational limitations come most often from the nucleus.

Experimental limitations can be outrivaled by internal enhancement
mechanisms.

Tailoring a tuned quantum sensor from the periodic table!

21



A crash course in relativistic molecular structure
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A crash course in relativistic molecular structure

From the SM to atoms and molecules

Molecules are composed of electrons and nuclei
3 In good approximation only electromagnetic force matters!

G. A. AucarPhys. Chem. Chem. Phys2014, 16, 4420 4438.

K. G. Dyall,J. Chem. Phys1997, 106, 9618 9626, M. Reiher, A. Wolf Relativistic Quantum Chemistry, John Wiley & Sons, Lid,2014. 23



A crash course in relativistic molecular structure

From the SM to atoms and molecules

Molecules are composed of electrons and nuclei

- m
N . =1 ~ |0 - -
31n good approximation only electromagnetic force matters! 0.123 @ 226G~ m mG '’
. © 0 Eg*2 E-*2 E|-2a
1 . . - oTy,. . —-EG2 0 B B- @
Loep = 1 a 2, kg \2$ m kg g% | kg M6~ 1% a TIE B 0 B G
E |2 B -~ B G 0 -
z 8 « a
l L { } Lkm Lmass L|m .
photon $0 = 1 0 $ = 0 2
= 18 =

o ;8% =i3082$283%; # =30, ®=30% ®=3035¢

G. A. AucarPhys. Chem. Chem. Phys2014, 16, 4420 4438.

K. G. Dyall,J. Chem. Phys1997, 106, 9618 9626, M. Reiher, A. Wolf Relativistic Quantum Chemistry, John Wiley & Sons, Lid, 2014, 23



A crash course in relativistic molecular structure

From the SM to atoms and molecules

Molecules are composed of electrons and nuclei

. m
~ - . -1 ~ 0 - = :
3In good approximation only electromagnetic force matters! 01,23 G =12CG=1%:m =g
. © 0 Ec2 E-+2 Ei-2,
1 . o) R S oTy. . —-EG2 0 B B- @
Lo = 7 0t kel ks o2 @ kg TPOe - 1TMEaTiELD B o BOG
2 8 «E1l* ~ G —a
! L :oton } Lk'" Lmass '—mt 1 0 0 2°
p $0=5 %= . T i8°=is0818%8% =90, =308 O=303°s

7 Interaction termis particle eld dependent !! Many-body problem is tough in QED (For two particles: Bethe-Salpeter equation )
7 Combination of electron correlation and QED an open problem (how to treat virtual positronic states?)!

G. A. AucarPhys. Chem. Chem. Phys2014, 16, 4420 4438.

K. G. Dyall,J. Chem. Phys1997, 106, 9618 9626, M. Reiher, A. Wolf Relativistic Quantum Chemistry, John Wiley & Sons, Lid,2014. 23
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A crash course in relativistic molecular structure

From the SM to atoms and molecules

Molecules are composed of electrons and nuclei ©20,1,23 G =12GG~ 1%:m = M.
3In good approximation only electromagnetic force matters! mG
& ©E0 ) E((;)-Z Er;2 E'|3-2a
1 . . - Ty. . —--EG I - ®
Lo = 7 0t kel ks o2 @ kg MO @ 1AL aiElS 8 o BB
|4{Z b s | «E 12 B - Bg 0 —,
L photon Lk'" Lmass '—mt 1 0 0 2°
i $0=5 %= . T i8°=is0818%8% =90, =308 O=303°s

7 Interaction termis particle eld dependent !! Many-body problem is tough in QED (For two particles: Bethe-Salpeter equation )
7 Combination of electron correlation and QED an open problem (how to treat virtual positronic states?)!
3 Fortunately: QED is perturbative!

3 Common approximations:
I No-pair approximation (Electron-positron pair creation at 1MeV 1)
I Instantaneous interactions (classical Coulomb)
I Perturbative QED correction from the photon eld
I Nuclei are hard spherical charges 4/d 1A°
I Electronic and nuclear motion is separated (Born Oppenheimer approximation)
IU!'l (non-relativistic limit) (Perturbation theory on the Schrédinger equation is predictive for <e¢2?2 5llkeV)
I Bound-state atomic/molecular Hamiltonians:

" =2® ®, #<922, fen s Fee, v, lim " <e22= "y = —, fon, Fee,
uro 2<e

G. A. AucarPhys. Chem. Chem. Phys2014, 16, 4420 4438.

K. G. Dyall,J. Chem. Phys1997, 106, 9618 9626, M. Reiher, A. WolfRelativistic Quantum Chemistry, John Wiley & Sons, Lid,2014. 23



A crash course in relativistic molecular structure

One-particle Dirac equation and Schrédinger equation

Time-independent Dirac/Schrodinger equation for a central Coulomb potential (  +en = 4C‘r‘"0A for d1A° = 4¢ X1A°):

A
a
' © ® i
For Dirac = = g - IS a bi-spinor (four-vector)
- & J#Hi
« -

Large component for electronic states
and small component for positronic states

Schwabel,

2 1.22<.2’}
a
o o
- ® o TS
: /U 8 — —
s9=<228l, - F & -
- l ® [
-= 1 19 02 1 02 ® PPN S
=9 3, 195 /U .
) | {z }
« Electronic Lorentz factor —
o <22yye? T
lim = <2¢= —
uro =° 2=2

Shifting energies by <2 2 to obtain a non-relativistic analogue!
Dirac sea?! Negative energy states are empty!

Schrodinger Dirac
(hydrogen-like atom)

24



A crash course in relativistic molecular structure

Relativistic e ects? Paul Dirac's assessment

P. A. M. DiracProc. Roy. Soc. Lond. AL929, 123 714 733.
25



A crash course in relativistic molecular structure

Do relativistic e ects really not matter for physics and chemistry?

Classics in chemistry:

Why is gold so shiny-yellow?

Why does your (old) car start?

Why is mercury liquid at room temperature?

K. G. Dyall, K. Feegri, Jrintroduction to Relativistic Quantum Chemistry, Oxford University Press, 2007, N. E. Christensen, B. O. SeraphinPhys. Rev. BL971 4, 3321 3344, P. Romaniello,
P. L. de Boeij,J. Chem. Phys2005, 122 164303, R. Ahuja et al.Phys. Rev. Lett.2011, 106, 018301, F. Calvo et al. Angew. Chem. Int. Ed2013, 52, 7583 7585. 26



A crash course in relativistic molecular structure

Two-component approximations/Quasi-relativistic calculations

of the small component!

Elimination of the small component at the one-patrticle level: 1

I Two-step approaches (elimination on the matrix level, Rl): DKH, X2C 04
I One-step approaches (elimination on the operator level): (Beit-)Pauli, ZORA

Positronic states not populated in the molecule ) implicit treatment
2< 422 }

£ » B kp _ 0 .
2B P n 2<e2 ks 0 <4 e mnnanaa
1
) ks= 2<¢22 £ n 2B B
2<422 == ey Cenaaaanaa.-
. 2 1
Expansion of 2<g¢22 £ n
1 T hﬁ E
i n
I Pauli: 7<e2Z =0 _72<e2h )
1 i I 1 Dirac ZORA
! Regular:m i ke% ) ZORAI—2< 27 T (hydrogen-like atom)

ZORA usually captures all important relativistic e ects for valence states!
Core states can be renormalized (IORA)

Missing two-electron e ects usually negligible 1% for heavy elements! .



A crash course in relativistic molecular structure

TWO-componenT AnnravienatinnealNiiaci valativictic aalanlatinne

positol  4XDQWXP HOHFWURG\QDPLF FRUUHFWLR(
ofthess SRODUL]DWLRQ DQG HOHFWURQ VHOI HQ
Eiimind UHODWLYLVWLF IUDPHZRUN
Two-ste .MHOO -D@Q@&8UpV (PLOLR :BEWRUI6FKZHUGRQMWMDQWLGRENOW %HUJHU
One-ste M) Check for updates
&KHP 3K\V
KWWSV GRL RUJ
TABLE IIISE (Flambaum-Ginges) and VP (Uehling) contributions iARg) to 88, and?Ps, %Sy, transitions calculated as expectation values based on Z
HF/dyall.cv3z calculations, using préfackorompariséhwith four-component numerical DHF calculations with perturbative treatment of the QEZsctbratribu
nuclear charge aNds the number of electrons.
z N Vse2p1/2 Dev. (%) Vs 2par2 Dev. (%) Vvp,2p12 Dev. (%) Vvp,2p32 Dev. (%)
10 3 1.498 102 0.0 1.436 102 0.0 7.643 10 * 0.0 7.643 10* 0.0
Expans 20 3 2.065 10 * 05 1.936 10° 0.0 1.414 102 1.4 1.417 102 0.7
30 3 8.864 10 ' 0.1 8179 10* 0.1 7.562 10 2 0.7 7.616 10° 0.7
40 3 2.448 0.3 2.238 0.4 252610 * 0.4 2.568 10 * 0.4
Pauli: 50 3 5.379 05 4.906 0.6 6.63110* 0.3 6.838 10! 0.2
91 60 3 1.032 10t L.l 9.467 1.0 1.513 0.1 1.591 0.3
70 3 1.810 10' 11 1.691 10' 1.3 3.169 0.4 3.420 0.6
Regma ]0 R 2088 10t 12 2888 10t 16 A 203 ns 7 040 na
ZORA Ustemy capures am TP o e T Te TS TIC € S trS TOT VeSS Tene ST
J M M

Core states can be renormalized (IORA)

Missing two-electron e ects usually negligible

1% for heavy elements!

ZORA
om)

27



A crash course in relativistic molecular structure

Many electrons

Many-electron wave function 1@, « <« & ° must be totally anti-symmetric under
exchange of two electrons (Spin-statistics theorem):

(0]
9 A kgd®&P Slater determinant
8

gdoes not need to be of structure gbut it can be shown that forany o

0
9= 29 (Con guration Interaction ),

where the sum runs over all con gurations in the full single-particle space. ..
Number of determinants grows , for # electronsand " one-particle functions.
) Intractable problem for most atoms and molecules!

A. Szabo, N. S. OstlundModern Quantum Chemistry: Introduction to Advanced Electronic Structure Theory, Dover Publications, INC., Mineola, New York, 1996, T. Helgaker et al.,
Molecular Electronic-Structure Theory, John Wiley & Sons, Lid,2000.

28



A crash course in relativistic molecular structure

Quantum Chemistry

Quantum chemistry , Obtaining the most e cient and accurate approximations to o
Approximating the one-particle space Approximating the T -particle space
Expand single-particle function qggin set of known func- " 3
X . H R’ . 9 ., scales
tions j- inspired by H-atom solutions: Hartree Eock
jri@®=1G --0C 1. 0T .0C ) min gg > 'fqsg’%
f m v
. 9 9, scales "y Bxc w57
op Z® © L # o . o, scales” 3" 7 .
B mgg'é‘?e?:;‘;ggtgcfSSSCF DMRG Single-reference correlated methods
e} min > oif Qag® Vs “I'| €1.CCMBPT,MPn,...
q81@ = \81. Y] a8 9 Not necessarily variational
- oo,
In most cases we choose : = 2 (Gaussian) for numerical 9 o & 9 M 9
simplicity. Closer to H-atom solution would be @ =1. Multi-reference correlated methods

MRCI, MRCC, CASPTn, GASCI, FSCC) ..
T
9 9

Full CI
exact diagonaliztion

29



A crash course in relativistic molecular structure

Cheated correlation: Broken symmetry Hartree Fock

We can obtain mixed electronic con guration by breaking the symmetry of the Hamiltonian

(Léwdin symmetry dilemma):

TICS
. . . . ASVAN

(,RﬁF) Hamiltonian invariantunder T =f 1,1, ~,"g

Non-relativistic Hamiltonian additionally invariant under &
BE\°=exp yy=28 S=fB@\°: ®=R3jj@=1,\ 20,4cgg
G=S T, has eight subgroups:
G S T, Al® = fB®\° : \ 2 f0,4cgg M® = f1, B®cO
A1®M1EP with ®? @ A TandE=f 1,1g

3 Multi-reference wave-function at the cost of HF ( / #3)!

3 Simple application of perturbation theory (property
calculations)

7 Possibility for unphysical mixtures of con gurations
7 Wave-function has wrong symmetry

TSW

1 7 Di cult to describe low-spin states
(cGHF)

H. Fukutome, Int. J. Quantum Chem.1981, 20, 955 1065.
30



A crash course in relativistic molecular structure

Density functional theory (DFT)

The ground state energy is fully deterlminedlby the one-electron four-current 9 1®:

9 1mO=# A& dB 43, 9 $9 4
Idea: instead of using the complex 3# dimensional wave functions minimize energy with respect to 9 1m®:
» 1®YE ) »9 1®Y, +ext »9 1Y, R +»9 @Y, R XC »9 MY,
?{Z} | {z } | {z } |7 {z }

kinetic energy external potential (incl e-N interaction)

Problem: Exact closed expression for  xc unknown.

Hartree potential (classical Coulomb repulsion) exchange correlation functional

3 DFT is formally exact

3 DFT can be formulated consistently with QFT

3 Pure Kohn-Sham DFT is of lower cost than HF (# 1# | 1%¢2# yjg °
7 xc isunknown

7 Semi-empiricial estimates of  x¢ introduce systematic errors

7 Relativistic calculations rely currently on non-relativistic XC

P. Hohenberg, W. Kohn,Phys. Rev. B1964, 136 864 871, A. K. Rajagopal, J. CallawayPhys. Rev. B1973 7, 1912 1919.

J. Martin, G. Santra,Israel. J. Chem2019, 60, DOI110.1002/ijch.201900114 . 31



A crash course in relativistic molecular structure

Adiabatic approximation/Born Oppenheimer approximation

Nuclei are assumed to be non-relativistic!

BO is an e ective eld theory. Perturbation series in the electron-to-proton-mass-ratio:

r ——
<e <e
elec / <. vib / <. rot
p P

P. R. Bunker, P. JenseriMolecular Symmetry and Spectroscopy, 2nd ed., NRC Research Press, Ottawa, Ontaria, Canad&006, T. Azumi, K. MatsuzakiPhotochem. Photobiol. 1977 25, 315 326.
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A crash course in relativistic molecular structure

Computation of molecular properties

For small perturbations (new physics e ects are de nitely small!) “gwe can use perturbation theory!

First order for variational 9
m _ A
ms 9 8 9
Not true for CC or MPn!
I numeric di erentiation ( nite eld) or perturbation of Lagrangian within response theory!

For second order:

L A M9 a hc
meX_. 9 8 9., m 8 9.
D E i A A
Mmoo A _ 9 8L o0 0) ; 9
m- 8 9= 5 _
- 08 Depends on excited states!

) HF/DFT level: Linear response theory (random phase approximation, RPA)

P. Norman et al., Principles and Practices of Molecular Properties, John Wiley & Sons, Lid, 2018,
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A crash course in relativistic molecular structure

Do we really need all those ab initio calculations? Fermi Segré model

1933 Fermi and Segré: simple e ective one-electron approach to describe hyper ne coupling constants within quantum defect theory.
1958 Improvement of the model by Foldy.

1972 Generalization of the model by Froman and Froman.

1975 Bouchiat and Bouchiat: extend it to parity violation.

Simple e ective one-electron wave functions at distances A 0p/ 1*3:

5 T z T T T T T
45 - B
1 Z gty —
A 8/A 4T ]
B = —ge——— ", W om o 35|
j"jA 10 gaR 0 3| i
s s 1 25 | J
2/A 8/A )
2W 1 — , r B
0o 500 | 15 - 1
Y e AU 8/IA 1 ]
NP E—g—— 2w G 05 |- ]
jhA 10 gaR 0 ‘ ‘ s ‘ ‘ ‘

10 20 30 40 50 60 70 80 90 100
z

E ective quantum numbers a contain all many-body information ( Otax® 1!)
) Estimate the expectable order of magnitude of a property!

)_Fundamental symmetry violating properties are often relativistically enhanced!

E. Fermi, E. SegréZ. Phys.1933 82, 729 749, L. L. FoldyPhys. Rev.1958, 1111093 1098, N. Froman, P. O. FrémanPhys. Rev. AL972 6, 2064 2067, C. Bouchiat, M. A. Bouchiat,J. Phys. (Paris}1975
36, 493 509.
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—— 2w 1 o
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wpipo o DU 8/A 1
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E ective quantum numbers a contain all many-body information ( Otax® 1!)

) Estimate the expectable order of magnitude of a property!
)_Fundamental symmetry violating properties are often relativistically enhanced!

E. Fermi, E. SegréZ. Phys.1933 82, 729 749, L. L. FoldyPhys. Rev.1958, 1111093 1098, N. Froman, P. O. FrémanPhys. Rev. AL972 6, 2064 2067, C. Bouchiat, M. A. Bouchiat,J. Phys. (Paris}1975
36, 493 509.
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A crash course in relativistic molecular structure

Quantum chemistry for new physics searches: a few remarks

For identifying molecular probes DFTusually su cient Many-particle space
(if open-shell broken-symmetry HF/DFT )

Broken symmetries appear in the valence:
Two-component methods are quantitative Y 1%

- ccspre

— ccsot

Standard basis sets are not designed for physics [ eesem
beyond the Standard Model properties! | ccso
I Be very careful!

DFT {4 cisb

Assisting spectroscopy requires usually accurate
predictions with relative errors Y 10%

Extraction of limits on new physics is dependent on I+
the theory uncertainty and requires " . ., . single-parile space

T T T T T 7

T
I Highly correlated methods (CC, MRCI, etc.) 2 sT036 bz Tz QZ 5z CBS
if the uncertainty is limited by electronic structure feonaone,

I HF/DFT is usually OK 2-QED,
if the uncertainty is limited by nuclear structure

- mp2

Second order properties can be tough! Hamiltonian
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Quantum chem

For ide
(if opern
Broken
Two-co|

Standa
beyond
I Bey

Assistirn
predicti
Extract
the the
I Hig

if th

I HF

if t
Second

[Phenomenological estimate ]

DFT/HF

This is your value!

[ In observable range

(1 order of magnitude)?

2
J

Clear trend and
HF/DFT disagree
less than 30%?

Broken-Symmetry
DFT/HF

-
e Give up on this path
e . P

Higher level correlation
(MP2 | CCSD ! CCSD(T))

ticle space
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