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Beyond the SM

The Standard Model does not explain:
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The Standard Model does not explain:

Open problems:

o Dark Matter i
+)’1‘3\)\/;¢+\(\.c
e Baryon Asymmetry -V

e Neutrino masses

e Strong CP problem

e Hierarchy problem

e Flavor structure....




Beyond the SM

| Where to find the needed BSM? |

—

e Search directly at the energy frontier; LHC
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Several problems require symmetry-breaking BSM

—> search for symmetry-violating processes:
e CP violation; EDMs

e Parity violation; atomic parity, PV electron scattering...




Beyond the SM

ded BSM? |

e Search directly at the energy frontier; LHC
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Several problems require symmetry-breaking BSM

—> search for symmetry-violating processes:

- Most of this talk

e Parity violation; atomic parity, PV electron scattering...
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SM contributions

e Phase in the CKM matrix

e Loop suppressed, leads to small EDMs




Electric Dipole Moments
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SM contributions

e Phase in the CKM matrix

e Loop suppressed, leads to small EDMs

a -
., QCD theta term, L, = HQGWGW

« Allowed by all QCD symmetries

. Bound to be @ < 10719 (strong CP problem)




Electric Dipole Moments
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Current limits

Limits (e cm) Nucleons: Diamagnetic Paramagnetic
neutron systems: mercury |systems: HfF

Current 1.8x10-26 6.2x10-30 4.1x10-30

Baker et al. ‘20 Graner etal. 17 Roussv et al. ‘22

SM background
(CKM matrix) <10-31 <10-34 10-35

Chuppetal.’17; Emaetal.’22;
Arrowsmith-Kron et al. ’23
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Current limits

Limits (e cm) Nucleons: Diamagnetic Paramagnetic
neutron systems: mercury |systems: HfF

Current 1.8x10-26 6.2x10-30 4.1x10-30

Baker et al. ‘20 Graner etal. 17 Roussv et al. 22

SM background
(CKM matrix) <10-31 <10-34 10-35

Radioactive molecules

e Can have enhanced sensitivity compared to mercury, 1026

Chuppetal.’17; Emaetal.’22;

e Octupole deformation + large electric field in molecule
Arrowsmith-Kron et al. 23
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The SM Effective Field Theory

Describing BSM physics

- Assumptions |

e BSM physics is heavy mew<<masm

* No new light degrees of freedom

e SM gauge group is linearly realized
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The SM Effective Field Theory

Describing BSM physics

Assumptlons

e BSM physics is heavy mew<<msasm

* No new light degrees of freedom

Light new particles not covered:
E.g. Z, light DM, axions...
e Could give (C)PV signals

e SM gauge group is linearly realized

> BSM partlcle

Fundamental’ theory

i

N
/N

Effective theory

mBSM

MEew

A

A3i3u3j



SM EFT
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Weinberg ’79; Buchmuller & Wyler '86, Grzadkowski et al 2010
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Weinberg ’79; Buchmuller & Wyler '86, Grzadkowski et al 2010




SM EFT

SM EFT

Zsmerr = Lsm T

e 2499 operators at dimension six
e Several classes of CP-odd interactions
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CPV below the weak scale
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OUtI i ne CP-violating BSM physics
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Matching to Chiral EFT

A SM EFT’
SU(3)xU(1)em invariant
In terms of quarks, gluons, leptons ﬁ(u’ Cl, g, U, e)
Mqcp | |
1 GeV Chiral Effective Theory
In terms of nucleons, pions, leptons EXPT (]\[7 T, U, 6)

Form of operators determined by chiral symmetry

The operators come with unknown constants (LECs)

Manohar, Georgi, 84; Weinberg, 90, 91



Matching to Chiral EFT

(Semi)leptonic interactions

SM EFT’
SU(3)xU(1) invariant é /
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Chiral Effective Theory



Matching to Chiral EFT

(Semi)leptonic interactions

SM EFT’

e e
SU(3)xU(1) invariant Y \.\ /
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A
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q q

| Hadronic matrix elements

Chiral Effective Theory

2./a
e

2



Matching to Chiral EFT

(Semi)leptonic interactions

SM EFT’

e e
SU(3)xU(1) invariant Y \.\ /
@)
A
e e
q q

Hadronic matrix elements

Chiral Effective Theory

éy

(4 (4

2./a
e

2

e Needed hadronic matrix elements known from Lattice QCD
ePercent-level uncertainties

Flavour Lattice Averaginag Group ‘21
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Gupta et al. ’18: Demir, Pospelov. Ritz, '03: de Vries et al, ’10: Haisch & Hala ’19: Senqg '19: Yamanaka ‘21
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SM EFT’ q q
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| Hadronic matrix elements

Chiral Effective Theory

¥ v v ooV

N N

_ v _ v

N N

Gupta et al. ’18: Demir, Pospelov. Ritz, '03: de Vries et al, ’10: Haisch & Hala ’19: Senqg '19: Yamanaka ‘21



Matching to Chiral EFT

Uncertainties: LQCD
O(tew %)
SM EFT’
SU(3)xU(1) invariant é Y
1 O
u,d u,d
1 GeV

Chiral Effective Theory

N N

Gupta et al. '18: Demir, Pospelov, Ritz, '03: de Vries et al

u,d

v

v

u,d

NDA /sum rules

O(100%)
y

o

N
g 7%

Hadronic matrix elements ‘

v v

v

- ’10: Haisch & Hala ’19: Senqg '19: Yamanaka ‘21
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OUtI i ne CP-violating BSM physics

A
A
?? TeV
100 GeV
1 GeV
.................................................................................................................................................... nuclear/atomic/molecular
100 MeV l g | Matrix elements

Many Body Methods Atomic/molecular EDMs
ng, DThO




Atomic/molecular EDMs

Diamagnetic atoms

N N
dy. = AS ~A [andn +ad +

dp8o T




Atomic/molecular EDMs

Diamagnetic atoms

: ,,

Schiff moment N N N N

dAtom =AS~ A [andn Ll andp Ll aogo Ll algll

e Atomic screening factor

| eKnown to O(30%)

de Jesus, Engel, '05; Ban, Dobaczewski, Engel, Shukla, 10; Engel et al. ’13; Dobaczewski et al. ’18; Skripnikov et al. "13; Fleig & Nayak ‘14



Atomic/molecular EDMs

Diamagnetic atoms

2"
ZV

Schiff moment N N

dAtOIIl — AS i A

- ag8o + algll

e Atomic screening factor

i eKnown to O(30%)

e Nucleon-EDMs
h‘ ekKnown to ©(30%) (for Hg)

de Jesus, Engel, '05; Ban, Dobaczewski, Engel, Shukla, 10; Engel et al. ’13; Dobaczewski et al. ’18; Skripnikov et al. "13; Fleig & Nayak ‘14



Atomic/molecular EDMs

Diamagnetic atoms

Schiff moment | N N N N

| —

dAtom =AS ~ A

- - ’ e Pion-Nucleon couplings
e Atomic screening factor |
G eKnown to O(30%) | e Large uncertainties ©(100%)

e Nucleon-EDMs
G eKnown to ©(30%) (for Hg)

de Jesus, Engel, '05; Ban, Dobaczewski, Engel, Shukla, 10; Engel et al. ’13; Dobaczewski et al. ’18; Skripnikov et al. "13; Fleig & Nayak ‘14



Atomic/molecular EDMs

Diamagnetic atoms

Schiff moment N N N N

dAtom =AS ~ A

N - ’ - Pion-Nucleon couplings

e Atomic screening factor |

 eKnown to O(30%) | e Large uncertainties O(100%)

3 " * * Better controlled & enhanced in octupole
i * Nucleon-EDMs deformed nuclei

h eKnown to O(30%) (for Hg)

ay 1(Ra) 102

. E-8
ag 1 (Hg)

de Jesus, Engel, '05; Ban, Dobaczewski, Engel, Shukla, 10; Engel et al. ’13; Dobaczewski et al. ’18; Skripnikov et al. "13; Fleig & Nayak ‘14



Atomic/molecular EDMs

Paramagnetic molecules

e NN

c

Both types of matrix elements known to O(few %)

de Jesus, Engel, '05; Ban, Dobaczewski, Engel, Shukla, 10; Engel et al. ’13; Dobaczewski et al. ’18; Skripnikov et al. "13; Fleig & Nayak ‘14



Atomic/molecular EDMs

Radioactive molecules

27/ 27 s \.\/
S e VA

N N

W/p/)g/,a :‘ dsr,nWm,a + dsr,nRVOIWS,a + 'ScollWS,a + ksWsﬁ, + kTWT,a + kap,aa

Molecule Wi /10 Heh yym /(p Hy) W /(hkHz) Wy/(hHz) Wi /10 Heh g/ MHz b
RaSH™ 31.9 82.9 —3.91 —15.3 —1.68 —1.95
RaOCH3™* 34.9 93.5 —4.45 —17.5 —1.88 —2.23
RaCH3™ 39.0 98.5 —4.62 —18.1 —1.91 —2.24
RaCN™* 32.5 86.4 —4.10 —16.1 —1.82 —2.06
RaNC™ 32.0 86.1 —4.10 —16.1 —1.82 —2.08

“Gaul etal. 23
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OUtIine P-violating physics
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OUtI i ne P-violating physics

A
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SU(3)xSU(2)xU(1) invariant
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SU(3)xU(1)em invariant ( ® /’\ Moller scattering
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100 GeV SMEFT N Y N A
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Chiral Effective Theory d e\ //e PV electron scattering
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Many Body Methods l Atomic Parity violation
Hadronic PV

100 MeV

e Can similarly treat Parity-violating physics
e Construct (hadronic) interactions in the same way
e Again require hadronic/nuclear matrix elements




OUtI i ne P-violating physics

A
22 TeV SMEFT v
SU(3)xSU(2)xU(1) invariant

) q
100 GeV SMEFT N Y N A
N

)%
SU(3)xU(1)em invariant ( ® /’\ Moller scattering

Chiral Effective Theory d e\ //e M PV electron scattering
° Qweak
N N N/ \{V l — —
100 MeV IVIany Body Methods Atomic Parity violation

Hadronic PV

e Can similarly treat Parity-violating physics
e Construct (hadronic) interactions in the same way
e Again require hadronic/nuclear matrix elements

e Nonzero SM background

. eCurrently these observables probe BSM scales A ~ several TeV
I _ R :

Crivellin et al. ‘21




Phenomenology

CPV top-Higgs interactions



The top-Higgs couplings

e The top couples most strongly to the Higgs

e Could imply sensitivity to BSM
e Focus on top-Higgs interactions

XB

CPV ¢t Yukawa

Yo

Qo | [BGrGEas | Q, (¢Tp)? Qey (efe) (lperp)

Qa | FAEOGEGEGS | Qo | (WloDle) || Que | (F'o)@ud)

Qw | e"EWIWIPWER Nl Qup | (¢'DP0)" (¢'Dyp) || Que (10) (@drep)

Qw | VKWW ewKe

X2 WX V22D

Qo | ¢'oGAG™ | Qv | Gorer oWl | QD | (oD, o))
Qo plo Gil, GAnv Qer | (lpo"er)pBu Q) (»DTZ'B,{ @) (L )
Qo | e WLW™ | Quo | (G0 Tu)3Ch, | Que | (iDue)@n"e,)
Qv | oW | Quw | @ou)r3Wh, | QW | (oD, e)(@*a.)
Qep | #'oBuB” | Qus | (40" )7 Bu &) | (¢'iD} @)@ a.)
Q.5 pto B, B Qua | (@Go"™T4d) oG, || Qpu | (¢'iDy ) (@t u,)
Qewn | ¢'TToWLB* | Qaw | (o™ d)T"o W], || Qua (¢ Dy ) (dy#dy)
Quws | ¢'me WL,BH Qaz | (0" dr)e By || Quua | (@' Dyuep) (it d,)




The top-Higgs couplings

e The top couples most strongly to the Higgs

e Could imply sensitivity to BSM
e Focus on top-Higgs interactions

CPV ¢t Yukawa

{ EDM
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The top-Higgs couplings

e The top couples most strongly to the Higgs

e Could imply sensitivity to BSM
e Focus on top-Higgs interactions

CPV ¢ Yukawa { EDM
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The top-Higgs couplings

e The top couples most strongly to the Higgs

e Could imply sensitivity to BSM
e Focus on top-Higgs interactions
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Below the weak scale

A
A |
SM EFT | I 27 2 W 2 g
SU(3)xSU(2)xU(1) invariant - i
—o—» e T e T o T
e E o o h
Cy C’y CWt Cg
My, |
v, 9, W+
Y, 9, W:Vj h
&// S //
A | 4
SM EFT’
A SU(3)xU(1)em invariant é v é 5 R
X
> \/@\
u,d,l  u,d,l u,d u,d




Single coupling constraints

tr |, tL tr br, br tr, tr | tL tp tr,
: h h h : h
v2 V2Cys v2Cws v’C
|E+00
A
Te
IE-O| ( lV)
| E-02 2.5
|E-03 l
| E-04 25
| With theory uncertainties

e Even though loop-generated, EDMs probe A 2> 10 TeV
e More sensitive than LHC reach for most couplings




Single coupling constraints

Impact of theoretical uncertainties

éfy 2W+ EW
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tr | 1L tr | br br

o h
|

|E+00

|E-Ol

| E-02

|E-03

| E-04 d
[ With theory uncertainties

i_1 Without theory uncertainties

Hadronic/Nuclear uncertainties weaken the constraints from hadronic systems
e Nucleon & mercury EDMs

(TeV)

2.5

25



Phenomenology

CPV Yukawa interactions of light quarks



Two-coupling analysis

Without theory uncertainties With theory uncertainties

- Central - w Current

_ —_ ay, - - Central
5t — G

I = Combined | |
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|

|
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u u

e Uncertainties significantly weaken the constraints




Two-coupling analysis

Without theory uncertainties With theory uncertainties
- Central . - = Imp. Th.
— ay, — Current
ﬁ; - dgz || 5| - Central ||
-_ = Combined | )

-3 0 5

h

|

|

|

|
—@ >
u u

Uncertainties significantly weaken the constraints
Can be mitigated by

e Improved theory: 50%(25%) uncertainty on nuclear(hadronic) matrix elements




Two-coupling analysis

Without theory uncertainties

Central

dy
dHg

= Combined |
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e (Can be mitigated by

Uncertainties significantly weaken the constraints

With theory uncertainties
: | Minimized _
|dy| =2.9-107%° ecm
ldp| £2.9-107%* ecm |

- gl £29107 P ecem |-
— Current

e Improved theory: 50%(25%) uncertainty on nuclear(hadronic) matrix elements

o Additional measurements, e.g. d ,

, dp, at current d, sensitivity




Summary

A Integrate out |
BSM fields
27 TeV SM EFT s

i Collider probes v —
SUB)XSU(2)XU(1) invariant

pp—=h+2j,h—4l

e EFTs can systematically describe symmetry-breaking BSM

=P Flavor Physics
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