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• The top quark has the largest couplings to the Higgs & EWSB sector 
• Might be most sensitive to BSM physics (e.g. in compositeness/light stop SUSY) 

• CP-violating top-Higgs couplings are relevant for Baryogenesis 

• To good approximation these operators close under RG effects 
•  studied, but less so in context of EDMs 

• Frequently studied, but less so in context of low-energy constraints (EDMs) 

Why the top-Higgs sector?

Kaplan NP B, ’91; Carena, Nardini, Quiros, Wagner, NP B, ’09; Kobakhidze, Wu, Yue, JHEP, ‘16  



Wouter	Dekens,	CKM2016,	30/11

• The top quark has the largest couplings to the Higgs & EWSB sector 
• Might be most sensitive to BSM physics (e.g. in compositeness/light stop SUSY) 

• CP-violating top-Higgs couplings are relevant for Baryogenesis 

• To good approximation these operators close under RG effects 
•  studied, but less so in context of EDMs 

• Frequently studied, 

Why the top-Higgs sector?

Atwood et al. ’92; Choudhury et al, ’12 
Baumgart et al, ’13; Bernreuther et al, ’15, ‘15 

Biswal et al, ’13; Hioki et al, ’13, ‘15 
Aguilar-Saavedra et al, ’15; Bramante et al, ’14 

Englert et al, ’14; Rindani et al, ’15 
Gaitan et al, ’15; Cordero-Cid et al, ’08 

Fael et al, ’13; Bouzas et al, ’12, ’13 

Fael et al, ’13; Bouzas et al, ’12, ’13 
Röntsch et al, ’15; Grzadkowski et al, ’08 

Gonzalez-Sprinberg, ’11; Drobnak et al, ’10, ‘12 
Cao et al, ’15; Schulze et al, ’16 
Brod et al, ’13; Dolan et al, ’14 

Demartin et al, ’14, ’15; Kobakhidze et al, ’14 
Khatibi et al, ’14; Chen et al, ’15 

Khatibi et al, ’14 
Chen et al, ’15 

Buckley et al, ‘15



Wouter	Dekens,	CKM2016,	30/11

• The top quark has the largest couplings to the Higgs & EWSB sector 
• Might be most sensitive to BSM physics (e.g. in compositeness/light stop SUSY) 

• CP-violating top-Higgs couplings are relevant for Baryogenesis 

• To good approximation these operators close under RG effects 
•  studied, but less so in context of EDMs 

• Frequently studied, but less so in context of low-energy constraints (EDMs) 

Why the top-Higgs sector?

Atwood et al. ’92; Choudhury et al, ’12 
Baumgart et al, ’13; Bernreuther et al, ’15, ‘15 

Biswal et al, ’13; Hioki et al, ’13, ‘15 
Aguilar-Saavedra et al, ’15; Bramante et al, ’14 

Englert et al, ’14; Rindani et al, ’15 
Gaitan et al, ’15; Cordero-Cid et al, ’08 

Fael et al, ’13; Bouzas et al, ’12, ’13 

Fael et al, ’13; Bouzas et al, ’12, ’13 
Röntsch et al, ’15; Grzadkowski et al, ’08 

Gonzalez-Sprinberg, ’11; Drobnak et al, ’10, ‘12 
Cao et al, ’15; Schulze et al, ’16 
Brod et al, ’13; Dolan et al, ’14 

Demartin et al, ’14, ’15; Kobakhidze et al, ’14 
Khatibi et al, ’14; Chen et al, ’15 

Khatibi et al, ’14 
Chen et al, ’15 

Buckley et al, ‘15

Cordero-Cid et al, ’08; Brod et al, ’13; 
Kamenik, ‘et al, 12; Gorbahn, ‘et al, 14;



Wouter	Dekens,	CKM2016,	30/11

Effective Field Theory 
Describing BSM physics

	Assumptions	

• No new light degrees of freedom 

• BSM physics appears above the electroweak scale, 
mEW<<mBSM 

• SM gauge group SU(3)xSU(2)xU(1) is linearly realized 
(elementary scalar SU(2) doublet) 

‘Fundamental’ theory

Effective theory 

BSM	particle

Energy

mBSM

mEW
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Effective Field Theory 
Describing BSM physics

Dimension	five	operators	
• One term, generates Majorana neutrino masses

g

MT
(L̄c�̃⇤)(�̃†L)

Weinberg	’79;	
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Dimension	six	operators	

• 59 of them (2499 including all flavor structures) 

have to make some choice of operators… 

Effective Field Theory 
Describing BSM physics

Dimension	five	operators	
• One term, generates Majorana neutrino masses

g

MT
(L̄c�̃⇤)(�̃†L)

Weinberg	’79;		Buchmuller	&	Wyler	’86,	Grzadkowski	et	al	2010
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Effective Field Theory 
Describing BSM physics

Focus	on	the	top-Higgs	sector

Weinberg	’79;		Buchmuller	&	Wyler	’86,	Grzadkowski	et	al	2010
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• Operators involving a top and a Higgs, which are 
• Have no flavor-changing neutral currents 

• ->Just 5 chirality-flipping* operators left 

Effective Field Theory 
Describing BSM physics

Focus	on	the	top-Higgs	sector

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

*1 additional chirality-conserving operator exists, 
future work…
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• Operators involving a top and a Higgs, which are 
• Have no flavor-changing neutral currents 

• ->Just 5 chirality-flipping* operators left 

Effective Field Theory 
Describing BSM physics

Focus	on	the	top-Higgs	sector

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

*1 additional chirality-conserving operator exists, 
future work…

Manageable
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• Non-standard	Yukawa	coupling	

• Top	electric	dipole	moment		

• Top	gluonic	dipole	

• 2	top	weak	dipoles

Lagrangian (mass basis): L6
Y = �CY mt t̄LtR
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• Non-standard	Yukawa	coupling	

• Top	electric	dipole	moment		

• Top	gluonic	dipole	

• 2	top	weak	dipoles

The top-Higgs couplings 
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Direct collider observables 
Real couplings
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Atwood,	et	al	’95;	Haberl	et	al,	‘96



Wouter	Dekens,	CKM2016,	30/11

Direct collider observables 
Real couplings
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Direct collider observables 
Real couplings
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• The                coupling is suppressed by mbCWb

Drobnak,	Fajfer,	Kamenik,	‘10



Wouter	Dekens,	CKM2016,	30/11

Direct collider observables 
Imaginary couplings
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Boudreau,	et	al,	‘13
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CP-even	
(X-secfons)

Direct collider observables 
Imaginary couplings
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• Most sensitive collider observables are CP-even 

• Not sensitive to the imaginary couplings at the dim-6 level,  

• Most other CP-odd collider observables are not yet competitive (more later)

Helicity		
fracfons

O(1/⇤2)

Boudreau,	et	al,	‘13

��(t ! W+b)
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Indirect collider observables 
Just real couplings
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Indirect collider observables 
Just real couplings
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• The                coupling is suppressed by mbCWb

C�

CWt ZZ, � Z, �Z
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b ! s�

ACP ⌘ �(B̄ ! Xs�)� �(B ! Xs̄�)

�(B̄ ! Xs�) + �(B ! Xs̄�)

• Real parts contribute mainly to the branching ratio 

• Imaginary parts mainly contribute to the CP asymmetry

Misiak	et	al,		’07;	Lunghi	&	Matias,	’07;	Kagan	&	Neubert,	‘99 Benzke,	Lee,	Neubert,	Paz,	‘11

•
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Observables 
Electric Dipole Moments

CP/TE EB B
Spin

Spin
	 	

•
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Most	stringent	limits	

Observables 
Electric Dipole Moments

Limits	(e	cm) neutron mercury ThO

Current 2.9x10-26 7.4x10-30 8.7x10-29

Expected 10-28 5.0x10-30
Baker	et	al,	‘06 Graner	et	al,	‘16 ACME	collaboration,	‘14

Recent	factor	4	
improvement

•

•
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•
• The	electroweak	(CKM)	contribution	is	negligible	

• Unknown	contribution	from	the	QCD	theta	term,	

• Will	assume	a	Peccei-Quinn	mechanism	in	this	talk	

Most	stringent	limits	

SM	background	

Observables 
Electric Dipole Moments

/ ✓✏↵�µ⌫Ga
µ⌫G

a
↵�

Limits	(e	cm) neutron mercury ThO

Current 2.9x10-26 7.4x10-30 8.7x10-29

Expected 10-28 5.0x10-30
Baker	et	al,	‘06 Graner	et	al,	‘16 ACME	collaboration,	‘14

Recent	factor	4	
improvement

•



Wouter	Dekens,	CKM2016,	30/11

•

Energy

	

	

	

u,d,s u,d,s

g g

g

g

d̃q dW

RG	evolution

⇤

tR tL

h

h

tR bL

�, g, W+

CY CWb

Connection to low-energy Lagrangian

u,d,s u,d,s

!

e e

!

dqde

L6 = � i

2

X

f=e,u,d,s

f̄� · F�5f � i

2

X

q=u,d,s

q̄� ·G�5q +
dW
3

fabcG
aGbG̃c

h

W�

tLbR

h

W+

tR bL

C�,g CWt



Wouter	Dekens,	CKM2016,	30/11

u,d,s u,d,s u,d,s u,d,s

g! g

g

g

d̃q dW

RG	evolution

Energy

	

	

	
⇤

e e

!

dqde

dn, dHgdThO

•

Connection to low-energy Lagrangian

tR tL

h

h

tR bL

�, g, W+

CY CWb

h

W�

tLbR

h

W+

tR bL

C�,g CWt



Wouter	Dekens,	CKM2016,	30/11

Energy

	

	

⇤

•

Mixing onto 1-GeV Lagrangian 
Direct contribution (one-loop)

Cordero-Cid,	Hernandez,	Tavares-Velasco,	and	Toscano,		‘08

h

�

tR tL

h

W+

tR bL

C� CWt



Wouter	Dekens,	CKM2016,	30/11

Energy

	

	

⇤

Mixing onto 1-GeV Lagrangian 
Direct contribution (one-loop)

t
W+

ddt
W+

d

u,d,s u,d,s

!,g
de, dq, d̃q dq

mq
⇠ ↵

4⇡
|Vtd|2C�,g,Wt

Cordero-Cid,	Hernandez,	Tavares-Velasco,	and	Toscano,		‘08

VtdVtd VtdVtd

h

�

tR tL

h

W+

tR bL

C� CWt

•



Wouter	Dekens,	CKM2016,	30/11

Energy

	

	

⇤

Cirigliano,	de	Vries,	Mereghetti,	WD,	‘16

h
�, g, W�

�, g, W+

Mixing onto 1-GeV Lagrangian 
Two-step mechanism

h

�

tR tL

h

W+

tR bL

C� CWt

•



Wouter	Dekens,	CKM2016,	30/11

e,u,d,s e,u,d,s

!,g

Energy

	

	

⇤

h
�, g, W�

�, g, W+

de, dq, d̃q

Cirigliano,	de	Vries,	Mereghetti,	WD,	‘16

Mixing onto 1-GeV Lagrangian 
Two-step mechanism

h

�

tR tL

h

W+

tR bL

C� CWt

•



Wouter	Dekens,	CKM2016,	30/11

e,u,d,s e,u,d,s

!,g

Energy

	

	

⇤

Cirigliano,	de	Vries,	Mereghetti,	WD,	‘16

h
�, g, W�

�, g, W+

q, e

t t

q, e

de, dq, d̃q

Mixing onto 1-GeV Lagrangian 
Two-step mechanism

h

�

tR tL

h

W+

tR bL

C� CWt

•



Wouter	Dekens,	CKM2016,	30/11

e,u,d,s e,u,d,s

!,g

Energy

	

	

⇤

Cirigliano,	de	Vries,	Mereghetti,	WD,	‘16

h
�, g, W�

�, g, W+

q, e

t t

q, e

de, dq, d̃q

Mixing onto 1-GeV Lagrangian 
Two-step mechanism

h

�

tR tL

h

W+

tR bL

C� CWt

•



Wouter	Dekens,	CKM2016,	30/11

• Direct contribution (one-loop) 

• Two-step mechanism (two-loop) 

• Enhanced	
• Induces an electron EDM (expt. limit a factor               more stringent than      ) 
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Mixing onto 1-GeV Lagrangian 
Two-step vs direct contributions
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• Limitations	of	the	2-step	contributions	
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Other 
(threshold) 
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Contribution to 1-GeV Lagrangian 
Threshold contributions
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Barr,	Zee,	PRL	’90;	Gunion,	Wyler,	PLB	90
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ThO	measurement	

• Effectively a constraint on the electron EDM in our case 

• Uncertainties estimated to be at the 15% level   

de  8.7⇥ 10�29e cm

Skripnikov et al, ’13; Fleig et al, ‘14

Below 1 GeV
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ThO	measurement	

• Effectively a constraint on the electron EDM in our case 

• Uncertainties estimated to be at the 15% level   

de  8.7⇥ 10�29e cm

Skripnikov et al, ’13; Fleig et al, ‘14

Below 1 GeV

• Uncertainfes	are	well	under	control	in	this	case	

• Much	more	important	for	hadronic	EDMs
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Matrix Elements 

T.	Bhattacharya	et	al,	‘15

• Lattice-QCD:

dn,p = dn,p(dq, d̃q, dW ) ḡ0,1 = ḡ0,1(d̃q)

10%

Uncertainties:

•
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Matrix Elements 

M.	Pospelov	&	A.	Ritz,	’05,	Hisano	et	al.	’12 M.	Pospelov,	Annals	Phys,	’02

• QCD sum rules:

dn,p = dn,p(dq, d̃q, dW ) ḡ0,1 = ḡ0,1(d̃q)
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Uncertainties:
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Energy
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Chiral	Perturbation	Theory	
d.of.:	Nucleons,	pions,	photons
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g
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q q q q

Below 1 GeV

Hadronic 
Matrix Elements 

dn,p = dn,p(dq, d̃q, dW ) ḡ0,1 = ḡ0,1(d̃q)

10% 50% 100% 100%

Demir,	Pospelov,	Ritz,	’03;	de	Vries	et	al,	‘10

• NDA/QCD sum rules:

Uncertainties:

•
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!
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⇡0,±
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Below 1 GeV

Nuclear 
Matrix Elements 

Uncertainties	in	the	mercury	EDM:

Dzuba,	Flambaum,	’09,	’12;	Singh,	Sahoo,	’15;

<30%

• Atomic screening

•
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•

Nuclear 
Matrix Elements 

<30%

Dzuba,	Flambaum,	’09,	’12;	Singh,	Sahoo,	’15;

<30%

Dmitriev	&	Sen’kov,	’03

• Single nucleon contribution:

Uncertainties	in	the	mercury	EDM:



Wouter	Dekens,	CKM2016,	30/11

!

	 	

N

⇡0,±

N N N

Below 1 GeV

•

Nuclear 
Matrix Elements 

<30%

Dzuba,	Flambaum,	’09,	’12;	Singh,	Sahoo,	’15;

<30%

Dmitriev	&	Sen’kov,	’03 de	Jesus,	Engel,	’05;	Ban,	Dobaczewski,	Engel,	Shukla,	’10;

>100%

• Pion-nucleon contribution:

Uncertainties	in	the	mercury	EDM:
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Theory error treatment

• ‘Rfit’:	Vary matrix elements within their allowed ranges; choose values 
giving the smallest Chi-square (pick the weakest bound) 

• Hadronic/nuclear EDM uncertainties  
• Long-distance uncertainties in 

CKMFitter Group, Charles et al, ‘05

ACP (b ! s�)
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Global constraints 
Global (central) analysis

��(t ! W+b)
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fractions   



Wouter	Dekens,	CKM2016,	30/11

• The electron EDM allows for a free 
direction, only killed by the helicity 
fractions   

Global constraints 
Global (central) analysis
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• Here the neutron EDM allows for a free 
direction, only killed by  b ! s�
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Global constraints 
Global (central) analysis
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Global constraints 
real parts
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• EDMs stringently constrain Higgs-top couplings 

• Lead to best constraints in the single coupling analysis 
• Up to 3 orders of magnitude improvement due to  the ‘two-step mechanism’ 

• These constraints are weakened by: 
• Theory uncertainties related to the neutron/mercury EDMs 

• Possible cancellations between the top-Higgs couplings 
• Complementarity with Flavor & Collider becomes important 

• CP-odd observables at LHC run-II: 
• Not competitive with EDMs in the single-coupling case 
• But very helpful in excluding free directions in the global analysis 

Summary/Conclusions
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Thank you for your attention!
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Backup slides
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Running results
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Running results
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Complementary examples 
Top Yukawa vs top color-EDM
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Complementary examples 
Strange Yukawa vs bottom Yukawa

Central Minimized
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Two-coupling analysis
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Two-coupling analysis

Central	Case Minimized	

• The	Minimized	procedure	weakens	the	bounds	
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Two-coupling analysis

• Improved	theory	again	gets	close	to	the	Central	Case

Central	Case Improved	
Theory
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Two-coupling analysis

	

Central	Case New	measurements
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Two-coupling analysis
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• O(10%, 1%) constraints 
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• The constraints improve by up to a factor of 2 at LHC run 2 
Assuming 10% uncertainty on the signal strength of the gluon-fusion channels: 

• The BSM contributions to gluon fusion grow at the same rate as the SM contribution  
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Nucleon EDMs 
Quark	EDM	contribution	

T.	Bhattacharya	et	al,	‘15

• Lattice results 
• O(10%) uncertainty 
• Strange contribution consistent with zero

dn = dn(dq, d̃q, dW )

dp = dp(dq, d̃q, dW )
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• QCD sum-rule calculations 
• O(50%) uncertainty 
• Strange situation not yet settled

M.	Pospelov	&	A.	Ritz,	’05,	(Hisano	et	al.	’12)

Nucleon EDMs 
Quark	color-EDM	contribution	

dn = dn(dq, d̃q, dW )

dp = dp(dq, d̃q, dW )
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Demir,	Pospelov,	Ritz,	’03;	de	Vries	et	al,	‘10

Nucleon EDMs 
Weinberg	contribution	

dn = dn(dq, d̃q, dW )

dp = dp(dq, d̃q, dW )

• QCD sum-rule calculations 
• O(100%) uncertainty (QCD sum-rules + naive dimensional analysis estimate) 
• Unknown sign
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Quark	color-EDM	contributions	

• QCD sum-rule calculations 

• Uncertainties O(>100%) 

Pion-nucleon couplings 
Hadronic uncertainties

M.	Pospelov,	Annals	Phys,	’02
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Mercury EDM 
Nuclear uncertainties

dA = AA(↵n fm
2, ↵p fm

2, a0 e fm
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dn
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Atomic	screening	
• Fairly well-known 

Nucleon-EDM	contributions	
• Fairly well-known (for Mercury) 

Pion-nucleon	contributions	
• Large allowed ranges, including zero fo Engel,	van	Kolck,	Ramsey-Musolf	‘13

Dzuba,	Flambaum,	’09,	’12;	Singh,	Sahoo,	’15;
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Mercury EDM 
Nuclear uncertainties

dA = AA(↵n fm
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Atomic	screening	
• Fairly well-known 

Nucleon-EDM	contributions	
• Fairly well-known (for Mercury) 

Pion-nucleon	contributions	
• Large allowed ranges, including zero for  Engel,	van	Kolck,	Ramsey-Musolf	‘13

↵n = 1.9± 0.1

↵p = 0.20± 0.06

Dmitriev	&	Sen’kov,	’03
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Mercury EDM 
Nuclear uncertainties

dA = AA(↵n fm
2, ↵p fm

2, a0 e fm
3, a1 e fm

3) ·
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ḡ0
ḡ1
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CCA

Atomic	screening	
• Fairly well-known 

Nucleon-EDM	contributions	
• Fairly well-known (for Mercury) 

Pion-nucleon	contributions	
• Large allowed ranges, including zero for  

de	Jesus,	Engel,	’05;	Ban,	Dobaczewski,	Engel,	Shukla,	’10;

Engel,	van	Kolck,	Ramsey-Musolf	‘13

↵n = 1.9± 0.1

↵p = 0.20± 0.06

ḡ1
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Energy
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Degrassi,	Franco,	Marchetti,	Silvestrini,	’05;	Jenkins,	Manohar,	Trott	et	al,	’13,	’14
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Mixing among top-Higgs couplings
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• In	most	cases	this	running	is	not	very	significant	
• Mostly	diagonal,	not	much	mixing	

• Mixing	with	addifon	operators	more	important		
• will	come	back	to	this!

Mixing among top-Higgs couplings
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• The ‘two-step’ mechanism improves previous bounds by three	orders	of	magnitude 
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• The ‘two-step’ mechanism improves previous bounds by three	orders	of	magnitude 

• Remaining constraints are consistent with the literature
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Direct collider observables 
Single top
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Direct collider observables 
Helicity fractions
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Direct collider observables 
tt, tth


