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Beyond the standard model?

* Baryon asymmetry of the Universe

* The Sakharov conditions:
e Baryon number violation

e QOut of thermal equilibrium

e Cand CP violation

e Hard to explain in the SM
e CP-violating New Physics?
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If the NP is heavy enough:
\Effective Field Theory
S |

———
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4 Effective Field Theory
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Effective Field Theory
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4 Effective Field Theory
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t Effective Field Theory
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Effective Field Theory

Fermi theory

‘Fundamental’ theory Effective theory
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Effective Field Theory

Describing BSM physics

‘Fundamental’ theory Effective theory
g g \\ /
2 2 » ~ g°/mpsm
BSM particle q BSM / \\\
E — ?? Leff — LSM + l 0(5) 0(6) + -
Mr M7

e At low energies, E<<masy, BSM physics can be described by higher-dimensional operators

E7 MEW
M

e These can be ordered by their dimension, with expansion parameter




Effective Field Theory
Describing BSM physics

- Assumptions
e No new light degrees of freedom

e BSM physics appears above the electroweak scale,
Mew<<MBasm

e SM gauge group SU(3)xSU(2)xU(1) is linearly realized
(elementary scalar SU(2) doublet)
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Effective Field Theory
Describing BSM physics

~ ~

(L°¢*)(¢"L)

Dimension five operators g
¢ One term, generates Majorana neutrino masses M

Weinberg '79;
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Effective Field Theory

Describing BSM physics
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Weinberg '79; Buchmuller & Wyler ‘86, Grzadkowski et al 2010
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Choice of operators
CP-violating BEH couplings to quarks and gluons
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Choice of operators
CP-violating BEH couplings to quarks and gluons

gluon-scalar

T

* Top quark chromo-EDM

gluon-quark-scalar
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Choice of operators
CP-violating BEH couplings to quarks and gluons
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gluon-quark-scalar

* Top quark chromo-EDM

/
Yq

guark-scalar

* Yukawa interactions
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Observables o
Colliders * B o we ‘
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Parameter value

68% CL:
959% CL:

ATLAS Preliminary
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el —
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Hggr = 1.23053
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Parameter value

* The dim6 operators contribute to BEH boson production and decay

* Signal strengths (i

O'BSM(i — h) BRBSM(h — f)

»h — f) =

USM(i — h) BRSM(h — f)
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A LHC S—
Observables - g
Electric Dipole Moments | EDMs « O

EDMs in the SM

* The electroweak contribution is negligible

* Unknown contribution from the QCD theta term, X HEQBMVGZV géﬁ

e Will assume a Peccei-Quinn mechanism in this talk é — ()
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Observables

Electric Dipole Moments

Current experimental status

“

Baker et al, ‘06 Graner et al, 16 ACME collaboration, ‘14

Expected Limits

1.0x1028 5.0x1073°
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Observables

Electric Dipole Moments

Current experimental status

“

Baker et al, ‘06 GranerTet al, 16 ACME collaboration, ‘14

Recent factor 4 improvement

Expected Limits

W
2o =mi=0l (= 1.0x1028 5.0x103°
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Connection to LHC / - ,
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Connection to EDMs
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Connection to EDMs
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Matrix elements

EDMs:
neutron, Hg, ThO
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RGES
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RGES

Evolution to the electroweak scale
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RGES

Evolution to the electroweak scale
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RGES

Evolution to the electroweak scale
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only generates operators via threshold effects

Y/
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RGES

Evolution to the electroweak scale
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RGES

Evolution to the electroweak scale
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Evolution to the electroweak scale
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RGES

Evolution to the electroweak scale
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LHC constraints

Process | Yy ¢ Y d,
> > > D
h — qq, bb
pp — tth
pp — 1t

« Most stringent constraints from BEH boson production (& decay)



LHC constraints
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|E+00 (TeV)
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« 0(10%, 1%) constraints



LHC constraints (projected)

| ’ImYy 21mYd v?Im Y/ v?Im Y/ v?ImY/ v?Im Y, v? 0’ v2dy fmy A
| E+00 (TeV)
\
‘ |E-02 l
2.5
| E-04 25
\ | Current
o 1 Future l
250

* 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:

g9 — h = ~yy, WW*, ZZ~

« The BSM contributions to gluon fusion grow at the same rate as the SM contribution



Threshold corrections

At the electroweak scale Y/
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Evolution to the QCD scale
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Evolution to the QCD scale
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Evolution to the QCD scale
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Threshold corrections

At the bottom & charm mass scales

db,c

Energy 1
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Below 1 GeV

o d "4 e d
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Energy
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Below 1 GeV

y - e
g
> P> g g g
q q q q
Energy
d.of.: Quarks, Gluons, photons
MQC’D —
1 GeV | Chiral Perturbation Theory
d.of.: Nucleons, pions, photons
é % | 7.‘.O,:I:
N N N N
dn,p .9_0,1

Lypr =—2N(do + d173)S*NVYE, + GoNmw-TN + g4N m3 N
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Below 1 GeV

y . e
| TET q TéT ! s

Energy

d.of.: Quarks, Gluons, photons
Mocp Matrix Elements
1 GeV | Chiral Perturbation Theory

d.of.: Nucleons, pions, photons

dn,p 901

L)(PT — —ZN(d_O + d_1T3)Su'vaFuv + g_oﬁ w-TN + g_lﬁ T3 N
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Nucleon EDMs

Hadronic uncertainties

v = (N By, PN | dg
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Nucleon EDMs

Hadronic uncertainties

1 dN — ([MN,dgv MN,JQ’ ’uN’dW) . dq

| Quark EDM contribution

e |attice results
e O(10%) uncertainty
e Strange contribution consistent with zero

d, (1 GeV) dq(1 GeV) ds(1GeV)

d, | —0.22+£0.03 0.74£0.07 0.0077 £ 0.01
d, 0.744+=0.07 —=0.22+0.03 0.0077 = 0.01

Lattice QCD, T. Bfﬁttacharya etal, ‘15
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Nucleon EDMs

Hadronic uncertainties

dn = (UN,dy ) N d ) UN.dw) | dg
"

| Quark color-EDM contribution

e QCD sum-rule calculations
e O(50%) uncertainty
e Strange situation unsettled

ed,(1GeV) edy(1GeV) eds(1GeV)

d, | —0.55+0.28 —1.1+0.55 XXX
dy 1.30 & 0.65 0.60 £ 0.30 XXX

M. Pospelov & A.iRitz, ‘05
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Nucleon EDMs

Hadronic uncertainties

\ dy = (HN,dqa MN,jqa(MN,dw]) ‘ dq
o

Weinberg contribution

e QCD sum-rule calculations
e O(100%) uncertainty (based on naive dimensional analysis estimates)
e Unknown sign

€ dw(l GeV)

d, | £(50 +40) MeV
d, | F(50 £40) MeV

Bemir, Pospelov,TRitz, ‘03



Pion-nucleon couplings

Hadronic uncertainties

Wouter Dekens, ULB, 10-02-2016

go,1 = (Mgo,hqu/LgO,l,dvq 7(:“970,1,61@) ' dq
~0 ~0 dyy
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Pion-nucleon couplings

Hadronic uncertainties

dg
‘ go,1 = (/Lgo,l,dw@go,l,dv(ga Mﬁo,ladvv) ' dq
w
Quark color-EDM contributions
e QCD sum-rule calculations
e O(>100%) uncertainty
Go = (5 £10)(dy + dg) fm ™ | g1 = (20119)(dy — dg) fm™?

M. Pospeloy, AanaIs Phys, '02



Atomic EDMs

Nuclear uncertainties
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da

Ay (ay fm?®, oy fm®, agefm?’, a; e fm?) -




Atomic EDMs

Nuclear uncertainties
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dy =

(an fmZ, Q) me, ao efmg, a1 efmg) :

Atomic screening

e Fairly well-known

Atomic screening

A(fm~?)
129%e | (0.334£0.05)-10~*
19Hg | —(2.84+0.6)-107*
225Ra | —(7.7+0.8)-101

‘EngéletaL’13
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Atomic EDMs

Nuclear uncertainties

dg = AA([ozn fm?. o fm2], ap efm®, a; efm?) - | _

Nucleon-EDM contributions a, = 1.9+0.1
e Fairly well-known (for Mercury)
a, = 0.20 + 0.6

‘ Engél etal, ‘13, Dmitriev & Sen’kov, ‘03
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Atomic EDMs

Nuclear uncertainties

dn
2 2 3 3 dp
da = Aa(ay, fm”, o) fm”, lag e fm”, a; e fm”)) - 3
g1
Pion-nucleon contributions
e Large allowed ranges, sometimes including zero
Best values of ag 4 Estimated ranges of ag 4
ago a ap ai
129% ¢ —0.10 —0.076 | {—0.063, —0.63} {—0.038, —0.63}
199 o 0.13 +0.25 {0.063, 0.63} {—0.38, 1.14}
225Ra ~19 76 {—12.6, —76} {51, 303}

Engél etal, ‘13, Dmitriev & Sen’kov, ‘03
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EDM summary

'ThO measurement
 Effectively a constraint on the electron EDM in our case

 No hadronic uncertainties
d, <87 x10"*ecm
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EDM summary

‘Neutron EDM
'« Depends on multiple operators

« Some operators involve O(50%,100%) hadronic uncertainties y
q

~

AN = (UNydy> B d, s PNdw) | dg
dw
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EDM summary

‘Neutron EDM
'« Depends on multiple operators

« Some operators involve O(50%,100%) hadronic uncertainties ),
q

~

AN = (Ndg B dy s BNdw) | d
dw
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EDM summary

Mercury EDM
« Large number of contributions

« Contains (large) nuclear and hadronic uncertainties

dn
dp

go

da = As(ay, fm®, a, fm?, agefm®, a; efm?) -
‘ g1
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EDM summary

Mercury EDM
« Large number of contributions

« Contains (large) nuclear and hadronic uncertainties

dn
dp

go

da = Aas(ay, fm?®, a, fm?, agefm®, a; efm?) -
‘ g1
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EDM summary

Mercury EDM
« Large number of contributions

« Contains (large) nuclear and'hadronic uncertainties
Hn,d, | Hpd Hn,dw
( e ) d,

Hp,d My d Hp,dw ~
‘ da :AA(oznme, apfm2, apefm?, a; efmS)' ! p’df :

\ Il’l/g())dq Mgo,dq /'Lg07dW
|

\Hardy Hgyd, Hgraw ) W
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Matrix element treatment

Derive constraints in several ways:

o ‘Central case’: Take central values of the matrix elements
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Matrix element treatment

Derive constraints in several ways:

o ‘Central case’: Take central values of the matrix elements

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

|
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Matrix element treatment

Derive constraints in several ways:
o ‘Central case’: Take central values of the matrix elements

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

* ‘Improved theory’: Rfit/minimize using improved matrix elements
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Matrix element treatment

Derive constraints in several ways:

o ‘Central case’: Take central values of the matrix elements

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

* ‘Improved theory’: Rfit/minimize using improved matrix elements

Assume: d,
dy = (KN4, , LN, dy ) - (jq ) ( Known to 25% )
(

dyy y \
dp

)

da = As(ay, fm?, ap fm?, ag e fm’, a; efmg) '
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Matrix element treatment

Derive constraints in several ways:

o ‘Central case’: Take central values of the matrix elements

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

* ‘Improved theory’: Rfit/minimize using improved matrix elements

Assume: d,
dn = (N4, CLLN,J) @Nadva) ' (dvq )

dw

Known to 25%

Known to 50%

Y S
__

da = Aa(an fm2, Qp fm2, @0 efmg7 a1 efmg) :




EDM constraints
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v2Im Y; v2Im Yé v2Im Yc' v2Im Ys' v2Im Yt, v2Im Yb, v2 0’ 'vcht /my |
|E+00 A
(TeV)
| E-02
2.5
| E-04
25
| Central
|E-06 l

250
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EDM constraints

(x?ImY] 2imY))  o’lmY, (02ImY!) oZImY/ v2Im Yy v2 ¢’

|E+00 A

(TeV)
-02
" 2.5
| E-04 75
] Central

| E-06 l

Light Yukawa / 250
Yu ,d,s

e Contribute mainly to the light (color) EDMs
e Results in neutron and mercury EDMs
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EDM constraints

v?ImY/ v?ImY)) C'vzlm Yc") v?ImY/ G’Im Y/ v?Im Yb") v? ¢’
|E+00 A
(TeV)
|E-02 25
| E-04 .
| Central

|E-06 l

Heavier Yukawa , 250
Yc,b,t

e Contributions to light (color) EDMs
e Contributions to the Weinberg
e Electron EDM is generated
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EDM constraints

v?ImY/ v?ImY)) C'vzlm Yc") v?ImY/ G’Im Y/ v?Im Yb") v? ¢’
|E+00 A
(TeV)
|E-02 25
| E-04 .
| Central

|E-06 l

Heavier Yukawa , 250
Yc,b,t

e Contributions to light (color) EDMs
e Contributions to the Weinberg
e Electron EDM is generated
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EDM constraints

v?ImY/ v?ImY)) C'vzlm Y/! ‘) v?ImY/ G’Im Y/ v?Im Yb") v? ¢’
|E+00 A
(TeV)
|E-02 25
| E-04 75
] Central
|E-06
Heavier Yukawa p
Yc, b,t

e Contributions to light (color) EDMs
e Contributions to the Weinberg
e Electron EDM is generated
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EDM constraints

v2ImY/ 2imY, (o2mY.) ’ImY! (22ImY{
|E+00 (TAV)
e
| E-02 2.5
| E-04 75
| Central
| E-06
Heavier Yukawa p
Yc,b,t

e Contributions to light (color) EDMs
e Contributions to the Weinberg
e Electron EDM is generated
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EDM constraints

P = ~

v2Im Yt: v2Im Yé v2Im Yc' v2Im Ys' v2Im Ytl v2Im Yb, ( v2 0’ ) vzcit /my
|E+00 A
(TeV)
| E-02 25
|E-04 € .
| Central

|E-06 l

Theta’ 250

e Contribute mainly to the light (color) EDMs
e Results in neutron and mercury EDMs




EDM constraints
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v2Im Yt: v2Im Yé v2Im Yc' v2Im Ys' v2Im Ytl v2Im Yb, v2 0’ (vzgt/mt)
|E+00 A
(TeV)
| E-02 25
d. |
| E-04 75
| Central
|E-06 l
Top color-EDM N 250
dy

e Mainly contributes to the Weinberg
e Results in neutron and mercury EDMs
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Minimized EDM constramts

2ImY' v?ImY)) v?ImY/ v?ImY/ v?ImY/ v?Im Yy v2ds /my |

|E+00 A
‘ (TeV)
\

|E-02
2.5
|E-04 -
’ ] Central

o ] Minimized l
Effects of minimizing: 250

 No Hg constraints for any coupling,

e Neutron EDM bounds much weaker, eEDM takes over in several cases

e Largest effects due to
e Poorly known matrix elements (SEDM, Weinberg)

- * Cases where different contributions can cancel (9’, Y’c,b)
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EDM constraints (|mproved theory)

2ImY v?ImY) v?ImY/ v?ImY/ v?ImY/ v?Im Yy 2d /my -
|E+00 N\
\ (TeV)
\
| E-02
2.5
| E-04 e
’ | Central
1E.06 | Improved Theory |
250

Assuming:

dq
dN = (MN,dq (LLN,JD @N,d@) ’ (d~q )

( Known to 25%

)

( Known to 50%

)
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EDM constraints (|mproved theory)

’~’ImY v?ImY)) v?ImY/ v?ImY/ v?ImY/ v?Im Yy 2d ¢/my

——
(TeV)

| E+00

| E-02

|
\
| E-04
|

| Central
| Improved Theory |

250

|E-06

Assuming:

( Known to 25% )

d
dy = (un,d, (,LLN’JD @N,d@) : (ai )
dywy

( Close to central constraints )

( Known to 50% )




Comparlson with the LHC

'~’ImY

v?ImY v?Im Y/ v?Im Y/ 21mY A v?Im Yy v? 60’ v2dy /my A
| E+00 (TeV)
| E-02 25
' | E-04 ”5
B EDMs (minimized)
|E-06 . LHC l
250

« EDMs win for the up, down and top Yukawa’s

« Using the minimization procedure for EDMs the LHC is competitive or better for the rest

« Suggests complementarity
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Complementary examples

Top Yukawa vs bottom Yukawa

0_10*‘ T T T T T T T T T T T T T T T T T T T ‘4 0.10 T T T T T T ‘4
L —_— d, 1 L —_— Current
—_— dyg - Imp. Th.
, — dmo | , ldpl <2.91072 ¢cm ||
0.05F — Combined | 0.05

. E0.00
A ’ ,

-0.05

T

. -0.05

_0-101 T T T T R T T I S I —0.101 PR T S S S S
-0.02 -0.01 0.00 0.01 0.02 -0.02 -0.01 0.00

V2 Im(Yt) v? Im(Y;)

Central Minimized

0.01
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Summar/Conclusions

Studied the effects of CP-violating scalar-quark & scalar-gluon couplings
-« |n BEH boson production at the LHC

* |n EDM measurements
Both observables can probe these couplings > a few TeV

‘Best constraints come from combination of EDMs and the LHC
The LHC and EDMs are complementary in several cases

Uncertain matrix elements significantly affect EDM bounds (‘minimized’ case)
« Goal to get close to the naive ‘central’ case:

;
dN — (,UN,dq (MN,J) @N,dva) | (Ci]] ) dA — AA(Oén fm2, Qp me, @0 €fm3, a1 efm:3 .
|

dyw

( Known to 25% )( Known to 50% )




Thank you for your attention!



Backup slides
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Observables

Electric Dipole Moments

Current experimental status

“

Baker et al, ‘06 GranerTet al, 16 ACME collaboration, ‘14

Recent factor 4 improvement

Expected Limits

Limits ThO proton/

deuteron
3o e=Lh e 1.0x10728 5.0x103° 1.0x102° 5.0x10%° 1.0x10?%/
cm)
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At 1 GeV

Mr=1TeV || ImY, ImY) ImY/ ImY/ Im Y/ ImY, 6’ di/my
dy /ey, 15.e — 2.8-107 "¢ - 73-107°e  7.1-107%e 93-1077e 4.2-10"%e
dy /Ty 26. — 9.8-107° — 1.9-10~* 1.7-107% 1.7-107% 1.1-1073
da/mg — —=35e —14-10"¢ — —3.7-107%e —3.5-107%e¢ —4.7-107°e -2.1-10""%¢
dg/mg - 12. 9.8-107° - 1.9-10~* 1.7-10~4 1.7-10~4 1.1-1073
ds/mg - — —14-107%¢ —0.18¢ —-3.7-107%e —-3.5-10"°e¢ —4.7-107°e¢ —-2.1-10"%e
dg/mg — E 9.8-10~4 0.62 1.9-1074 1.7-104 1.7-1074 1.1-1073
de /M - — 25-107%e 1.3-107% 7.0-107%e 1.3-107%e -7.2-107%¢ —8.0-107%¢
dy — — ~1.5-1073 — 2.7-107¢  -23.100* -73-100% —-1.9-107°
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Single-coupling constraints

v Im Y/ v ImY! v2ImY! v ImY! v2Im Y/ v?Im Y,
U d c S t b

Comb. Cen. | 39-10=° 3.0-10" 1.1-1072 43-107%* 76-10"° 8.4-10"°
Comb. Min. | 2.8-107°% 1.5-107% 6.3-1073 0.42 7.8.1073 0.041

LHC | 06-1072 0.7-1072 2.0-1072 1.5-1072 15-10~2 3.8-10"2
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Complementary examples

Strange Yukawa vs bottom Yukawa

0.10F

0.05

— d,
—  dy,
— dmo

- Combined |H

e

-0.05

T

-0.10

T

-0.02

-0.01 0.00 0.01 0.02

v Im(Y))

Central

0.10*X T T T T T T T T T T T T T T T T T T T Ia
I — Current
- Imp. Th.
, = 1d,] =2.9-107 ¢cm ||
0.05F — ATLAS s
r ;~— 1 e —————
t\ “ 1
S Moo b
L3 L . T
= 0.00 @ .
L \ = _\ _______________
~ -|| -\\
\‘ S
i ~s.
-0.05F 7
_0-101 S S U (T S S SR R R S SR S S S S R S B
-0.02 -0.01 0.00 0.01 0.02
2 ()

Minimized
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Complementary examples

Top Yukawa vs top color-EDM

—— T ————
0.06-

0.04-

d,
ng
dtho

Combined

0.02-

0.00-

—-0.02

T

T

—-0.04

—0.06r

-0.015 -0.010 -0.005 0.000 0.005

v Im())

Central

0.010

0.015

0.06

0.04

0.02

-0.02

—-0.04

-0.06

T

T

- — -

T T T T T T T T T T T T T T T T T

—_— Current
Imp. Th.
-~ |d,] =2.9-107%° ecm|
— gg-h (CMS)

p—— RCE P

‘_———-—————-—--_-
[

-
i

-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015

v Im())

Minimized
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Two-coupling analysis

o

10°v? Im(F, )

AN

Wouter Dekens

Bad Honnef, 01-10-2015

10°% v lm[Y,}]

o

Y university of
i / groningen

/

faculty o rgalfLE!%Etw[)s,e ken >

and natural sciences

- = Central
"’
[ |
1 1 1
-3 0 5

10° v Im(¥,)

ULB, 10-02-20

van swinderen mstltute]for
particle physics and gravity
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Two-coupling analysis

Central
_ - &
5L - dHz |
i = Combined |
0k
-5k

TS 0
10°v? Im(F, )

Central Case

Wouter Dekens, ULB, 10-02-2016

|

=5 0 5
& PN
10°v" Im|T, |

Minimized

* The Minimized procedure weakens the bounds
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Two-coupling analysis

1

Central

_ - 4
5| — g |
i = Combined |
0}
-5k
| -3 l“‘ 0 5

10°v? Im(F, )

Central Case

Wouter Dekens, ULB, 10-02-2016

|

=5 0 5
& PN
10°v" Im|T, |

Improved
Theory

* Improved theory again gets close to the Central Case



Two-coupling analysis

Central

e
10°v? Im(F, )

Central Case

Wouter Dekens, ULB, 10-02-2016

10° v Im(¥,)

New measurements

* Other possible improvements; new EDM measurements

d,,dra, and d ) at the current d,, sensitivity
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Two-coupling analysis

1

Central

d)’l

- dHz |
= Combined |

| 1 " " L |

10°v? Im(F, )

Central Case

Minimized
\dy| =2.9-107%° ecm
Current

|

A I A A ' A A i A

10° v Im(¥,)

New measurements

* Other possible improvements; new EDM measurements

d,,dra, and d ) at the current d,, sensitivity
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Two-coupling analysis

Central | Minimized
- dy —- |dp| £28107F eem
! —  dug sk —— |dra| £29107 ¥ ecm |
i NE 0
-
<
! -5
0 s -5 0 3
10542 Im(¥,) 10° v Im(¥,)
Central Case New measurements

* Other possible improvements; new EDM measurements

>
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Two-coupling analysis

Central || Minimized
_ - d |y =2.9-107%° ecm
5L — dH; sk ldpl £29107F ecm |
. — Combined - |dpsl £2.9-10° % ecm |
Rt P Current
of = 0
-
. < |
5k -5
0 5 -5 0 5
10542 Im(¥,) 10° v Im(¥,)
Central Case New measurements

* Other possible improvements; new EDM measurements

>



