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* The quest for new physics and the special role of EDMs

 Connecting EDMs to underlying sources of CP violation

e EFT framework
e Nucleon EDM in lattice QCD

* (Selected topics in) EDM phenomenology in the LHC era
* Non-standard CP-violating Higgs couplings
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Leptohs B

No Matter, no Dark Matter, no Dark Energy

While remarkably successful in explaining phenomena over a wide range
of energies, the SM is probably not the whole story



* Probe P and T symmetry violation (CP) in flavor diagonal transitions:
(i) highly suppressed in SM; (ii) sensitive to broad spectrum of new
physics; (iii) possibly related to baryon asymmetry in the universe
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* Probe P and T symmetry violation (CP) in flavor diagonal transitions:
(i) highly suppressed in SM; (ii) sensitive to broad spectrum of new
physics; (iii) possibly related to baryon asymmetry in the universe
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Connecting EDMs to
underlying sources of CPV
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e At E ~GeV, Standard Model CPV in QCD theta term and CKM phase
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e At E ~GeV, Standard Model CPV in QCD theta term and CKM phase
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e At E ~GeV, Standard Model CPV in QCD theta term and CKM phase
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e At E ~GeV, Standard Model CPV in QCD theta term and CKM phase
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* QObservation would signal new physics or a tiny QCD 0-term (< 10-10).

Multiple measurements can disentangle the two effects
9




e At E ~GeV, leading BSM effects encoded in handful of dim-6 operators
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e At E ~GeV, leading BSM effects encoded in handful of dim-6 operators
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e At E ~GeV, leading BSM effects encoded in handful of dim-6 operators
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 Generated by a variety of BSM scenarios
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Operator mixing (quantum effects) between /A and weak scale
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e AtE~ A~ mn~ GeV, map CPV Lagrangian onto TT, N operators with same chiral properties
e Organize expansion according to power counting in Q/Ay (Q ~ kr ~ mn)

de Vries, Mereghetti, Timmermans, van Kolck, 1212.0990, ...



* Leading pion-nucleon CPV interactions characterized by few LECs
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* Leading pion-nucleon CPV interactions characterized by few LECs
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Electron and T-odd P-odd pion- Short-range 4N and
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dn[dq] and 2N2e couplings known at 10% level (lattice QCD)

O(l) uncertainty
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Hadronic scale (B)SM sources
effective couplings \ of CP violation
\ / Xij
: - Nuclear and atomic /
e {np ... d: = E o ¢i[{c}] :
ThO. ..., 199Hg} J molecular matrix
: elements
J
Bit
- o Hadroni tri
=2 B o e
k

* To constrain & disentangle new CPV sources need multiple probes

* Many of the coefficients &jand Bk are currently poorly known:

* need both &’s and B’s to connect EDMs to new physics [ci’s]

* major challenge for theorists

|7



Nucleon EDM from lattice
QCD
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Recent development: nucleon EDM from Lattice QCD

Theta term (MSU, ETMC, LANL)

quark EDM: tensor charges @ 10% (LANL)

Dragos, Luu, Shindler, Alexandrou et al,
deVries, Yousif, 2011.01084

1902.03254 Bhattacharya et al.

2101.07230

Bhattacharya et al.
1506.04196 & 1808.07597

quark CEDM (ongoing: BNL’ LAN L’ MSU) M. Abramczyk et al., 1701.07792

gluon CEDM (ongoing: LANL, MSU)

4-quark:{ }

20
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M. Rizik, A. Shindler, C. Monahan,
1810.05637



Recent development: nucleon EDM from Lattice QCD

Dragos, Luu, Shindler, Alexandrou et al,

o Theta term (MSU, ETMC, LAN L) deVries, Yousif, 2011.01084
1902.03254 Bhattacharya et al.

2101.07230

i o Bhattach t al.
* quark EDM:tensor charges @ 10% (LANL) 1506.04196 & 1808.07597

o quark CEDM (ongoing: BNL’ LANL’ MSU) M. Abramczyk et al., 1701.07792

S. Syritsyn, T. lzubuchi, H. Ohki
1810.03721

e gluon CEDM (ongoing: LANL, MSU) M. Rizik, A. Shindler, C. Monahan,

1810.05637

e 4-quark:{}
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® Discretize space-time into a finite Euclidean

lattice (a,V) — perform Monte Carlo
integration of the path integral 'S

e Compute appropriate correlation functions: a { - )/
L
EM
Ocpv S (7)
tsourceJ/\ Csink

\ J \ J
Y ) Y
Isolate the neutron e™Mn® Project on the neutron eMn"

® Systematics: remove excited state contamination; extrapolate to
physical point by doing calculation in universes with different mq, a, V



Bhattacharya, VC, Gupta, Mereghetti, Yoon, 2101.07230

* For each ‘universe’, isolate ground state <n| Jem |n> from 3-point
function with different tsource , tsink, T

* Extract CPV electric dipole form factor F3(q?) and take g2 — 0
limit (linear or chiral EFT fit)

e Take chiral-continuum limit (mg,a) by combining results from
various universes

2
dn(a, Mﬂ-) = ClM,,% + CQLMz In (ﬁg) + C3Q
MN

22



Order of magnitude difference depending on assumption about lowest
excited state: from fit to 2-pt function or NTT, as suggested by chiral EFT
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Statistical \ /

Extrapolation

This Work
This Work with N

2011.01084a ETMC
1902.03254 Jragos et al.

181003721 oOyritsyn et al.

2101.07230

&5

5

& |

—0.003(7)(20)
—0.028(18)(54)

= 0.0009(24)

—0.00152(71)
0.001

X 0 efm

LANL approach: more statistics needed
to have better control on excited states, g2,

and chiral-continuum extrapolation
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Statistical Extrapolation
\ / P

2101.07230

1902.03254 Jragos et al.

This Work d,, = —0.003(7)(20)
This Work with Nw| d,, = —0.028(18)(54) B
201101088 ETMC |d,.| = 0.0009(24) X 6 etm
d, = —0.00152(71)
181003721 OyTritsyn et al. d, =~ 0.001
0.004 Neutron dn (a m,r) F|t
LANL approach: more statistics needed 0.002 ; Zeiim; 52(71) x 10-39e fm"‘
to have better control on excited states, g2, 0.000 ] :C(mtz;mmi |
and chiral-continuum extrapolation = -o02
o —0.004}
Dragos et al. have most precise result (50%), ;E_O'OOG
based on mn > 400 MeV. More data at
lower pion mass will improve precision %
Dragos, Luu, Shindler, deVries, Yousif, 1902.03254 0-010

25
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® Problem “factorizes”: need tensor charge of the nucleon

dN — dugf(['N,U) + ddgf(TN,d) + ds g%N,S)

(N|Gouwq|N) = gfer’Q) UNOUN

TuvYs

-
0999)
D

o

-
(00.00)
QQQQQ0

“connected” “disconnected”

(dominates the error)
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® Problem “factorizes’:

2 - v
L = _5 Z dq qo-,m/)/t')qF'u

need tensor charge of the nucleon

=u.d.s

O(10%) error including all systematics

(8%
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EDMs and non-standard
Riggs couplings



A

M
e LHC output so far:

e Higgs boson @ 125 GeV LHC

VEW
e Everything else is quite heavier

(or very light)

|/Coupling

e EDMs more relevant than ever:
e Strongest constraints of non-standard CPV Higgs couplings
* One of few observables probing PeV scale supersymmetry

e Strong constraints on weak scale baryogenesis models

29



* Leading (1/A2) CP-violating BSM interactions involving the Higgs:

(6)

C'(5) C
Lox =Lsy + —— 09 + Z ﬁog‘” TR

H-qL-qr: pseudo-scalar H-qL-qr-V: dipole ~ 0 - E
Yukawa coupling ~ O - (pf -pPi) V=g W3 B



Leading (1/A2) CP-violating BSM interactions involving the Higgs:

~

H-H-V-V : .
c Gy~ E.RB H-qL-qr: pseudo-scalar H-qL-qr-V: dipole ~ 0 - E
HY Yukawa coupling ~ O - (ps -pi) V=g W3 B
Hiekeen Pospelovitz Brod Haisch Zupan 1310.1385 VC-Dekene.de Vries.
Chien-VC-Dekens-de Vries- Mereghetti, 1603.03049
VG, Crivellin,, Dekens, de Vries, Mereghetti, 1510.00725
Hoferichter, Mereghetti, Fuyuto & Ramsey-Musolf

1903.03625, Phys. Rev. Lett. 123, Brod-Stamou, 1812.12303 1706.08548

051801 (2019)
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LHC: Higgs production & decay
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LHC: Higgs production & decay
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Low Energy: induce electron, neutron, mercury EDM
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Y.-T. Chien, VC, W. Dekens, J. de Vries, E. Mereghetti, JHEP 1602 (2016) 011 [1510.00725]
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Y.-T. Chien, VC, W. Dekens, J. de Vries, E. Mereghetti, JHEP 1602 (2016) 011 [1510.00725]
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|E-04 25
] |
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® EDMs are teaching us something about the Higgs!
® Future: factor of 2 at LHC; EDM constraints scale linearly

® Uncertainty in matrix elements strongly dilutes EDM constraints

Y.-T. Chien, VC, W. Dekens, J. de Vries, E. Mereghetti, JHEP 1602 (2016) 011 [1510.00725]
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e ] LHC 250
® Much stronger impact of nEDM with reduced uncertainties
d [Ci d] ‘ d p[dW] Target for Lattice QCD
n,pl-u, n,

in the 5-year time scale

25% 50%

® Experimentat 5 x |02/ e cm and improved matrix elements will
make nEDM the strongest probe for all couplings



e Dominant sources of CPV (together ST
with VVV) in so-called universal theories M
Peskin-Takeuchi, PRL 65, 964 (1990)

Barbieri-Pomarol-Rattazzi-Strumia hep-ph/0405040
Wells-Zhang, 1510.08462



e Dominant sources of CPV (together -
with VVV) in so-called universal theories M
Peskin-Takeuchi, PRL 65, 964 (1990)

Barbieri-Pomarol-Rattazzi-Strumia hep-ph/0405040
Wells-Zhang, 1510.08462

Example

K \ “Universal theories”

* New physics couples to SM bosons, and /
or to fermions through SM currents

* Consistent framework to analyze EW
precision tests (oblique corrections, etc)

* Evade flavor constraints (Minimal Flavor
Violation is automatic), scale can be low




e Dominant sources of CPV (together ST
with VVV) in so-called universal theories M
Peskin-Takeuchi, PRL 65, 964 (1990)

Barbieri-Pomarol-Rattazzi-Strumia hep-ph/0405040
Wells-Zhang, 1510.08462

( CPV verten
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K New Heavy quark j

Ferreira-Fuks-Sanz-Sengupta
Eur. Phys. ). C (2017) 77:675




* Dominant sources of CPV (together

with VVV) in so-called universal theories

Peskin-Takeuchi, PRL 65, 964 (1990)

Barbieri-Pomarol-Rattazzi-Strumia hep-ph/0405040

Wells-Zhang, 1510.08462

( CPV verten

K New Heavy quark j

Ferreira-Fuks-Sanz-Sengupta
Eur. Phys. ). C (2017) 77:675
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Six CPV couplings at O(1/A2)



* Dominant sources of CPV (together ST
with VVV) in so-called universal theories M
Peskin-Takeuchi, PRL 65, 964 (1990) ~ ~

Barbieri-Pomarol-Rattazzi-Strumia hep-ph/0405040 H-H-V-V V-V-V
Wells-Zhang, 1510.08462

* Induce CPV angular distributions in pp = h +2 jets, pp =V +2 jets, ...

Angular distribution of the two jets (A®jj) contains information
about CP structure of the VVh vertex.
Triple products of quark momenta appear,e.g. p - (q x k)



* Dominant sources of CPV (together ST
with VVV) in so-called universal theories M
Peskin-Takeuchi, PRL 65, 964 (1990) ~ ~

Barbieri-Pomarol-Rattazzi-Strumia hep-ph/0405040 H-H-V-V V-V-V
Wells-Zhang, 1510.08462

* Induce CPV angular distributions in pp = h +2 jets, pp =V +2 jets, ...

* [nduce light fermions (chromo)-EDMs at the |-loop level
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e Current constraints, ‘turning on” one coupling at a time: EDMs vs LHC
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VC, A. Crivellin, W. Dekens, ). de Vries, M. Hoferichter, E. Mereghetti,
1903.03625, Phys. Rev. Lett. 123, 051801 (2019)

LHC limits from: ATLAS, 1703.04362 & Bernlochner et al., 1808.06577
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Prospective constraints, turing on all couplings: low-energy vs LHC

|dnp,dRa| < 10-27 e cm + improved theory errors

[ Phys. Rev. Lett. 133, 051801 A
: (2019) 95% CL
il I |  LHC
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* Prospective constraints, turing on all couplings: low-energy vs LHC

|dnp,dRa| < 10-27 e cm + improved theory errors

2 4—
Phys. Rev. Lett. 123, 051801 . ] . o
(2019) - _ | 95% CL
1- 2
' _ _ LHC
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© :; _ _ from
.&: 0 o o ,9 Bernlochner
< - : - 1 etal,,
- 11808.06577
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2
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Low-energy measurements have far stronger constraining power — highly correlated allowed regions.
Distinctive pattern that could be probed at the high-luminosity LHC



* [nterpretation of null (for now) or positive EDM searches requires
bridging scales: from BSM to hadronic, nuclear, atomic, molecular

e Reducing theory uncertainties is essential

e Lattice QCD can have big impact on hadronic matrix elements

e EDMs are a powerful probe of new sources of CP violation
e Discussed stringent constraints on CPV couplings of the Higgs

* More generally, if new physics exists only at very high scale, EDMs
may be among a handful of observables able to probe it

40



luoy JnsdT

E\ v
A drawing by
Bruno Touschek 41



42



® TJop quark particularly interesting:
strongest coupling to Higgs; largest Cy[CeCwll
deviations from SM in several BSM | N

scenarios; LHC is a top factory

H-t.-tr-V: EW top dipoles

® Jop quark EDM affects the eEDM and qEDMs via two-step mixing

Im(Cy/ VC, W. Dekens, ). de Vries, E. Mereghetti 1603.03049
Fuyuto and RamseXB-Musolf 1706.08548



® EDM vs flavor and collider constraints
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Top MDM 11z = eQymyc,
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® EDM vs flavor and collider constraints

Top EDM
dy = thmtay
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® EDM vs flavor and collider constraints
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Combined _

Top EDM _
dy = eQymyc,y = -05)

Bound on top EDM
improved by three

orders of magnitude:
|d¢] <5 X10-20 e cm

Dominated by eEDM

1000x stronger than
direct LHC sensitivity
(Pp — jet tYy)
[Fael-Gehrmann 13,
Bouzas-Larios |13]

After ACME-Il, bound on top EDM becomes stronger by a factor ~8

Top MDM 11z = eQymyc,
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® So far, Higgs properties are compatible with SM expectations
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* Constraints on ¢j(de and Cs) — connection to c’s is relatively simple

Chupp, Fierlinger, Ramsey-Musolf, Singh, 1710.025
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