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The precision frontier

Precision measurements provide fundamental tests of the SM

... which means they can probe new physics

+ They can significantly extend the reach of direct searches
» access hard-to-test parameter space points

» extend reach to new physics at higher energy scales

+ Particularly relevant since no convincing direct signal of new physics
has been seen at the LHC



The electron EDM

Excellent probes of new physics are provided
by the Electric Dipole Moment (EDM) of the electron
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The electron EDM in the SM

EDM generated from radiative corrections with CP-violating interactions

In the SM the electron EDM is
extremely small

CP-violating

/phases from CKM

d, < 107%% e cm

e Vvanishing up to 3 loops
[ Khriplovich, Pospelov 91 ]

e severe cancellations due to GIM €
mechanism




The electron EDM beyond the SM

BSM physics typically gives rise to additional contributions to EDMs

typical contribution to the

o additional sources of CP-violation electron EDM in the MSSM
. . g
o cancellations are typically not present (35)
e contributions can arise at low loop level e =X~ ¢
(eg. |-loop or 2-loop) . J/ Y .

—% BSM corrections much larger than SM prediction



The experimental bounds
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The EFT approach

LHC results provide a strong hint that new physics scale should be
well above the EW scale

It new physics is heavy, we can adopt the Effective Field Theory (EFT) language

» model iIndependent

» bounds easy to be recast in explicit theories

New-physics effects encoded in deformations of the SM Lagrangian

s)
L= ESM+ZZ 0<6>+ZZ O + -

)

leading corrections from dimension-6 operators R



EDMs in the EFT language

EDMs can be reinterpreted in terms of high-energy effective operators

_JdE-

n| Uy
| Uy

H:—,ué-

i relativistic [Imit

_ d—
Laipole = —%\IJJWFW\IJ — ST iy ¥

i SM 1 SU)LxU(1)y

L = CZ‘;V (ELJ’W/UQGR) HW;V + CK;B (zL(T’LWGR) HB,,

de (,LL) — \1/52@ Im [SQW CGW(:“) — Cow Cen (:LL)]




EDMs in the EFT language

EDMs can be reinterpreted in terms of high-energy effective operators
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Classifying EFT effects

A preliminary step to apply the EFT approach is to identify and organize
the most relevant new-physics effects

Classification criteria:

» loop order (we will consider affects up to 2 loops)
» addrtional enhancement from running (large log if there is a significant mass gap)

» power counting



Selection rules for RGEs

Running effects are controlled by several selection rules

[ Elias-Miro, Espinosa, Pomarol ' 4;
Cheung, Shen "1 5 ]

F3
H?F*?

e EDM Hy"“F
(HY*F) 4
pp?
H3¢2

Note: four-fermion operators in Weyl notation
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Selection rules for RGEs

Running effects are controlled by several selection rules

[ Elias-Miro, Espinosa, Pomarol ' 4;
Cheung, Shen "1 5 ]

IIoop 2 loops

& 2

@s\ / H2F2 H2F2

v / \ Hy"F
‘////////////
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double log

‘one-step’ RGE
single log
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Note: four-fermion operators in Weyl notation



Classifying RGE contribution



|-loop RGE
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Only one 4-fermion operator " contributes at |-loop

Otuge = (L, ur)(Qr €r)

proportional to

quark Yukawa \

d CeB  Yug _%tGWNC(YQ+YU) C
dinp \C.yr ] 1672 N, e

* The structure of the other four-fermion operators does not allow for |-loop diagrams




|-loop RGE
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Operators involving the Higgs and gauge bosons

Owiv = [HPW WS, Opg=|HB"B,,  Opp=Hc"HW*"B,,

proportional to Y

electron Yukawa \ H W/B
EL // €R
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2-loop double-log RGE
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Additional 4-fermion operator " contributes at 2-loop double log
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2-loop double-log RGE

1-loop
(1)
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Dipole operators H+)/'*F contribute at 2-loop double log

Two RGE patterns:

H > W/B
e through the H*F? operators
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2-loop double-log RGE
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Dipole operators H+/?F contribute at 2-loop double log

Two RGE patterns: only
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e through the H*F? operators
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2-loop double-log RGE
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2-loop double-log RGE

1-loop
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» 2-loop contributions dominant for A > 5TeV



2-loop single-log RGE

1-loop
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4-fermion operators °y° contribute at 2-loop single log
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\ cancellation suppresses leading contributions to electron EDM,
only hypercharge terms survive
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2-loop single-log RGE
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Electron Yukawa corrections contribute at 2-loop single log
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\ cancellation suppresses leading contributions to electron EDM,
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92 N g/2



EVV scale threshold corrections

Additional contribution generated at the EVV scale can be relevant

Example: threshold effects from Yukawa couplings
(from finite Barr-Zee-type diagrams)

e Electron Yukawa

de 16 € 5] m?\ ImC,,
— ~ — v n —5
e 3 (1672)? ms A?

larger than log-enhanced contributions for A < 10° TeV

o Top Yukawa

fe v € 24NCQfm—v (2+1n mt) ket
e

(1672) My ms A2

no contribution from running



Implications for BSM

Model-independent constraints



Constraints from ACME I

ACME |l results translate to very strong constraints

on CP-violating effective operators

tree-level
Coww | 5.5 x107° y.g
C.p | 5.5 %x107° y.q'
one-loop
Cruge | 1.0 x 107 yey,
Cor | 4.7x107% g2
Cpz | 5.2x 1073 g2
Cipi | 24 %1072 gg
Cw | 6.4x1072¢°

two-loops
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Obtained by fixing A = 10TeV and considering 3-rd generation fermions
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Estimating BSM effects

Classification in weakly-coupled renormalizable BSM theories

Generated at tree-level:

_ _ 2
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Constraints from electron mass

To keep under control |-loop corrections to the electron mass

CeV v Cye UB Clequ Ty, Cluqe Ty, Clecfcj mdq Cleél_ Me! < M
1602 > A2 7 16#x2 ' 1672 1672 1672 ~

Automatically satisfied in MFV-like theories

CfV XYr, Cye X Ye Clequ X YeYuy Cluqe X YeYuy Cleci(j X YelYd Cleé’l_/ X YeYe!

e chirality-flipping operators are proportional to Yukawa couplings
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Contributions to the electron EDM

Hierarchy of effects taking into account power-counting

| loop log :

| loop:

2 loop double-log :

2 loop single-log :

2 loop :

3 loop double-log :

3 loop :

suppressed
by Yukawa

N\

Olecﬂj

Oy

e

Oteerr

O

v O
'\\

— by Yukawa
Orv

Yd

suppressed

24



Constraints from ACME ||

Constraints taking into account power-counting
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Implications for BSM

Constraints on specific BSM theories



Leptoquarks



Scalar leptoquarks

Contribute to 4-fermion operators > 3

e The R leptoquark (3,2,7/6)
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Vector leptoquarks
, S

Directly contribute to Ocw, Ocp ¢ ‘

Va, Uy

e TheV; leptoquark (3,2, 5/6)

L =z, LbRV Vy e abLlil + a% Q e VA L.€R + h.c.
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e The U leptoquark (3, I, 2/3)
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SUSY



Constraints on electron partners

Large effects at |-loop
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e Simple results in the limit of heavy partners

Strong constraint on mass of electron superpartners

my 2, 25 (50) TeV for my= My =p (m;> My = p)
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Constraints on the stop

2-loop effects through Barr-Zee diagrams
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e (an also be interpreted as running induced by AFF operator
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Constraints from heavy EW-inos

Heavy electroweak-inos contribute to HHFF operators

—8 4+ 27p — 24p% + 5p% + 6p% Inp
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p(7T—8p+p* +2(p+2)Inp)
CWE = 10w Cloop (0 — 1)

4 . .

g sin 2 sin ¢ B 9w rx _ 9

Cloop - 167T2‘M2IU,‘ 9 SD _ aI‘g[mm,LL MQ] 9 p — ‘MQ///L’

ACME |l bounds

VIMap| 2 4 TeV

for tan5 ~ 1 and O(1) CP-violating phases
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Squark-selectron-gauginos loop

Contribution to Oy, Via squark-selectron-gauginos loop
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sum over Wino, Higgsinos
and sfermion masses

Strong bounds on superpartner mass scale

m; > 7.5 TeV

Y

for degenerate superpartner masses and sinarg(ulMs)/sin28 ~ 1
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Composite Higgs



Anarchic composite Higgs

Anarchic flavor models generate lepton EDMs at |-loop level
(through the exchange of heavy vectors and electron partners)

electron partners

\‘E Nw

€ €

heavy vectors

de 1 (& ‘
Qe o =T —3  f>107TeV
e 82 f2 \

compositeness scale

connected to tuning!
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Multi-scale composite Higgs

CP-violating effects can be drastically reduced in multi-scale models

energy scale

A

decoupling
operators

Ounr
OdR ; OQLl

[ G.R, Pomarol "1 6 ]

Yukawa's for each family generated
at different energy scales

Liin = €5, fiOy,
v
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Multi-scale composite Higgs

CP-violating effects can be drastically reduced in multi-scale models

energy scale

A

decoupling
operators

Ounr
OdR ; OQLl

[ G.R, Pomarol "1 6 ]

High energy scale suppresses
flavour effects

» negligible EDMs

Main flavor effects from top
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Bounds on top partners

Main contribution to the electron EDM from top parters

2-loop Barr-Zee diagrams

_ de 62 . mtop
- Yo (Im c;) Smkﬁ 2

mixing between
top and top partners

Strong bounds on top partners mass scale

mmr Z 20 TeV

for Imc¢; ~1 and sinf ~ O(1)

log
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Comparison with direct searches

Constraints from ACME Il

Bounds on my (TeV)
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YL4
mixing parameter J
tang = 24
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HL-LHC projections
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Conclusions



Conclusions

The electron EDM provides an excellent way to probe new physics
» clean observable, with strong sensitivity to new CP-violating sources

» can test new-physics at the 10 TeV scale even with 2-loop effects

New-physics effects can be cleanly classified within an EFT framework

1-loop

(1)
l -1 o7 Olegu
Olec?q‘? Olel_’é’ #rloop oor &~
e Oluqe 3
"/ RN O€/W7OUW7OdW
O€W7 OeB - -
N ‘,” O€’B7OUB7OCZB

Oy } N OWW’ OBE’ OWE ¥

_____________________________ | 9w

1-loop (finite)



Outlook

—-26

=27t

Berkeley [1.6-107]

Imp. Coll. fl4-107™ |

-28}

JILA [1.3-107%®

ACME Il 1.1-107%

ACME | B.7-107>

=29}

Log1o( |del/e )

=30+

=31t

=
<

o
N
A[TeV] = (my/1677° el|ds|)'?

=
o
w

2000 2005 2010 2015 2020 2025

» Experimental bounds steadily improved in the past years

2030

42



Outlook
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» Experimental bounds steadily improved in the past years

» Significant boost Is expected In the near future

——gp probe most BSM models well beyond the 10%TeV scale
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