Winter Workshop on EDMs, Fermilab, Feb 14 2013

Vincenzo Cirigliano

e

» Los Alamos

NATIONAL LABORATORY
EST.1943




Qutline

Introduction: Baryogenesis
EDMs and baryogenesis: high-level connection
Examples:

® Flectroweak Baryogenesis

® | eptogenesis

Conclusions



Baryogenesis



The Baryon Asymmetry

What happened to the antimatter?

Can we understand the origin and

size of the baryon asymmetry of the
Universe?
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Barycgenesis

story of the Universe

No baryon number ‘ \ CMB (t ~ 300,000 yr):

Ml 1 =(6.1+ 0.3)x100

q qurk S Without net baryon
luon 4 ary(
ORI nLuMmber, by T~ 20 MeV

Mhuon t tau

N neutrino @ atom n n_
b T 1018 |
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BBN (t ~ | min):
. N =(5.8£0.7)x10'°



Baryogenesis

History of the Universe
C
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W, Z bosons

A%l meson

Somewhere a dynamical mechanisms

generated net baryon number
0. Supported by DOE and NSF




Conditions for Baryogenesis

® The dynamical generation of net baryon number during cosmic
evolution requires the concurrence of three conditions:

Sakharov ‘67

-

“According to our hypothesis, the occurrence of C asymme-

try 1s the consequence of violation of CP Invariance in the nonstationary expansion of the hot
Universe during the superdense stage, as manifest in the difference between the partial proba-
bilities of the charge-conjugate reactions.”

\




Conditions for Baryogenesis

® The dynamical generation of net baryon number during cosmic
evolution requires the concurrence of three conditions:

Sakharov ‘67

|. B (baryon number) violation

® TJo depart from initial B=0

G
2. C and CP violation @"’@

y. R charge conjugation

® TJo distinguish baryon and anti-

baryon production @ @@

3. Departure from thermal equilibrium parity

e <B>=0in equilibrium,if CPT is
a good symmetry



Baryogenesis Scenarios

® Many scenarios can realize these conditions, at different epochs
in the Early Universe
. History of the Universe
® GUT baryogenesis: T ~ Mcur e x o
ném no
® | eptogenesis: T ~ Mgur — TeV p 3% pil o
. Inflat|on (S>g qu %? % @ N
® FElectroweak baryogenesis: B f i~ |
SANG q° 3 » 2 WV
T~ 100 GeV ~ 5\ 1 i
| - m::s @ : ’
e Affleck-Dine (coherent scalar

fields)

@

® Hidden sector

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



Baryogenesis Scenarios

® Many scenarios can realize these conditions, at different epochs
in the Early Universe
. History of the Universe
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.
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T~ 100 GeV 1 i
o Affleck-Dine (coherent scalar

fields)

@

® Hidden sector

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF

“Low-scale” mechanisms could lead to experimental signatures
(LHC, EDMs, flavor) -- falsifiable scenarios!



EDMs and baryogenesis:
high-level connection

® Degrees of freedom involved in low-scale (T ~ TeV) scenarios
can lead to observable signatures in:

® C(Collider phenomenology

® New particles, EWSB sector, CP, ...

® Precision low-energy measurements (ﬁ< i
T

e EDMs, flavor physics: directly probe one of
Sakharov’s necessary ingredients (CP violation) _— -




EDMs and baryogenesis:
high-level connection

e (Quantitative connection?

r N
n = Filma, ga| sin ¢;
\_ ? / \\ _J
Cf[ma., ga] d = Z Gilma, go| sin ¢;
(collider) | (EDMs, flavor)

® Requires cosmology & non-eq. QFT (Fi), collider physics (0),
low-energy physics (G;) (from QCD to atomic physics)



EDMs and baryogenesis:
high-level connection

e (Quantitative connection?

® Connection is model- and mechanism-dependent

® Two classes of models have received much attention:

® Electroweak Baryogenesis -- poster child for EDM-
BAU connection

® |eptogenesis



Electroweak
Baryogenesis



Salkharov conditions in EVVB

* B violation: anomaly + sphaleron transitions Kuzmin-Rubakov-Shaposhnikov 85
Ncs labels vacuum states . e
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Salkharov conditions in EVVB

* B violation: anomaly + sphaleron transitions
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Ncs labels vacuum states

of gauge theory
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Salkharov conditions in EVVB

* B violation: anomaly + sphaleron transitions Kuzmin-Rubakov-shaposhnikov 85
Ncs labels vacuum states . e
" A ‘I"l“ of gauge theory '/_\‘
B
Y _’[ Alg — AIJ — “].'A;\-("gj ]
A~~~ T =
0 ! 2
I’('S
* C & CP violation: CKM + potential BSM sources
Vird T=T,>1
* Departure from equilibrium:
- Electroweak phase transition T.~ 100 GeV
- Need st order to avoid “washout” 1o,
(<o 1) s



Kuzmin-Rubakov-Shaposhnikov

How does it work? i

4 )
@P in the bubble wall (Mab)

£ in unbroken phase broken
S / electroweak

phase
<H>=*0

1) Bubbles of broken electroweak phase nucleate and expand



Kuzmin-Rubakov-Shaposhnikov

How does it work? o

4 )
@P in the bubble wall (Mab)

X 7V

broken

/ electroweak
Qﬁ phase Qﬁ

<H>=+*0

\B/in unbroken phase

N\

A
Nq

tr, LR

~

NgR >0

|nqL<O|

1) Bubbles of broken electroweak phase nucleate and expand
2) Charge asymmetries (i) develop through CPV flavor mixing and interactions,
(ii) diffuse in unbroken phase and get converted into L-handed fermionic charge (n)




Kuzmin-Rubakov-Shaposhnikov

How does it work? o

4 )
@P in the bubble wall (Mab)

v B

)

£ in unbroken phase broken \ s "
- / electroweak o
Qﬁ phase Qﬁ y %
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dp
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t
by
by
Ve
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NgL <0

1) Bubbles of broken electroweak phase nucleate and expand ng > 0
2) Charge asymmetries (i) develop through CPV flavor mixing and interactions,
(ii) diffuse in unbroken phase and get converted into L-handed fermionic charge (n)

3) Sphalerons convert excess of n_ into net baryon number



Kuzmin-Rubakov-Shaposhnikov

How does it work? o

4 )
@P in the bubble wall (Mab)

v B

£ in unbroken phase broken \ s "
- / electroweak o
Qﬁ phase Qﬁ y %
<H> %0 )
dp
Hua KV\A Ly,

tr LR

~

W NgR >0

)

t
by
by
Ve
Vy
= m'
NgL <0
1) Bubbles of broken electroweak phase nucleate and expand ng > 0

2) Charge asymmetries (i) develop through CPV flavor mixing and interactions,
(ii) diffuse in unbroken phase and get converted into L-handed fermionic charge (n)

3) Sphalerons convert excess of n_ into net baryon number
4) Baryon asymmetry is captured by expanding bubble wall and “freezes in”




What does it take to calculate ng?

® Phase transition dynamics

- First order!? Bubble profiles < Ver(,T)
- Bubble propagation

® Rate of non-perturbative B+L violating transitions

® Transport: generation and diffusion of CPV densities

l

. - o ) nr 'y,
[ ng — DQV‘)nB + Rl,..np = ?\@]

—




EVVB and new physics

® Does not work in the SM (phase transition, CP violation)

® Phase transition: in the SM it is |st order only for my < 70 GeV

Gurtler et al 97 Kajantie et al '98 Csikor et al '98 Aoki et al '99



EVVB and new physics

® Does not work in the SM (phase transition, CP violation)

® Phase transition: in the SM it is |st order only for my < 70 GeV

Gurtler et al 97 Kajantie et al '98 Csikor et al '98 Aoki et al '99

® CP violation: CKM phase is O(l) but re-phasing invariant is
suppressed by quark mixing angles and mass differences™*

- )
ep~m T1 (mi—m2) TI (m?—m?) I (ViaVaVV) ~ 107"
SCP ™ T3 m; —m; my —m; | m (VagVesVipVeq) ™~

¢ i>ju,e,t i>jd.s,b
\ J

**Based on treating quark masses as perturbations, OK for p ~T >> mq, but not correct for, e.g,., mg < p < ms

Farrar-Shaposhnikov 94

® Detailed calculations confirm this scaling: non-trivial effects of
Farrar-Shaposhnikov suppressed by thermal damping [ >> ms - mgq

Gavela et al '94



EVVB and new physics

® Does not work in the SM (phase transition, CP violation) = EVVB

tied to BSM physics at the weak scale (2HDM, supersymmetry, ...)

® |t can be tested through
® Energy frontier (LHC): EWSB mechanism, phase transition

® Intensity frontier: CPV in meson decays and EDMs as
probes of weak-scale BSM CP violation

® Use MSSM as representative example



Supersymmetric EVVB

The Standard Model of The Minimal Supersymmetric
Particle Interactions Extension of the Standard Model
(MSSM)

I II III I II III

Interactions dictated
by Supersymmetry

aiciryr
d|sbloffl a5 clofl
A 4 : AbARd V4 and gauge invariance
o Wil 5 1 7 |7

Two Higgs doublets: /7., Hs «-> H,, H, higgsinos (spin 1/2)

® MSSM has sufficient new degrees of freedom to
Probed by nearly

independent
phenomenological
handles

® Make phase transition |st order «—

® (enerate N via new sources of CP violation "4



Phase transition and the Higgs

V"‘ff] / T>T -~ _ 2b 7
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® Cubic term that drives |st order transition can be induced by
light scalars (X) couplings to the Higgs (light stop in the MSSM)
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® These new scalars modify Higgs properties

EPC/TC = 0-9,)
o X BR)/(O' X BR)SI\;I

MSSM=Tikel m; = 125 GeV

».. *\ﬁi:\\ ‘ 15 Cohen-Morrissey-Pierce 2012
17} 1 “ n
et T e See also Carenaet.al 2012
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® Region consistent with Ist order EWPT (light stop) implies
sizable deviations from SM rates -- MSSM EWB nearly ruled out!



CP violation and EDMs

@P in the bubble wall (Map) % v,
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CP violation

@P in the bubble wall (Map)

//

AN
B'in unbroken phase

phase

(mass matrices)

fL
W

CPV phases appearing in the mass
matrices of sfermions, charginos,
neutralinos contribute to both
baryogenesis and EDMs!
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Chang-Chang-Keung. Giudice-Romanino, Pilaftsis,

Li, Profumo, Ramsey-Musolf



CP violation and EDMs

e The region of parameter space in which EWB is viable is
determined by consistency with: (i) |5t order phase transition,
(i) precision EWV tests, (iii)) EDMs constraint.

-

\_

- Stops: one light (m~ 125 GeV),
one heavy (>TeV) and ~ left-handed

- Other sfermions: heavy (m > few TeV)
- Free parameters: gaugino masses

(Mi2), complex higgsino mass (M),
heavy Higgs mass (ma)




CP violation and EDMs

e The region of parameter space in which EWB is viable is
determined by consistency with: (i) |5t order phase transition,
(i) precision EWV tests, (iii)) EDMs constraint.

-

\_

- Stops: one light (m~ 125 GeV),
one heavy (>TeV) and ~ left-handed

- Other sfermions: heavy (m > few TeV)
- Free parameters: gaugino masses

(Mi2), complex higgsino mass (M),
heavy Higgs mass (ma)

4

4 Y M

m Qp .
df ~ e (—f> —Lsmgz)

One-loop EDM contributions decouple



CP violation and EDMs

e The region of parameter space in which EWB is viable is
determined by consistency with: (i) |5t order phase transition,
(i) precision EWV tests, (iii)) EDMs constraint.

-

\_

- Stops: one light (m~ 125 GeV),
one heavy (>TeV) and ~ left-handed

- Other sfermions: heavy (m > few TeV)

- Free parameters: gaugino masses
(Mi2), complex higgsino mass (M),
heavy Higgs mass (ma)

my (07
dr ~ e (—) — sin
I\ :

4

Remain as irreducible contributions to EDMs

b = Arg(puMb*) b2 = Arg(uMob*)



CP violation and EDMs

e The region of parameter space in which EWB is viable is
determined by consistency with: (i) |5t order phase transition,
(i) precision EWV tests, (iii)) EDMs constraint.

VC, Li, Profumo, Ramsey-Musolf 10
800

mA=300GeV
M,=2Ml

e When projected on the
higgsino-gaugino mass
plane, the region of 600
successful EWB has a

IIIIIIIIIIIIIIIIIIIII—

= 500
two-funnel structure 8 thamax_, obs
. 2 Yp ° <Yp -
corresponding to = 400 =
. e —— smp =1 o
resonant mixing of b ___ sing 03 |-
charginos (neutralinos): Vi 72 sing, =01 |
largest CP asymmetry 200 7 — =0, =003 7
\ A — OQn’=0.11 |
fOr ﬁxed Phase < .l./ | | l bl Il I Ll 1l 1l I ll:
100

100 200 300 400 500 600 700
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Universal phases

e For a given point on the P-M; plane, determine CPV phase ¢, by
enforcing successful baryogenesis: then calculate EDMs

e OX SIN Q) 1) X SIN @y P1= 02 = Pu
| VC, Li, Profumo, Ramsey-Musolf 10
600 B | L I | ] | | | L I | / 600 | L T 1 ,’}: | L I | L I |
'No EWB /,/m,=300Gev - No EWB /., _
500 |— 7] M,=2M, 7 500 N
00— | 400 ]
> — = > J
L - _ L |
- F Electron EDM 1 < Neutron EDM -
300 - 300 —
— d=16x10" cem | - — 4.=29x10"ccm | -
—_ de=0.41:10'27 e cm ] — d=1 0x10°% e em i
200 27 - 200 6 L
——= de=1.0x10 ecm | ——— dn=6.0x10 ecm | -
L de=3x10'27 eem |4 /S0 4L e dn=l 0x10” e em | -
100 i i I 100 RN I A A T A
100 200 300 400 500 600 100 200 300 400 500 600
Ml [GeV] M1 [GeV]

® |ower bounds on EDMs close to current experimental limits !



Non-universal phases

® Non universal phases: charginos give largest contributions to EDMs.

Neutralinos can generate BAU. Correlation to EDMs is weakened
VG, Li, Profumo, Ramsey-Musolf 10

Li, Profumo, Ramsey-Musolf 08

[ depn ¢ ¢ sIn @1 + Coy sipdho

n o< K sin¢p + Ko sp{ o ]
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—————

e
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.29
. de:_%xlO ecm

------- de:lO_28 e cm
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800
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-28
— dn:3X10 ecm

27
==== dn:IO e cm

.27
....... dn:3le e cm
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® | ower bounds borderline with sensitivity of next gen. experiments



Non-universal phases

- Successful SUSY baryogenesis implies “guaranteed signals” for e and n
EDMs, within reach of the next generation experiments

- CAVEAT: orders-of-magnitude spread among existing calculations,
due to different transport treatments for flavor-mixing particles

Carena-Moreno-Quiros-

Wagner-Seco '00-'02-'04 VC-Lee-RamseyMusolf-Tulin ’06 Konstandin-Prokopec-Schmidt-Seco ’05-'06

- Area of active investigation

VC-Lee-RamseyMusolf-Tulin 10
VC-Lee-Tulin’I |

—-——-- de:_%xlo_ ecm -———- dn:lO_ e cm
28 27
------- d:lO e cm d :_%xlO e cm
-0.25 -0.25
1|||1||1111||||1|11|1|1|1|||111 ||||1|||1||||||1|1111|1|1|||111

300 400 500 600 700 200 300 400 500 600 700 800
M, [GeV] M, [GeV]

Herranen, Kainulainen etal ’08 -’| |

® | ower bounds borderline with sensitivity of next gen. experiments



Beyond MSSM

® Many extensions studied:

NMSSM
MSSM + higher dim. operators

U(l)’ extensions

Huber-Konstandin-Prokopec-Schmidt 2006-7
Carena et al 2007
Cheung-Hou-Lee-Senaha 2012

Blum-Delaunay-Losada-Nir-Tulin 2010

Kang-Langacker-Li-Liu 2004

® |n some scenarios EDMs provide strong constraints on the
viability of baryogenesis, in others one can evade EDM bounds



Beyond flavor diagonal CPV

® Recent attention to models with CPV in flavor-mixing vertices
(e.g.2HDM)

L = )\?JQ_Z(EH;)U{R — )\g]Q—szd.}? Tulin-Winslow 201 |
Cline-Kainulainen-Trott 201 |

— 'y:‘jQ’Hquq + yij"(eH;)dﬁ + h.c.  Liu- Ramsey-Musolf- Shu 201 |

® EDMs relatively insensitive to these sources of CP violation

® Best constraints from flavor physics (B, D mixing and decays)

Aps ~ mjy, v Cbs o | Abs|(1 £ exp(if,, )|



Leptogenesis



Connecting BAU, EDMs, LFV

{ See-saw mechanism for m,, } Type | for illustration

» ‘I' A ‘12 7 13— 7
L D 5 (Mg), v Cvy — Aok (HI L) + hee.

/f )
Mg : L violation
\-

A, :CPand L, violation

Heavy vi
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Connecting BAU, EDMs, LFV

( See-saw mechanism for m,, }

L

» ‘I' 3 T 7 I BT 7
L D - (Mg), v Cvy — NI ok (H] L;)+ h.c.

4 N

Mg : L violation
A, :CPand L, violation

1) ZP and |/ out-of-equilibrium =
decays of N. (T ~Mg) = n_ —_—
[I‘(;\B- — W H*')#T(N; — I H) ] R




Connecting BAU, EDMs, LFV

( See-saw mechanism for m,, }

L

» ‘I' 3 T 7 I BT 7
L D - (Mg), v Cvy — NI ok (H] L;)+ h.c.

4 N

Mg : L violation
A, :CPand L, violation

1) LP and } out-of-equilibrium
decays of N, (T ~Mg) = n,

- SL i
[F(‘\Tf — L H')#T(N; — I H) ] CL b,
dl_ bL
2) EW sphalerons = ng =- k n_
dL Vz

”B ) Up V.
{’]BET?‘E()} Ve P




Connecting BAU, EDMs, LFV

( See-saw mechanism for m,, 1

L )

» ‘I' 3 T 7 I BT 7
L D - (Mg), v Cvy — NI ok (H] L;)+ h.c.

4 N

Mg : L violation
A, :CPand L, violation

\- J

1) ZP and |/ out-of-equilibrium
decays of N, (T ~Mg) = n_

If CP & L, violation is communicated
to particles with mass A\~TeV

DNy — [ H') # D(N; — [ H) | / \

2) EW sphalerons = ng =- k n_
] { Observable Observable }
0

LFV lepton EDMs




Impact on EDM

Requires non-minimal field content (beyond VRr’s): need to
communicate CP violation to TeV-scale particles

Examples:

® SUSY see-saw: CPV (and LFV) imprinted in the
slepton mass matrices by radiative corrections

® Soft leptogenesis (sneutrino out-of-eq. decays)

® |ow scale see-saw (LRSM,...)

Correlations in general weaker than in Electroweak Baryogenesis



SUSY see-saw

® Asymmetries controlling baryogenesis:

Nk
Ellis-Hisano-Raidal-
Shimizu 2002 - =
Masina 2003 Hy

Farzan-Peskin 2004




SUSY see-saw

® Asymmetries controlling baryogenesis:

A, :neutrino
Yukawa couplings

Nk
Ellis-Hisano-Raidal-
Shimizu 2002 & =
Masina 2003 Hy

Farzan-Peskin 2004




Av cannot be reconstructed in terms of measured low-energy
parameters. Numerical scan over see-saw parameters shows no
correlation between BAU and CPV phases of Upmns

No correlation between BAU and charged lepton EDMs

Typically de < 103%e cm

Davidson-Garayoa-Palorini-Rius 2008

10° —mm—m—r——— 7 10000 10° —r—r—rr ] 100000
Normal Hierarchy Inverted ]
10000
1000
1000
100 ®
100
-10 -10
10 o 10 i
_ : 10
1

10 10°% 103* 10% 10 102610221024 1010221031 100 10°
d. (e cm) d. (e cm)



Conclusions

Baryogenesis mechanisms are intimately tied to BSM physics

Some (but not all') mechanisms leave imprint on TeV scale
dynamics (EVVB, leptogenesis, ...) and can be probed through a
combination of energy and intensity frontier searches

EDMs play a key role in probing new sources of CP violation that
may be relevant to explain the BAU. However, no “theorem” links

Phases responsible for BAU < phases responsible for EDMs

In this talk | provided examples illustrating this point.

EDM searches are part of a larger effort to understand whether
TeV-scale physics had anything to do with generating the BAU
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SUSY see-saw

® Asymmetries controlling baryogenesis

€Caa = 871”03 [)\T/\]ll Im {[/\]al [mu/\]al}

® Contributions to EDMs ﬂg:rlj;szagggRaidal-Shimizu 2002

Farzan-Peskin 2004
Joaquim-Masina-Riotto 2007
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