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Motivating Questions...

Sakharov’s criteria for generating a baryon asymmetry are 50 years old!

VIOLATION OF CP INVARIANCE, C ASYMMETRY, AND BARYON ASYMMETRY OF THE UNIVERSE

A. D. Sakharov
Submitted 23 September 1966
ZhETF Pis'ma 5, No. 1, 32-35, 1 January 1967

The theory of the expanding Universe, which presupposes & superdense initial state of
matier, apparently excludes the possibility of macroscopic separation of matter from anti-
matter; it must therefore be assumed that there are no antimatter bodies in nature, i.e., the

* Developed at a time before there was clear evidence for dark matter or neutrino mass...

* Now matter-genesis, and precision cosmology generally, provides even more empirical
motivation for BSM physics...



Understanding the matter content

Sakharov’s criteria for generating a baryon asymmetry are 50 years old!

VIOLATION OF CP INVARIANCE, C ASYMMETRY, AND BARYON ASYMMETRY OF THE UNIVERSE

A. D. Sakharov
Submitted 23 September 1966
ZhETF Pis'ma 5, No. 1, 32-35, 1 January 1967

The theory of the expanding Universe, which presupposes & superdense initial state of

matter, apparently excludes the possibility of macroscopic separation of matter from anti-

Non-Baryonic matter
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Baryonic matter — stuff we
experience in everyday life

matter; it must therefore be assumed that there are no antimatter bodies in nature, i.e., the

* Developed at a time before there was clear evidence for dark matter or neutrino mass...

* Now matter-genesis, and precision cosmology generally, provides even more empirical
motivation for BSM physics...

13.7 billion years ago
(universe 380,000 years old)

Questions

* |dentity of DM?

* DM-genesis?

e Baryogenesis?

* Neutrino mass?

e Lepton asymmetry?



New physics in a dark/hidden sector

Arguably, most empirical evidence for new physics (e.g. neutrino mass,
dark matter) doesn’t point a priori to a specific mass scale, but rather to
a hidden (or dark) sector, neutral under the SM.

mediators Hidden Sector
Standard Model <> - dark matter
- neutrino mass

Energy Frontier
May contain light states, if neutral

under the SM gauge group,
flavour-diagonal, etc

E.g. Neutrino mass
e UV - via Weinberg op (HL)(HL)/Auv
e IR - via light (RH) singlet fields

E.g. Dark Matter

e UV - WIMPs, neutralinos, etc
e IR - axions, sterile neutrinos, etc

Visibility Frontier

w 3|l options deserve exploration, so what theoretical guidance is there...?



New physics in a dark/hidden sector
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a hidden (or dark) sector, neutral under the SM.
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Difficult to be systematic
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New physics in a dark/hidden sector

Arguably, most empirical evidence for new physics (e.g. neutrino mass,
dark matter) doesn’t point a priori to a specific mass scale, but rather to
a hidden (or dark) sector, neutral under the SM.

mediators Hidden Sector
Standard Model <> - dark matter
- neutrino mass

/

Difficult to be systematic
In analyzing a generic
hidden sector...

But we can be more
systematic in studying
the mediation channels...



EFT for a (neutral) hidden sector

mediators
Standard Model <> Hidden Sector
O(SM) O(med) 1
L= Z . Anl ~ Oportals + 0 (A)

n=k-+[—4

Generic interactions are irrelevant (dimension > 4), but there are three
UV-complete relevant or marginal “portals” to a neutral hidden sector,
unsuppressed by the (possibly large) NP scale A

[Okun; Holdom;
Foot et al]

e \ector portal*: £ —= — gBWVW
e Higgs portal: L = —HTH(AS + )\52) [Patt & Wilczek]

: 11T
e Neutrino portal; £ = —YNJ L;HN,
*Alternate Notation : k=¢, V, = A},

Many more UV-sensitive interactions at dim = 5 7



EFT for a (neutral) hidden sector

mediators
Standard Model <> Hidden Sector
O(SM) O(med) 1
L= Z . Anl ~ Oportals + 0 (A)

n=k-+[—4

e \Vector portal: [ = —%B””VW
e Higgs portal: £ = —HVH(AS + \S%)

e Neutrino portal: £ = L;HN,

Naturally introduces force mediators (V, S), that e.g. can enable
sufficient light dark matter annihilation in the early universe



EFT for a (neutral) hidden sector

mediators
Standard Model «—> Hidden Sector

O(SM)O(med) 1
L= Z . l ~ Oportals + 0 (A)

n
n=k-+[—4

e Vector portal: [ = _gBWVW
e Higgs portal: £ = —HTH(AS + A\S?)

e Neutrino portal: £L = — Y4/ L; H N

Naturally incorporates models of neutrino mass, and leptogenesis, and a
scalar singlet can aid EW baryogenesis via a 1st order phase transition.
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EFT for a (neutral) hidden sector

mediators
Standard Model <> Hidden Sector
OI(CSM)Ol(med) 1
L= Z AT ~ Oportals + 0 K
n=k+I[—4
e Vector portal. N grv p
e Vector portal: [ = _§B Vuv HXZ”JEM
v
IR mediation e Higgs portal: L = —ASHTH > 5 SJS
m
.. h _—
. Neutrino portal: L = —Yﬁ LHN; — vY ;N

Universal couplings to EM/scalar currents at low energy, so hidden sector
models have correlated observable effects

10



Experimental probes of the portals & light NP

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

e rare (invisible) decays/missing E
- e.g. collider production plus missing

energy in decays and scattering,
O(k?) x Br(Hid)

* Precision corrections
- e.g. lepton g-2, EDMs

e rare (visible) decays

- S}gazzlt'iigr?rgigsi tsr?ee;tonic e anomalous NC-like scattering
, N - e.g. fixed target production plus
A decays, O(k“) x Br(SM) anomalous NC-like scattering,
O(k? x K?Q’)

(also astrophysics & cosmology)



Ongoing efforts (colliders, fixed targets,...)

Canada? SUTGRE

TRIUMF (ARIEL) CERN (ATLAS,CMS,LHCb,NA62,NAG4)
| Mainz (MAMI,MESA)

[Talk by L. Doria] Frascati (DA®NE)

USA

SLAC (LDMX?) China e
JLab (HPS,APEX,Moller,BDX,...) BEPC Il (BES IlI) KEK (Belle-I)

FNAL (MiniBooNE,SBND)

Cornell (MMAPS,PADME?)
12



Experimental probes of the portals & light NP

(vector)
medlators

Standard Model Hidden Sector

—— VWV Y

Experimental probes

. . 102
* Precision corrections w

- e.g. lepton g-2, EDMs

BESIII

* rare (visible) decays
- e.g. collider/fixed target

production plus e.g. leptonic
A’ decays, O(k?) x Br(SM)

m,. [GeV/c?] 10
[BESIII 2017] 15



Experimental probes of the portals & light NP

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

e rare (invisible) decays/missing E
- e.g. collider production plus missing

energy in decays and scattering,
O(k?) x Br(Hid)

* Precision corrections
- e.g. lepton g-2, EDMs

e rare (visible) decays

- S}gazzlt'iigr?fgigsi tsr?ee;tonic e anomalous NC-like scattering
, N - e.g. fixed target production plus
A decays, O(k“) x Br(SM) anomalous NC-like scattering,
O(k? x K?Q’)

(also astrophysics & cosmology)



E.G. probes of the vector portal

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

ak? 1 m; > my
af = —— X 2 2
27 2m; /(3ms,) my <K my
[Pospelov ’08] 10

* Precision corrections ¢
- e.g. lepton g-2

l=e,

l=e,p

[BESIII 2017]

BESIII

5, 10
m.. [GeV/c?]
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E.G. probes of the neutrino portal

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

[Le Dall, Pospelov & AR ’15]
e=810%eV

Inverted seesaw:

(two singlets per flavor) 100+
. . . 10_1 —’

* Precision corrections
- e.g. LFV, LNV 02

O

0 mp 0 vy, |
EUD(VL Ngr NS) mp 0 Mp Npg 1074
0 Mp € Ng .
1074 l 1

Focus on GeV-scale singlet states 05 1 5 10 50
Mp [GeV]




Experimental probes of the portals & light NP

Standard Model ‘<——>‘ Hidden Sector

e Precision corrections
- e.g. EDMs

N

What about sources of CP-violation within
this framework (e.g. for baryogenesis)?

17



EDM Sensitivity over the past 30 years

log(da) log(de) log(da)
[ecm] [ecm] [ecm]

-23 1

SR

‘1 dcs

27
-28 HfF+

ThO
-29

dXe

ng

Improvement in AMO EDM limits
since ~1985... [Haxton & Henley '83;
Flambaum et al ‘84]

dtho,ng/e [em], arg(Au)=n/2, tanB = 10
10.

T T T \I T T T 10.
[Nakai & Reece ’'16]
ACMEIII
0.3x1073°
As=10
s
& Hg N,
< 7.4X103° Y. ACMEII
g * oo
N 0.5X10
K 11,
ACME I A}:IOOO
8.7x107%9
1 I‘ 1 1 1 1 1
1. 10.

Mstop [T€V]
Complementarity to direct energy frontier
searches maintained into the LHC era.



EDM Sensitivity to light (UV-complete) hidden sectors

Standard Model <> Hidden Sector

L = Lsm + Lportals( 03, O4) + Lhid

., Anplete\ / 0

W ~ hFF

V [Archa;nbauljt et al ’04]
de(“Omixing” ) S 10733e - em de(“HmiXing”) < 107%%¢ - em

IIII» e At current sensitivity levels, lepton EDMs primarily probe NP with new
UV dofs, unlike other precision probes such as LFV, LNV, muon g-2, etc.

e Similar statements apply to hadronic EDMs (n, HQg), although detections
at current precision can be interpreted in terms of Bacp.

[Le Dall, Pospelov & AR’15] 19



Experimental probes of the portals & light NP

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

? DM Models!

Experimental probes /

* rare (invisible) decays/missing E
- e.g. collider production plus missing

energy in decays and scattering,
O(k?) x Br(Hid)

* Precision corrections
- e.g. lepton g-2, EDMs

e rare (visible) decays

- S}gaﬁz't'iigﬁrgt‘:‘l tg‘r?ee;tomc  anomalous NC-like scattering
, 2\ oo - e.g. fixed target production plus
A decays, O(k%) x Br(SM) anomalous NC-like scattering,
O(K? x K?a’)

(also astrophysics & cosmology)



Experimental probes of the portals & light NP

/V_

Sensitivity to
halo DM with
v~10-3 drops for
m<0O(GeV), due
to recoil energy

(vector)
mediators
Standard Model ‘<——>‘ Hidden Sector
B K — 10!
v"ﬁc?‘i’ ! 5 107
o A
‘%\\ cooam 0= _
: NS s ) 0 =
\\ ’ MPLE o 5 5
] \ s\ oUPP @12 —10° .8
EPL\N'\“ o1 110-6 2
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E < =
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E% e Nmo:g:eﬂc and DSN 10-13
10 100 1000 ] ()!10

thresholds.

Dark Sectors allow for sub-GeV mass thermal relic DM models
(e.g. “light WIMPs"), accessible at intensity frontier experiments



Direct detection & Intensity frontier searches

Hidden sector scalar/pseudo-Dirac fields (x) coupled to the vector portal are good DM
candidates, accessible at the intensity frontier... [Batell, Pospelov, AR, deNiverville,
McKeen, Essig, Schuster, |zaguirre, Krnjaic, Kahn, Morrissey, ...]

Scalar Elastic DM (Kinetic Mixing)

10-4L M€ \ | |
10-5. LEP \ /
1076 :
7 : MiniBooNE|  CRESST Il
< 1077 { XENON 10 _
< 10°% (¢ scattering)
£ o 5
§< 107
~ 10-10
§ 10
Il 10-12. LSND
- ME f o
10-13_—~ga ™ 3
10~ 2 i =
jg-is, AT = My 2
Lo /%
ap = U. P2
10-16 D 05 5 A“X | [,LX
1 10 102 103

m, [MeV] [Krnjaic, Cosmic Visions 2017]



E.G. fixed target probes using neutrino detectors (MiniBooNE)

Basic idea: use the neutrino (near) detector as a dark matter
detector, looking for recoil, but now from a relativistic beam.

Target Decay Pipe Beam Dump MiniBooNE Detector
5

P —= > |
e AN

: : X

50 m / 4m 487m
g
p ‘_";o,';*ﬁi:< X X X
Z A

Z,p,n,e”

Align the beam off-target, to minimize the neutrino background

[Batell et al ‘09, 14, deNiverville et al '11, ‘12’16, + MiniBooNE 12, Dobrescu et al ‘13]
23



E.G. fixed target probes using neutrino detectors (MiniBooNE)

Basic idea: use the neutrino (near) detector as a dark matter
detector, looking for recoil, but now from a relativistic beam.

Target D e Detector
> _7 |\ K'—n"+invis. "0" e
g - 10 e =i el il ]! ------------
E = ‘
P ‘55 o, favored
Be . % - ’
A 510 e
>' E "‘~
_ T
-9 PO ) .
107" xenonto .7 ,FE137
- oxe s Detection
- . ; Nucleon
P l ‘-7:0_77_ ‘ 10710 my =3m,, a, =05
b - 'y
7z E —— MB 90% CL
i ----- MB 90% Sensitivity
10_11 E_ Relic Density ] =10
> +20
_I I 1 1 1 | L1 11 I 1 1 | l L1 11 I
1072 107" 1
m, (Gév)

[MiniBooNE 2017]
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Sample event rates - T2K

[deNiverville et al '12, "16]

Nx->Ny7© my=3m,, a'=0.5 POT=5x10%' Nx—>Nx my=3m, a'=0.5 POT=5x102'

LSND
L E137 1 L 1
10-12C ——— BaBar 4 10-12f ——— BaBar E
[ ——— K*>7*+invisible ] [ —— K*->7*+invisible ]
. Excluded —— Electron/Muon g-2 ] 7 . Excluded —— Electron/Muon g-2

10-18L I >1 Event —— Jyoinvisible | ’ 0_13; - >1Event —— Jigosinvisible |
‘ [ >10 Events —— Relic Density ] f [ >10 Events — Relic Density ]
F Il >10% Events —— Direct Detection B >10° Events —— Direct Detection

Lo L n n n n P L L L L L TR L PR | | | L L Lo | L L L L L TR
1072 107" 1 1072 107" 1

m,(GeV) my(GeV)

ND280 - POD SuperK
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Future Neutrino facilities

1072

10

COHERENT (SNS)

Cs/lx—>Csllx

L -
ﬂ”
- 1
-
b

m,=5 MeV a'=0.1 POT=10%

----- COHERENT Csl
—— LSND
E137
—— BaBar
—— K*>m*+invisible

—— Electron/Muon g-2

— J/y-invisible

. P e Relic Density

107> T

1072 107 1
m\/(GeV)

Includes V-production via pion capture: m+p —>n+V

[deNiverville et al '15]

ex-ex

SHIP (LArTPC at 100m)

my=3m a=0.5 POT=2x10%°

——— K*>m*+invisible

[T Excluded Electron/Muon g-2
D >1 Event —— Jly-invisible
[ >10 Events Relic Density

B >10° Events Direct Detection

107
my(GeV)

[deNiverville et al “16]
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Experimental probes of the portals & light NP

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

* rare (invisible) decays/missing E
- e.g. collider production plus missing

energy in decays and scattering,
O(k?) x Br(Hid)

* Precision corrections
- e.g. lepton g-2, EDMs

e rare (visible) decays

- S}gaﬁ?:'t'iigﬁrgt‘:‘l tg‘r?ee;tomc  anomalous NC-like scattering
, 2\ oo - e.g. fixed target production plus
A decays, O(k%) x Br(SM) anomalous NC-like scattering,
O(K? x K?a’)

(also astrophysics & cosmology)



Future reach in e/p channels...

Missing Mass/Mtm Scattering

Missing Mass/Momentum Experiments (Kinetic Mixing) All Beam Dump Experiments (Kinetic Mixing)
10_4 hLHC 10—4 L
10—5 LLEP 10-—5 L
-6| -6|
10 Dg}t‘%‘“ E787/949@BNL 10 §
-« 1077+ \\\ ; - 1077¢ ,/ MiniBooNE
~ IPADME@LNF) ~
= 10—8. “:‘ S < 10—8h
4§>< 10~° | % 10°°
E ------ > x APS \\\ - o E
z 1077 \aee VEPP-3 fecma V7 L N : 10710
)CERN P
(\8 10—11-@ NS 10~
Il 10712} I 1012}
- )
10_13 | 10—13 -
10_]4 | 10—]4 -
ps
10715¢ =" LDMX 10-15¢
ey @SLAC
10 e W ¥ i 10-16} === ———mmmar ===
1 10 102 103 1 10 102 10°
m, [MeV] my [MeV]

[B. Echenard, E. Izaguirre, WG3 Summary, Cosmic Visions 2017]
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Visibility Frontier

Standard Model

Energy Frontier

mediators Hidden Sector
<—> - dark matter

- neutrino mass

Empirical motivations for new physics
suggest dark/hidden sectors, which
can contain light (sub-EW scale)
degrees of freedom:

e EFT arguments focus attention on the
“portal interactions”.

e Active experimental efforts at the
precision and intensity frontier over the
past 7-8 years.

e Overlap with high-intensity fixed target
& collider programs (e.g. neutrino
experiments), and potential for
synergistic analyses.



Extra Material



Experimental probes of the portals & light NP

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

e rare (invisible) decays/missing E
- e.g. collider production plus missing

energy in decays and scattering,
O(k?) x Br(Hid)

* Precision corrections
- e.g. lepton g-2, EDMs

e rare (visible) decays

- S}gazzlt'iigr?rgigsi tsr?ee;tonic e anomalous NC-like scattering
, N - e.g. fixed target production plus
A decays, O(k“) x Br(SM) anomalous NC-like scattering,
O(k? x K?Q’)

(also astrophysics & cosmology)



E.G. Probes of the scalar portal

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

10_1 [ T T T T L T T T '—

B — KOS — KOuu

10_2j
B°<
\d d 7 10_3j
* rare (visible) decays
- e.g. collider/fixed target 1074 PrOJected sensitivity at BaBar/BeIIe
g. R
production plus e.g. leptonic ~assuming Br~ 10
A decays, O(k?) x Br(SM) | [Batell, Pospelov, AR ‘09]
1075 05 10 20 50

mg (GeV)
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Experimental probes of the portals & light NP

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

? DM Models!

Experimental probes /

* rare (invisible) decays/missing E
- e.g. collider production plus missing

energy in decays and scattering,
O(k?) x Br(Hid)

* Precision corrections
- e.g. lepton g-2, EDMs

e rare (visible) decays

- S}gaﬁz't'iigﬁrgt‘:‘l tg‘r?ee;tomc  anomalous NC-like scattering
, 2\ oo - e.g. fixed target production plus
A decays, O(k%) x Br(SM) anomalous NC-like scattering,
O(K? x K?a’)

(also astrophysics & cosmology)



*“Minimal” sub-GeV DM model

mediators
Standard Model «—> Hidden Sector
| R % 1 5 5 2 2 2
L= _ZVW — §VWF - §mVVM + | Dux|® — mpmlx|® + -

¢ ¢

A’ - couples to the SM via the
EM current

DM candidate, coupled
through U(1)’, with “fine
structure constant” o’

e Allows viable sub-GeV thermal relic DM candidates [Boehm et al '03, Fayet
'04,’06; Pospelov, AR, Voloshin '07; Hooper & Zurek '08].

e For mpm < my, the correct relic density fixes a specific relation between
{x, &', My, Mpm} [Pospelov, AR & Voloshin '07]

(NB: notation k = ¢ for some later plots) 34



Fixed target probes - Neutrino Beams
[Batell et al '09, 14, deNiverville et al ’11, ‘12 ‘“16]

p+N - X+7n5 K+ 75 KF 5 yu®

E—

Proton Beam Target

—_ — = - >

- — - - >

e

)

=

Y Y

Charged Mesons

7t K+

Neutrino Beam

N

Detector

Basic idea: use the neutrino (near) detector as a dark matter
detector, looking for recoil, but now from a relativistic beam.

m—)

Proton Beam Target

p+N—=V*— xx
p,w,p —V — xx
0, n,n =4V = yxX

Intermediate States

Dark Matter Beam

Detector
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Fixed target - DM production

[deNiverville et al, to appear]

: : "0 B B
Unnormalized production m 0,W

rate at e.g. MiniBooNE 109
(vector mediator)

 NB: some components
of production model

can be validated with 0.01 | |
data, but not all... ' important on-axis

10—4 \ \ \ ! \ \ \ ! ‘ ‘ ‘ ! ‘ ‘ ‘ ‘ ‘ ‘
0.0 / 0.2 0.4 0.6 0.8 1.0
mV(GeV)

P+ N —=V*— xx
p,w, =V — xXx

~
) |- ------------- - - -~
—————————————— et

Proton Beam Target Intermediate States Dark Matter Beam Detector
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DM Production - 11, n distributions

Burman-Smith (800 MeV) Distribution

o [ o
=T T
' .

Angle (rad)
-

1.01%

0.8 GeV|

0l 02 03 04 05 06 07
Momentum (GeV)

BMPT (400 GeV) Distribution on Tungsten

Angle (rad)

400 GeV

[Bonesini et al ’01]

150 200 250
Momentum (GeV)

{10"

Sanford Wang Distribution

9GeV

=

Angle (rad)

4 5
Momentum (GeV)

» Rate for 1%,n given by averaging
rates for ",

e calibrated for thin targets, so will
broaden for an absorber

e charged mesons are magnetically
focused, and neutrino energy
spectrum has a lower peak
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Signatures

Characteristic DM (in)elastic scattering signatures

X X X X

1% 1%

o o
(&

N

X X X X

1% 1%

'IT O

Y JAN / Y /

N NN N

Mimics scattering of neutrinos, which provide dominant background.



Neutrino backgrounds...

Neutrino elastic scattering provides a large background at all v-beam

facilities with a decay volume after the target, e.g. at MiniBooNE

Events/(12 MeV)

lllIIIIIIIIllllllllllllllllll

T

TT1

=

1

= Data with total error
Total MC

————— Neutral current elastic

---------------- NCE-like backgrounds

~ 5 _ 6 i
-------- Dirt backgrounds 10°-10 lscatterlng
i Other backgrounds events, with neutral
current cross-sections
measured to O(18%)

[MiniBooNE "10]

HHHHHH

Iil""‘uﬂ;'lIIII|II~II|"‘“qI."
L

e s e R

100 200 300 200 500 600

w Counting experiments are not enough...
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Neutrino backgrounds...

However, there are ways to enhance S/B

 Run as a “beam dump”
— steer beam past target and into absorber. This removes decay
volume, cuts down neutrino background by a large factor (but
cannot run in “parasitic’ mode, unless well off axis)

e Timing
—time delay (Y=10) = O(10ns), effective for higher mass
— possible at MiniBooNE, also very effective at a far detector
(e.g. T2K — SuperK)

* Energy cuts (especially if detector is off-axis)

— neutrino beam peaks at lower energy
— different scattering kinematics

« Scattering angle cuts
— forward angle cut very effective with electron scattering

Multiple techniques are being tested in the current MiniBooNE analysis



Experimental Facilities

LSND

— 800 MeV, 1028 POT, off-axis detector at 30m (no decay volume,
so effectively a beam dump)

MiniBooNE (absorber)
— 9 GeV, 2x1020 POT, 650 ton on-axis detector at 450m

12K
— 30 GeV beam, 102" POT, 2° off-axis detectors,
- near (~2ton, 280m), far (~50 kton, Super-K)
(also CHARM, MINOS,...)

Future
— COHERENT @ SNS (1 GeV, 1023 POT/yr, 90° off-axis at 20m)
— SHiP (400 GeV, 10%° POT, ~10 ton LArTPC on-axis at ~100m)
— MicroBooNE & NOVA
— LBNF/DUNE,...

41



Experimental probes of the portals & light NP

(vector)
mediators

Standard Model ‘<——>‘ Hidden Sector

7

Experimental probes

e rare (invisible) decays/missing E
- e.g. collider production plus missing

energy in decays and scattering,
O(k?) x Br(Hid)

* Precision corrections
- e.g. lepton g-2, EDMs

e rare (visible) decays

- S}gazzlt'iigr?fgigsi Sr?ee;tonic e anomalous NC-like scattering
, N - e.g. fixed target production plus
A decays, O(k“) x Br(SM) anomalous NC-like scattering,
O(k? x K?Q’)

(also astrophysics & cosmology)



CP (or T) Violation in the SM + v-mixing

1
[
® —

OPMNS ~ !
“unknown”

Depends on the mechanism of
neutrino mass generation

“‘known” \ m; ~ Y5 (H)

sin(dgn) o< Arg Det[Y, Y., Y Y]] sin(§ — 6y) ~ ArgDet[Y, Y]
oxm ~ O(1) f < 107101
Explains CP-violation in K and B Constrained experimentally

meson mixing and decays (strong CP problem)
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EDMs as precision probes...

EDMs are powerful (amplitude-level) probes for new CP/T violation

. S
H=—-dFE - —
S
Paramagnetic EDMs  Diamagnetic EDMs Neutron EDM
Harvard/Yale (ThO) U Washington (Hg) Sé“s;ex’ ?A|L/’Ic|)_6|_
[Baron et al. '13] [Graner et al "16] [Baker et al. 06, ‘
Pendlebury et al “15]
JILA, NIST (HfF*) U Michigan (Xe) _
[Cairncross et al. "17] [Rosenberry & Chupp '01]  (and others in
Imperial (YbF) Argonne (Ra) developme_nt arqund
[Hudson et al. "11] [Bishof et al '16] the world, including

at TRIUMF)

Ao < 8.7 x 107 P eem  |dpg| < 7.4 x 10730 eem  |d,| < 3 x 107 %%ecm



EDMs as precision probes...

log(d [e cm])

-22
-24 dq and dq from
_— the neutron
26% &, from Hg
'28 — m
de from ThO, HfF

impact of recent

-30 improvement in
paramagnetic

-32 EDM sensitivity

Generic sensitivity to
_34 new physics follows
by taking df « ms
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Looking back ~30 years (~1985)...

log(da) log(de) log(da)
[ecm] [ecm] [ecm] Comparison with direct mass limits on

new (strongly-interacting) particles...

-23 dXe

N T T T T T T
dcs Y|
N | Light gluino
_24 N findow” -not
§| yet excluded
d N i
s' Excluded
100 R by this -
- < s analysis
N (UAY)
> N —
. 80 N
- s Excluded
1o % by this analysis
> 60 3 (UA1) B
26 § Excluded by
- 40 N WA66 (BEBD) -
\ (a)
N
N
§ EXCLUDED BY e*e” EXPERIMENTS
27 | | | | | | 1
- 0 20 40 60 80 100 120 140

Mj (Gev/c?)

(assuming O(1) CP phases)




Looking back O years...

log(da) log(de) log(da)

[ecm] [ecm] [ecm] Comparison with direct mass limits on new

(strongly-interacting) particles [Moriond ‘17]

pp — §§, 5 g qc—]i? Moriond 2017

IIIIlllIlIlIIIII[lIIIIIIIIIII

1600~ CMS Preiiminary 35.9 fo" (13 TeV) ]

- —SUS-16-033 (H"™) ..Expected ]
1400 —SUS-16-036 (My,)

ms, [GeV]

=—QObserved |

III]

—

1200

1000} ]
800 ]
600} :
| dm 400 E
200} =
:I I | | | | 1 Il I | | | I 1 E..EI I |- l-
800 1000 1200 1400 1600 1800 2000 2200
My [GeV]
HfF* TN 2
ThO my 0o ;
d ~ (loop) X — ~ 10" *ecm
(loop) > — ( 1 )

(assuming O(1) CP phases) 47




EDMs in the Standard Model (CKM phase)

log(dn [e cm]) log(dHy [€ cm]) log(de-equiv [€ CM])
-26@ dn limit -26 -26
-28 -28 “28 @ ThO limit
dHg limit
30 30 30
X dgKM x Cgq(J)
320t xJGh 32 32

[Khriplovich &
| Zhitnitsky '82;
-34 McKellar et al '87; -34 dSEM o (] -34
Hg X Lqq
Mannel & Uraltsev '12]

‘ CKM
:' \ x JG% 36 de—equiv X TCS(J)
36! - 7
36 36-“ ',' [Flambaum et al '84; G
Donoghue et al '87] 3, [Pospelov & AR ’13]

38| U ~mvvy) 38 ‘
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CP-odd EFT

If CP violation originates in a hidden sector, the EFT may
Energy need to contain additional states down to lower scales...
A

Te{f—
Qb %/ CP violation

—— nuclear/atomic
nuclear

What do EDMs imply for
(light) new physics....?

EDMs generically provide stringent constraints
Observable on light dofs with CP-odd couplings, e.g. a light
1 (< 1 GeV) CP-odd scalar, but we restrict to

atomic v models (portals) that are UV-complete...
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EDM Sensitivity to light (UV-complete) hidden sectors

Standard Model <—> Hidden Sector
L = Lsm + Loportals(O3, O4) + Lhid
N
‘/U\/complete neutrino portal
Y 0 mp, mp, VL
L,D (L Nr Ns)|mp, Mg € Ng
mp, € MS NS

w EDMs suppressed
by constraints on light
neutrino spectrum

2 2 2 2
mp, Mp, MS — M

de ~ (3 x 107%°ecm) R sin(2n)

M4 GeV?

«p .. v\ < 10-33, . [Ng & Ng '96; Archambault et al '04;
de(“Omixing”) S 107 e - cm Le Dall, Pospelov & AR *15]

(CP-odd source relevant in the context of leptogenesis) so



EDM Sensitivity to light (UV-complete) hidden sectors

Standard Model <> Hidden Sector

L = Lsm + Lportals(O3, 04) + Lhid

Amplete Higgs and vector portals

F

V

SVWV’“’—> 1,00 “vse Vi — ¢e0 Y vs1)e

“Dark” EDM generates an “EDM radlus operator
(or Schiff moment)

2 |e|a'}7smf

T‘ _— —
df 16m3vmym?,

N\

de ~ (Zame)Zr?ze
[Le Dall, Pospelov & AR '15]
(CP-odd source of this kind recently applied to EWBG [Cline et al "17])

X m291n(m;2/)/m?g)




EDM Sensitivity to light (UV-complete) hidden sectors

Standard Model <“—> Hidden Sector
L = Lsm + Lportals(O3, O4) + Lhid
)

102

KLOE 2013

BESIII

[BESIII 2017]
| L oa g aaaal

102 10"

., 10
m.. [GeV/c7]

—32
de(“Omixing”) S 10 32¢ . em

[Le Dall, Pospelov & AR '15] myv [GeV]
w EDM suppressed by limit on 1-loop (“dark photon™) correction to (g-2)e



