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Expanding the horizon:
Big Questions

–Horizontal–
Why are there three 

generations?

What physics determines 

the pattern of masses 

and mixings?

Why do neutrinos have 

mass yet so light?

What is the origin of CP 

violation?

What is the origin of 

matter anti-matter 

asymmetry in Universe? 
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LHC...neutrino mass
Precision measurements,
Flavor, CP violation

Energy frontier
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This talk

- Overview of our plan for Snowmass study.

- Connections with the intensity frontier.

https://indico.bnl.gov/conferenceDisplay.py?confId=571

Friday, April 26, 13

https://indico.bnl.gov/conferenceDisplay.py?confId=571
https://indico.bnl.gov/conferenceDisplay.py?confId=571


Energy frontier working groups

- The Higgs boson.

- Precision Study of Electroweak Interaction.

- Fully understanding the top quark

- The Path Beyond the SM

- QCD and the strong force

- Flavor and CP violation at high energy

http://www.snowmass2013.org/tiki-index.php?page=Energy%20Frontier
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Our goalsGoals of the Energy Frontier study:

We need to articulate a scientific program and its motivation:

I.   What scientific targets can be achieved before 2018 ?

II.   What are the science cases that motivate the High Luminosity LHC ?

III.   Is there a scientific necessity for a “Higgs Factory” ?

IV.   Is there a scientific case today for experiments at higher energies
                       beyond 2030 ?

For these issues, we must clarify in our own minds:

Where is the physics beyond the Standard Model ?  
 
What did we learn from LHC    7/8  TeV  ?

What does this tell us about the next step ?

slide from M. Peskin

See the backup slides for the list of facilities we plan to consider
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Peskin/Brock, BNL, April 2013

EF Goals: 

I. Articulate to scientific audiences
! To other Particle Physicists: 

  EF science in the context of the Intensity and Cosmic Frontiers’ goals
! To other scientists

II. Justify to governmental audiences
! OHEP, EPP, OSTP, Congress...beyond our direct agencies
! Not only science, but the internationalization of science

III. Explain to non-specialist audiences
! Universities
! Public

 Lectures
 Written documentation
 Attractive on-line presence

25

Community Goals: the context for this science

slide from Chip Brock 
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Plan to tell “discovery stories”

Peskin/Brock, BNL, April 2013

the idea: tell some stories
Take a handful of plausible discovery channels
which might show up as anomalous observables
Flesh them out as a sequence of events:

What would an experiment need to do to be convincing?
highlights detector capabilities

What could it be?
highlights the variety of physics directions

What other measurements should show evidence?
highlights the whole program, cross-frontier?

Some suggested examples:

36

Some ideas: MW, tt resonance, h→bb, Z’, WIMP....  

slide from Chip Brock
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Timeline Our timeline:

April 3     meeting of all working groups at Brookhaven

          finalization of fast simulation framework, definition of projects
                  that must be completed for the reports

June 30    meeting of all working groups at UW, Seattle

          due date for white papers from the community
                           and talks on these white papers

          draft bulleted lists of conclusions from each working group
                           for public discussion and comment

July 29     working group reports completed;  presentation at Snowmass/Minnesota

August 16     presentation of final conclusions at DPF

August 30    finalization of all reports

slide from M. Peskin

https://indico.bnl.gov/conferenceDisplay.py?confId=571
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The studies we are doing.
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Understanding the Higgs

- After the discovery:
How well can we fully understand the properties 
of the Higgs boson

A Higgs? SM-like? Anything else? ...

Sfitter - Zerwas

Friday, April 26, 13



Understanding the Higgs

4LProng%Approach%

•  Look%for%extra%Higgs%parPcles%present%in%many%
models%

•  Look%for%exoPc%and%rare%decays%of%Higgs%
•  Precision%measurements%of%Higgs%couplings%
•  Other%precision%measurements%of%Higgs%
properPes,%such%as%spin,%CP%admixtures,%Higgs%
self%coupling%from%HH%producPon,%total%Higgs%
width,%invisible%width,%mass%

slide from Sally Dawson
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Naturalness: Supersymmetry

- Our best idea to address naturalness problem. 

- Many channels, model space still to be explored.

- Trying to cover as much as possible. 
gluino/squark, electroweak-ino, dark matter 
motivated, nautral-SUSY 

  

Well-tempered neutralino

All states below 1 TeV are uncolored
Consider studying with linear collider

Simplified models

Kiel Howe, Stanford, Brookhaven Snowmass High Energy Frontier Workshop ’13

A Simple Simplified Model - Gluino + LSP
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Kiel Howe, Stanford, Brookhaven Snowmass High Energy Frontier Workshop ’13

gluino + squark + LSP simplified model
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Kiel Howe, Stanford, Brookhaven Snowmass High Energy Frontier Workshop ’13

gluino + squark + LSP simplified model

Parameter Scans:

decoupled squarks (m̃q � m̃g)2)

m̃g

500 GeV
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...
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...

mn+1

mn
= 10

1
10}

m̃q
x = 0.0, 0.4, 0.6, 0.7, 0.8, 0.9

massless LSP compressed

until � < L�1 (⇠ 1 ab)

(m̃g, m̃q) plane :
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q
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1) m̃� = x⇥ m̃LCP

see: http://www.stanford.edu/~timcohen/SimplifiedModelsForSnowmass.pdf

pMSSM benchmarks,  J. Hewett’s talk simplified models
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Naturalness: RS/compositeness

- Complete benchmarks in RS. 

- Potential of discovering the resonances (e.g. 
through vector boson fusion).

- Corrections to Higgs couplings, TGC, O(v2/MNP2 ).
Connection to ILC.

A tale of two geometrical hierarchies

Planck-weak Flavor

Composite Higgs

- Many many scenarios, models in this class. 
Little, fat, twin, holographic .... Higgs

- Similar scenarios: Randall-Sundrum, A(5) ...

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC

Wednesday, April 3, 13
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top, top partner

- Are there top partners (for naturalness)? 

- Covering all possible top partner signals. 
Simplified model approach.

- More exotic top-like states?

Aside: distinguishing spin

• SUSY vs. little Higgs with T-parity...

(see summary on top webpage)
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Exotic-charge fermions

• motivated in composite Higgs

• Same-sign dileptons

• Single or pair production

(Talk by A. Avetisyan in Thurs. 2 pm. session)

Vector-like (top-partners)

• alternate cancellation of Higgs mass divergence

• safer from EW precision tests

• additional decays
t′

t′

t

Z

t

h

(talk by K. Black in 
Thurs. 2 pm. session)

h

t

h
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_
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Dark Matter 

- Simplified EFT approach.
In addition to dark matter in the “usual” cases: 
LSP, LKP....

- Connection to direct detection. 

p

p

γ, jet

χDM

χDM
jet, or γ+ !ET

X

X̄

e+

e−

q̄

q
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New interactions, such as Z’

- If a heavy Z’ is discovered at the LHC: 
How well can we understand it, and at ILC?

- Discovery potential beyond LHC: ILC, higher 
energy?

Model Independent Z0 Sensitivities

Discovery Reach (GeV)

310 410

χE6 Model - 

ψE6 Model - 

ηE6 Model - 

LR Symmetric

Alt. LRSM

Ununified Model

Sequential SM

TC2

Littlest Higgs

Simplest LH

Anom. Free SLH

331 (2U1D)

Hx SU(2)LSU(2)

Hx U(1)LU(1)

7 TeV - 50 pb
-1

7 TeV - 100 pb
-1

10 TeV - 100 pb
-1

10 TeV - 200 pb
-1

14 TeV - 1 fb
-1

14 TeV - 10 fb
-1

14 TeV - 100 fb
-1

1.96 TeV - 8.0 fb
-1

1.96 TeV - 1.3 fb
-1

Diener ea, 0910.1334

• Motivations

• Model independent analysis

• Couplings

• Present and future constraints
and diagnostics

• References

Snowmass Energy Frontier (BNL), April 5, 2013 Paul Langacker/LianTao Wang
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Godfrey ea, 0511335

MZ0 = 2(4) TeV; ILC at 500 GeV, 1000 fb�1, P
e�,e+

= 80(60)%; 95%

Snowmass Energy Frontier (BNL), April 5, 2013 Paul Langacker/LianTao Wang
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Many other directions

- Non-``standard” SUSY: 
RPV, R-symmetric, compressed spectrum.

- Universal extra dimension.

- Deviations in triple gauge boson couplings. 

- Long lived particles. 

- Better use of jets. 

- mW, mt 

- .....
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Clearly, many of these questions can not 
be solved by only one approach. Need to 

be attacked from multiple angles. 
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Clearly, many of these questions can not 
be solved by only one approach. Need to 

be attacked from multiple angles. 
 

Connections to in Intensity Frontier: 
highlight some examples  
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The interplay
- Precise measurement sensitive to 

- Scenario 1: a deviation observed by precise 
measurements. ⇒ rough estimate of scale. If NP 

discovered at collider as well, couplings 
measured.

- Scenario 2: no deviation observed. Very special 
(tuned) low mass new physics, or push NP scale 
higher. 

- Scenario 3: ...

coupling

#

M#0

NP
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- xx flavor/CP problem. (xx = SUSY, composite, ...)
e.g. study this in pMSSM (talk by J. Hewett)

- Symmetries, tricks ⇒ lower ci 

- Deviation could be around the corner.
Can also be probed at colliders? 

Kaon and Charm Mixing
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! Kaon mixing can probe scales as high
as ∼ 500.000 TeV

! Charm mixing probes scales as high as
several 10.000 TeV

! bounds on CP violation in charm
mixing can improve by ∼ 1 order of
magnitude (Belle II with 50ab−1)

! NP at the TeV scale has to have a
highly non-generic flavor structure

Wolfgang Altmannshofer (Fermilab) Flavor Constraints on NP April 4 4 / 18

Bd and Bs Mixing
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! Bd and Bs mixing can probe scales of
O(1000 TeV - 10.000 TeV)

! Constraints from CP violation in B
mixing still can improve by some extent

! NP at the TeV scale has to have a
highly non-generic flavor structure

Wolfgang Altmannshofer (Fermilab) Flavor Constraints on NP April 4 5 / 18

Bd and Bs Mixing
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! Bd and Bs mixing can probe scales of
O(1000 TeV - 10.000 TeV)

! Constraints from CP violation in B
mixing still can improve by some extent

! NP at the TeV scale has to have a
highly non-generic flavor structure

Wolfgang Altmannshofer (Fermilab) Flavor Constraints on NP April 4 5 / 18

D-mixing
b→sγ
Bs → μμ
K→ π νν
....

+
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Bs → μμ in SUSY Higgs

- Interesting complementarity. 

- Can we close all the gaps in the future?

Bs → µ+µ− in the MSSM with Large tan β (II)
WA, Carena, Shah, Yu ’12

! in gray: region excluded by direct
H,A→ ττ searches

! for µAt > 0 destructive interference
of Higgsino loop with SM amplitude

! for µAt < 0 constructive interference
of Higgsino loop with SM amplitude
→ currently stronger constraint

——— (a) µ = 1TeV, At > 0 - - - - - - (c) µ = −1.5TeV, At > 0
· · · · · · (b) µ = 4TeV, At > 0 - · - · - · (d) µ = 1TeV, At < 0

· · · · · · all squarks degenerate m̃ = 2TeV , |At | such that Mh = 125GeV

Wolfgang Altmannshofer (Fermilab) Bs,d → µ
+
µ
− Theory April 9, Beauty 2013 20 / 23

Bs → µ+µ− in the MSSM with Large tan β (II)
WA, Carena, Shah, Yu ’12

! in gray: region excluded by direct
H,A→ ττ searches

! for µAt > 0 destructive interference
of Higgsino loop with SM amplitude

! for µAt < 0 constructive interference
of Higgsino loop with SM amplitude
→ currently stronger constraint

! projected LHCb sensitivity
δBR ∼ 0.5× 10−9

——— (a) µ = 1TeV, At > 0 - - - - - - (c) µ = −1.5TeV, At > 0
· · · · · · (b) µ = 4TeV, At > 0 - · - · - · (d) µ = 1TeV, At < 0

· · · · · · all squarks degenerate m̃ = 2TeV , |At | such that Mh = 125GeV
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Bs → µ+µ− in the MSSM with Large tan β (II)
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! in gray: region excluded by direct
H,A→ ττ searches

! for µAt > 0 destructive interference
of Higgsino loop with SM amplitude

! for µAt < 0 constructive interference
of Higgsino loop with SM amplitude
→ currently stronger constraint

——— (a) µ = 1TeV, At > 0 - - - - - - (c) µ = −1.5TeV, At > 0
· · · · · · (b) µ = 4TeV, At > 0 - · - · - · (d) µ = 1TeV, At < 0

· · · · · · all squarks degenerate m̃ = 2TeV , |At | such that Mh = 125GeV

Wolfgang Altmannshofer (Fermilab) Bs,d → µ
+
µ
− Theory April 9, Beauty 2013 20 / 23

Altmanshofer, Carena, Shah, Yu, 2012
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h →γγ vs EDM

O Experiments �i(TeV)

OWB EWPT [55] 12.6 [56]

OhW ,OhB Higgs decays �
OW CP-even TGCs [50, 51] 1

OW̃ CP-odd TGCs [53, 54]/electron EDM [55] 0.5/37

OhW̃ CP-odd TGCs [53, 54]/electron EDM [55] 0.7/24

OhB̃ CP-odd TGCs [53, 54]/electron EDM [55] 0.3/47

OW̃B CP-odd TGCs [53, 54]/electron EDM [55] 0.3/34

Table 1. Current experimental bounds on operator coe⇥cients at 90% CL. The operator coe⇥cient ai is

bounded by the interval [�1/�2
min, 1/�2

max]. The �i (in TeV) shown in the table is the average of �min and

�max.

3.2 Correlation between CP-odd and CP-even observables

Now we want to explore possible correlations between CP-even and odd observables. Firstly, if the
charged matter is vector-like, e.g., two Weyl fermions married by a Dirac mass which does not depend
on the electroweak symmetry breaking, one can always rotate away the phases by field redefinitions.
Thus they could lead to a change in CP-even TGCs, which as we discussed, is only weakly bounded
and di⇤cult to measure. If the charged matter is purely chiral with mass purely from the Higgs VEV,
e.g., fourth-generation leptons, there could be additional CKM-like phases. For colorless chiral matter
with mass around weak scale, they will decrease the branching fraction of Higgs decaying to diphotons,
leading to a rate that is at least one sigma away from the best fit values of current Higgs fit.

The most interesting case is vector-like matter which obtain part of their masses from electroweak
symmetry breaking. The general mass matrix, e.g., for fermions, is

LM = �
�
⌅+Q ⇤+Q

⇥
⌥

 m⇥
yv⌅

2
ycv⌅

2
m�

�

⌦
⇧

⌅�Q

⇤�Q

⌃
+ cc, (3.6)

with the Higgs VEV given by ⇥H⇤ = v/
⌅

2 = 174 GeV and ⌅, ⇤ are Weyl fermions. There is one
physical phase, ⇥ = arg

⇤
m⇤

⇥m⇤
�yyc

⌅
, that cannot be rotated away by field redefinitions. There

is an analogous mass matrix for scalars, e.g., the left- and right- handed stau mass mixing matrix
with the diagonal entries the soft masses and o⇥-diagonal entries A-terms, where the physical phase
is arg

�
A⇤m2

s

⇥
. With insertion of the physical phase, the diagrams generating CP-even operators,

OW ,OhW ,OhB lead to OhW̃ ,OhB̃ . Notice that WWW̃ operator is not generated at one-loop. The
reason is that W ’s, Z only couple to fermion of the same chirality. Without introducing dependence
on the Higgs field, as each mass flips chirality, the diagram is always proportional to the even powers
of |m⇥|2 or |m�|2, which are always real. WWW̃ operator could be generated at the two-loop order
or similar to the Weinberg operator GGG̃, WWW̃ receives a finite threshold correction from a heavy
SU(2)W charged particle with a non-zero EDM de and mass m check the numerics here.

aW̃ =
g2

32�2

de

m
. (3.7)

Constraint on aW̃ translates into de
m < 3⇥10�20 e·cm

1 TeV .
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Figure 10. Upper: “vector-like lepton” model; Lower: “wino-Higgsino” model. N = 1, m⇤ = m⇥, y = yc in

all these plots. � =arg(yycm⇥
⇤m⇥

⇥). The horizontal and vertical axes correspond to the light and heavy mass

eigenvalues. The solid purple line is the current EDM constraint de/e = 1.05� 10�27 cm with the grey region

excluded; the dashed purple line is the projected constraint de/e = 10�28 cm. The green lines denote the

diphoton enhancement µ�� .

calculation, it can also be understood as a consequence of the fact that the arg detM coupling arises
from an anomalous rotation of fermion fields, whereas scalars have no anomalies. However, if there
is a pseudoscalar particle in the spectrum that can run in the two-loop EDM diagram in place of the
Higgs, or if CP-violation leads the Higgs to have a small pseudoscalar-like coupling to the electron
(e.g. by mixing with a pseudoscalar), there will still be a two-loop EDM [107]. Thus, in the case of
charged scalars, the Higgs CP problem would be less robust: if all pseudoscalars are heavy, the EDMs
can be rather small. (There are other di�culties for such an interpretation of an increased h � ��
rate, as new charged scalars typically have vacuum stability problems [40, 46], although there is still
viable parameter space for quite light scalars [55].)
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excluded; the dashed purple line is the projected constraint de/e = 10�28 cm. The green lines denote the
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calculation, it can also be understood as a consequence of the fact that the arg det M coupling arises
from an anomalous rotation of fermion fields, whereas scalars have no anomalies. However, if there
is a pseudoscalar particle in the spectrum that can run in the two-loop EDM diagram in place of the
Higgs, or if CP-violation leads the Higgs to have a small pseudoscalar-like coupling to the electron
(e.g. by mixing with a pseudoscalar), there will still be a two-loop EDM [107]. Thus, in the case of
charged scalars, the Higgs CP problem would be less robust: if all pseudoscalars are heavy, the EDMs
can be rather small. (There are other di�culties for such an interpretation of an increased h ! ��
rate, as new charged scalars typically have vacuum stability problems [40, 46], although there is still
viable parameter space for quite light scalars [55].)
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RS(composite)-flavor

- Interesting predictions for flavor physics. 

- Benchmarks: anarchy, flavor symmetry...

- Can be combined with LHC resonance searches. 

- Rich lepton flavor physics too. 

RS MODELS
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FLAVOR PHYSICS IN THE RS MODEL

Large mixing angles suggest large effects in observables which are sensitive to
couplings of third generation quarks.
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RS-lepton flavor

FLAVOR PHYSICS IN THE RS MODEL

[Agashe et al. ’06]Agashe et al, 2006
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R-parity violation:

- R-parity ⇒ stable LSP ⇒ MET. 

- RPV could be where SUSY is.
- One can get rid of R-parity, and “turn on” some 

couplings without letting proton decay. 

- There have been recent progresses on 
implementing RPV with symmetry principles. 

- RPV violates SM accidental symmetries. 
Strong constraints from precision low energy 
measurements.

SU(3)C SU(2)L U(1)Y
Q 1/6
ū 1 �2/3
d̄ 1 1/3
L 1 �1/2
ē 1 1 1
Hu 1 1/2
Hd 1 �1/2

Table 1: The MSSM fields and their representations under the SM gauge group.

neutrino sector arising from bounds on proton decay. In §7 we estimate the LSP lifetime and
comment on LHC signals/constraints. We conclude in §8. In a collection of appendices, we
classify all possible holomorphic superpotential terms, discuss nonholomorphic corrections
from supersymmetry breaking, argue that diagrams other than those considered in the main
text will be subdominant for the processes of interest, and show that higher-dimensional
operators will not a↵ect our conclusions for a su�ciently high cuto↵.

2 MFV SUSY without neutrino masses

We first consider the limit of vanishing neutrino masses (we introduce them in §5). The
MSSM consists of the standard model (SM) gauge group SU(3)C ⇥SU(2)L⇥U(1)Y , together
with the usual chiral superfields as shown in Table 1. The matter fields Q, ū, d̄, L, and ē are
flavored, and come in three generations. The superpotential

W = µHuHd + YeLHdē+ YuQHuū+ YdQHdd̄ , (2.1)

is necessary to generate the SM fermion masses and charged higgsino masses. The additional
(renormalizable) superpotential terms allowed by gauge invariance are

W 0 = �LLē+ �0QLd̄+ �00ūd̄d̄+ µ̄LHu . (2.2)

These superpotential terms violate lepton and baryon number, and therefore should be absent
or very small. The traditional approach is to impose a Z

2

symmetry, called matter parity,
under which the matter fields Q, ū, d̄, L, and ē are odd and the Higgs fields Hu and Hd are
even. This Z

2

symmetry forbids all unwanted superpotential terms in W 0, leaving only those
in (2.1). A combination of matter parity with a discrete subgroup of the Lorentz group gives
R-parity, under which all SM fields are even and superpartners odd.

The imposition of R-parity is not the only ad-hoc assumption needed to make the MSSM
phenomenologically acceptable. Soft terms needed to break supersymmetry and mass-up the
superpartners generically induce large flavor-changing neutral currents. In order to reduce
FCNCs, one usually imposes flavor universality: i.e. the assumption that at some scale all soft

3

RPV:

25

known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [60, 61].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [62] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (5.1). This new symmetry is called
“R-parity” [7] or equivalently “matter parity” [63].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (5.10)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (5.7) and (5.8) is thus forbidden, while the good and necessary terms in
eq. (5.1) are allowed. This discrete symmetry commutes with supersymmetry, as all members of a given
supermultiplet have the same matter parity. The advantage of matter parity is that it can in principle
be an exact and fundamental symmetry, which B and L themselves cannot, since they are known to be
violated by non-perturbative electroweak effects. So even with exact matter parity conservation in the
MSSM, one expects that baryon number and total lepton number violation can occur in tiny amounts,
due to non-renormalizable terms in the Lagrangian. However, the MSSM does not have renormalizable
interactions that violate B or L, with the standard assumption of matter parity conservation.

It is often useful to recast matter parity in terms of R-parity, defined for each particle as

PR = (−1)3(B−L)+2s (5.11)

where s is the spin of the particle. Now, matter parity conservation and R-parity conservation are
precisely equivalent, since the product of (−1)2s for the particles involved in any interaction vertex in
a theory that conserves angular momentum is always equal to +1. However, particles within the same
supermultiplet do not have the same R-parity. In general, symmetries with the property that fields
within the same supermultiplet have different transformations are called R symmetries; they do not
commute with supersymmetry. Continuous U(1) R symmetries are often encountered in the model-
building literature; they should not be confused with R-parity, which is a discrete Z2 symmetry. In fact,
the matter parity version of R-parity makes clear that there is really nothing intrinsically “R” about
it; in other words it secretly does commute with supersymmetry, so its name is somewhat suboptimal.
Nevertheless, the R-parity assignment is very useful for phenomenology because all of the Standard
Model particles and the Higgs bosons have even R-parity (PR = +1), while all of the squarks, sleptons,
gauginos, and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables 1.1 and 1.2). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the PR = +1 particles. Furthermore, every interaction vertex
in the theory contains an even number of PR = −1 sparticles. This has three extremely important
phenomenological consequences:

35
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Limits

- Proton decay constrains product 𝝺𝝺” 

- lepton flavor violation μ→e transitions or μe final 
states,  λ’ related constraints.

Limits flavor dependent, e.g.,

26
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Some limits on single couplings
- Limits on Baryon # violating couplings

Neutron oscillation: 𝝺”11k < 10-8 ....

- Limits on Lepton number violating coupling from 
neutrino mass (< eV). 

e.g.: 𝝺i33 ≲ 10-2,  𝝺’i33 ≲ 10-3 MSUSY~100s GeV

- bilinears constrained by neutrino mass. 
μi/μ ~ 10-4, with μ ~ 100s GeV

- Couplings are related by flavor rotations. 
Limits strong on others as well, or flavor 
symmetry.

- Size of RPV controls collider pheno
Single production? Displaced vertices?

27
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A possible connection to ν mass?

28

Implication 2. Lepton Number Violation ∆L = 2
⇒ Majorana neutrinos.

f1

f2

W −

W −

f1

f2

li
−

lj
−

’

’

×

These are the “most wanted” processes to

• Discover Majorana neutrinos ⇔ lepton number violation

• Access the new mass scale

• Probe the lepton flavor structure yν ∼ U"m

• Cosmo connection: DM, Lepto-genersis, astro-physics ...

Many theoretical models in the SM extensions, SUSY, GUTs ...

(see excellent talks in this conference ... )

We wiil stay in the minimal extension.

Consider pp̄ (pp) → µ±µ±W∓ → µ±µ±jj.

A very clean channel:

• like-sign di-muons plus two jets;

• no missing energies;

• m(jj) = MW, m(jjµ) = mN .

At the LHC:† µ±µ± jj and µ±e± jj

†A. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL νc

R.

Implication 1. While the mass is still from v ∼ 250 GeV,

and no new degrees of freedom introduced,

Dim-5 operator indicates a new physics at a scale Λ

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

See-saw implies the synergy:

among low-energy, high-energy, and cosmology!

†Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL νc

R.

Implication 1. While the mass is still from v ∼ 250 GeV,

and no new degrees of freedom introduced,

Dim-5 operator indicates a new physics at a scale Λ

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

See-saw implies the synergy:

among low-energy, high-energy, and cosmology!

†Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

14 TeV, 100 fb-1

Atre, Han, Pascoli, Zhang,  2009

(2). LHC searches for Majorana Neutrinos

At hadron colliders: § pp(p̄) → !±!±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V !N
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |V!N |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

§Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).
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More connections

- Flavor violating Z’.

- Learn more about dark matter + dark sector.

- Flavored SUSY breaking

- R-symmetric 

- Top FCNC.

- .....

29
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Would be useful to know from you

- The exp. reach of many channels, and the 
implication on the model space. 

EDM, gμ-2

μ → e, τ→ μ(e) γ, Bs → μμ, Bd→μμ
...

- Other possible connections?

- And of course, what would you like to hear from 
us? What else should we be doing at EF?
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Extras
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Energy Frontier Facilities List:

Hadron Colliders: 

      LHC 13 TeV, 300/fb , spacing: 25 ns (50 ns), pileup: 19 (38) events/crossing

      LHC 13 TeV, 3000/fb (HL-LHC) , spacing: 25 ns, pileup: 95 events/crossing

      LHC 33 TeV, 3000/fb (HE-LHC) , spacing: 50 ns, pileup: 225 events/crossing

      VHE-LHC 100 TeV, 3000/fb, spacing: 50 ns, pileup: 263 events/crossing

      VLHC at 100 TeV, 1000/fb , spacing: 19 ns, pileup: 40 events/crossing

50

140

190
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Lepton Colliders:

    e+e- at 250 GeV (ILC: 500/fb , LEP3: 500/fb, TLEP: 2500/fb), 

                         e-/e+ polarization: ILC: 80%/30%, LEP3, TLEP: 0/0

    e+e- at 350 GeV (ILC: 350/fb, CLIC: 350/fb, TLEP: 350/fb) , 

                          e-/e+ polarization: ILC: 80%/30%, CLIC: 80%/0, TLEP: 0/0

    e+e- at 500 GeV (ILC: 500/fb), e-/e+ polarization: ILC: 80%/30%

    e+e- at 1000 GeV (ILC: 1000/fb) , e-/e+ polarization: ILC: 80%/20%

    e+e- at 1400 GeV (CLIC: 1400/fb) , e-/e+ polarization: CLIC: 80%/0%

    e+e- at 3000 GeV (CLIC: 3000/fb) , e-/e+ polarization: CLIC: 80%/ 0%

    mu+mu- at 125 GeV 2/fb , 0 polarization

    mu+mu- at 1500 GeV 1000/fb , 0 polarization

    mu+mu- at 3000 GeV 3000/fb , 0 polarization
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Gamma Colliders:

    gamma-gamma at 125 GeV, 100/fb , 
           80% e- polarization to generate the photon beams

    gamma-gamma at 200 GeV, gamma-e at 225 GeV, 200/fb , 
            80% e- polarization to generate the photon beams

     gamma-gamma at 800 GeV, gamma-e at 900 GeV, 800/fb , 
            80% e- polarization to generate the photon beams

Electron-Hadron Colliders:

     LHeC 60 GeV e- or e+ on 7 TeV p 50/fb , 90% e- / 0% e+ polarization
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