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l. Portals & Early Universe

[ Standard Model ] < D> [Hidden Sector (DM) ]







Model Independent Portals

 Vector portal (“dark photons”...)
* Neutrino portal

* Axion portal

* Higgs portal

» Higher dimensional op’s portal
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* Neutrino portal
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Higgs Portal: Phase Transitions

Oy = Aoy ¢'¢ H'H +...

 Renormalizable (4
« Z, symmetric »
* Dimensionless coupling x

* ¢ (DM): singlet or charged
under SU(2), x U(1),



Il. Why the Higgs Portal ?

NOT SURE IF HIGGS







Scalar Fields in Particle Physics

Scalar fields are a simple

Scalar fields are theoretically problematic
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Scalar Fields in Particle Physics

Scalar fields are a simple

Scalar fields are theoretically problematic

J | Am2~lA2

Has a fundamental scalar finally been discovered ?

If so, is it telling us anything about A ?



What is the BSM Energy Scale A ?

!
M, 0.1
I, 0.2
O 1.7
R, -1.0
Al -0.9
A(LEP) 0.2
A(SLD) -2.0
ine7(Q_) -0.7
AY = 0.9
Al I— 25
A, 0.1
A, = 0.6
R? 0.1
Ry = -0.8
Ay (V) 1l 0.2
M, [F 1.3
Tw I 0.2
i, 0.0
i, -0.0
m, o) 0.4
H-3‘”‘-ZIH‘-1‘”‘ll””‘l””zl‘”‘3H
(0, ~ Orneas) / Orme

~ 10-3 agreement
with EWPO

LHC: so far no sub-
TeV BSM physics

Hierarchy problem(s) ?

higgs mass in TeV
=
(9%

Barbieri &
Strumia ‘99

1 3 10 30 100
Scale of new physics in TeV

01

BSM: Oggyy=c/ A% =
A~ 10 TeV generically

=152 GaV

My =

(5)
Any =

— 0.02750+0.00033
== 0.02749+0.00010
+ incl. low Q° data

sz
w
|

J{LEP LHC

excluded excluded

0+

o
40 100 200)

EWPO: data favor a “light”

SM-like Higgs scalar

CMS Preliminary

oo R
Tibbbb: §-+b" | 46, 1.1 f0!, gluing -

T522: § 918 [ay, 1.1 fo-t, glu

a 200 404 a0a 1009
Mass sr.ales [GEV]
——

Hsmmaﬁ(g S 1 e

colics Searches® - 95% CL Lower Limils (Status: ICHEP 2012
R —— e == T
Larga ED (ADD) : monophoton + E, vur v, =2 ATLAS
Large ED (ADD) - diphoton, myy SET M (G cuton, NLO) v

diphoton + £, . |Estaat STl Compact. scaie UL —

RS1 with kiM,, = 0.1 = ciphoton, my, | ARSI S Gravion macs
RS wah T, =0.1 : Giepton, | ISR TTAS s Grawon mass JL¢g=(|n,§g)m'

22 raconance, WG Gravton mass.

S Gravion mass. f3=7.8Tav

20 reconancs,
g, (5020 1 bt

[PerET— S K< guon mass
BTy, iM,=3) ssmmuon R‘: o |oamt v v ooy . Mo (5=8)
e B (. 1,23 epors + o 37 a1 (5=0)

m black hale mm.mm.)

sow| W mass
T W mass

n (=,
“Soalar L paire (5<1) - in. vars. in o6
‘Scalar LO paira (8=1) - kin. vare. in

s Gev 2" gen. L0 mass

,

 gonoraton - 0.0 Wang
4 genecain 60— Wb

generasion : 88, Wi
Nawqmvkb b5 b, m
. (4

*Victor-ika quark " CG.
Vectorfika quark - N

Y

S 7 mac ()< 190 cav)

SOETH] A {oonstrucve int )

T e WGa. Q mass {ooupiing £, =¥}
o paessren. mogw Qms.lwwwrvg\.,-wmel

it s EaT o
Excited quarke : djes reconance. q
Excited slacon *6-7 rssonancs, m, . [Lamt s i (AASGO-s1s8) Zomer: o7 mass (A= mia’)

W,y (LRSM. no mixing) : 2-lap + fete Wi MaSs (M) < 1.4 GaV)
H* (Y prod.. BR(F uwi=1) : S dimuon m,, F mass
Color ot sealar ; dijt | scatar reonance m
10" 1 10

T 1° macs (4 = mip))
w..m.smqp,/m,: iz = 10 Gt
. , M) = 110}
Major. neutr. (LRSM, no mizing) : 2-lep + joia s (v L2 o)

107
Mass scale [TeV]




Scalar Fields in Particle Physics

Scalar fields are a simple

Scalar fields are theoretically problematic

! | Am2~lA2

Must Aggy, ~ TeV to maintain a weak scale scalar ?

Perhaps new weak scale physics couples only to
scalar sector: “Higgs portal”



Stable EW Vacuum ?

Preserving EW Min

Verr
top loops

EW vacuum /

Vi
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Stable EW Vacuum ?

Preserving EW Min
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Stable EW Vacuum ?

Preserving EW Min “Funnel plot”

SM stability
& pert'vity
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Stable EW Vacuum ?

Preserving EW Min “Funnel plot”

SM stability
& pert'vity

Verr
top loops “I\  perturbativity
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Stable EW Vacuum ?

Preserving EW Min “Funnel plot”

SM stability
& pert'vity

Verr
top loops “I\  perturbativity

EW vacuum / n
/\ <7 l
S~ 00

scale A I e e

> SM unstable above
~ 108 - 1073 TeV

1 9, 9., 27
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sets my, top loops Higgs portal interactions —

more robust stability







Scalar Fields in Cosmology

What role do scalar fields play (if any)
in the physics of the early universe ?



Scalar Fields in Cosmology

Problem Theory Exp’t

* Inflation
* Dark Energy
» Dark Matter

 Phase transitions
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Scalar Fields in Cosmology

Problem Theory Exp’t

« Inflation v ?
* Dark Energy

2
« Dark Matter ?
2

N\ X X

 Phase transitions

» Could experimental discovery of a fundamental
scalar point to early universe scalar field dynamics?

 Are there signatures in modified Higgs properties,
new states, or EW precision tests ?



Scalar Fields in Cosmology

Problem Theory Exp’t
* Inflation v ?
« Dark Energy v ?
« Dark Matter ¢ ?
* Phase transitions ¢ ?

l

Focus of this talk, but perhaps part of
larger role of scalar fields in early universe




Scalar Fields in Cosmology

Problem Theory Exp’t

 Inflation 4 ?

* Dark Energy
» Dark Matter

?
?
?

NN X

 Phase transitions

l

What was the pattern of EWSB ?

» Single step? Multi-step?
« Symmetry breaking & restoration ?







Thermal DM: Qqp & O
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EW Phase Transition: New Scalars

| F

Increasing m,

1st order | F 2nd order
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Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet 1 4 x
Real singlet 1 o v
Complex Singlet 2 t/ v
Real Triplet 3 v v

May be low-energy remnants of UV complete
theory & illustrative of generic features
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Extension DOF |EWPT | DM
Real singlet 1 4 x
Real singlet 1 o v
Complex Singlet 2 c/ v
Real Triplet 3 v v

May be low-energy remnants of UV complete
theory & illustrative of generic features



The Simplest Extension

Simplest extension of the SM scalar
sector: add one real scalar S (SM singlet)

Vo — 3 (1) 5+ 3 (317) 5

EWPT:a,,#0 &<§>%0
DM: a,=0 &<S>=0

O’Connel, R-M, Wise; Profumo, R-M, Shaugnessy, Barger, Langacker, McCaskey, R-M
Shaugnessy; He, Li, Li, Tandean, Tsai; Petraki & Kusenko, Gonderinger, Li, Patel, R-M; Cline,
Laporte, Yamashita;, Ham, Jeong, Oh; Espinosa, Quiros; Konstandin & Ashoorioon...



The Simplest Extension, Cont’d

Mass matrix

o’V -
2 /2 J
2 22 1279 9%V av?
M* = 2 2 yfz——b3x0+2b4x0 —0
Auhs/z Aus aS 4X()
9%V
2 _
His = 3as = (@) 2) o
Xy = <S>
h sin@ cosO \(h 2
M= _ tan = Y : y= zﬂhs 5
h,] \cos@ -—sinf)\s 1++/14y2 My — 5




The Simplest Extension, Cont’d

Mass matrix

New topologies

b
<l
~ < 14

h<y

v -,
]/t% — W — 2)\()\/0

]/ls — K = b3x0 + 2b4.X0

His = c’?hgs (@) 20) v

4)60

x0=<S>
2
tan® = s : y= zﬂhs 5
14++/1+y2 My, — K3
2 2 2 2
HptTHs | Hp—H
m%,Z_ h S 4 h s 1+y2



The Simplest Extension, Cont’d

Mass matrix

PV -
2 __ 2
:—_2 1%
h,, Y , 0%V _avg
Sl = — = baxo+ 2baxg — —

X%
b His = 3o ohds "@ Y0
S _ h < b X, = <S>

- -m7 2
= h< 4 tan0 = % : y= 2”’”2
v 1+ +/1+y? My, — M5

Stable S (dark matter)

* Tree-level Z, symmetry: a,=0 to
prevent s-h mixing and one-loop s—»hh

* X, =0 to prevent h-s mixing & s — hh



The Simplest Extension




The Simplest Extension

DM Scenario




DM Phenomenology

Relic Density

He, Li, Li, Tandean, Tsai
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DM Phenomenology

Relic Density

He, Li, Li, Tandean, Tsai
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New Scalars EW Vacuum Stability

Preserving EW Min “Funnel plot” SM stability
& pert'vity

Verr
top loops

EW vacuum /
/\ \

naive stability —
scale A Log,q (A / Gel')

» SM + singlet: stable
but non-pertur’tive

9 9 27
| 2 2 2 o 2 42
By = IGTTE ril)u +12a2 — BGyt + 122y} — 9Ag” —3)Ag"" + 19 + 399 + — 9 )

VAN

DM-H coupling top loops

Gonderinger, Li, Patel, R-M




LHC & Higgs Phenomenology

LHC discovery potential

Signal Reduction Factor

§2 V2 BF(Hj — Xsu)

i/: ljBF<hSM — XSM) \

Production Decay

NN

V,; < 1. mixed states h; New decays: h, — h, h,

Dark matter: no mixing — states are h,S

New decays h— SS (invisible!) possible




Statistical Significance

LHC & Higgs Phenomenology

LHC discovery potential Invisible decays
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LHC & Higgs Phenomenology

LHC discovery potential

Signal Reduction Factor

/) BF(H] — XSM)

2 p— 0
j_VVIJBF(hSM — Xsm) ‘\

Production Decay

Jets + f; +——

Invisible decays

He, Li, Li, |
Tandean, 7
Tsai

Dijet azimuthal distribution

>
§ hj ”’A
- =<
<<

~

\\A

Look for azimuthal shape change of
primary jets (Eboli & Zeppenfeld ‘00)



LHC & Higgs Phenomenology

LHC discovery potential

Signal Reduction Factor
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BRA=¥r¥sSM

LHC & Higgs Phenomenology

80,99% CL

SM + top —
. partmer

BR(hi-gg)/SM Invisible Higgs BR

Giardino et al:
arXiv 1207:1347



Real Singlet: EWPT




New Patterns of EWSB

Multiple fields & new
interactions: novel patters of
symmetry breaking, lower T,
greater super-cooling,
“stronger 1t order EWPT”




Real Singlet: EWPT

Vits = — (H* H) S+ 22 (HT H) 5?2

r —X

Raise barrier Lower T




Real Singlet: EWPT

Low energy phenomenology

Vits = — (HJFH) o (HTH) S?

r —X

Raise barrier Lower T

Mixing / Modified BRs

Two mixed (singlet-doublet) states
w/ reduced SM branching ratios




EWPT & LHC Phenomenology

~  Trivial Singlet v.e.v.

100

Signatures My > 2 My g Scan: EWPT-viable
s00 FIRERE - : model parameters
400 f
z B Light: all models
=k Black: LEP allowed
200

III|III\|I
(ioo 200 300 m1 >2mZ

m, [Ge .

Profumo, R-M,
Shaugnessy



EWPT & LHC Phenomenology

~ = Trivial Singlet v.e.v.

Signatures

LHC: reduced
BR(h — SM)

Profumo, R-M,
Shaugnessy

Scan: EWPT-viable
model parameters

Light: all models
Black: LEP allowed



EWPT & LHC Phenomenology

~ = Trivial Singlet v.e.v.

Signatures Scan: EWPT-viable

model parameters
b
L < b —
L R— v Light: all models
S Black: LEP allowed
h,
h, — =
----=__

LHC: reduced

BR(h —SM) Signal Reduction Factor
§2 _ V2~ BF(H] — XSM)
/’v YBF(hsy — Xsu) ‘\
Production Decay
Profumo, R-M,

Shaugnessy



Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet 1 4 x
Real singlet 1 o v
Complex Singlet 2 c/ v
Real Triplet 3 v v

May be low-energy remnants of UV complete
theory & illustrative of generic features



Complex Singlet: EWB & DM?

Barger, Langacker, McCaskey, R-M Shaugnessy

Spontaneously & softly broken global U(1) <S> ;é 0

Vs = 2HTH|S|? = 2HTH(S? + A?)

v
Controls Qqppy, Te, & H-S mixing

Ve=2|524+ %282 +ce.+---

b

Gives non-zero M,




Complex Singlet: EWB & DM?

Barger, Langacker, McCaskey, R-M Shaugnessy

Consequences:

Three scalars: h,, h,: mixturesofh & S

A : dark matter

Phenomenology:  « Produce h, , h, w/ reduced o
* Reduce BR (h; — SM)

« Observation of BR (invis)
» Possible obs of ¢°



Higgs Portal: Simple Scalar Extensions

Extension DOF |EWPT | DM
Real singlet 1 4 x
Real singlet 1 o v
Complex Singlet 2 c/ v
Real Triplet 3 v v

Simplest non-trivial EW multiplet



Real Triplet

Fileviez-Perez, Patel, Wang, R-M: PRD
s Z+, Z_ ~ ( 1 , 3’ 0) 79: 0565024 (2009); 0811.3957 [hep-ph]

Vs = LHISH + 2HTH Tr ¥

EWPT:a,,70 & <3">#0
DM & EWPT:a, =0 & <3%> =0
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Real Triplet: DM

Fileviez-Perez, Patel, Wang, R-M: PRD
s Z+, Z_ ~ ( 1 , 3’ 0) 79: 0565024 (2009); 0811.3957 [hep-ph]

Virs, = LHTH Tr ¥

EWPT:a,,70 &<3%> #0
DM & EWPT{a, =0 & <3V> = 0|

Small: p-param



Real Triplet: DM

- Fileviez-Perez, Patel, Wang,
®; 27,2 ~(1,3,0) RM: 0811.3957 [hep-ph]

Virs, = LHTH Tr ¥

New feature: gauge interactions & direct detection

DM

n.p Y=2(Q-13)

2 2
T
91 Tnp | 10-390m?2
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Real Triplet: DM

- Fileviez-Perez, Patel, Wang,
®, 27,2 ~(1,3,0) RM: 0811.3957 [hep-ph]

Virs, = LHTH Tr ¥

New feature: gauge interactions & direct detection

DM up\ﬁ'

n.p Y=2(Q-13)

2 2
gy My, —
O ~ 1 e 10 BQCmZ

42 mj — WantY=0




Real Triplet: EWPT

3 H. Patel & R-M, 1212.5652/hep-
®; 27, 2 ~(1,3,0) ph(2012

Vi, = LHTH Tr ¥

Two-step EWSB
EJ[G,&}] T

1. Break SU(2), x . .
U(1), w/ 3 vev ‘

2. Transition to Higgs - * ﬁ.—p h
phase w/ small or
zero X'vev
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1. Break SU(2), x
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Real Triplet: EWPT

3 H. Patel & R-M, 1212.5652/hep-
®; 27, 2 ~(1,3,0) ph(2012

Vs = LHTH Tr ¥
Two-step EWSB Quench ]r
sphalerons
1. Break SU(2), x N
2. Transition to Higgs /! . oH.
phase w/ small or Baryogenesis (0
zero X'vev . .




Real Triplet: EWPT

3 H. Patel & R-M, 1212.5652/hep-
®; 27, 2 ~(1,3,0) ph(2012

Vs = +H TH Tr %2
Two-step EWSB Quench ]r Smal eniopy
sphalerons fiution

1. Break SU(2), x .\‘ KGR /
U(1),w/ 3 vev ‘ .

2. Transition to Higgs /! . oH.
phase w/ small or Baryogenesis (o)
zero X'vev




Real Triplet: EWPT

H. Patel & R-M, 1212.5652/hep-

®.xx

~(1,3,0) ph(2012
Virs = LHTH Tr ¥
TWO-Step EWSB Quench ' Small entropy
sphalerons J dilution
1. Break SU(2), x .\‘ KGR /
u(1),w/ 3 vev : ‘ .
2. Transition to Higgs /! . oH.
(v 0)

phase w/ small or
zero X'vev

Baryogenesis

» X dark
matter




Real Triplet: EWPT

3 H. Patel & R-M, 1212.5652/hep-
®; 27, 2 ~(1,3,0) ph(2012

Virs, = LHTH Tr ¥

TWO'Step EWSB my=125 GeV, my=130 GeV, a;=107,by=028
1x 108}
1. Break SU(2), x sx10f

Ui),w/ 2 vev :

VIT) (GeV
=]

2. Transition to Higgs
phase w/ small or
zero X'vev

—5x107F

~1x10°}




Higgs Diphoton Decays

LHC: H — yy
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Real Triplet: EWPT

@) > >

~(1,3 0)

H. Patel & R-M, 1212.5652/hep-

ph (2012)

Vigy =

LHTH Tr ¥

Two-step EWSB

1. Break SU(2), x
Ui),w/ 2 vev

2. Transition to Higgs
phase w/ small or
zero X'vev

mg (GeV)
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Real Triplet: EWPT

3 H. Patel & R-M, 1212.5652/hep-
®; 27, 2 ~(1,3,0) ph(2012

Virs, = LHTH Tr ¥

ME=125 GeV, ba=0.15
Two-step EWS TR T
wo-step /
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Real Triplet: EWPT

& =

H. Patel & R-M, 1212.5652/hep-

~(1,3,0) pn(012
Vi = LHTH Tr ¥
HY. — 5
Two-step EWSB : saaayey 4
W EWB / L2054
0% favorable
1. Break SU(2), x o - _
Ui),w/ 2 vev 2wl il -30%
2. Transition to Higgs m -/ -';;’ %
phase W/ Sma” or 100:; o _.-':f:
zero 3 vev +







VI. Color Breaking & Restoration

Do good symmetries today need to be good
symmetries in the early Universe ? No

* O(n) x O(n): Weinberg (1974)

* SU(S), CP...: Dvali, Mohapatra, Senjanovic
(79, 80’s, 90’s)

 Cline, Moore, Servant et al (1999)
« EM: Langacker & Pi (1980)
« SU(3). : Patel, R-M, Wise: ArXiv 1303.1140



Color Breaking & Restoration

Two Illustrative cases:

H. Patel, R-M, Wise
1303.1140 (2013)

Color triplet +
singlet

Extension DOF |EWPT | DM
Color triplet scalar 6 v »
7 v x
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Two Illustrative cases:

H. Patel, R-M, Wise
1303.1140 (2013)

Extension

DOF |EWPT | DM

Color triplet scalar

Color triplet +
singlet

6 / »
7 4

X
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flavor structure

Spontaneous B violation




Color Breaking & Restoration

Two Illustrative cases:

H. Patel, R-M, Wise
1303.1140 (2013)

Extension

DOF |EWPT | DM

Color triplet scalar

Color triplet +
singlet

6 / »
7 4

X

heavy: generic
flavor structure

Spontaneous B violation




SM + Color Triplet

H. Patel, R-M, Wise
1303.1140 (2013)

1 .}l 4
V = —py(H'H) — p(C1C) + == (HH)?

+ %ﬁ(cfcﬁ + A gc(HTH)(CTC).

Decays: C — <C> = v, : B violation

Ly = Cugpgur L1, + CQrggoeer + hec..




SM + Color Triplet

H. Patel, R-M, Wise 1303.1140 (2013)

iR .}\ L
V= —p}(H'H) - p2(CT0) + TH(H'HF

+ Z2(cto + Auc(HTH)(CTC).

Upper bound on mg:

mi = 2u% = 22 gvy > 0
m2 = —ps + Agcvy > 0

meo < (VAuc)ve ~ (174 GeV)v/ Auc




SM + Color Triplet

H. Patel, R-M, Wise 1303.1140 (2013)

To=T0
3-{}_|| T T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T[T
I CoB phase
2.5 rhs -
I < unstable at T=0
Sy
S
20} .
Ty
S
S
~ 15F
1.0
0.5 CoB phase
- Mmetastable at T=0
{'}'{'}_l|||||||||||||||||||||||||||||||||||||
100 110 120 130 140 150 160 170
me




SM + Color Triplet

H. Patel, R-M, Wise 1303.1140 (2013)

To=T0
3-{} [T T I LI T [ 1T T 1 1 [ 1T 11 1 [ T 1T T 1T [ T 1T 1T T ] TT
[ CoB phase
25 =S _ i
I < unstable at T=0
Sy
S
20+ . _ i
Color breaking
. & restoration
~ 15F i
1.0 i
0.5F CoB phase -
- Mmetastable at T=0
{'}'{'} Clovov v v by v v b v v b v by v by by Ty ]
100 110 120 130 140 150 160 170

me




SM + Color Triplet + Singlet

H. Patel, R-M, Wise 1303.1140 (2013)

2 A ,
AV = —‘“25 $2+ =254 + Ao (HH)(CTO)

+ —)‘{; > (HTH)S? + _)"";5 (CTC)s?

n %553 tenCTCS +enHYHS.

Heavier colored scalar

Acs
2 2 2 2
me = —pe + Agcvy + —5 Vs +ecvs




SM + Color Triplet + Singlet

H. Patel, R-M, Wise 1303.1140 (2013)

2 A ,
AV = —‘”25 $2+ =254 + Ao (HH)(CTO)

+ —)‘g > (H'H)S? + _)"";5 (ctc)s?

n %553 tenCTCS +enHYHS.

But SU(3). restored more quickly




SM + Color Triplet + Singlet

_ H. Patel, R-M, Wise 1303.1140 (2013)
Z, Symmetric

mp=125 GeV, | m-=1660 GeV,| m;=730 GeV,
Ag=001, Acs=0.1. e5=0GeV, e.=0 GeV

10x 10

5.0% 101 |
0f

~50x10M1 ¢

V(T) (GeV)*

_10x1012f ]

S [ T ]




SM + Color Triplet + Singlet

: H. Patel, R-M, Wise 1303.1140 (2013)
Z, Sysieiric

mg=125 GeV, |mc=1660 GeV| ms=730 GeV,
A5=0.01, Acs=0.1, e5s=6.1 GeV,ec=—300 GeV

3x 1012}
2x 1012

1x102

V(T) (GeV )

—1x1012}

—2x 1012 ;




SM + Color Triplet + Singlet

: H. Patel, R-M, Wise 1303.1140 (2013)
Z, Sysicric

myg=125 GeV, mc=1660 GeV, ms=730 GeV,
A5=0.01, Acs=0.1, e5=6.1 GeV, ec=—300 GeV

2
310t coBphase: T

crit

<T< TC*
2% 1012 |

1x102

V(T) (GeV )

—1x1012}

—2x 1012 ;

0 300 1000 1500 2000 2500 3000




SM + Color Triplet + Singlet

: H. Patel, R-M, Wise 1303.1140 (2013)
Z, Sysicric

myg=125 GeV, mc=1660 GeV, ms=730 GeV,
A5=0.01, Acs=0.1, e5=6.1 GeV, ec=—300 GeV

12 [
3x107 EW SU(3). symmetric
phase: T <T,

rit

2% 1012
= _
S 1x102}
= ol
- [

_1x1012 ¢}
—2x 1012 :-




SM + Color Triplet + Singlet

; H. Patel, R-M, Wise 1303.1140 (2013)
Z, Sysicric




Summary

» Observation of ~125 GeV Higgs-like scalar makes
Higgs portal particularly interesting window on a
number of questions: EW vacuum stability, gauge
hierarchy, dark matter, EW phase transition...

* Higgs portal offers possibility of new early Universe
dynamics: novel patterns of symmetry-breaking
(multi-step, color-breaking & restoration) &
“economic” mechanism for DM and EWPT

*Higgs portal presents a rich array of possible
signatures: modified Higgs properties, new (heavy)
States, new event topologies associated w/ mixing
and/or EW cross sections






Effective Potential *

Tree level

L=D,p)" D" ¢p)-V(p)

Quantum corrections

Vip) = Veee(@, T)

« T=0 : Coleman-Weinberg (RG
improved)

» T>0 : Finite-T effective potential

* Many applications: Effective action



MSSM: Color Breaking Vacua

\ F

Two-loop analysis of V.-
in effective theory

* Deeper minima may
develop along stop direction

» Carena et al (2008): color-
neutral EW vacuum is
metastable for appropriate
MSSM parameters
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Real Triplet : DM Search

Basic signature: Charged track disappearing
zo=0: H* — H,n= after~5cm
qq =W* = H*H, qq—Z., —HH

10 i imieor——r———————1—

3 SM monojet+missing ET

r=}
—

Trigger: Monojet
(ISR) + large F-

/_ issi =120 GeY ]
SM Background: 107 missing ¢ -

o
o
\

QCD jZ and jW w/
Z —vv & W—lv 10
Al -~
10 [~ j+ 2 charged tracks {EH
i+ 1 charged track {H™H,)
-3
10 bl o w1y ]y

200 400 600 800



Real Triplet : DM Search

Basic signature: Charged track disappearing
zo=0: H* — H,n= after~5cm
qq =W* = H*H, qq—Z., —HH

-0
Trigger: Monojet =

(ISR) + large F- °10¢

/_ issi =120 GeY ]
SM Background: 107 missing Ex ) -

QCD jZ and jW w/
Z —»vv & W—lv 10
Cuts: large H; 10 1
hard jet [ ijEEZIEZS Iiﬂik"‘{ﬁiﬂ,;
One 5cm track N
ol e
200 400 600 800



Real Triplet : DM Search

Basic signature:

zo=0: H* — H,n= after~5cm

qqg =W* — H"H,

Cirelli et al:

Fermion triplet with ¥ = 0 (*wino™)

0.2
015! //
. s
=z 01 # ]
é ',"" ll.'r.
00s | P . >/
0
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DM mass in TeV

My = 500 GeV:
Q./Qeppy ~ 0.1

Charged track disappearing

qq—Z.,y = HH

r=}
—

a(
o

missing E; > 120 GeV _




