T'esting Electroweak
Baryogenesis at the LHG

Cosmic Frontiers Workshop @ SILAC
March 7, 2013

Andrew Long
Arizona State University



Outline

1. Why do we talk about electroweak baryogenesis?

(Testability — via the collider connection)

2. How should we talk about electroweak baryogenesis?
(EW phase transition model classes)

3.  What can we say about electroweak baryogenesis?
(Constraining classes with the LHC)

4. Summary



The many shortcomings of electroweak baryogenesis

1) EWBG does not play well with our favorite models
e The SM: EWBG fails

— FormH >~ 70 GeV, the EWPT is a continuous crossover (no bubbles)
—  CP-violation in the CKM mixing matrix is insufficient

e The MSSM: EWBG constrained

— 1t order PT only in tuned limit
— Requires light R-handed stops

2) The calculation is difficult

e Calculate the phase fransition
—  Equilibrium thermal field theory
— Perturbativity concerns (hard thermal loops)
e Calculate the bubble wall
— Spatialinhomogeneity
— Interaction with plasma (backreaction)
 Calculate transport & diffusion
—  Qut of equilibrium thermal field theory
— Many coupled Boltzmann equations
— Orders-of-magnitude discrepancies among theory calculations



3) We have other options
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Why talk about electroweak baryogenesis?

Compelling

-- We know: the EW symmetry is broken today (M, M, !=0), and if
T., > My, an EW phase transition (most probably) occurred

-- We know: the universe admits C- & CP-violation
-- I’'m willing to bet: the universe admits B-violation (sphalerons)

Motivating

-- The SM has all the ingredients for EWBG, but not in the right
proportions! This motivates minimal BSM physics.

ﬂl’ estable
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- Cosmology: indirect test of Higgs physics
- Collider: direct test of Higgs physics

N

-- The nature of EW symmetry breaking is being explored at the LHC
-- EWBG must submit to dual constraints:

/




Focus on the collider connection: Baryo-preservation

Baryo-preservation: EW sphalerons are out of equilibrium in the
broken phase:
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<« |<h>T = V(T)|

A necessary (but not sufficient) condition for the success of EWBG
as a whole

Relatively easy to calculate v(T) & T, (it can be done analytically)

-- BP condition directly relates to Higgs physics, e.g. masses and
couplings of new fields with the Higgs =» testable in the lab

-- E.g., in the SM the baryo-preservation condition requires

v(T.) mev + mé

. = m, <50 GeV
T, M,V



We classity models like this. . .

SM + scalar singlet
(XSM, Z2xSM, cxSM, . . . )

Espinosa & Quiros, 1993; Benson, 1993; Choi & Volkas, 1993; McDonald, 1994; Vergara, 1996; Branco, Delepine,
Emmanuel-Costa, & Gonzalez, 1998; Ham, Jeong, & Oh, 2004; Ahriche, 2007; Espinosa & Quiros, 2007; Profumo,
Ramsey-Musolf, & Shaughnessy, 2007; Noble & Perelstein, 2007; Espinosa, Konstandin, No, & Quiros, 2008; Ashoorioon
& Konstandin, 2009; Das, Fox, Kumar, & Weiner, 2009; Espinosa, Konstandin, & Riva, 2011; Chung & AL, 2011;
Wainwright, Profumo, & Ramsey-Musolf, 2012; Barger, Chung, AL, & Wang, 2012;

SM + scalar triplet

Patel & Ramsey-Musolf, 2012; Patel, Ramsey-Musolf, & Wise, 2013;

SM + heavy fermion

Carena, Megevand, Quiros, & Wagner, 2005;

Singlet Majoron

Kondo, Umemura, & Yamamoto, 1991; Engvist, Kainulainen, & Vilja, 1993; Sei, Umemura, & Yamamoto, 1993; Cline,
Laporte, Yamashita, Kraml, 2009

2HDM

Davies, Froggatt, Jenkins, & Moorhouse, 1994; Huber, 2006; Fromme, Huber, & Seniuch, 2006; Cline, Kainulainen, &
Trott, 2011; Kozhushko & Skalozub, 2011;

MSSM

Carena, Quiros, & Wagner, 1996; Delepine, Gerard, Gonzales Felipe, & Weyers, 1996; Cline & Kainulainen, 1996;
Laine & Rummukainen, 1998; Cohen, Morrissey, & Pierce, 2012; Carena, Nardini, Quiros, & Wagner, 2012;

MSSM + singlet
(NMSSM, NMSSM, MNMSSM)

Pietroni, 1993; Davies, Froggatt, & Moorhouse, 1995; Huber & Schmidt, 2001; Ham, Oh, Kim, Yoo, & Son, 2004; Menon,
Morrissey, & Wagner, 2004; Funakubo, Tao, & Toyoda, 2005; Huber, Kontandin, Prokopec, & Schmidt, 2006;

uvSSM

Chung & AL, 2010;

Field content and symmetries alone
are not enough to determine the
nature of the phase transition

Ve (6, T)

common feature
(energy barrier):




... but we should classify them like this

[ Chung, AL, & Wang. 1209.1819 ]

What gives rise to the barrier?: V,,(¢.T) =V, (®)+ V(@) +V,,..(6.T)

I. Thermally (BEC) Driven ITIA. Tree—Level (Ren.) Driven

|+ (u2+cTHn? [-ThDP?] [+h?]

Effective Potential [ Vg |
Effective Potential [ Veg |

Higgs Field [h] Higgs Field [h]
IIB. Tree—Level (Non—Ren.) Driven III. Loop Driven

Effective Potential [ Ve |
Effective Potential [ Vg |

Higgs Field [h] Higgs Field [h ]

A framework for facilitation of the collider connection



A variety of phase transitions from one theory

SM + scalar singlet Nx
, AL = 0X;I* — |2 1 X:? + Mx | X[t + NHTH | X,
W/ quggS portaln: ;{| | [ X‘ | X‘ | | ‘ }}

. X-particles acquire Higgs-dependent mass <H> <H>
=» act like W/Z in SM or stops in MSSM X \\ ,/ X
=>» contribute to non-analytic “cubic” term —_——M e — -

lIA. X-field gets VEV today or in early universe
=>» nontrivial PT trajectory > Sk

lIB. Integrating out heavy X-field
=>» generates Higgs6 operator

Singlet —— vev controls Z2

Ill.  Large loop corrections for big N, & A
=>» nontrivial running of Higgs self-coupling

Higgs —— vev controls EW



Scenario 1: Diphoton Excess

* |nitially announced along w/ Higgs discovery in July: too
many events in the H = yy channel

* As of March 6 (yesterday), the excess has weakened to just
over one sigma:
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http://cds.cern.ch/record/1523698



1) vy Excess: Data prefers A < 0

 The “Higgs portal”
operator (for X charged)
generically prefers a
diphoton excess for A <0

ALD MNHTHX*X

A <0 =» constructive interfer@

(1,1,2),ATLAS

300 600 500 1000
mg [GeV]
(1,1,2),CMS

/

600
mg [GeV]

[ Batell, Gori, & Wang. 1112.5180 ]
(updated w/ 2012 data)



1) vy Excess: Phase transition prefers A > 0

|. Thermally (BEC) Driven

T
L5 -MHTHX*X = V> —E(Ah)?’/2 =
T

lIA. Classically (Ren. Op.) Driven

L5 —(p% + NHH)X*X = want p%i <0 but (S)=0 so =

lIB. Classically (Non-Ren. Op.) Driven

)\3
L>-MH'HX*X = Log D~ (HTH)? =

M2
lll. Loop Driven X
A
L>-MAHTHX*X = Veg 2 ht In h? =
6472




Scenario 2: Absence of Invisible Decay

direct search

10

global fits

- T T T
,,,,,,,,,,,,,,,,,,,,,,,,, @ r — Observed

-- Invisible decay is already ol s - ——y
constrained at the LHC: S .

AX?
2

B ATLAS Preliminary

/// /III i ZH-l(inv) 3 E
BR;,, <0.26, 0.65 @95 %CL S/ P T IR Sty it
% = 62 07 05 08 1 o oz 04 o8 08 1

B(H — invisible) BR(H—inv)

[Status of invisible Higgs Decays, 1302.5694] http://cds.cern.ch/record/1 523696

-- Generically, couple Higgs to singlet via Higgs portal

L5 -MNHHX*X ZV5B, _\p(hXX) w o X
-- Typically, there is a large invisible decay h --- <.
2 2 2 - X
F(h— xx)= 2 Y 12
64 m,, my

2
BR(— XX) ~ _4B(A/0.D) @ ;
1+4.8(A/0.1)



2) Invis decay: conflict with limit of class ITA

Class IIA — Tree Level Driven
Additional scalar field participates in phase transition

V(H,s)=-uw'H"H+AH'H)’ —%sz +%s4 +%H+H s
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V(T¢) ~ v(0) ~ 246 GeV
T ~ scale of degeneracy breaking

Approx. continuous symmetry
=> low T =» high v(T.) / T
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2) Invis decay: conflict with limit of class ITA
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The absence of Higgs invisible decay at the LHC constrains
a favorable limit of class IIA (extra scalar during PT) 15




Scenario 3: A (simply) Standard Model Higgs

Suppose, no deviations are measured from SM couplings at the LHC

S’ro’rus c:s of Iv\orch 5 2013

ATLAS

H— 1t

Vs =8 TeV: [Ldt
Vs =8 TeV: [Ldt =

H- vy

W,ZH — bb
Vs =7TeV: [Ldt=4.7 b
Vs =8 TeV: [Ldt =

Vs =7TeV: [Ldt=4.61b"

H—>WW —>|v|v

Vs=7TeV: [Ldt= 481"
Vs =8 TeV: ILdt 207 b

H-zz" > 4

Vs =7TeV: [Ldt=4.61b"
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Prellmlnary
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lIA. Tree-Level
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Flexible. Evade

constraints w/
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http://cds.cern.ch/record/1523683

lIB. Tree-Level
(Non-Ren.) Driven

Hard to say
anything. Ayyy is
better test.

ILC?




Summary

This classification framework is a new tool to assist in testing electroweak
baryogenesis through the collider connection: baryo-preservation & Higgs
physics

From this perspective, we assess models by first asking “what gives rise to the
first order phase transition” instead of “what is the field content, symmetries,
etc.”

As new collider data become available (e.g., yy excess, invisible decay)
constraints may be imposed at the level of model classes to make broader
(but less decisive) statements about conflicts/tensions

EWBG fails in the SM, and a SM-like Higgs is not good news for EWBG

Will we still be talking about electroweak baryogenesis at Snowmass 202X<e
17



