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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
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The many shortcomings of electroweak baryogenesis   

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

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

•  The	
  MSSM:	
  	
  EWBG	
  constrained	
  
–  1st order PT only in tuned limit 
–  Requires light R-handed stops 

	
  
2)  The	
  calcula>on	
  is	
  difficult	
  
•  Calculate the phase transition 

–  Equilibrium thermal field theory 
–  Perturbativity concerns (hard thermal loops) 

•  Calculate the bubble wall 
–  Spatial inhomogeneity 
–  Interaction with plasma (backreaction) 

•  Calculate transport & diffusion  
–  Out of equilibrium thermal field theory 
–  Many coupled Boltzmann equations 
–  Orders-of-magnitude discrepancies among theory calculations 
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3)  We have other options                                        

1980 1990 2000 2010 

Primordial Black Hole BG (1975-76) 

GUT BG (1979-1983) 

Affleck-Dine BG (1984) 

EWBG (1985-1990)


Leptogenesis (1986) 

Spontaneous BG (1987) 

Cold BG (1999) 

WIMPy BG (2011) 

Hylogenesis (2010) 

Darkogenesis (2010) 

Xogenesis (2010) 

Electroweak String BG (1992) 

Aidnogenesis (2010) 

Cladogenesis (2010) 
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Why talk about electroweak baryogenesis?        

Compelling	
  
	
  -­‐-­‐	
  	
  We	
  know:	
  	
  the	
  EW	
  symmetry	
  is	
  broken	
  today	
  (MW,	
  MZ	
  !=	
  0),	
  and	
  if	
  
Trh > MW,	
  an	
  EW	
  phase	
  transi>on	
  (most	
  probably)	
  occurred	
  
	
  -­‐-­‐	
  	
  We	
  know:	
  	
  the	
  universe	
  admits	
  C-­‐	
  &	
  CP-­‐viola>on	
  
	
  -­‐-­‐	
  	
  I’m	
  willing	
  to	
  bet:	
  	
  the	
  universe	
  admits	
  B-­‐viola>on	
  (sphalerons)	
  

	
  
Mo0va0ng	
  

	
  -­‐-­‐	
  	
  The	
  SM	
  has	
  all	
  the	
  ingredients	
  for	
  EWBG,	
  but	
  not	
  in	
  the	
  right	
  
propor>ons!	
  	
  This	
  mo>vates	
  minimal	
  BSM	
  physics.	
  	
  	
  

	
  
Testable	
  

	
  -­‐-­‐	
  	
  The	
  nature	
  of	
  EW	
  symmetry	
  breaking	
  is	
  being	
  explored	
  at	
  the	
  LHC	
  
	
  -­‐-­‐	
  	
  EWBG	
  must	
  submit	
  to	
  dual	
  constraints:	
  	
  
	
   	
  -­‐	
  	
  Cosmology:	
  	
  indirect	
  test	
  of	
  Higgs	
  physics	
  
	
   	
  -­‐	
  	
  Collider:	
  	
  direct	
  test	
  of	
  Higgs	
  physics	
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-­‐-­‐	
  	
  Baryo-­‐preserva0on:	
  	
  EW	
  sphalerons	
  are	
  out	
  of	
  equilibrium	
  in	
  the	
  
broken	
  phase:	
  

	
  
	
  

	
  	
  
-­‐-­‐	
  	
  A	
  necessary	
  (but	
  not	
  sufficient)	
  condi>on	
  for	
  the	
  success	
  of	
  EWBG	
  

as	
  a	
  whole	
  
-­‐-­‐	
  	
  Rela>vely	
  easy	
  to	
  calculate	
  v(T)	
  &	
  TC	
  (it	
  can	
  be	
  done	
  analy>cally)	
  
-­‐-­‐	
  	
  BP	
  condi>on	
  directly	
  relates	
  to	
  Higgs	
  physics,	
  e.g.	
  masses	
  and	
  

couplings	
  of	
  new	
  fields	
  with	
  the	
  Higgs	
  è	
  testable	
  in	
  the	
  lab	
  
-­‐-­‐	
  	
  E.g.,	
  in	
  the	
  SM	
  the	
  baryo-­‐preserva>on	
  condi>on	
  requires	
  	
  

Focus on the collider connection: Baryo-preservation


€ 

B
€ 

h T = v(T)

v(TC )
TC

>1

v(TC )
TC

≈
2mW

3 +mZ
3

πmH
2 v

⇒ mH < 50 GeV
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We classify models like this. . .                            

common	
  feature	
  
(energy	
  barrier):	
  

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; Enqvist, 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;  

µνSSM Chung & AL, 2010; 

Field	
  content	
  and	
  symmetries	
  alone	
  
are	
  not	
  enough	
  to	
  determine	
  the	
  
nature	
  of	
  the	
  phase	
  transi>on	
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. . . but we should classify them like this                               

Higgs Field @ h D
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Higgs Field @ h D
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ff
D III. Loop Driven

+ h 2 - h 4

+ h 4 Log@h 2D

[ Chung, AL, & Wang. 1209.1819 ] 

A	
  framework	
  for	
  facilita>on	
  of	
  the	
  collider	
  connec>on	
  

€ 

Veff (φ,T) ≈Vtree (φ) +Vloop (φ) +Vtherm (φ,T)What	
  gives	
  rise	
  to	
  the	
  barrier?:	
  



9 

A variety of phase transitions from one theory 
SM	
  +	
  scalar	
  singlet	
  
w/	
  “Higgs	
  portal”:	
  

I.	
  	
  	
  	
  	
  	
  	
  	
  X-­‐par>cles	
  acquire	
  Higgs-­‐dependent	
  mass	
  	
  
	
  è	
  act	
  like	
  W/Z	
  in	
  SM	
  or	
  stops	
  in	
  MSSM	
  	
  
	
  è	
  contribute	
  to	
  non-­‐analy>c	
  “cubic”	
  term	
  

IIA.	
  	
  	
  	
  	
  X-­‐field	
  gets	
  VEV	
  today	
  or	
  in	
  early	
  universe	
  	
  
	
  è	
  nontrivial	
  PT	
  trajectory	
  

	
  
IIB.	
  	
  	
  	
  	
  Integra>ng	
  out	
  heavy	
  X-­‐field	
  	
  

	
  è	
  generates	
  Higgs^6	
  operator	
  

III.	
  	
  	
  	
  	
  	
  Large	
  loop	
  correc>ons	
  for	
  big	
  NX	
  &	
  λ	
  	
  
	
  è	
  	
  nontrivial	
  running	
  of	
  Higgs	
  self-­‐coupling	
  	
  

X X 

<H> <H> 

�L =
NX
X

i=1

n

|@Xi|2 �
h

µ2
X |Xi|2 + �X |Xi|4 + �H†H |Xi|2

io



Scenario 1:  Diphoton Excess                             

•  Ini>ally	
  announced	
  along	
  w/	
  Higgs	
  discovery	
  in	
  July:	
  	
  too	
  
many	
  events	
  in	
  the	
  H	
  à	
  γγ	
  channel	
  

•  As	
  of	
  March	
  6	
  (yesterday),	
  the	
  excess	
  has	
  weakened	
  to	
  just	
  
over	
  one	
  sigma:	
  
	
  

µ(ATLAS)
�� = 1.65+0.56

�0.42 µ(CMS)
�� = 1.56+0.43

�0.43

http://cds.cern.ch/record/1523698 
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Figure 4: Constraints on the coupling λ and the mass mS of the color neutral scalars. In the left
panel, we show constraints coming from ATLAS with the Higgs mass fixed to be 126 GeV, while in
the right panel we show constraints coming from CMS with the Higgs mass fixed to be 124 GeV.
The 1σ (orange) and the 2σ (yellow) allowed regions are presented for the (1,1, 2) representation.
Finally the solid line bounds the 3σ allowed region.
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Figure 5: Regions of scalar parameter space that allow a heavy Higgs boson to be consistent
with existing LHC searches. In the left panel we present the allowed region in the mh −mS plane
with λ = −1, while in the right panel we present the region in the mS − λ plane for a 300 GeV
Higgs boson. We show the results for two representations: (3,2, 1

6
) (green) and (8,2, 1

2
) (blue). We

also show with dashed lines the corresponding estimate of the current LHC bounds from (jj)(jj)
searches: color octets between 200 and 300 GeV and color triplets below 300 GeV are still allowed
(see next Section for details).
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1)  γγ Excess:  Data prefers λ < 0                        

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

[ Batell, Gori, & Wang. 1112.5180 ] 
(updated w/ 2012 data) 
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– 15 –

1σ allowed 

λ	
  <	
  0	
  è	
  construc>ve	
  interference	
  è	
  excess	
  

�L 3 ��H†HX⇤X
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1)  γγ Excess:  Phase transition prefers λ > 0   


I.	
  	
  Thermally	
  (BEC)	
  Driven	
  
	
  
	
  
IIA.	
  	
  Classically	
  (Ren.	
  Op.)	
  Driven	
  
	
  
	
  
IIB.	
  	
  Classically	
  (Non-­‐Ren.	
  Op.)	
  Driven	
  
	
  
	
  
III.	
  	
  Loop	
  Driven	
  

If γγ excess had persisted, it would be difficult 
to accommodate EWBG (not impossible)  

L 3 ��H†HX⇤X ) Ve↵ 3 � T

12⇡
(�h)3/2 ) � > 0

L 3 ��H†HX⇤X ) Ve↵ 3 �

64⇡2
h4 lnh2 ) � > 0

L 3 ��H†HX⇤X ) Le↵ 3 �3

M2
X

(H†H)3 ) � > 0

L 3 �(µ2
X + �H†H)X⇤X ) want µ2

X < 0 but hSi = 0 so ) � > 0
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Scenario 2:  Absence of Invisible Decay  

	
  
	
  
	
  
	
  
	
  
	
  
-­‐-­‐	
  	
  Generically,	
  couple	
  Higgs	
  to	
  singlet	
  via	
  Higgs	
  portal	
  
	
  
-­‐-­‐	
  	
  Typically,	
  there	
  is	
  a	
  large	
  invisible	
  decay	
  
	
  
	
  
	
  

BR(h→ XX) ~ 4.8 (λ / 0.1)2

1+ 4.8 (λ / 0.1)2
~ 0.83

h 
X 

X 

λv 
L 3 ��H⇤HX⇤X

EWSB�����! ��v(hXX)

	
  
-­‐-­‐	
  	
  Invisible	
  decay	
  is	
  already	
  

	
  constrained	
  at	
  the	
  LHC:	
  
	
  

	
  	
  BRinv	
  <	
  0.26,	
  0.65	
  @	
  95	
  %CL	
  	
  
	
  

	
   http://cds.cern.ch/record/1523696 

direct search global fits 

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

B(H → invisible)

∆
χ
2

Figure 1: ��2 distributions for the branching ratio of invisible Higgs decays. The full, dashed,
and dotted lines correspond, respectively, to the cases of 1) SM couplings, 2) arbitrary �Cg

and �C�, and 3) deviations of CU , CD, CV from unity. In addition, we show as dash-dotted
line the variant of case 3) with CU , CD > 0 and CV  1.

in [5–8] and within the MSSM in [9]. Since then, much more data has become available.
We therefore find it worthwhile to re-investigate the status of invisible decays. Moreover, we
consider more general deviations from SM couplings than the previous works.

The possibility of probing directly the (genuine) invisible branching fraction of the Higgs
in various channels at the LHC has been investigated already some time ago [10–14]. It was
revisited more recently in light of the 125 GeV Higgs signal at the LHC in [15, 16]. The
channels considered were monojets or 2 jets plus missing energy. These make it possible to
constrain the product of the Higgs production cross section in the gluon–gluon fusion (ggF), or
vector boson fusion (VBF) and VH associated production modes, times the invisible branch-
ing fraction. Specifically, they put constraints on Rinv(ggF) = C2

g B(H ! invisible) and
Rinv(VBF) = C2

V B(H ! invisible). We will not include these direct limits in our fits but
will comment on the impact of these probes on the valid parameter space. Probing yet un-
detected H ! AA decays (with the pseudoscalars further decaying in various channels) was
discussed in [17,18] — results depend strongly on the manner in which the A decays.

The results of our global fits are presented in Section 2. In Section 3, we discuss further
probes of invisible or undetected decays. In the case of Higgs decays into DM particles, a
strong interplay with direct DM searches arises. This is discussed in Section 4. A summary
and conclusions are given in Section 5.

2 Results from global fits

Standard Model plus invisible decays

As mentioned, we consider several cases in our analysis. We start the discussion with the
simplest case, case 1), of a SM Higgs boson augmented by invisible/undetected decays, i.e. we
require that all couplings be equal to the SM values (CU , CD, CV , Cg, C� = 1) but allow for (yet)

2

Γ(h→ XX) = λ 2

64π
v2

mH

1− 4mX
2

mH
2

[Status	
  of	
  invisible	
  Higgs	
  Decays,	
  1302.5694]	
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2)  Invis decay:  conflict with limit of class IIA 


V (H, s) = −µ 2H +H +λ(H +H )2 − b2
2
s2 + b4

4
s4 + a2

2
H +H s2

v(TC) ~ v(0) ~ 246 GeV 
TC ~ scale of degeneracy breaking 
Approx. continuous symmetry  

 è low TC è high v(TC) / TC 

Class	
  IIA	
  –	
  Tree	
  Level	
  Driven	
  
	
  Addi>onal	
  scalar	
  field	
  par>cipates	
  in	
  phase	
  transi>on	
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2)  Invis decay:  conflict with limit of class IIA 


V (H, s) = −µ 2H +H +λ(H +H )2 − b2
2
s2 + b4

4
s4 + a2

2
H +H s2

The absence of Higgs invisible decay at the LHC constrains 
a favorable limit of class IIA (extra scalar during PT) 

[ Chung, AL, & Wang. 1209.1819 ] 



Scenario 3:  A (simply) Standard Model Higgs   

Suppose,	
  no	
  devia>ons	
  are	
  measured	
  from	
  SM	
  couplings	
  at	
  the	
  LHC	
  

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

Status as of March 5, 2013 
I.  Thermally 
(BEC) Driven 

Not Good.  Needs 
light boson with large 
coupling to Higgs 

IIA.  Tree-Level 
(Renorm.) Driven 

Flexible.  Evade 
constraints w/ 
discrete symmetry 

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

Hard to say 
anything.  λHHH is 
better test.  ILC? 

III.  Loop Driven Not Good.  Needs 
light boson with large 
coupling to Higgs 
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Summary                                                            
-­‐-­‐	
  	
  This	
  classifica>on	
  framework	
  is	
  a	
  new	
  tool	
  to	
  assist	
  in	
  tes>ng	
  electroweak	
  

baryogenesis	
  through	
  the	
  collider	
  connec>on:	
  	
  baryo-­‐preserva>on	
  &	
  Higgs	
  
physics	
  

	
  
-­‐-­‐	
  	
  From	
  this	
  perspec>ve,	
  we	
  assess	
  models	
  by	
  first	
  asking	
  “what	
  gives	
  rise	
  to	
  the	
  

first	
  order	
  phase	
  transi>on”	
  instead	
  of	
  “what	
  is	
  the	
  field	
  content,	
  symmetries,	
  
etc.”	
  	
  	
  

	
  
-­‐-­‐	
  	
  As	
  new	
  collider	
  data	
  become	
  available	
  (e.g.,	
  γγ	
  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? 


