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Outline

@ Review of the SM and MSSM EW Baryogenesis.
o Entropy release mechanism as new source of EW Baryogenesis.
o A model designed for diphoton enhancement.

@ The vector-like supersymmetric model.
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EW Baryogenesis

o Genesis = Creation of cosmic matter antimatter asymmetry.

o EW Baryogenesis = Asymmetry creation is associated with electroweak symmetry
breaking, or the turning on of the Higgs VEV.
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How Sakharov's three conditions are fulfilled

@ Baryon number violating process: Nonperturbative anomalous sphaleron.

g2 . g12 .
Dujls = 9t = ng <WWW W = Sy BB )

Such interaction will create/annihilate 3n; quarks and ng leptons.

@ CP violation: Too small in the CKM matrix of the SM, but new physics may have
large enough sources. Not Our Focus.

@ Deviation from thermal equilibrium: Latent heat in first order phase transition.
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EW Symmetry Breaking: SU(2); x U(1)y — U(1)egm

@ The SM tree level Higgs potential is
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@ The minimum is chosen ¢ = v = % = 246.2 GeV.

o Masses are given to W and Z° gauge boson, only photon associated with
electromagnetism remains massless.
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Hmm... A Negative Mass Square Term

@ We don't know how it comes within the SM.

@ In extended model like the MSSM, it can be interpreted as an RGE running effect
from high scales.

At unification scale, it is positive and no EW symmetry breaking.

This is an example that symmetry should be restored at high scales.

o Within the SM could the symmetry be restored at higher scales? ...Need to
compensate the negative mass square.

Sure!

QFT at finite temperature always provides positive mass square corrections.
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Field at Finite Temperature

In thermal quantum filed theory
o Time: t » —iff = —i7'., Energy E = p° — 2nmiT.
i
B (2n7rT)2 + [7'2 + m?

o Thermal loop: iT Z / on)? —ﬂ Z / 2n)F

o Thermal propagator:
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Thermal Mass Correction

@ Example: Higgs loop, contribution at finite T
d*p i
4 = —(T)=—/ iA—
m? (T) ’/ (271_)4’ p?
d? —i d?
- TE / pi}\ilﬁZAT/ P T coth 22
- (2m)3  (2nmT)2 + p? (27)3 2 Tp 2n T

= %A/Z—:f(lﬁ»i):% /g:f(1+22e #)

P
1—e T
A = _m T2 A w2T2 AT? PR
— — dpe T = —. ~
272 ’;/p P 271'2"2:: " o 6 P AN

@ Mass corrected | \
1 1
7m§¢>2+cT2¢2+ZA¢4+--- | )

At high enough temperature N -
No Electroweak Symmetry Breaking. A
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Thermal Potential Correction

Resuming Higgs two point function, for each complex degree of freedom (+ for boson,
for fermion)

2 2
Vi Finite T = - Z/ @n )3 (2"77') +p° +m"+ ”T)
d3P (Vﬁ2+m2+T| (1 _
= AL R n e
(2m)3 2 F ]
1 2o [ m? 3‘1
= +£——(m In — — —| =
647r2( ) < A2 22 i
@*p VB2 +m2+N
+ :l:/ 3T|n(1¢e*7T ) 8
(@) JF ]
3 2 High T Expansion of JB ——
m VP +m T m i i
Vit(—= = / T ) =+—1J — i , . HeTEmenonolR
1T(T) (2 ) 272 B/F(T) P 2 5 4 5 s 7 5 s w0

m/T
Quirés, hep-ph/9901312.
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The SM as an Example

With m, = 125 GeV,

o What happens near T ~ 170 GeV
5000
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o Higgs VEV tunnels through the barrier from the ¢ = 0 to nonzero values during the
last several frames.

@ During which every SM particle turns on mass (Not the masses measured today).
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Cosmic Nucleation

In the real universe at the phase transition
@ 1st order phase transition is described by bubble nucleation process.
o Bubble with ¢ # 0 expands into the ¢ = 0 region near the speed of light.
@ Latent heat on the bubble wall makes departure from thermal equilibrium.

o Nucleation temperature T,: For a bubble to expand into the whole universe

Se
— ~ 140.
Th

o Critical temperature T.: when a ¢ # 0 local minimum satisfies V(¢) = V/(0).

@ Usually phase transition is right after passing the critical temperature,
then T, ~ T..
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Successful EW Baryogenesis

o = To preserve the matter/antimatter asymmetry from being washed out.

o = To freeze sphaleron process quickly after phase transition, by Boltzmann
suppression
E

2 -3
Mo p (—fﬂ T) mw(T)'e™ 7,
8rmw (¢) A E {o(Te))
Es=———"B B(=) ~ 1.96, =378—+—
(%), B = T
o = Phase transition strength

@(Te) - 4

7. ~L The Goal.

M.E. Shaposhnikov, Nucl. Phys. B 287 (1987) 757.
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Traditional EW Baryogenesis

o = The high T expansion, namely the m(¢) — 0 limit, in which

™ @m o m?N\3 m
4 4 _ T~ m T
Vit = T JB/F(m) - 454+ 12,72, 6<T2)4 +0( ) Boson
272 T 272 _7l+£1+0(m ) Fermion
360 24 T2

o = “The ¢?, ¢°, ¢* system”.
V(¢, T) = D(T? = T2)¢* — ET’ + %Adf‘.
At T and ¢. we have

Degenerated V/(¢¢, T¢)

D(TZ ~ T)6% — ETegt + {26t =0,

2D(T? — T¢)pe — 3ETcd + A2 = 0.

Minimum % V(p, Tc)

c

Canceling the ¢? term, we get
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EW Baryogenesis in the SM and MSSM

= A counting game of $° term contribution.

#* coefficient \ also receives small correction but not significant.

In the SM only W¥ and Z° contribute (ignoring Higgs)

E= é (4(;g)3+2(%\/g2+7)3> =6.4x107° < A =0.13

Note that only transverse DOF contributes.

In light stop scenario of the MSSM extra contribution comes from light unmixed
right hand stop (m;, ~ %ythu)

£ e (s 2o o]

But it will raise problems such as in gluon fusion.

A

N~

\[y, sin ﬁ) ) =0.054 ~
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Outline

@ Review of the SM and MSSM EW Baryogenesis.
@ Entropy release mechanism as new source of EW Baryogenesis.
o A model designed for diphoton enhancement.

@ The vector-like supersymmetric model.
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Large Unexplored Region on Jg /¢

0
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The Boltzmann suppression is not that significant as one just imagine

ur(f) = [ G (we ) =2 e ()
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Some Argument for Going beyond the High T Expansion

o Traditional EW baryogenesis always induces too light a new particle which may
already be excluded.

o New physics may introduce mass terms which are not related to Higgs VEV:
SUSY soft breaking masses, other vector-like masses, etc.

Currently the bounds are a few hundred GeVs.

@ Naive estimation: ¢ < 246.2 GeV, order one Yukawa, then the Yukawa mass is
comparable to the soft/vector-like mass.

o With T, ~ 200 GeV, the m(¢)/ T may have order one change, which induce
significant change on Jg,r even from start point of a few (not from zero of the
traditional case).
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First Effort: Fermions Contribute as Good as Bosons

Carena, Megevand, Quirés and Wagner, Nucl. Phys. B 716 (2005) 319.
@ The special case of the neutralino/chargino mass matrices with My = M, = —p,
tan 8 = 1, arbitrary SU(2) gauge coupling h and U(1) gauge coupling h' = 0.

@ Chargino/Neutralino mass square eigenstates m?(¢) = M? + h*¢?, a total of 12
DOF.

30

25 /
20 e
g 158 __-- e
10 L

Fig. 1. Curves of constant ¢ /T, =1 and m g = 120 GeV, for a fermion with mass m? = p? + I'r2¢>2 and g
degrees of freedom. From top to bottom the curves correspond to h = 1.5,2.2.5, and 3.
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Entropy Release, or just Jump on Jg/fr

@ They call this effect as entropy release, since the m(¢)/ T — 0 limit is just the
relativistic limit, in which the leading terms Vir = — 2 T* or —Z 22 T* are nothing
but the relativistic energy density for each bosonic and fermionic DOF. So they are

related to entropy. We are to set free this entropy by turning on Higgs VEV and
departing from the relativistic limit.

o However, | think it is nothing but merely (and more intuitively) an upward jump on
the Jg/r curve, associated with the Higgs VEV turning on.

@ We can go deep into the region where m(¢)/ T is a few.

o We can consider multiple jumps, only the net contribution counts.
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Some Common Features 1: Mass Matrix

@ The new particle mass (square) matrix usually have diagonal soft/vector-like mass
terms and off-diagonal Yukawa mass terms.

o Eigenvalues are solutions to a quadratic equation, usually with plus and minus
square roots

mi(¢) = /M2 + ag? & bp, or mi(¢) = M> + a¢® £ \/bd* + c¢?, or

@ The physical constraint is that sum of two %mi(¢)|¢:o vanishes, or the ¢ =0 is

JB/F 4
T dé

o If a term in mass is making m(¢) overall heavier when the Higgs VEV is turned on,
it contributes to EW baryogenesis.

always a solution to the minimization %JB/F(@) = m(¢) condition.

If a term in mass is making m(¢) split when the Higgs VEV is turned on, it does not
(or even oppositely) contribute to EW baryogenesis.
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Some Common Features 2: To Protect 125 and 246

@ Zero temperature one loop potential Vy(r—¢) are renormalized in a way that the SM
PViyr_g) _

d¢? L = 0g=v)-

o If the mass square is m?(¢) = a+ b#?, then the usual renormalized one loop
potential is fine

Higgs mass and Higgs VEV are not shifted (

Vistr-n = 255 (206 (0 T2 - 2) 4 2mi(o)mi (1) ).

@ In extended models the solution are

Viiit=0)y = :E64 <( (¢)) Inm?(¢)+a¢2+ﬁ¢4>
)In 3ww' 3

azl( w—{—lww”
2 2 v 2 2

ﬂ _ i (ww 2 ) 1 ww 3(4}’2 _ lww//
T4y v we 2 v 2 2

where w = m?(v) and W' = %m?(d))‘ , and so on.
P=v

@ In the 2HDM of MSSM | find the simple extension is not adequate to fix every
counter term.
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Some Common Features 3: Supersymmetry for Quartic Coupling

Usually we need large Yukawa for a significant jump on JpB/F.

However, it will induce large radiative corrections to the quartic coupling.
o For extra fermions it may render quartic coupling negative at high scales.
o For extra scalars it may develop other vacuum with lower zero point energy than our
EWSB one.
o To avoid large corrections the trick for model building is to introduce nearly
unbroken supersymmetry.

Interestingly both bosonic and fermionic DOF contribute additively to phase
transition, but they cancel with each other on the quartic coupling RGE.
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Outline

@ Review of the SM and MSSM EW Baryogenesis.
o Entropy release mechanism as new source of EW Baryogenesis.
@ A model designed for diphoton enhancement.

@ The vector-like supersymmetric model.
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h — v~ Excess: Alive or Die?

ATLAS 2012.7 result: 1., = 1.9+ 0.5,
ATLAS 2013.3 result: 1., = 1.65 £ 0.2,

o CMS 2012.7 result: pyy = 1.56 £ 0.43,

o CMS 2013.3 result: p,, = 0.787%22 (1.117%3) .
MVA Cut Based
ATLAS 2011 -2012 | n-soc [Frassey]  ous prmiuny
Practice is even worse =TV L-saw!
than | can expect last | Mo
time. s Ho —.—
Hoyy -
Howw
= H»>2ZzZ
— L i

Signal strength (1) H
@ New ATLAS result: p1, =1.65=+0.2

o New CMS result: May kill it in the very near future

o But at least ji,, > 1.32 for ATLAS and CMS:-)
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The Fermionic Diphoton Excess Setup

Arkani-Hamed, Fan et al, arXiv:1207.4482

o Charged fermion mass mixing matrix
m 1
Mps = . K \/5}/‘!’
ﬁ}“ﬁ my
o Mirror Leptonic: ¢,r ~ (1,2)_% and xr,r ~ (1,1)_1,
LD —yYidxr — yXi¢“Yr — mytpithg — myxixr + h.c..
Neutral fermion is 4°.
o Wino-Higgsino like: 9 ~ (1,2)i% and x ~ (1, 3)o,
LD —V2yyixed—V2y¢ exti—V2yyixg—V2yd° xtb—my (vretatipaetn) —myxx-
Induced neutral fermionic mixing
0 -my yé
Mpo = | —my 0 —3Y¢
o —3yd  my

Ran Huo (IPMU) EW Baryogenesis beyond the High T Expansion September 25, 2013 25 / 41



The Supersymmetric Extension

o Naive supersymmetry: same coupling, same degree of freedom, different “soft”
mass. No mixing in the bosonic component, the simplest boson mass square

1
M3 = m; + §y2¢2.
@ The model is just the SM plus a SUSY sector.

o Step function beta coefficient
%y;ﬁ(“)qsxi(") + %yxﬂ‘”(;swi@) = —%ysin 20FT O o FEO L interaction with FF ).
By combinatorics, the 4 F& leg diagram, or the quartic RGE running from Mg+ to
1

MFZ:I:, is suppressed by sin* 26(y)

@ Scalar “soft” mass can be solved with how much the quartic coupling runs

ny 4 |sin*20  MZ o 2-—sin20 M2 m 4 (sin®20  MZ o 2—sin*20 M2

AN = — y In > + ———In 5 — y InT+7ln—2 .
6472 2 M2, 2 M2, | 6ar? 2 M2, 2 M2,
Fi F3 R F3

RH, arXiv:1305.1973
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Leptonic Model Benchmark 1

With AMr = 0.25 and AX = —0.5Asum

o T T T = o T T T 0
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Y ukawa
Black: phase transition strength @;
Red: Lightest fermion mass;
Grey Shaded: Excluded by T. < 0;
Blue: Diphoton signal strength f;
Green: Peskin - Takeuchi T parameter;
Purple: Peskin - Takeuchi S parameter.
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Leptonic Model Benchmark 2

With AMr = 0.15 and AX = —0.5Asum

20F

T T T T T
20F | 3]

500215

< =)
S S
5 10 5 10
O O
05 051,001 |
|
125
10 15 20 25 30

Black: phase transition strength @;
Red: Lightest fermion mass;

Grey Shaded: Excluded by T. < 0;
Blue: Diphoton signal strength f;
Green: Peskin - Takeuchi T parameter;

Purple: Peskin - Takeuchi S parameter.
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Wino - Higgsino Model Benchmark 1

With AMr = 0.25 and AX = —0.5Asum

20F

20F

0.023

[0024

Y ukawa Y ukawa

. i (6(Tc)) .
Black: phase transition strength B et

Red: Lightest fermion mass;
Grey Shaded: Excluded by T. < 0;
Blue: Diphoton signal strength f,;

Purple: Peskin - Takeuchi S parameter.
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Wino - Higgsino Model Benchmark 2

With AMr = 0.15 and AX = —0.5Asum

20F 13"

y
0.015

[0016

8 1010017

05

00h,

Black: phase transition strength @;
Red: Lightest fermion mass;

Grey Shaded: Excluded by T. < 0;
Blue: Diphoton signal strength f,;

Purple: Peskin - Takeuchi S parameter.
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Discussion

o Typical values: ms = 391 GeV, my = m, =566 GeV, Ms =524 GeV, Mf, =218
GeV, MF, = 915 GeV.

@ Wino-Higgsino is equivalent to tan 8 = 1, with custodial symmetry new physics have
no T parameter contribution.

@ Bosonic DOF: Mass just get overall heavier when the Higgs VEV is turned on.
Useful for phase transition, bad for diphoton excess.

@ Fermionic DOF: Mass just get split when the Higgs VEV is turned on.
Useful for diphoton excess, bad for phase transition.
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Outline

@ Review of the SM and MSSM EW Baryogenesis.
o Entropy release mechanism as new source of EW Baryogenesis.
o A model designed for diphoton enhancement.

@ The vector-like supersymmetric model.
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@ Two new generations of the SM fermions with vector-like masses mixing.
o With supersymmetry (so that their sparticles):

e The gauge coupling RGE are modified in a way that they can still get unified at around
the GUT scale.

o The new contribution to quartic coupling can raise the SM Higgs mass.

o The vector-like Yukawa couplings are bounded by infrared fixed point, of order one.

o However, for EW Baryogenesis we are doing dirty.
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The Model

@ New vector-like superfields

g(3127%)) UL37_17% ’ (L A %) L(LQ)_l)) EL1>17_2)7
Q(372a_%)7 U(3;17_%)7 D(3 7%) L(1,271)7 E(171:2)
o New superpotential
W =

Wussm + MoQQ + MyUU + MpDD + M, LL + MeEE
+kyH, QU + kgH, QD + keH,LE — hyHsQU — hgHa4QD — hyHgLE
@ Supersymmetry breaking term
_£soft =

ma| Q> + ma|QI* + my| U + mj|U* + mp|D|* + mj|D|
2,712 ¥

2 512
Ami L + m2|LP + m2|EP + m2|EP + (BeMoQQ + ByMy U
+BpMpDD + BiM,LL + BeMcEE + Ar, kyHo QU + Ar kaHoQ
—An, huHaQU — An,haHa QD — An, hH4LE + c.c.)

Ran Huo (IPMU)
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The Mass Matrices

@ The fermion mass matrices in a basis where the left vectors are F;, Fr rather than

f_'_L,:ER are
Mo L kuou Mo = haga M. L hepa
My = 1hﬁM Mo = 1kﬁM M= lkﬁM
7 uPd U 73 dPu D 2 (Pu E

The mass eigenstates are get from matrix

2 [ MeML 0
M = ( 0 MEME )

@ The scalar mass matrices are
mi o+ An 0 BiM;, K (A, — " cotf)
M, + Dy b (A5, — ptan ) Bi, M,
BFL MFL hf(Al-,f — ptan /3) m%L -+ A,‘:L 0
ke(Ak, — pcot ) Brs Mr, 0 me + Ap,

Mz = ME+
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The Mass Matrices

We set all supersymmetric vector like masses equal to My, all supersymmetry breaking
masses equal to m and M2 = M2 + m?, all up type Yukawa equal to k. Ignore all down
type Yukawa h and all A, — pcotf, Ah, — ptan B, B and A terms. Then the mass

eigenstates are
mt, ,(Bu, $a)
mi, ,(¢u, 6a)
m3, ,(bu; ba)

My + %kzqﬁ

1
M2+ Zk2¢f,

1
M2+ Zqubf,

Both becoming overall heavier and split effects.

i,/k4¢4 + 8M k2¢3,
i /k4¢4 +8M2 kz
i,/kw + 8MZ k2¢3.
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Vector-Like Model Benchmark 1

With Ms/My = 1.5.

o Black: phase transition strength @

@ Blue: Lightest fermion mass;
° : SM Higgs mass 124 — 127 GeV.
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Vector-Like Model Benchmark 2

With Ms/My = 1.1. The new light fermion is at the light charged lepton mass bound.

@ Black: phase transition strength @;
@ Blue: Lightest fermion mass;
° : SM Higgs mass 124 — 127 GeV.
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Vector-Like Model Benchmark 3

With Ms/My = 1.019. The vector like Yukawa is at the perturbativity bound.

@ Black: phase transition strength @;
@ Blue: Lightest fermion mass;
° : SM Higgs mass 124 — 127 GeV.
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Other Comments to the Model

o We are not respecting the infrared fixed point Yukawa couplings k ~ 1.0 and
h~1.2.

@ Gluon fusion and Higgs diphoton rate are not changed, with h =0 and Ms ~ My.

@ EW precision measurement observables are always problems. We get order 30
Peskin-Takeuchi T parameter.

@ One can break the degeneracy of the vector-like quarks and leptons, but due to lost
of control of large corrections it’s not that easy to find solutions in which even the
EWSB happens at zero T.

The model is excluded.

Xue Chang and RH, submitted to PRD
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Summary and Qutlook

e EW Baryogenesis with soft/vector-like masses beyond high T expansion are
interesting scenarios.

Probably the last hope of EW Baryogenesis.

o Next we can fit the Jg,/r curve and do a semi-analytical analysis, with arbitrary kinds
mass.

Ran Huo (IPMU) EW Baryogenesis beyond the High T Expansion September 25, 2013 41 / 41



	0.0: 
	0.1: 
	0.2: 
	0.3: 
	0.4: 
	0.5: 
	0.6: 
	0.7: 
	0.8: 
	0.9: 
	0.10: 
	0.11: 
	0.12: 
	0.13: 
	0.14: 
	0.15: 
	anm0: 


