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Baryons, not Anti-Baryons

e Baryon density of the universe: [wWMAP ‘08]

n = B — (65+0.3) x 10710,
Ny

where ng = (# baryons) — (#F# anti—baryons).

e Only baryons, not anti-baryons.

— Baryon Asymmetry of the Universe.

e No Standard Model (SM) explanation.

e Supersymmetric SM (MSSM) — Electroweak Baryogenesis



Electroweak Baryogenesis (EWBG)

[Kuzmin,Rubakov,Shaposhnikov '85]

o SU(2)r xU(1)y — U(1)em as the universe cools.

e First-order phase transition = bubbles of broken phase.

<¢p>=0



Electroweak Baryogenesis (EWBG)

e CP violation in the bubble wall creates a chiral asymmetry.
e Sphalerons transform the chiral charge into baryons.

e [ hese baryons are swept up into the bubbles.

<p>%=0

Bubble Wall =%



EWBG in the MSSM

e SM Problem #1: No First-Order Phase Transition

e [ he MSSM scalar top can make the transition first-order if:
— It is very light and mostly right-handed

125 GeV < mg, < 170 GeV

— Large stop-Higgs coupling:
2
2 | X 2
Inr. o = |y © (1 — ) < |yt
ht1t1 m%:%

e [ he other stop must be very heavy for m; > 114 GeV,



EWBG in the MSSM
e SM Problem #2: Not Enough CP Violation

e Main MSSM source: Higgsinos and Gauginos.
[Carena,Quirds,Seco,Wagner '02; Lee,Cirigliano,Ramsey-Musolf '04]
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e New CP violation — electric dipole moments (EDM)

e EDM bounds = mg > 5TeV (unless cancellations)



MSSM EWBG at the Tevatron?

o A visible light stop since mg < my?

No! Many decay modes are hard to see.

o fl —> Cjz(])_
Requires flavor violation.
(mg, — mx?> < 30 GeV = soft charm

[Balazs,Carena,Wagner '04]

ol — bW‘I'X(l), t1 — b)’('il_
Often kinematically impossible.
Swamped by background for 4N > 35GeV. (4 fb— 1)

[Demina, Lykken, Matchev, Nomerotski '99]



MSSM EWBG at the LHC

e {1 are produced copiously but are hard to see.

e Same-sign tops (f1 — cx¥) [krami+Raklev '05,06]
GG — tt T T — bb et + (jets) +Br
= Same sign tops — same-sign leptons

Discovery with 30 fb~! for mz < 1000 GeV
e Stoponium? fl f’i — Mg, = 7Y [Martin '08]
e Other scalars are very heavy. (bp, Tr7)

e Challenging electroweak-in0 decays: [Carena+Freitas '06]



LHC Higgs Signals of MSSM EWBG

e A light stop can modify Higgs production and decay.

[Kane,Kribs,Martin,Wells '95; Dawson,Djouadi,Spira '96;Djouadi '98;Dermisek+Low '07

|ye|2

m'=

° hfl F’i coupling: 9ni, T4 ~ |yt|2 (1 — 2
3

th) EW BG

e o(gg — h) is enhanced.



o [ X¢| ~0, tanpg = 10, My = large, m;, = 120 GeV
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e No/o < 30%, ABR/BR < 20%, AcBR/ocBR < 15%

[Zeppenfeld '02]



Summary

e On top of everything else, the MSSM can account for

the baryon asymmetry.
e Baryon production — electroweak baryogenesis.
e EWBG requires a light stop, light -inos, heavy scalars.
e [ his scenario can be challenging at the LHC.
e Higgs boson production and decay gives an indirect probe.

e Connection between colliders and cosmology!?



Extra Slides



Sphalerons

e B+ L is a symmetry of the classical SM and MSSM Lagrangians.

This symmetry is broken by quantum effects.

e [ he only processes that violate B 4+ L are transitions between
topologically inequivalent SU(2); gauge vacua.

e Each transition produces AB = AL = ng = #generations.

e At T = 0, these transitions proceed by tunnelling (instantons).

2/ 2
Mo e 167°/9° L 10—160

e At T'# 0, these can go via thermal fluctuations.
= sphaleron transitions.

The transition rate (per unit volume) is [Arnold4+McLerran '87]

- T4 e—4m(®) /9T (¢) % O
R B (¢) = 0.



The net rate of B violation due to the sphalerons is

dnB L rsp
d T3

Nng

A.Z:L(ani +anL) —I—BnB y
1=

for positive dimensionless constants A and 5.

The first term corresponds to the chiral fermion charge:
€.d. ng; = (# left-handed quarks) - (# right-handed antiquarks).

In the absence of this asymmetry, baryon number relaxes to zero as

nB(t> — nB(O) e_B (I_Sp/T3) t_

When non-zero, the chiral charge acts as a source

for baryon production.



Electroweak Baryogenesis



1. The Electroweak Phase Transition

e Order parameter = Higgs VEV (¢):

() = 0= SU(2); x U(1)y is unbroken.
(@) 7 0=5SU2)L, x U(1)y — U(1)em.

e Effective potential:

A
Vepp = (=12 +aT?)¢% =y To> + 6" + ..

T>>u

T<<u

— 7~




2. Bubble Nucleation
e First order phase transition:

Vef f
‘4422222;;1/55:?\\\:://////// T<T.

tunnd

e Bubbles of broken phase are nucleated at T < 7.



Aside: Sphalerons

e B+ L is SU(2); anomalous in the SM (and MSSM).

e Transitions between topologically distinct SU(2); vacua:
AB = AL = ng = # generations. ['t Hooft '76]

e T'= 0 = tunnelling (instantons).

2.2
Cinst < e 167°/95 ~ 107320

e 7' # 0 = thermal fluctuations (sphalerons).[Klinkhamer+Manton '84]

T4 e=4m9) /9T (¢) 7= O [Arnold+Mclerran '87]
I_Sp ~ K a4 T4 <¢> — O [Bodeker,Moore,Rummukainen '99]
w : ) .



3. Producing Baryons

e CP violation in the bubble wall creates a chiral asymmetry.
e Sphalerons transform the chiral charge into baryons.

e [ hese baryons are swept up into the bubbles.

<p>%=0

Bubble Wal| =——%



EWBG in the Standard Model

It doesn’'t work for two reasons:

1. The electroweak phase transition is first-order

only if the Higgs boson is very light, [Kajantie et al. '98]

mp, SJ 70 GeV.
LEP II experimental mass bound:

my, > 114.4 GeV (95% c.l.).

2. There isn’t enough CP violation in the SM. [Gavela et al. '94]



EWBG in the MSSM

e SM Problem #1: No First-Order Phase Transition

— MSSM superpartners modify the Higgs potential.

e SM Problem #2: Not Enough CP Violation

— Soft SUSY breaking (and u) introduces new CPV phases:

Arg(p Ma), Arg(p A;), ...

e EVWBG can work in the MSSM!

e [ hese requirements fix much of the MSSM spectrum.



Requirement #1: A Strong First-Order EWPT

o Vopp = (—p2+ aT?)¢? — yT¢3 + 53¢

e Quantitative Condition: [Shaposhnikov '88]

(p(Te)) 7
. = X > 1.

e v % 0 is generated by bosonic loops.

e | he dominant MSSM contribution comes

from a light mostly right-handed stop. [Carena,Quirés,Wagner '95]

thﬁ\/X’U



Vers = (=12 +aT?)¢2 — 7 T¢> + 36 +

2 24D D%
Stop I\/Iass:MtZZ(sz‘I'mt‘l‘ L my At )

my Xy m%3-|—mt2+DR

e MSSM “cubic term":

YT ¢ ~ Z;T [mt1(¢, )]3/2

where

X2
(¢Jﬁ yi ( | g) !ﬁ%{+£T%

m ~—
Q3 2

e ym? — 0 maximizes the “cubic term".



Implications
e A light right-handed stop:
2 2
—(100GeV)© s mir, S0, [X¢[/mgy; S 0.5
= 120 GeV S mg, 5 170 GeV < my.
e A heavy left-handed stop:

mQ3 z 2 TeV.

o A light SM-like Higgs:

M, > 200GeV, 5 <tang < 10.

Y

— Mhiggs < 120 GeV.

Y



Requirement #2: New CP Violation

e Main source: Higgsinos.
e.g.

[Ma|  g2vu(2)

Mt ~
8 <gzvd<z> ' |l

5 ) ., with ¢ = Arg(u M>).

e CPV source:
(JF(2)) = (AA°H) o Im(p M) 02 f (vu(2), va(2))
W < g Vv(x)

3, (2) X
. gv(y)

T



e B formation cartoon:

CR
\

H

yr QHLUC SU(2); sphaleron

® O o< 11;(Q,Q,Q;L;) is sourced by the Q asymmetry.



Implications

e [ his is enough to generate the baryon asymmetry if:

[Carena,Quirds,Seco,Wagner '02; Lee,Cirigliano,Ramsey-Musolf '04]

Arg(uMy2) 2 1077

Z
W, M1’2 5 400 GeV

e New CP violation — electric dipole moments (EDM)

e Strict constraints:

de] < 1.6 X 10727 e cm [Regan et al '02]

dn| < 2.9 X 10725 e cm [Baker et al '06]

ng‘ < 2.1 X 10_28 e cm [Romalis et al '01]



e c.g. Electron EDM d¢

One-loop contribution: [ibrahim+Nath '98]
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e Consistency with EWBG and EDM constraints requires

my 2 5-10TeV.
1,2

)

= decouple first and second generation sfermions.



e c.g. Electron EDM d. (contd...)

Irreducible two-loop contribution (oc Im(u M>)):

[Chang, Chang, Keung '02; Pilaftsis '02]
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Upcoming experiments will probe the EWBG region.

[Balazs,Carena,Menon,DM,Wagner '04, Lee,Cirigliano,Ramsey-Musolf '04]



Spectrum Summary
e Light mostly right-handed stop: my, < M.
e Heavy mostly left-handed stop: mg, > 2 TeV.
e Light SM-like Higgs boson: m;, < 120 GeV.
e Very heavy 1st and 2nd gen. sfermions: mg > 5TeV.

Y

e Light charginos and neutralinos: Mj 2, u S 400 GeV.



MSSM EWBG at the LHC



MSSM EWBG at the Tevatron?

o A visible light stop since mg, < my?

[Balazs,Carena,Wagner '04]
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Light Stop Decay Modes

o f]_ — C)Z(]?
Requires flavor violation.

(mg, — mx(l)) < 30 GeV = soft charm

o i1 —bWty9, T —bxT
Often kinematically impossible.

Swamped by background for m. o > 35 GeV. (4 fb— 1)

[Demina, Lykken, Matchev, Nomerotski '99]

e Metastable #; (— gravitino)
Tevatron CHAMP searches imply mg, > 220 GeV.

[CDF '06; Diaz-Cruz, Ellis, Olive, Santoso '07]



t1 — cx{ and Dark Matter

e Stop coannihilation with a Bino LSP:

[Balazs,Carena,Menon,DM,Wagner '04]
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LHC Picture (f; — cx%)
A bit glum ...

o 71 — cxY is difficult to trigger on.
e Other scalars are very heavy. (bp, Tp 7)
e g — 111, tt] dominates.

e Challenging electroweak-in0 decays: [Carena+Freitas '06]

X{:Q — 11 b (if possible)
X?i>1) — Zx%, hx®, WEXT



Same Sign Stops

[Kraml+Raklev '05,'06]

¢ GG — ttE T —bblTLT 4 (jets) +Pr

= Same sign tops — same-sign leptons
e Discovery of light stops with 30 fb~! for m; < 1000 GeV.
e Parameter determination is difficult.

e NO c-tags. ..



Stoponium

[Drees+Nojiri '97; Martin '08]

e 1y, = L7 1] bound state.

\rfl—wxo < 3 binding energ;C.

7

~eV ~GeV

® 77, — 77y May be observable at the LHC

with < 100 fb~* for my, < 250 GeV. [Martin '08]

e Very good mass measurement of ¢!



Gluon Fusion: gg — h

® 0(99 — h) < '(h — gg)

e Loops:

g ' q o9ty
,,,,,,,,,, + 3 .
g g

e Constructive ...



tan g = 10, M, = large

® ‘Xt| ~ 0

120 GeV, |u| = M5 = 200 GeV

o V1 =
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Diphotons: h — ~v

e Important search channel for a light Higgs.

e Loops:

W Y t oy
,,,,,,,,,, + J\/
" ' +
Y Yy

e Destructive . ..



o | X;| ~0, tang = 10, M, = large

120 GeV, |u| = M5 = 200 GeV

o V1 =
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LHC Light SM Higgs (m;, < 120 GeV) Searches
[ATLAS TDR '99; CMS TDR '07]

e (99 —) h — v
50 with about 10 fb—1
Amh/mh < 0.2%.

o VBF — h— 71T
4.00 with 30 fb—1, 5.50 with 60 fb—1

o VBF — h — vy
3.10 with 60 b1

e Wh, Zh — v
4.0 0 with 100 fb=1 (high £)
e (99 —) h— ZZ*
3.00 with 30 fb~ 1 (my = 120 GeV)



g9 — h — vy

e Total Rate «x IN'(h — gg) BR(h — ~v)

1.6

| | — m, =114 GeV
151 1 : — m =120Gev| |
I I

SM
=
I

|

o BR/oBR

|
11 !

foo 150 200 250 300 350 400 450 500
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1

e 10-20% uncertainty on the rate with 300 fb=1 [zeppenfeld '02]



