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Baryonic Matter Asymmetry ==

Three generations
of matter (fermions)
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Gauge bosons
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Bary()geneSiS g

Free particles and anti-particles are completely equivalent.

Are fundamental interactions asymmetric,
so that a symmetric initial state may
produce an asymmetric final state?

Such a (sequence of) process(es) - Baryogenesis
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The Standard Model g

Three generations
of matter (fermions)

But:

(100GeV)*
3M3
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Electroweak phase transition Ug;g:;g;f
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Electroweak Baryon-number violation =

A fermion coupled chirally to an SU(2) gauge field
experiences an anomalous current. 't Hooft ('85)

If the gauge field moves in such a way that Chern-Simons
number changes, so does baryon number.
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Hot Electroweak Baryogenesis

Kuzmin, Rubakov, Shaposhnikov ('86)

I: Electroweak transition is 1.st order.
Nucleation, and expansion
of bubbles of low-temperature vacuum
inside high-temperature vacuum.

Il: Bubble walls collide with plasma (fermions).
Higgs-fermion interaction breaks CP
and produces net right/left-handed
currents inside/outside bubbles.

lll: Baryon number violating processes are
active outside bubble, suppressed
inside bubble. CP-asymmetry converted
to B-asymmetry.

Processes separated in time and space:
Bubble-fermion interactions out of equilibrium and break CP.

C/P breaking + anomaly leads to baryon number violating
processes > equilibrate "initial” state
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\What to calculate? e

Phase diagram of SM:

Kajantie, Laine, Rummukainen, Shaposhnikov ('96) i ' ' ' ' pure gauge

Bubble nucleation rate:
Moore, Rummukainen (2000) 201
Moore, Rummukainen, AT (2001)

: 1=

Bubble wall dynamics: N ]
- O  multicanonical
Huber, Hindmarsh, Rummukainen, Weir (14, ’15) o = pemubaive ||
Bubble-fermion interactions: wl 7 o -
Cohen, Kaplan, Nelson ('92, '93) L/ ]
Schmidt, Kainulainen, Prokopec, i & %
Joyce, Huber, ... ('94...’0?) o
Sphaleron rate: 7% Huber, Hindmarsh, Rummukainen, Weir ('14, *15)
Ambjgrn, Krasnitz ('92) 'ms
Moore ('95-'98) -
Moore, Rummukainen, Bodeker ('00) 8350
D’Onofrio, Rummukainen, AT ('14)
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Three things went wrong =

J)|
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Alternatives to SM 1.st order PT: | ==

, (.0 A mg/GeV
Damgaard, O’Connell, Haarr, AT ('15) 0 1()()0 2()0() 3000 4000
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Alternatives to SM 1.st order PT: |l «z:

Stavanger

gos®

Copeland, Lyth, Rajantie, Trodden ('01) o ,
Smit, van Tent, AT ('04) Turok, Zadrozny ('90-'91), Krauss, Trodden (’99),

Enqvist, Stephens, Taanila, AT ('10) garCi?-B(;%“Ii_d?r,] GREig-OH?V’ ﬁusée(;\ko, %qapghs-{";?v ,((’)%9)
Konstandin, Servant ("11) opeland, Lyth, Rajantie, Trodden ('01), Smit, ('03)



Anders Tranberg: Baryogenesis at the electroweak scale
D

Alternatives to SM CP-violation
at EW temperature: |

Some other source of CP-violation:
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Alternatives to SM CP-violation

at EW temperature: |l

Two Higgs doublets with C(P)-breaking potential, and C/P breaking:

AT, Wu ('12-13)
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Alternatives to SM CP-violation

LV = W= 4 2B - -
— WP, Wy, + P WI W W W,

at EW temperature: llI
SM CP-violation is extremely small at finite T, because,
when integrating out the fermions, one would expect:
But doing the actual calculations: OF = GG, + WV PWL W,

100 ‘ pv 't vp 3 po 't av
201 = W= - W
i = WEWS W W, = 20 WIWS WL WG,
-2 [
10 ] +%W;WJW;,,W;Q —c.c., (10)
_ 30 . 8 N
_ 107 AS = ﬁqﬂ(lgﬁ[ﬁ‘“"}mu] Of = 2(Zu+p) W PW Wy,
© ] F —ce(WH)2W, W, — ca(WH)2W, W,
106t —cs(WH-wHOww,,
. 3 +er(WH-WOWSW, + e WIWIwowy,
107°¢ —cn(WH - WOWFW,, — caW,[ W, WL Wy,
10_10 3 +613W;W,,+W;LW,,;] —c.c., (11)
‘ ‘ ‘ ‘ .
-3 -2 -1 0 1 Oy = 4ZuZu +oupv)
10 10 10 10 10 s (W Wi — (W2 W
Tetr / GeV o)W W)~ 2eg(WH (W)

3

4
+§(ZM‘PV + ZU‘P;L)
X [ero(WH)? W, W, + cio(W™ )W, w,F

“2e(WH- W) (WIW, +Wiw)l,  (12)
Brauner, Taanila, AT, Vuorinen ('12)
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Can we do the Two-Higgs model? ==

Hard; but can we do better than integrating out at one-loop in equilibrium?

Ensemble fermions: .Re.place q_uar!tum average Aarts, Smit (98)
by average over statistical realisations. Borsanyi, Hindmarsh ('09)
Nq should be big enough for convergence. Saffin, AT (11, '12)
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...with fermions. =

—  N;=(B+L)/2
N, =9600

_ i _ | | | | | |
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Mou, Saffin, AT ('13)
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...with fermions e

—  N,=9600 — N,=2400 — N_,=1440
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...with fermions =
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Mou, Saffin, AT ('13)
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...with fermions e
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|s there a number? g
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Conclusions and To-do list —

- We need to get going again with Hot and Cold EWBG.
- Extended scalar sectors give viable models of both kinds.

- Using effective bosonic theories, we can simulate Cold EWBG finding
agreement with observations for certain values of

5CP ) 5C/P
- Not obvious that the operators considered are correct and/or dominant.

- Quantum fermions work and give an asymmetry. This is the first time a
simulation has been done of baryogenesis from first principles all the way to
the end!

- For optimised scalar potentials, 600 times observed asymmetry (maybe).

- Computer cost is extreme: 0.5 Mhours cpu-times. 9-dimensional parameter
sweeps not an option.

- Quantum fermions also relevant for fermion-wall interactions in Hot EWBG (in
progress...quite hard).
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for your attention!




