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Problems vs  Mysteries

* Dark Matter  Cosmological Constant
* Baryogenesis  EW hierarchy
* Strong CP * BH information paradox
e Fermion masses
& mixings
Plausible EFT- Challenge

solutions exist EFT paradigm



Problems

e Dark Matter

e Barvogenesis

* Strong CP

e Fermion masses
& mixings

. np .
Inflation > PDM> - need mechanism

operating during
Big Bang before BBN



A B from high-T mechanism ~~ boundary condition

B-Lis conservedinSM at 1T ST 7

ible b
POSSILIE DECAESE B+L violated by SM sphaleron processes

* leptogenesis
e Afleck-Dine mechanism

Ex.

A EV Baryogenesis: primordial B-L = 0

np generated by sphalerons at EW phase transition,
below which B and L well defined g-numbers
(=conserved)



EW-Baryogenesis in principle testable in experiment

A SM could have realized it, but it failed quantitatively
* B+L violated by sphalerons

e mp =~ 125 GeV phase transition is a smooth crossover

e Jop ~ 107" too small in any case

A New Physics at 100’s GeVneeded to ensure

* Istorder phase transition

* enough CP violation

... and still not easy to pass constraints from
direct and indirect searches (ex. edms)



Ex: MSSM and its variants

Phase transition: lightstops or NMSSM

direct searches &
Higgs Couplings Katz, Perelstein, Ramsey-Musolf, Winslow 2016

CP oh . . . ruled out by
phases: A ];B with resonant sfermions dyryand d,

Kozaczuk, Profumo, Ramsey-Musolf, Wainwright 2012
>|< . . . _ . . .
1 /2B via Higgsino-gaugino mixing

only higgsino-bino with non-universal phase survives with d_, 2 10~%’e cm

Cirigliano, Li, Profumo, Ramsey-Musolf 2010



No big surprise: Flavor and CP violation have long nagged
natural approaches to Hierarchy Problem

There however exist(ed) very special scenarios cleverly
doing away with all Flavor & CP effects at weak scale
(ex: Gauge Mediated Supersymmetry Breaking)

Is there a way to realize EW-baryogenesis without
introducing any new sources of CP violation at the
Fermi scale?



Scenario
(H) = o (H) ~ T (H) = 0

My A = flavor scale T

e




Scenario
(H) = o (H) ~ T (H) = 0

(AT A = flavor scale 1

=S,

. 4
(H) > sphalerons suppressed e 15t order PT + CP viol.
T * np/s preserved » N /S from sphalerons

(HY =0 inSM at T > 160 GeV » Light New Physics



The mechanism for ensuring (H) #0 at T > m;

already appears in Weinberg’s 1973 paper on finite T
but stressed to us by Meade

e Meade, Ramani 2018
e Baldes, Servant 2018
_* Glioti, RR, Vecchi...still waiting

minimal communications, basically same model,
but some difterent perspectives



A model (below A )

SM + scalar in O(N) fund S, +1=1,...,N S?=5.8S,
m2 )\S 2
V=m%HH+ M\ (H H)? 25 S? . (S*)* + \gS*H'TH,
My As >0 =/ ApAs < Apg <0 stability
Ao < Mg
2 o _ ARS o ..
mz <0 mg > —— My minimum at

(H) #0  (S) =0



Of Loops and Tadpoles

As N
weakly 167
coupled
1672

mass ‘ ,
AN
effects X
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Of Loops and Tadpoles
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Of Loops and Tadpoles

Aa /N
Weakly 167

coupled

mass ‘ ’ oo N
effects (5m?—{ X M~ EhsmM2

1672

thermal effects persist at

. . : M2 ~ T2
Finite T: N = 00, eng — 0. epgVN = fixed



Thermal vacuum dynamics in first approximation

h*(T) m#(T) N 1 3 o L 5 1o 1T %‘)‘hS(T)’ — A(T)
T VR ST SR U A ARt v A (T)
sphalerons suppressed stability
2
MsN 2 12 [A(T) + (1.2)20(T)] 2 7 N> NAnsi)

— () [N As (1))




Refinements

€¢s preferred large resumm leading series in 1/

NV

account for Boltzmann suppression

~| =



A reminder about thermal loops

IR enhancement of
- (4 / interaction strength
RS
Ex Ap? 3D > ATo* = Aspy”
loop-expansion 3T high [ 3V
in 3D controlled by ©3D = 8mm, (1) A = VD

same story at large N: E%D ~ VEg



N — o0
)\5N, )\hS\/N — fixed

€s effects ‘resummed’ in 1/N expansion

introduce auxiliary mediator (J m == I<

1, , 1 Ans ' Ahs T 72
| §(mS+U)S + —0% + +—a HTH — \p, (H'H)

4AS AS AhAS

ALS A\
Lery = Lgym + T —O' H'H — A hS (HTH)2
Ag )\h)\s

1
+ —0?+ NI'[ms + 0,0
4\

0-loops = (1/N)€

Compute Vg at 1-loop neglecting 0-loops



Diagrammatically

&+&+3f+§+...
O +&ES +é+...

analytic terms from 4D UV~ (AgN)* o €5

Captures
non-analytic terms from 3D IR




LO—

0.8+~

resummed

As expected 3D eftects can be sizeable at weak 4D coupling
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Collider Phenomenology

1 §)
BR(h — inv) ~ 0.1 (%) g > my, /2
g — SSV
direct - N <10° sensitivity at 100 TeV
_qq — Ssqq Curtin, Meade, Yu 2014

i b{ 0gn _ (AnsN)?v? 1
indirect an — 967T2m2 N



Relic Density and Dark Matter

Nto dn o OannU e
n; = ;Vt >< djﬁ t | SH(T)ntot ~ N [(ntot)2 - (ntgt)2]
1

0s N 3( mgs )2 10 \°
ODM 50 100 GeV Ans N

A assume 75 —1 by some other means
PDM

2

. 2 2
direct orp ~ 0.1 >‘h52 MnST” N =2 x 10°

detection ™meg  my




‘Cheap Fixes: make S decay

A Break SON)

3
OVsott = a;—5; + b;
g

msMpl

T2
o 4m/g,—28N <% <dr. /g, 5
ES Mpl

2
J%SZS] -+ Cz'jkg,LLSiSjSk -+ dig,uS,L-]H\Q

Xa

Xb

correct DM density & BBN ok




Less cheap: gauge global SO(n) ~ SO(VN) (DQCD)

Q
S 66 D-gluons QQD ~ 1077 <= pPS = PDM
O

TDglueballs < TBBN

9

D ~D Apgcp R 1GeV
X GR.G " HH O
999 gpn < 1

M DM density

M BBN
n ~ \/N ~ 50 — 100 [ direct detection

[[jindirect detection need detailed
[] suppressed sphalerons _ computation




Summary

Higgs dynamics is relevant for baryogesis, even in the absence of
new sources of CP violation at the weak scale

(H) = v (H) ~ T (H) =0

M A = flavor scale

° o 1

» Weak scale sector with N 2 200 scalars required for A ~ 10% — 10° TeV
* N seems crazy, but structure of model quite simple

* In principle testable at future colliders for N < 10°

* Dark sector could provide DM in various ways

e myg ~ mg < A un-natural, but crucial for the world as we see it...



