
ElectroWeak Baryogenesis
above 

the Weak Scale

Riccardo Rattazzi, EPFL

• Alfredo Glioti, RR, Luca Vecchi,   to appear 

• Meade, Ramani 2018
• Baldes, Servant 2018



Problems      vs      Mysteries

•  Dark Matter
•  Baryogenesis
•  Strong CP
•  Fermion masses 
& mixings

•  Cosmological Constant
•  EW hierarchy
•  BH information paradox

Challenge
EFT paradigm

Plausible EFT-
solutions exist



Problems     

•  Dark Matter
•  Baryogenesis
•  Strong CP
•  Fermion masses 
& mixings

Inflation ⇢DM ,
nB
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need mechanism
operating during 

Big Bang  before BBN
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B-L is conserved in SM at  T <⇠ TB�L
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B+L violated by SM sphaleron processes  
possible because

• leptogenesis
• Affleck-Dine mechanismEx.

EW Baryogenesis: primordial B-L = 0 

nB
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EW-Baryogenesis in principle testable in experiment

•  B+L violated by sphalerons
•                            phase transition is a smooth crossover
•                       too small in any case

SM could have realized it, but it failed quantitatively

mh ' 125GeV
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•  1st order phase transition
•  enough CP violation

New Physics at 100’s GeVneeded to ensure 

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



Ex: MSSM and its variants

Phase transition:   light stops   or   NMSSM
direct searches &
 Higgs couplings

CP phases:   with resonant sfermionsA⇤
f̃
B
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ruled out by  
  and dHg
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via Higgsino-gaugino mixing

only higgsino-bino with non-universal phase survives with de >⇠ 10�29e cm
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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

T
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T
<latexit sha1_base64="denIBFClJvSfRj71DvI3zQ8YfVM="></latexit><latexit sha1_base64="1eAv7quMROHoCMn0q1Wc7znLrI4="></latexit><latexit sha1_base64="1eAv7quMROHoCMn0q1Wc7znLrI4="></latexit><latexit sha1_base64="GwnI84YxSprmVDOhSsfVojGrhWE="></latexit>mW

<latexit sha1_base64="WLk6AW3qkBtuqf623JSaDtqRsKM="></latexit><latexit sha1_base64="+fW8C5u3r/Taa0qk8l5oT9V554U="></latexit><latexit sha1_base64="+fW8C5u3r/Taa0qk8l5oT9V554U="></latexit><latexit sha1_base64="flaLjFBHAEKmTJAJ/9S7xU8DxMM="></latexit>

hHi = 0
<latexit sha1_base64="TcvUVeI5SpVuiTqrq1iE6cDfL7I="></latexit><latexit sha1_base64="ta7WLlzizAhCUOrpo4UmhictnmQ="></latexit><latexit sha1_base64="ta7WLlzizAhCUOrpo4UmhictnmQ="></latexit><latexit sha1_base64="ER88kkKRA1h59SHbijpYN41jZL0="></latexit>

hHi ⇠ T
<latexit sha1_base64="XBkrFP2+wc0Ac4UV9Rjv4hECbNc="></latexit><latexit sha1_base64="fkrFtGd+qrOvqrcK8tiy0seok1Y="></latexit><latexit sha1_base64="fkrFtGd+qrOvqrcK8tiy0seok1Y="></latexit><latexit sha1_base64="8L0Eyb7wi/idzFPnblFNIgcxdk0="></latexit>

hHi = v
<latexit sha1_base64="WHvVWLrwyNICI7YG6qAb+7qPSHI=">AAAGznicjZRdb9MwFIY9YGWUrw244yZah4QEmhpu4ALQtAm27gOVbe0G81Q5rtNZsZPIdjo6L+KWnzFxB/+If4PTZGm6pduOlOjkvI+PnVfWcUJGparX/03dun1nunJ35l71/oOHjx7Pzj1pyyASmLRwwAKx7yBJGPVJS1HFyH4oCOIOI3uOt5Loe30iJA38XTUIySFHPZ+6FCNlSp3ZZ5Ahv8eItQZFmnyw+p3ZWn2xPgzrcm </latexit><latexit sha1_base64="/pOj6wqA9OY7Fzv7hGgiXX7W/2g=">AAAGznicjZTdbtMwFMe9wcooXxtwx020DgkJNDXcwAWgahNs3VZUtrUbzFPluE5rxfmQ7XR0XsQtD8ADIO7gjfY2OE2Wplu67UiJTs7/52PnL+tYAaNCVqtnM7O3bs+V7szfLd+7/+Dho4XFx23hhxyTFvaZzw8sJAijHmlJKhk5CDhBrsXIvuWsxfr+gHBBfW9PDgNy5KKeR22KkdSlzsJTyJDXY8TYgDxJ3huDzkKlulIdhX </latexit><latexit sha1_base64="/pOj6wqA9OY7Fzv7hGgiXX7W/2g=">AAAGznicjZTdbtMwFMe9wcooXxtwx020DgkJNDXcwAWgahNs3VZUtrUbzFPluE5rxfmQ7XR0XsQtD8ADIO7gjfY2OE2Wplu67UiJTs7/52PnL+tYAaNCVqtnM7O3bs+V7szfLd+7/+Dho4XFx23hhxyTFvaZzw8sJAijHmlJKhk5CDhBrsXIvuWsxfr+gHBBfW9PDgNy5KKeR22KkdSlzsJTyJDXY8TYgDxJ3huDzkKlulIdhX </latexit><latexit sha1_base64="ZdHUlvXltw80phuCLXqNuYY9xQM=">AAAGznicjZRdb9MwFIa9wcooXxtwx01Eh8QFmhJu4ALQtAm2bisq29oN5qpyXKez4nzIdjo6L+KWn4G4g3/Ev8Fp0jTd0m1HSnRy3sfHzivr2CGjQprmv7n5W7cXKncW71bv3X/w8NHS8uO2CCKOSQsHLOBHNhKEUZ+0JJWMHIWcIM9m5NB2NxL9cEC4oIF/IIch6Xio71OHYiR1qbv0FDLk9xkxtiBPk/fGoLtUM1fNURiXEy </latexit>

flavor scale⇤ ⌘
<latexit sha1_base64="+VimXZuTObVgn6BEfoL4Tvtou+4="></latexit><latexit sha1_base64="cXCcogxPsZ/B1+QKXIQo2V7aWJI="></latexit><latexit sha1_base64="cXCcogxPsZ/B1+QKXIQo2V7aWJI="></latexit><latexit sha1_base64="tBFGPpcFr8IlpurlkeBPyV7GM14="></latexit>

• 1st order PT + CP viol.
•              from sphaleronsnB/s
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• sphalerons suppressed
•                   preservednB/s
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Light New Physics



The mechanism for ensuring                 athHi 6= 0
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already appears in  Weinberg’s 1973 paper on finite T
but stressed to us by Meade

• Meade, Ramani 2018
• Baldes, Servant 2018
• Glioti, RR, Vecchi…still waiting

minimal communications, basically same model,
but some different perspectives



A model  (below      )        ⇤
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minimum at

hHi 6= 0 hSi = 0
<latexit sha1_base64="K0qQl+odwRWZ6/acFqsnKf5M244="></latexit><latexit sha1_base64="g0amPd5yrlkxC7mfAGhI9Mhb1fA="></latexit><latexit sha1_base64="g0amPd5yrlkxC7mfAGhI9Mhb1fA="></latexit><latexit sha1_base64="vvJtaZJQcZWHEH8tpN/fkgGvg4g="></latexit>

�2
hS  �h�S

<latexit sha1_base64="/2OBOafvRePnLtqXZoJnd0HNAwo="></latexit><latexit sha1_base64="SYIwe6o6vZAk3BWu1xHOOkykCwM="></latexit><latexit sha1_base64="SYIwe6o6vZAk3BWu1xHOOkykCwM="></latexit><latexit sha1_base64="pWxuZtBKzWaU33pNdz9kntDmJ8c="></latexit>

V = m2
HH†H + �h(H

†H)2 +
m2

S

2
S2 +

�S

4
(S2)2 + �hSS

2H†H,
<latexit sha1_base64="urdbVKKgc9h/uGSEth3B9DhK3H4="></latexit><latexit sha1_base64="tlXe2+sd2YC6xfEA2uQuSIwM+xU="></latexit><latexit sha1_base64="tlXe2+sd2YC6xfEA2uQuSIwM+xU="></latexit><latexit sha1_base64="/NGmYOo32u4Wfl6ISk9Y4LTWZoc="></latexit>

m2
H < 0 m2

S >
�hS

�h
m2

H
<latexit sha1_base64="kEgdnzmSYWy1T/i/tZgfL3uABW0="></latexit><latexit sha1_base64="ShHbbMZf8LqEs2OB2RxS3S/GE/A="></latexit><latexit sha1_base64="ShHbbMZf8LqEs2OB2RxS3S/GE/A="></latexit><latexit sha1_base64="mkb4kcrY8uzOc86BroL+eBs3ne8="></latexit>



Of Loops and Tadpoles

weakly
coupled

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit>

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit>

H
<latexit sha1_base64="Tefn7N1KjYuv51998IH9onqUqgU="></latexit><latexit sha1_base64="jqkoBADXDAOjYhOdIvlfp+ERln4="></latexit><latexit sha1_base64="jqkoBADXDAOjYhOdIvlfp+ERln4="></latexit><latexit sha1_base64="b9UOMtavrd44vlRoabUk08OWqaE="></latexit>

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit> ⌧

<latexit sha1_base64="zy63Spi+mVgRT33BlQkhqThE5LE="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="95nZbaiuHHb5loSQb57scdwM3Vc="></latexit>

⌧
<latexit sha1_base64="zy63Spi+mVgRT33BlQkhqThE5LE="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="95nZbaiuHHb5loSQb57scdwM3Vc="></latexit>

✏S ⌘ �SN

16⇡2
⌧ 1

<latexit sha1_base64="OjquR6Q2PjCzTKpqTe1Rbko1oy4="></latexit><latexit sha1_base64="t7TMOkC0/aT1gc4C3jMTco6brLk="></latexit><latexit sha1_base64="t7TMOkC0/aT1gc4C3jMTco6brLk="></latexit><latexit sha1_base64="y0xbdqUlrFLUG5x50VUCU/lI1KU="></latexit>

|✏hS | ⌘
|�hS |

p
N

16⇡2
⌧ 1

<latexit sha1_base64="1rjPnQzd5c6Oe1qjTT24MxZKplk="></latexit><latexit sha1_base64="eAdwhYeE73x/3ia9+fXKoJvhWkk="></latexit><latexit sha1_base64="eAdwhYeE73x/3ia9+fXKoJvhWkk="></latexit><latexit sha1_base64="PHJL5TFsCwzXpPqdcuVV9y/mtVQ="></latexit>

mass
effects / �hSN

16⇡2
<latexit sha1_base64="DNploN5de2+B9KSTqK0qYE20obg="></latexit><latexit sha1_base64="acBhWVtkza7a8iIq9Mht3QXLz/c="></latexit><latexit sha1_base64="acBhWVtkza7a8iIq9Mht3QXLz/c="></latexit><latexit sha1_base64="JjVjv9dnqV9w244x8L2GZDyC0so="></latexit>



Of Loops and Tadpoles

weakly
coupled

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit>

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit>

H
<latexit sha1_base64="Tefn7N1KjYuv51998IH9onqUqgU="></latexit><latexit sha1_base64="jqkoBADXDAOjYhOdIvlfp+ERln4="></latexit><latexit sha1_base64="jqkoBADXDAOjYhOdIvlfp+ERln4="></latexit><latexit sha1_base64="b9UOMtavrd44vlRoabUk08OWqaE="></latexit>

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit> ⌧

<latexit sha1_base64="zy63Spi+mVgRT33BlQkhqThE5LE="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="95nZbaiuHHb5loSQb57scdwM3Vc="></latexit>

⌧
<latexit sha1_base64="zy63Spi+mVgRT33BlQkhqThE5LE="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="95nZbaiuHHb5loSQb57scdwM3Vc="></latexit>

✏S ⌘ �SN

16⇡2
⌧ 1

<latexit sha1_base64="OjquR6Q2PjCzTKpqTe1Rbko1oy4="></latexit><latexit sha1_base64="t7TMOkC0/aT1gc4C3jMTco6brLk="></latexit><latexit sha1_base64="t7TMOkC0/aT1gc4C3jMTco6brLk="></latexit><latexit sha1_base64="y0xbdqUlrFLUG5x50VUCU/lI1KU="></latexit>

|✏hS | ⌘
|�hS |

p
N

16⇡2
⌧ 1

<latexit sha1_base64="1rjPnQzd5c6Oe1qjTT24MxZKplk="></latexit><latexit sha1_base64="eAdwhYeE73x/3ia9+fXKoJvhWkk="></latexit><latexit sha1_base64="eAdwhYeE73x/3ia9+fXKoJvhWkk="></latexit><latexit sha1_base64="PHJL5TFsCwzXpPqdcuVV9y/mtVQ="></latexit>

mass
effects / �hSN

16⇡2
<latexit sha1_base64="DNploN5de2+B9KSTqK0qYE20obg="></latexit><latexit sha1_base64="acBhWVtkza7a8iIq9Mht3QXLz/c="></latexit><latexit sha1_base64="acBhWVtkza7a8iIq9Mht3QXLz/c="></latexit><latexit sha1_base64="JjVjv9dnqV9w244x8L2GZDyC0so="></latexit>

�m2
H

<latexit sha1_base64="CUlEuMsAv8YwNO0EYSEPNxbOD84="></latexit><latexit sha1_base64="+ctBU5MCdnkCrHoX5CclrGqURqU="></latexit><latexit sha1_base64="+ctBU5MCdnkCrHoX5CclrGqURqU="></latexit><latexit sha1_base64="fvJM2m6Fwa8CcJ+Nfd35Qp1dklA="></latexit>

M2 ⇠ ✏hS
p
N M2

<latexit sha1_base64="h2N6yDaGXtbXorrav53pYya6B60="></latexit><latexit sha1_base64="31FQuIfnMBCEur+30uWuQXKKTaA="></latexit><latexit sha1_base64="31FQuIfnMBCEur+30uWuQXKKTaA="></latexit><latexit sha1_base64="bbEPYcWR5mBDZaLfAnglYJFy5mc="></latexit>



Of Loops and Tadpoles

weakly
coupled

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit>

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit>

H
<latexit sha1_base64="Tefn7N1KjYuv51998IH9onqUqgU="></latexit><latexit sha1_base64="jqkoBADXDAOjYhOdIvlfp+ERln4="></latexit><latexit sha1_base64="jqkoBADXDAOjYhOdIvlfp+ERln4="></latexit><latexit sha1_base64="b9UOMtavrd44vlRoabUk08OWqaE="></latexit>

S
<latexit sha1_base64="Ih0BfqyEgL35rmWg+q2jQdjbmNw="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="LmISR7XrRgI+EGlzYri5pQXs2rg="></latexit><latexit sha1_base64="F9b6zRO7cqphXmpDmhdq26rmdkE="></latexit> ⌧

<latexit sha1_base64="zy63Spi+mVgRT33BlQkhqThE5LE="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="95nZbaiuHHb5loSQb57scdwM3Vc="></latexit>

⌧
<latexit sha1_base64="zy63Spi+mVgRT33BlQkhqThE5LE="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="kgva/PtpZ6aXDrxsx98hOZXafzo="></latexit><latexit sha1_base64="95nZbaiuHHb5loSQb57scdwM3Vc="></latexit>

✏S ⌘ �SN

16⇡2
⌧ 1

<latexit sha1_base64="OjquR6Q2PjCzTKpqTe1Rbko1oy4="></latexit><latexit sha1_base64="t7TMOkC0/aT1gc4C3jMTco6brLk="></latexit><latexit sha1_base64="t7TMOkC0/aT1gc4C3jMTco6brLk="></latexit><latexit sha1_base64="y0xbdqUlrFLUG5x50VUCU/lI1KU="></latexit>

|✏hS | ⌘
|�hS |

p
N

16⇡2
⌧ 1

<latexit sha1_base64="1rjPnQzd5c6Oe1qjTT24MxZKplk="></latexit><latexit sha1_base64="eAdwhYeE73x/3ia9+fXKoJvhWkk="></latexit><latexit sha1_base64="eAdwhYeE73x/3ia9+fXKoJvhWkk="></latexit><latexit sha1_base64="PHJL5TFsCwzXpPqdcuVV9y/mtVQ="></latexit>

mass
effects / �hSN

16⇡2
<latexit sha1_base64="DNploN5de2+B9KSTqK0qYE20obg="></latexit><latexit sha1_base64="acBhWVtkza7a8iIq9Mht3QXLz/c="></latexit><latexit sha1_base64="acBhWVtkza7a8iIq9Mht3QXLz/c="></latexit><latexit sha1_base64="JjVjv9dnqV9w244x8L2GZDyC0so="></latexit>

�m2
H

<latexit sha1_base64="CUlEuMsAv8YwNO0EYSEPNxbOD84="></latexit><latexit sha1_base64="+ctBU5MCdnkCrHoX5CclrGqURqU="></latexit><latexit sha1_base64="+ctBU5MCdnkCrHoX5CclrGqURqU="></latexit><latexit sha1_base64="fvJM2m6Fwa8CcJ+Nfd35Qp1dklA="></latexit>

M2 ⇠ ✏hS
p
N M2

<latexit sha1_base64="h2N6yDaGXtbXorrav53pYya6B60="></latexit><latexit sha1_base64="31FQuIfnMBCEur+30uWuQXKKTaA="></latexit><latexit sha1_base64="31FQuIfnMBCEur+30uWuQXKKTaA="></latexit><latexit sha1_base64="bbEPYcWR5mBDZaLfAnglYJFy5mc="></latexit>

Finite T: M2 ⇠ T 2
<latexit sha1_base64="qeavw35Bd88klkgqv9XCWE5o6uE="></latexit><latexit sha1_base64="NIxZOMlsmYZndu29lTleOBEDv8s="></latexit><latexit sha1_base64="NIxZOMlsmYZndu29lTleOBEDv8s="></latexit><latexit sha1_base64="hifwTr0CGNmoRFuhiU4kmNNdv6g="></latexit>

thermal effects persist at
N ! 1, ✏hS ! 0, ✏hS

p
N = fixed

<latexit sha1_base64="8BtPw6BxULZfzr0oKI+GMFLuFeo="></latexit><latexit sha1_base64="vd4Cp+lp76c4FEYPDfL2Np02mnw="></latexit><latexit sha1_base64="vd4Cp+lp76c4FEYPDfL2Np02mnw="></latexit><latexit sha1_base64="SBbN8PL4EVY7IvSLfOu5sWVV5Dk="></latexit>



Thermal vacuum dynamics in first approximation 

h2(T )
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N
12 |�hS(T )|�A(T )

�h(T )
<latexit sha1_base64="7dvDOqdr/PNTo7EZL+OHs0oQq1o="></latexit><latexit sha1_base64="r9adOUZJKEzTrW1SpkRmdhVp38s="></latexit><latexit sha1_base64="r9adOUZJKEzTrW1SpkRmdhVp38s="></latexit><latexit sha1_base64="Z/ujgCx2XbS+cLmw7/wIeSNpa8o="></latexit>

sphalerons suppressed stability

�hSN >⇠ 12
⇥
A(T ) + (1.2)2�h(T )

⇤
>⇠ 7

<latexit sha1_base64="Vj4+xSgxsAeIjF18gM9h2wSlArA="></latexit><latexit sha1_base64="Ie6jSEUqpoCAjAFnLSDH/QagmRE="></latexit><latexit sha1_base64="Ie6jSEUqpoCAjAFnLSDH/QagmRE="></latexit><latexit sha1_base64="6kSD92bTRWbg0jjKq7irOcQ7tbs="></latexit>

N � [N�hS(µ)]2

�h(µ)[N�S(µ)]
<latexit sha1_base64="ZXf6UlBcJlt8hu93d2kZ6QOoXJQ="></latexit><latexit sha1_base64="Uw4gxmmVqcHX4A/1KSZDXvoeYU0="></latexit><latexit sha1_base64="Uw4gxmmVqcHX4A/1KSZDXvoeYU0="></latexit><latexit sha1_base64="jV18uAy5pTetKdXoScfEnapAmU4="></latexit>

N >⇠ 800

✓
0.01

✏S(⇤)

◆

<latexit sha1_base64="8kIv7Hd2FKP8b3EkxS67qr4opMg="></latexit><latexit sha1_base64="boPA7f2WrmvpiR9D6/fzH3abgS8="></latexit><latexit sha1_base64="boPA7f2WrmvpiR9D6/fzH3abgS8="></latexit><latexit sha1_base64="QbVDlGrtwhxCtiKihIwWWsye3UM="></latexit>



Refinements

✏S
<latexit sha1_base64="nAiyKzZ/mnERBXa/pMJGuPAo2mY="></latexit><latexit sha1_base64="xdkMlPmw4yhBgqVcIdiGORQCO/4="></latexit><latexit sha1_base64="xdkMlPmw4yhBgqVcIdiGORQCO/4="></latexit><latexit sha1_base64="/8Y52kx78o6sFbjuG6I3XhcHgwM="></latexit>

preferred large resumm leading series in 1/N
<latexit sha1_base64="fQQvJSrkIQZtx6xboXHX4b+dx+s="></latexit><latexit sha1_base64="/0C69A/QjbercaAJ6A63zhf9QnE="></latexit><latexit sha1_base64="/0C69A/QjbercaAJ6A63zhf9QnE="></latexit><latexit sha1_base64="FLV27BqNIYiEv1qC4kd8C8KZHFU="></latexit>

h

T
>⇠ 1

<latexit sha1_base64="cRLGVrN6hpKZ1dOLejhoddX20EE="></latexit><latexit sha1_base64="7JLlItk/RU7nU01bGy2zsZXLdLU="></latexit><latexit sha1_base64="7JLlItk/RU7nU01bGy2zsZXLdLU="></latexit><latexit sha1_base64="WuMCVsajkC+f86DBYZWtLF5n5Eo="></latexit>

account for Boltzmann suppression 



R3
<latexit sha1_base64="3o2jceZS5yxCywYu9ZngT9ukV30="></latexit><latexit sha1_base64="kpx6NThN5NQpJ1cnJz+OXzQ3ofc="></latexit><latexit sha1_base64="kpx6NThN5NQpJ1cnJz+OXzQ3ofc="></latexit><latexit sha1_base64="6lCi0JmyeJQMFFh8emtDsAyvHOo="></latexit>

⌧
<latexit sha1_base64="yoWwH3j1ndz6N6Ib+CDVB4S8yT8="></latexit><latexit sha1_base64="dZJ3wCKqz+z0BNzjPL2t4QiAj6Q="></latexit><latexit sha1_base64="dZJ3wCKqz+z0BNzjPL2t4QiAj6Q="></latexit><latexit sha1_base64="oqVuo513/D8VSj4BQWAqrBMKpzE="></latexit>

A reminder about thermal loops

Ex �'4
<latexit sha1_base64="Kx9rhLuX4SVQTgjevytkyuff6/c="></latexit><latexit sha1_base64="jbo797x8xsVujgTfRj0QQYJXImU="></latexit><latexit sha1_base64="jbo797x8xsVujgTfRj0QQYJXImU="></latexit><latexit sha1_base64="kFaZLqVtxrGJouBWnNgYvbET7yY="></latexit>

3D
<latexit sha1_base64="SKJ4WBj3za+5XQgRx/S1HEvQTGg="></latexit><latexit sha1_base64="fkbDuRZp69tWt7QMTk3cickpehM="></latexit><latexit sha1_base64="fkbDuRZp69tWt7QMTk3cickpehM="></latexit><latexit sha1_base64="UlRmJ2GQyVvvcD4EPjgrLl4AvWU="></latexit> �T'4 ⌘ �3D'4

<latexit sha1_base64="CHDOS60yjKDhQ4D5EdHZS8/1LBc="></latexit><latexit sha1_base64="FuIZnKdL4hba5W+sul4YssL8nMg="></latexit><latexit sha1_base64="FuIZnKdL4hba5W+sul4YssL8nMg="></latexit><latexit sha1_base64="3hZaoMgn8ArBa12j0MUSvK+pIIA="></latexit>

IR enhancement of 
interaction strength

loop-expansion 
in 3D controlled by

high T
<latexit sha1_base64="eb2idZsVwxXntANLQuLPg0hWcKs="></latexit><latexit sha1_base64="zV7DXoGK6WIVYi3L96kC4Cl76OY="></latexit><latexit sha1_base64="zV7DXoGK6WIVYi3L96kC4Cl76OY="></latexit><latexit sha1_base64="VWoGxERICxn5+gpeckgil++Ugi4="></latexit>

✏3D ⌘ 3�T

8⇡m'(T )
<latexit sha1_base64="PZiRlcMBly1o1dmCd0koRkS9C/Y="></latexit><latexit sha1_base64="EfygNm1CF18ZTPWU5BoBbR/7BWQ="></latexit><latexit sha1_base64="EfygNm1CF18ZTPWU5BoBbR/7BWQ="></latexit><latexit sha1_base64="wDX4KgVEGAsVs6dtNosKuFBb2nU="></latexit>
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p
✏4D

<latexit sha1_base64="k9nCilfhftGs1XchCBLXMYIDMR4="></latexit><latexit sha1_base64="R7HQw5eDuh4QNl30p8ytT6yzEyE="></latexit><latexit sha1_base64="R7HQw5eDuh4QNl30p8ytT6yzEyE="></latexit><latexit sha1_base64="ama8v3IzN4Yo3MknSgORPYCP0rw="></latexit>

same story at large N: ✏3DS ⇠
p
✏S

<latexit sha1_base64="cofvdANUBdVmVoXkxoqTAYt8cak="></latexit><latexit sha1_base64="zOQGH3Zfvy1JV46RKODgJI8PHwI="></latexit><latexit sha1_base64="zOQGH3Zfvy1JV46RKODgJI8PHwI="></latexit><latexit sha1_base64="YfMXl5oT6fYS3kFBKK6d2catrsA="></latexit>



      effects  ‘resummed’  in               expansion 1/N
<latexit sha1_base64="fQQvJSrkIQZtx6xboXHX4b+dx+s="></latexit><latexit sha1_base64="/0C69A/QjbercaAJ6A63zhf9QnE="></latexit><latexit sha1_base64="/0C69A/QjbercaAJ6A63zhf9QnE="></latexit><latexit sha1_base64="FLV27BqNIYiEv1qC4kd8C8KZHFU="></latexit>

✏S
<latexit sha1_base64="nAiyKzZ/mnERBXa/pMJGuPAo2mY="></latexit><latexit sha1_base64="xdkMlPmw4yhBgqVcIdiGORQCO/4="></latexit><latexit sha1_base64="xdkMlPmw4yhBgqVcIdiGORQCO/4="></latexit><latexit sha1_base64="/8Y52kx78o6sFbjuG6I3XhcHgwM="></latexit>

N ! 1
<latexit sha1_base64="Z8UFtr1KeEzyY0SWEsP4AbOUThc="></latexit><latexit sha1_base64="nFHUw6z+1SrjXGSLUdH9ZxFyS6A="></latexit><latexit sha1_base64="nFHUw6z+1SrjXGSLUdH9ZxFyS6A="></latexit><latexit sha1_base64="gGk119ZgwuyjMY/YwCa5KDdA8N0="></latexit>

fixed

V ! 1

2
(m2

S+�)S2 +
1

4�S
�2 +

✓
m2

H +
�hS

�S
�

◆
H†H ��h

✓
1� �2

hS

�h�S

◆
(H†H)2

<latexit sha1_base64="w5A1ioSmFFnvPcKjVqgZei8w6aU="></latexit><latexit sha1_base64="0HpbLxbxlDtbi2aZ0+aNAEwgpDY="></latexit><latexit sha1_base64="0HpbLxbxlDtbi2aZ0+aNAEwgpDY="></latexit><latexit sha1_base64="dOfACNvkBOytHEmPmOddwek0Vr0="></latexit>

introduce auxiliary mediator �
<latexit sha1_base64="vzxxm2KpOByWDJ9CJTHoA1y5FZs="></latexit><latexit sha1_base64="2aBpJ/eAxT7DuJeIddVuQOg8RMA="></latexit><latexit sha1_base64="2aBpJ/eAxT7DuJeIddVuQOg8RMA="></latexit><latexit sha1_base64="HEn6O6SCIHJ9gWwoBsFn2ptzd70="></latexit>

Leff = LSM +

✓
m2

H +
�hS

�S
�

◆
H†H � �h

✓
1� �2

hS

�h�S

◆
(H†H)2

+
1

4�S
�2 +N�[m2

S + �, @]
<latexit sha1_base64="lCIxuUV9Lp4ZQiGX+zaqEj33ycA="></latexit><latexit sha1_base64="lCIxuUV9Lp4ZQiGX+zaqEj33ycA="></latexit><latexit sha1_base64="lCIxuUV9Lp4ZQiGX+zaqEj33ycA="></latexit><latexit sha1_base64="lCIxuUV9Lp4ZQiGX+zaqEj33ycA="></latexit>

�SN, �hS

p
N =

<latexit sha1_base64="io6fr0yNq4yXal0xjT/CqfEXIEo="></latexit><latexit sha1_base64="io6fr0yNq4yXal0xjT/CqfEXIEo="></latexit><latexit sha1_base64="io6fr0yNq4yXal0xjT/CqfEXIEo="></latexit><latexit sha1_base64="io6fr0yNq4yXal0xjT/CqfEXIEo="></latexit>

-loops    = (1/N)`
<latexit sha1_base64="7erGvTeXBGwe4jq8db2ZBn9+knk="></latexit><latexit sha1_base64="7erGvTeXBGwe4jq8db2ZBn9+knk="></latexit><latexit sha1_base64="7erGvTeXBGwe4jq8db2ZBn9+knk="></latexit><latexit sha1_base64="7erGvTeXBGwe4jq8db2ZBn9+knk="></latexit>

�
<latexit sha1_base64="E6kax0YpYcN95w3mu8eGYrinOrM="></latexit><latexit sha1_base64="E6kax0YpYcN95w3mu8eGYrinOrM="></latexit><latexit sha1_base64="E6kax0YpYcN95w3mu8eGYrinOrM="></latexit><latexit sha1_base64="E6kax0YpYcN95w3mu8eGYrinOrM="></latexit>

Compute Veff  at 1-loop neglecting σ-loops 



Diagrammatically

+
<latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit>

+
<latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit>

+
<latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit><latexit sha1_base64="r/NRna0Gy2zHwrQkzLkumZyLGXU="></latexit>

+ . . .
<latexit sha1_base64="JW7BgovLSP12mgzJscZ21mdErdg="></latexit><latexit sha1_base64="JW7BgovLSP12mgzJscZ21mdErdg="></latexit><latexit sha1_base64="JW7BgovLSP12mgzJscZ21mdErdg="></latexit><latexit sha1_base64="JW7BgovLSP12mgzJscZ21mdErdg="></latexit>

+ . . .
<latexit sha1_base64="JW7BgovLSP12mgzJscZ21mdErdg="></latexit><latexit sha1_base64="JW7BgovLSP12mgzJscZ21mdErdg="></latexit><latexit sha1_base64="JW7BgovLSP12mgzJscZ21mdErdg="></latexit><latexit sha1_base64="JW7BgovLSP12mgzJscZ21mdErdg="></latexit>

+
<latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit>

+
<latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit>

+
<latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit><latexit sha1_base64="PC23rcMUT1EhopBNocgOrKwWcpA="></latexit>

Captures
(�SN)` / ✏`S

<latexit sha1_base64="SbGH8d6lOA990fDq3eNrrf9PZcc="></latexit><latexit sha1_base64="SbGH8d6lOA990fDq3eNrrf9PZcc="></latexit><latexit sha1_base64="SbGH8d6lOA990fDq3eNrrf9PZcc="></latexit><latexit sha1_base64="SbGH8d6lOA990fDq3eNrrf9PZcc="></latexit>

analytic terms from 4D UV

non-analytic terms from 3D IR



���� ���� ���� ���� ���� ����
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σ
h�i ⌘ �ShS2i

<latexit sha1_base64="2bF+JKmyokIyNLHZjSjw6fzPS60=">AAAG8HicjZTdbtMwFMe9wcooXxtcchPRIXGBpmZCwAVC0yYY3Qca69oN5lE5rpNZsZNgOx3F63twgYTgksfgFl6At8Fp0rTd0m1HSmSf/8/Hzj/WcSJGpapW/01NX7k6U7o2e7184+at23fm5u82ZRgLTBo4ZKHYd5AkjAakoahiZD8SBHGHkT3HX030vQ4RkobBrupG5JAjL6AuxUiZVGvuKWQo8BixoKQeR1D0Z5B8imnHSN </latexit><latexit sha1_base64="2bF+JKmyokIyNLHZjSjw6fzPS60=">AAAG8HicjZTdbtMwFMe9wcooXxtcchPRIXGBpmZCwAVC0yYY3Qca69oN5lE5rpNZsZNgOx3F63twgYTgksfgFl6At8Fp0rTd0m1HSmSf/8/Hzj/WcSJGpapW/01NX7k6U7o2e7184+at23fm5u82ZRgLTBo4ZKHYd5AkjAakoahiZD8SBHGHkT3HX030vQ4RkobBrupG5JAjL6AuxUiZVGvuKWQo8BixoKQeR1D0Z5B8imnHSN </latexit><latexit sha1_base64="2bF+JKmyokIyNLHZjSjw6fzPS60=">AAAG8HicjZTdbtMwFMe9wcooXxtcchPRIXGBpmZCwAVC0yYY3Qca69oN5lE5rpNZsZNgOx3F63twgYTgksfgFl6At8Fp0rTd0m1HSmSf/8/Hzj/WcSJGpapW/01NX7k6U7o2e7184+at23fm5u82ZRgLTBo4ZKHYd5AkjAakoahiZD8SBHGHkT3HX030vQ4RkobBrupG5JAjL6AuxUiZVGvuKWQo8BixoKQeR1D0Z5B8imnHSN </latexit><latexit sha1_base64="2bF+JKmyokIyNLHZjSjw6fzPS60=">AAAG8HicjZTdbtMwFMe9wcooXxtcchPRIXGBpmZCwAVC0yYY3Qca69oN5lE5rpNZsZNgOx3F63twgYTgksfgFl6At8Fp0rTd0m1HSmSf/8/Hzj/WcSJGpapW/01NX7k6U7o2e7184+at23fm5u82ZRgLTBo4ZKHYd5AkjAakoahiZD8SBHGHkT3HX030vQ4RkobBrupG5JAjL6AuxUiZVGvuKWQo8BixoKQeR1D0Z5B8imnHSN </latexit>

✏S
<latexit sha1_base64="GJjsjwcehwmf6ozIaDDP1kEzpVo="></latexit><latexit sha1_base64="GJjsjwcehwmf6ozIaDDP1kEzpVo="></latexit><latexit sha1_base64="GJjsjwcehwmf6ozIaDDP1kEzpVo="></latexit><latexit sha1_base64="GJjsjwcehwmf6ozIaDDP1kEzpVo="></latexit>

1-loop

resummed

=
�SNT 2

12
<latexit sha1_base64="cmnlUpMU05OZeOzwt19MKpXG4WI="></latexit><latexit sha1_base64="cmnlUpMU05OZeOzwt19MKpXG4WI="></latexit><latexit sha1_base64="cmnlUpMU05OZeOzwt19MKpXG4WI="></latexit><latexit sha1_base64="cmnlUpMU05OZeOzwt19MKpXG4WI="></latexit>

As expected 3D effects can be sizeable at weak 4D coupling
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<latexit sha1_base64="gO/jgC9CpopWtyaT76RP2bhcmgI="></latexit><latexit sha1_base64="gO/jgC9CpopWtyaT76RP2bhcmgI="></latexit><latexit sha1_base64="gO/jgC9CpopWtyaT76RP2bhcmgI="></latexit><latexit sha1_base64="gO/jgC9CpopWtyaT76RP2bhcmgI="></latexit>
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Collider Phenomenology

BR(h ! inv) ⇠ 0.1

✓
106

N

◆

<latexit sha1_base64="FwUO0lJveY/5eOvpw+XLk9YRcZY="></latexit><latexit sha1_base64="FwUO0lJveY/5eOvpw+XLk9YRcZY="></latexit><latexit sha1_base64="FwUO0lJveY/5eOvpw+XLk9YRcZY="></latexit><latexit sha1_base64="FwUO0lJveY/5eOvpw+XLk9YRcZY="></latexit>

mS > mh/2
<latexit sha1_base64="WvrJa9PnfoZoquSgO3O5iRY5kVU="></latexit><latexit sha1_base64="WvrJa9PnfoZoquSgO3O5iRY5kVU="></latexit><latexit sha1_base64="WvrJa9PnfoZoquSgO3O5iRY5kVU="></latexit><latexit sha1_base64="WvrJa9PnfoZoquSgO3O5iRY5kVU="></latexit>

qq̄ ! SSV
<latexit sha1_base64="ZinDUkq1NNyooV3VoZVAyBdR5Jw="></latexit><latexit sha1_base64="ZinDUkq1NNyooV3VoZVAyBdR5Jw="></latexit><latexit sha1_base64="ZinDUkq1NNyooV3VoZVAyBdR5Jw="></latexit><latexit sha1_base64="ZinDUkq1NNyooV3VoZVAyBdR5Jw="></latexit>

qq ! SSqq
<latexit sha1_base64="2u8Z7mklStmSvKK5NNy8nyq7qek="></latexit><latexit sha1_base64="2u8Z7mklStmSvKK5NNy8nyq7qek="></latexit><latexit sha1_base64="2u8Z7mklStmSvKK5NNy8nyq7qek="></latexit><latexit sha1_base64="2u8Z7mklStmSvKK5NNy8nyq7qek="></latexit>

sensitivity at 100 TeVN <⇠ 103
<latexit sha1_base64="PQDTJZCKaouqWeIrs2suxxzBPEQ="></latexit><latexit sha1_base64="PQDTJZCKaouqWeIrs2suxxzBPEQ="></latexit><latexit sha1_base64="PQDTJZCKaouqWeIrs2suxxzBPEQ="></latexit><latexit sha1_base64="PQDTJZCKaouqWeIrs2suxxzBPEQ="></latexit>

Curtin, Meade, Yu 2014

direct

indirect
�gh
gh

' (�hSN)2v2

96⇡2m2
S

⇠ 1

N
<latexit sha1_base64="8P/qg5r1VDxxVeCvj2BoHERoySs="></latexit><latexit sha1_base64="8P/qg5r1VDxxVeCvj2BoHERoySs="></latexit><latexit sha1_base64="8P/qg5r1VDxxVeCvj2BoHERoySs="></latexit><latexit sha1_base64="8P/qg5r1VDxxVeCvj2BoHERoySs="></latexit>



Relic Density and Dark Matter

i
<latexit sha1_base64="c2da0u6tGx8VOdTXPfneIo5RR70="></latexit><latexit sha1_base64="c2da0u6tGx8VOdTXPfneIo5RR70="></latexit><latexit sha1_base64="c2da0u6tGx8VOdTXPfneIo5RR70="></latexit><latexit sha1_base64="c2da0u6tGx8VOdTXPfneIo5RR70="></latexit>

i
<latexit sha1_base64="c2da0u6tGx8VOdTXPfneIo5RR70="></latexit><latexit sha1_base64="c2da0u6tGx8VOdTXPfneIo5RR70="></latexit><latexit sha1_base64="c2da0u6tGx8VOdTXPfneIo5RR70="></latexit><latexit sha1_base64="c2da0u6tGx8VOdTXPfneIo5RR70="></latexit>

n
i

=
n
tot

N
<latexit sha1_base64="BnsxFK/6dOtVDuebuzcscbhMz1U="></latexit><latexit sha1_base64="BnsxFK/6dOtVDuebuzcscbhMz1U="></latexit><latexit sha1_base64="BnsxFK/6dOtVDuebuzcscbhMz1U="></latexit><latexit sha1_base64="BnsxFK/6dOtVDuebuzcscbhMz1U="></latexit>

dn
tot

dt
+ 3H(T )n

tot

⇡ ��
ann

v

N
[(n

tot

)2 � (neq

tot

)2]
<latexit sha1_base64="Z67iE6k7lGGUMtFAEPUAnzXHqxM="></latexit><latexit sha1_base64="Z67iE6k7lGGUMtFAEPUAnzXHqxM="></latexit><latexit sha1_base64="Z67iE6k7lGGUMtFAEPUAnzXHqxM="></latexit><latexit sha1_base64="Z67iE6k7lGGUMtFAEPUAnzXHqxM="></latexit>
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⇠
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10

�hSN

◆2

<latexit sha1_base64="WPCdQshiZNTmXIIpqsw84V5Eh2I="></latexit><latexit sha1_base64="WPCdQshiZNTmXIIpqsw84V5Eh2I="></latexit><latexit sha1_base64="WPCdQshiZNTmXIIpqsw84V5Eh2I="></latexit><latexit sha1_base64="WPCdQshiZNTmXIIpqsw84V5Eh2I="></latexit>

�DD ' 0.1
�2
hS

⇡m2
S

µ2
nSm

2
n

m4
h

<latexit sha1_base64="q2+NXQoSp/s8ow192mokyoPCsIQ="></latexit><latexit sha1_base64="q2+NXQoSp/s8ow192mokyoPCsIQ="></latexit><latexit sha1_base64="q2+NXQoSp/s8ow192mokyoPCsIQ="></latexit><latexit sha1_base64="q2+NXQoSp/s8ow192mokyoPCsIQ="></latexit>

direct
 detection

N >⇠ 2⇥ 103
<latexit sha1_base64="RfHVC5DcHv24COgNH8xdaye21uk="></latexit><latexit sha1_base64="RfHVC5DcHv24COgNH8xdaye21uk="></latexit><latexit sha1_base64="RfHVC5DcHv24COgNH8xdaye21uk="></latexit><latexit sha1_base64="RfHVC5DcHv24COgNH8xdaye21uk="></latexit>

assume                    by some other means⇢S
⇢DM

= 1
<latexit sha1_base64="gVql7bP/pqlAH53tjzuMIU+3ZEM="></latexit><latexit sha1_base64="gVql7bP/pqlAH53tjzuMIU+3ZEM="></latexit><latexit sha1_base64="gVql7bP/pqlAH53tjzuMIU+3ZEM="></latexit><latexit sha1_base64="gVql7bP/pqlAH53tjzuMIU+3ZEM="></latexit>



Si ! Sab
<latexit sha1_base64="F6fL3gT/ZYRQG3WBGaVJUPzDbIw="></latexit><latexit sha1_base64="F6fL3gT/ZYRQG3WBGaVJUPzDbIw="></latexit><latexit sha1_base64="F6fL3gT/ZYRQG3WBGaVJUPzDbIw="></latexit><latexit sha1_base64="F6fL3gT/ZYRQG3WBGaVJUPzDbIw="></latexit>

a, b = 1, . . . , n
<latexit sha1_base64="SMtAWuqR01fregCHatZgwWXClu4="></latexit><latexit sha1_base64="SMtAWuqR01fregCHatZgwWXClu4="></latexit><latexit sha1_base64="SMtAWuqR01fregCHatZgwWXClu4="></latexit><latexit sha1_base64="SMtAWuqR01fregCHatZgwWXClu4="></latexit>

Sab
<latexit sha1_base64="JLwdBhabEJdknT6PaPUQ16q+E5E="></latexit><latexit sha1_base64="JLwdBhabEJdknT6PaPUQ16q+E5E="></latexit><latexit sha1_base64="JLwdBhabEJdknT6PaPUQ16q+E5E="></latexit><latexit sha1_base64="JLwdBhabEJdknT6PaPUQ16q+E5E="></latexit>

�a
<latexit sha1_base64="IJAA4OeFUDzv41poLw0ymZXjk8s="></latexit><latexit sha1_base64="IJAA4OeFUDzv41poLw0ymZXjk8s="></latexit><latexit sha1_base64="IJAA4OeFUDzv41poLw0ymZXjk8s="></latexit><latexit sha1_base64="IJAA4OeFUDzv41poLw0ymZXjk8s="></latexit>

�b
<latexit sha1_base64="PRHbNb2KGXGP7+veIwGaP5g6UZM="></latexit><latexit sha1_base64="PRHbNb2KGXGP7+veIwGaP5g6UZM="></latexit><latexit sha1_base64="PRHbNb2KGXGP7+veIwGaP5g6UZM="></latexit><latexit sha1_base64="PRHbNb2KGXGP7+veIwGaP5g6UZM="></latexit>

4⇡
p
g⇤

T 2
BBN

mSMPl
. y2 . 4⇡

p
g⇤

N

✏2S

mS

MPl
<latexit sha1_base64="q8tZZ/7M8xSnVZ+TlebhK9y4kjg="></latexit><latexit sha1_base64="q8tZZ/7M8xSnVZ+TlebhK9y4kjg="></latexit><latexit sha1_base64="q8tZZ/7M8xSnVZ+TlebhK9y4kjg="></latexit><latexit sha1_base64="q8tZZ/7M8xSnVZ+TlebhK9y4kjg="></latexit>

m� = mS
⇢DM

⇢S
<latexit sha1_base64="Wg1HABSVooBaFdB597aFJ2I6dZk="></latexit><latexit sha1_base64="Wg1HABSVooBaFdB597aFJ2I6dZk="></latexit><latexit sha1_base64="Wg1HABSVooBaFdB597aFJ2I6dZk="></latexit><latexit sha1_base64="Wg1HABSVooBaFdB597aFJ2I6dZk="></latexit> correct DM density & BBN ok

n2 ⇠ N
<latexit sha1_base64="F3X+guBk3X1wNLR+lB5UN6Lky20="></latexit><latexit sha1_base64="F3X+guBk3X1wNLR+lB5UN6Lky20="></latexit><latexit sha1_base64="F3X+guBk3X1wNLR+lB5UN6Lky20="></latexit><latexit sha1_base64="F3X+guBk3X1wNLR+lB5UN6Lky20="></latexit>

Break SO(N)

�V
soft

= ai
µ3

g
Si + bij

µ2

2
SiSj + cijkgµSiSjSk + digµSi|H|2

<latexit sha1_base64="QwZnf1XqJXC5ixqllB2cte1c9bY="></latexit><latexit sha1_base64="QwZnf1XqJXC5ixqllB2cte1c9bY="></latexit><latexit sha1_base64="QwZnf1XqJXC5ixqllB2cte1c9bY="></latexit><latexit sha1_base64="QwZnf1XqJXC5ixqllB2cte1c9bY="></latexit>

‘Cheap Fixes’:    make S decay



Less cheap: gauge global SO(n) ⇠ SO(
p
N)

<latexit sha1_base64="q6IN5q0LN7pjCt3dF7BtZfQxow4="></latexit><latexit sha1_base64="q6IN5q0LN7pjCt3dF7BtZfQxow4="></latexit><latexit sha1_base64="q6IN5q0LN7pjCt3dF7BtZfQxow4="></latexit><latexit sha1_base64="q6IN5q0LN7pjCt3dF7BtZfQxow4="></latexit>

S
<latexit sha1_base64="HsyKZMywHy3Kb+PB6n8MkMWm8js="></latexit><latexit sha1_base64="HsyKZMywHy3Kb+PB6n8MkMWm8js="></latexit><latexit sha1_base64="HsyKZMywHy3Kb+PB6n8MkMWm8js="></latexit><latexit sha1_base64="HsyKZMywHy3Kb+PB6n8MkMWm8js="></latexit>

D-gluons

(DQCD)

g2D ⇠ 10�2
<latexit sha1_base64="COfbEOJMjfO1piI9xTKMK2jlRr0="></latexit><latexit sha1_base64="COfbEOJMjfO1piI9xTKMK2jlRr0="></latexit><latexit sha1_base64="COfbEOJMjfO1piI9xTKMK2jlRr0="></latexit><latexit sha1_base64="COfbEOJMjfO1piI9xTKMK2jlRr0="></latexit>

⇢S = ⇢DM
<latexit sha1_base64="6I5zzVG4cS5pxNuiVXimgCQGT8M="></latexit><latexit sha1_base64="6I5zzVG4cS5pxNuiVXimgCQGT8M="></latexit><latexit sha1_base64="6I5zzVG4cS5pxNuiVXimgCQGT8M="></latexit><latexit sha1_base64="6I5zzVG4cS5pxNuiVXimgCQGT8M="></latexit>

GD
µ⌫G

Dµ⌫H†H
<latexit sha1_base64="Kdnhx1eIbFoMJB40JT57EF6Nbng="></latexit><latexit sha1_base64="Kdnhx1eIbFoMJB40JT57EF6Nbng="></latexit><latexit sha1_base64="Kdnhx1eIbFoMJB40JT57EF6Nbng="></latexit><latexit sha1_base64="Kdnhx1eIbFoMJB40JT57EF6Nbng="></latexit>

⌧Dglueballs < ⌧BBN
<latexit sha1_base64="PRtuTgMNIXxMFX9LBqgXYWkslKM="></latexit><latexit sha1_base64="PRtuTgMNIXxMFX9LBqgXYWkslKM="></latexit><latexit sha1_base64="PRtuTgMNIXxMFX9LBqgXYWkslKM="></latexit><latexit sha1_base64="PRtuTgMNIXxMFX9LBqgXYWkslKM="></latexit>

⇤DQCD >⇠ 1GeV
<latexit sha1_base64="WssEoWUBROBmUgAYHrIKP79jFJ8="></latexit><latexit sha1_base64="WssEoWUBROBmUgAYHrIKP79jFJ8="></latexit><latexit sha1_base64="WssEoWUBROBmUgAYHrIKP79jFJ8="></latexit><latexit sha1_base64="WssEoWUBROBmUgAYHrIKP79jFJ8="></latexit>

g2Dn >⇠ 1
<latexit sha1_base64="ipzWGZNdy1jzO58+0WdIHt4b4Yc="></latexit><latexit sha1_base64="ipzWGZNdy1jzO58+0WdIHt4b4Yc="></latexit><latexit sha1_base64="ipzWGZNdy1jzO58+0WdIHt4b4Yc="></latexit><latexit sha1_base64="ipzWGZNdy1jzO58+0WdIHt4b4Yc="></latexit>

n ⇠
p
N ⇠ 50� 100

<latexit sha1_base64="IlJ4CtiqyTDf+JxQvTeRwpq1O9Y="></latexit><latexit sha1_base64="IlJ4CtiqyTDf+JxQvTeRwpq1O9Y="></latexit><latexit sha1_base64="IlJ4CtiqyTDf+JxQvTeRwpq1O9Y="></latexit><latexit sha1_base64="IlJ4CtiqyTDf+JxQvTeRwpq1O9Y="></latexit>

DM density
BBN
direct detection
indirect detection
suppressed sphalerons

need detailed
computation



T
<latexit sha1_base64="denIBFClJvSfRj71DvI3zQ8YfVM="></latexit><latexit sha1_base64="1eAv7quMROHoCMn0q1Wc7znLrI4="></latexit><latexit sha1_base64="1eAv7quMROHoCMn0q1Wc7znLrI4="></latexit><latexit sha1_base64="GwnI84YxSprmVDOhSsfVojGrhWE="></latexit>

mW
<latexit sha1_base64="WLk6AW3qkBtuqf623JSaDtqRsKM="></latexit><latexit sha1_base64="+fW8C5u3r/Taa0qk8l5oT9V554U="></latexit><latexit sha1_base64="+fW8C5u3r/Taa0qk8l5oT9V554U="></latexit><latexit sha1_base64="flaLjFBHAEKmTJAJ/9S7xU8DxMM="></latexit>

hHi = 0
<latexit sha1_base64="TcvUVeI5SpVuiTqrq1iE6cDfL7I="></latexit><latexit sha1_base64="ta7WLlzizAhCUOrpo4UmhictnmQ="></latexit><latexit sha1_base64="ta7WLlzizAhCUOrpo4UmhictnmQ="></latexit><latexit sha1_base64="ER88kkKRA1h59SHbijpYN41jZL0="></latexit>

hHi ⇠ T
<latexit sha1_base64="XBkrFP2+wc0Ac4UV9Rjv4hECbNc="></latexit><latexit sha1_base64="fkrFtGd+qrOvqrcK8tiy0seok1Y="></latexit><latexit sha1_base64="fkrFtGd+qrOvqrcK8tiy0seok1Y="></latexit><latexit sha1_base64="8L0Eyb7wi/idzFPnblFNIgcxdk0="></latexit>

hHi = v
<latexit sha1_base64="WHvVWLrwyNICI7YG6qAb+7qPSHI="></latexit><latexit sha1_base64="/pOj6wqA9OY7Fzv7hGgiXX7W/2g="></latexit><latexit sha1_base64="/pOj6wqA9OY7Fzv7hGgiXX7W/2g="></latexit><latexit sha1_base64="ZdHUlvXltw80phuCLXqNuYY9xQM="></latexit>

flavor scale⇤ ⌘
<latexit sha1_base64="+VimXZuTObVgn6BEfoL4Tvtou+4="></latexit><latexit sha1_base64="cXCcogxPsZ/B1+QKXIQo2V7aWJI="></latexit><latexit sha1_base64="cXCcogxPsZ/B1+QKXIQo2V7aWJI="></latexit><latexit sha1_base64="tBFGPpcFr8IlpurlkeBPyV7GM14="></latexit>

Summary
Higgs dynamics is relevant for baryogesis, even in the absence of

new sources of  CP violation at the weak scale

• Weak scale sector with                 scalars required for
• N seems crazy, but structure of model quite simple
• In principle testable at future colliders for 
• Dark sector could provide DM in various ways
•                               un-natural, but crucial for the world as we see it…

N >⇠ 200
<latexit sha1_base64="UtqVj6hlQaDbmJmUqlGWMMWF3F8="></latexit><latexit sha1_base64="UtqVj6hlQaDbmJmUqlGWMMWF3F8="></latexit><latexit sha1_base64="UtqVj6hlQaDbmJmUqlGWMMWF3F8="></latexit><latexit sha1_base64="UtqVj6hlQaDbmJmUqlGWMMWF3F8="></latexit>

⇤ ⇠ 102 � 103 TeV
<latexit sha1_base64="YSPWtaiDnx8Z8wj6GKGDVAMNgg4="></latexit><latexit sha1_base64="YSPWtaiDnx8Z8wj6GKGDVAMNgg4="></latexit><latexit sha1_base64="YSPWtaiDnx8Z8wj6GKGDVAMNgg4="></latexit><latexit sha1_base64="YSPWtaiDnx8Z8wj6GKGDVAMNgg4="></latexit>

N <⇠ 103
<latexit sha1_base64="PQDTJZCKaouqWeIrs2suxxzBPEQ="></latexit><latexit sha1_base64="PQDTJZCKaouqWeIrs2suxxzBPEQ="></latexit><latexit sha1_base64="PQDTJZCKaouqWeIrs2suxxzBPEQ="></latexit><latexit sha1_base64="PQDTJZCKaouqWeIrs2suxxzBPEQ="></latexit>

mH ⇠ mS ⌧ ⇤
<latexit sha1_base64="SHzY2jL+1dsEBh681Jkcjm8ebwo="></latexit><latexit sha1_base64="SHzY2jL+1dsEBh681Jkcjm8ebwo="></latexit><latexit sha1_base64="SHzY2jL+1dsEBh681Jkcjm8ebwo="></latexit><latexit sha1_base64="SHzY2jL+1dsEBh681Jkcjm8ebwo="></latexit>


