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What we know about the Higgs from measurements
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What we don’t know from measurements...
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Room for new physics
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Possible early universe phase transitions
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Supports electroweak baryogenesis
sets the energy scale to levels we can measure
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Higgs+Singlet Potential

1 1 1 1 1 1
Vo = S1iadh + A0 + tss + ansdhds + 51305 + 5 Mns B +5ﬁ£+ 2%

At finite T, the one-loop thermal potential leading terms in the high temperature
expansion

1 1
Vl-,jléc?op = <2Ch¢%; + ECS¢§ =+ m3¢5> T27
wheres3
ch = 75(982 + 38" + 2(y? + 12Xp + 2)ps))

CS == %(4)\/‘)5 + 3AS)Y

1
m3 = §ah5.

V=V, +Vv?70°

1—loop
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Reparametrizing

1 1 1 1 1
Vo = SHidh + g Anbh + tsbs + ansBds + 511505 + SAnshds +  Asds

v, B v, B
Minimum Equations: dop |en—v dos |on—v
¢ps—u ds—u
In the basis (¢p, ¢s), the mass squared matrix is
d2v, d?Ve
M — doj [gnzy ddnddsonv ) <2V2Ah 2ahsV + 20VsAps
- dQVo d2Vo - 2 2 2)\ 2
36rd5 | dpov e P WsAhs Mg+ ViAps + 3Vs As
ds—u Ps—u

2
Diag[M?] = (mh n?2) where my, is the Higgs mass and myq is the singlet mass

0 S
Similarity invariance of the trace: tr (./\/12) =tr (Diag [Mz])
Determinant properties of rotational matrices: det (M2) = det (Diag [./\/12})
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Reparametrizing

Solve for u%, ng aps, and as in terms of Ay, Aps, As, Ms, Vs, My, V;
yields two sets of solutions:

12 = —vP, £ %A + 2\

,u§ = mﬁ + mg — 22N\ — v s — 3v52)\s
1
ahs = T A — Vs Aps
2v
2 2 2 2 2 vA
ts = —vs(my + ms — 2v- Ay — vihps — 2vEAs) £ >

where A = \/(m? — 2v2\p)(2v2\ — m2)
Ranges of the new parameters

Stability conditions : Ands € [0,VAT],  Aps € [V ApAs, VAT]
singlet mass : ms < 6TeV

singlet vev : Vs scales as mg
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Higgs Trilinear Coupling
Gauge to mass eigenstate basis:  (¢p, ¢s) — (h1, h2)

¢p = hycos® — hysinf + v
¢s = hisinf + hy cos O + vs

where 6 is the mixing angle and is found from M? with tan 20 = %

Higgs Trilinear Coupling: Let h; < hy, then A3 = %ﬁ?’hﬂ A M= %
2v2)\ A A A
— k=Y 2hcos39 <1+hsvs+ahstan0+ hS tan2 9 + svstan30>
my )\hV >\h )\hV
2 2
= cos> 6 <1 + Lz (/\hs + E)\s tan 9) tan® 9>
ms v
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Conditions Imposed at Critical Temperature

degenerate requirement:

Vv
(@) V(O, o, To) = V(ve, tc, To)
T= Tc . . .
minimization requirement:
dV(0, u,, T¢)
=0: ———= =0
on 4,
dV(ve, ue, Te)
= N —_—mm O
¢h Ve d¢h
dV(ve,ue, Te) 0
dos
(0, up) (ve, Ug) h 2
and 4Y > 0 at critical points

d¢?

N Anthony Hooper (anthony.hooper@huskers.unl.edu) FOEPT in the SM with a Singlet Extension 8/ 14



Equations to Solve

degenerate requirement:

0=(uo— uc) (4ms T2 + 4ts) + (ul — u2) (212 +2¢s TZ) + (uj — ub)As

-2 (2uf, +2¢h T2 + 4apstic + vy + 2u§)\hs)

minimization requirements:

0= (m3+ cstty) T? 4t + uop? + ti)s
0= 3+ ch T2 + 2apstic + v2Ap + U2 Aps

0=(ms3+ csuC)TC2 + ts + u?uc + (ans + ucAns) vC2 + ug)\s
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Monte-Carlo Scan Code Structure

Generates
Random
Parameters

eGenerates N lists of random free
parameters: {{m¢, Ahs Ahss Asy Vs by - }
eHigg's coupling strength requires mixing
angle to satisfy*

sin § < 0.12
eRequire resonance DiHiggs production to
be within experimental constraints.
eRange for free parameters

ms € [0.25,6] TeV,
A As € [0, \/47@ ,

vs € [—10,10] TeV
Aps € [—\/AhAs,\/E]

*arXiv:1509.00672
SarXiv:1711.11541
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Impose FOEPT
Constraints

eTakes generated parameters, imposes
constraints, solves four equations
simultaneously.
oChecks if 0 < v, < v.
eChecks if solutions are global minimums
at V(v,vs,0), V(0,u,, T¢), and
V(ve, uc, Te).
eChecks if phase transition is strong by
requiring®

+£>13
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Calculating Nucleation Temperature
FindBounce - a Mathematica package to calculate the bounce. (Assuming thin wall bubbles)®
M~ Ae B(1+ 0O(h))
where B is the "bounce”.

If the barrier is low enough, then thermal fluctuations can drive tunneling to occur
during the nucleation of bubbles at the PT.

6arXiv:2002.00881
arXiv:1809.06923
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Results
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Conclusions
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Thank you!
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