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Motivation and higgs’ measurements
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Adding a first order phase transition
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Adding a temperature component
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Adding a temperature component

Veff(ha S, T) = VO(h7 S) + VCW(ha S) + VT(ha S, T)
Vew - Coleman-Weinberg (CW) potential,
Vew = Vl(h,s) + Vlc't'

VT - finite temperature contribution

m4 m2
Vl = Z 64 Y] (/Og /\2 - C,)

i
where | = hl, h2,X1,273, Wi,Z, t,

n; is degrees of freedom for each particle,
m,? are the free-field dependent masses in the Landau gauge

C; is 3/2 for scalars and fermions and 5/6 for gauge bosons,

and A is the renormalization scale.
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Adding a temperature component

The thermal contribution is given by
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Adding a temperature component

The thermal contribution is given by

T4 mi(h,s, T
VT(h,S, T) = 2771_2 Z n,-J:F <(_,_)>

where the J function is defined as
o
J=(y) = j:/ dx x? log (1 T e—VX2+y2)
0
with the upper and lower sign referring to bosons and fermions, respectively.

Thermally-corrected masses:

m?(h, s) — m,?(h, s)+M;(T)
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Imposing conditions at the critical temperature
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Imposing conditions at the critical temperature

degenerate requirement:

Veff(oa Uo, Tc) = Veff(V67 Uc, TC)

V(¢n)
minimization requirement:
T=T,
h:0: aveff(hasv TC) :0
Js s
8Veff(h7 57 TC)
h = N _—_— =
Ve oh , 0
a‘/eff(hu S, TC) -0
0s b
. ol & where s = (h,s) — (0, u,) and

b= (h,s) — (ve,uc) are the
critical points and are global

minimums.
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Conventional criteria: v/ T, 21
FindBounce - a Mathematica package to calculate the bounce. (Assuming thin wall bubbles)®
M~ Ae B(1+ 0O(h))

where B is the "bounce”.

3arXiv:2002.00881
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FindBounce - a Mathematica package to calculate the bounce. (Assuming thin wall bubbles)®
M~ Ae B(1+ 0O(h))

where B is the "bounce”. V(p)
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If the barrier is low enough, then thermal fluctuations can drive
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Mixing Angle

1 1 1 1 1
Vo = Eu%hQ + Z)\hh4 + tss + apsh®s + —u§52 + 5/\;,sh252 + Z)\SS4

2
d2v, d3Vv, 5
M2 B dh? dhds _ 2veAy 2apsV + 2WsAps
v, d2v, 2apsV + 2vsAps ,ug + v s + 3v52)\5
dhds ds? h—v
S—Vs

R(O)M2R1(0) = m? 0 N hy = h cosf + s sinf
0 mg h, = s cosf — hsinf

h1) = cos? 6 h
hff = (hy cosf — hysin0)ff — o(pp — h1) c.os2 osm(pp — hi)
o(pp — hp) =sin“Oosp(pp — h2)

CMS Global Signal Strength: 1 = 1.002 +0.057 = cos®6 > 0.89  (95% C.L.)
®arXiv:2207.00043
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Reparametrizing
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Reparametrizing
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Reparametrizing

1 1 1 1 1
V, = Euihz + Z)\hh4 + tss + ahsh2s + fu?s2 + EAhsh252 + Z)\SS4

2
Mind e . dV, dVv, 0
Inmmum uations: = =
q dh |-y ds |y
. _S%_U Ss—u
In the basis (h,s), the mass squared matrix is
d2v, d2v, 2
M2 — dh?  dhds _ 2viAp 2apsV + 2vVsAps
v, d?V, 2apsV + 2WWsAps ,Ulg + V2/\hs + 3V52)\s
dhds ds? h—v
S—Vs
2
m 0
Diag[M?] = (" h
g[ ] 0 mg
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Reparametrizing

2

1 1 1 1 1
V, = —M%hz + Z)\hh4 + tss + ahsh2s + f;z§s2 + §Ah5h252 + Z)\SS4

2
dVv, dV,
.. . . — — 0
Minimum Equations: ah lpsy as |poy
. _S—?U s—u
In the basis (h,s), the mass squared matrix is
d2v, d?v, 2
M2 — dh?  dhds _ 2viAp 2apsV + 2vVsAps
2w @ — \2ansv + 2w dns  pE 4 Vs + 3V3As
dhds ds2 / |h—ov

S—Vs

Diag[M?] = (ng)f, 02)

my

Similarity invariance of the trace:
Determinant properties of rotational matrices:
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Reparametrizing

Solve for u%, ug, aps, and ts in terms of Ay, Aps, As, Ms, Vs, Mp, V;
V.
P2 = —vi\, + VSA + V2 s
p2 = mi 4+ m?—2v2\, — v — 3v2)

1
aps = :FEA — VsAps

vA
te = —vs(mi 4+ m2 = 2v2\, — v — 2V2N) £ >
where A = \/(m? — 2v2\p)(2v2\, — m2)
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Reparametrizing

Solve for u%, ug, aps, and ts in terms of Ay, Aps, As, Ms, Vs, Mp, V;

12 = — v, £ %A V2N

p2 = mi 4+ m?—2v2\, — v — 3v2)
1

aps = :FTA — VsAps
v

A
ty = —ve(m? + m2 — 202\ — v@Aps — 202),) £ %

where A = \/(m? — 2v2\p)(2v2\, — m2)
Ranges of the new parameters
Stability conditions : Ans As € [0,47/3],  Aps € [—V AnAs, 47/3]

singlet mass : ms < mp/2 or 2my, < ms
singlet vev : [vs] 1 TeV

6arXiv:1701.08774
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Trilinear Couplings
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Trilinear Couplings

A111 A211, 2 >\122 A222 3
V(b o) > =5 R ot + h2h1—+ 3 h3
hl - - hl hz -~ - hl h1 - - hZ hz -~ - h2
-—- == - - - =< - - - =< -—-=-=
~ \hl ~ \hl ~ \hz ~ \hz

o _ PVolhhy) _3mp s (1
v

11 = 3 + —‘; (VAhs + VsAs tan @) tan? @
oh3

mj,
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Trilinear Couplings

A111 3 | Aout >\122 A222 3
\/(h]_7 h2) h + 7’72’7 h2h1 + — h2
3! 2! 3!
- - - -
hl - - hl hz - - hl hl - - hz hz -~ g h2
- - - = - - - =< -— - - — - =<
~ ~ ~ ~
~ by > \hl ~ \hz > \hz
~ ~
BV, (h, h 3m? %
N = M =""heos (14 —5 (VAns + vsAstan 6) tan® 0
oh3 % m;,
3
)‘gll = % = —(cg — 255)(m§ — mi)cgsg/v + 6(Asvssg — Apveg)cgsy + 2)\h5v(2cg — sg)sg
70h
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Trilinear Couplings

Al11,3 >\211 >\122 A222 3
V(b he) > b + ot hahd 4+ D2k 4 S b
h1 - - hl hz - g hl h1 - - hZ hz - g hz
-—--=< ---= -—-= ---=
T~ h T~ h ~ h, Th,

03V, (hy, h 3m?
AN = P Vol ha) _ %cos?’e (1

3 + % (vAhs + vsAstan 0) tan? 0
o

mj,

9*Vo(h, ho)

)‘gll = 027 = —(cg - 255)(m§ - mi)cgsg/v + 6(Asvssg — Apveg)cose + 2)\h5v(2cg - sg)sg
Oh3Ohy

9*Vo(h, ho)

2
> = 7(59 — 2::9)(m — mh)cesg/v + 6(Asvscy + Apvsg)cgse + 2Apsv ( — 259)c
OhyOh2

0
A2y =
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Trilinear Couplings

A111 ;3 >\211 >\122 A222 3
V(b ha) S S0 4+ 2 hab + S22 B+ 22 H
3! 3!
~ ~ 7 ~
-~
hl ~ - hl hz -~ - hl h1 - - hZ hz -~ - h2
-—- - = - - —-= -— - = -—-—-=
~ ~ ~ ~
> \h1 > \hl = \hi > \hz
~ ~ ~ ~
A1
3V, hy, hy 3m? 2v k= m
My, = # =" cos’f [ 14+ =5 (vAns + vsAstan ) tan® @
Ohy v Mh where \?M = 3m? /v
111 — h
33V, (hy, h
A1 = # = —(cg - 255)(m§ - mi)cgss/v + 6(Asvssg — Apveg)cgsy + 2>\h5v(2cg - 55)59
2 0h,
1—Joo
83V, (hy, h Ay = N AN P
Aoz = ﬁ = —(sp — 2c5)(m? — m})cpsy /v + 6(Asveco + Apvsg)cosp + 2Ansv(ch — 255)cp 11 11+ m
2
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Resonance Constraint

CMS 35.9 fb' (13 TeV)

Spin 0

Observed

= = =« Median expected
I 68%
[ 95%

95% CL limit on o(pp—X—HH) [fb]
3

i
300 400 500 600 700 1000 2000 3000

my (GeV)

TarXiv:1811.09689
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Resonance Constraint

CMS 35.9 b (13 TeV)

Spin 0

ObseNed bebtiet TN
= = =« Median expected
I 68%

[ 95%

95% CL limit on o(pp—X—HH) [fb]
3

i i
300 400 500 600 700 1000 2000 3000

my (GeV)

U(pp — h2 — hlhl) ~ U(pp — h2)BR(h2 — hlhl)
= sin?fosp(pp — ho)BR(ho — hihy)

TarXiv:1811.09689
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Resonance Constraint

95% CL limit on o(pp—X—HH) [fb]

CMS 35.9fb™ (13 TeV) r(h hih

. > — N
| i Spin 0 BR(h2 — h]_h]_) = Q
E Observed [ r(hg)
Ev = = =« Median expected b

[ 68% .

] 95% - where

M 1— Amp

327w m; m?

F(h2 — hlhl) =

F(hy) = F(hy — hihy) + sin? T sp(hy — Xsu)

i ]
300 400 500 600 700 1000 2000 3000
my (GeV)

0'(pp — h2 — hlhl) ~ U(pp — h2)BR(h2 — hlhl)
= sin?fosp(pp — ho)BR(ho — hihy)

TarXiv:1811.09689
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Resonance Decay Results
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Higgs Trilinear Coupling
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Higgs Trilinear Coupling versus the Mixing Angle
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Higgs Trilinear Coupling versus the Singlet Mass
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Types of Decays

m 1
ms < 7h — I'(h2) = 592 Z I'SM(h2 — XSM) — T X %
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Types of Decays

m 1
ms < 717 — I'(h2) = 592 Z I'SM(h2 — XSM) — T X %

©) 0 =0 = No Decays
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Types of Decays

m 1
ms < 717 — I'(h2) = 592 Z I'SM(h2 — Xs[v]) — T X %

©) 0 =0 = No Decays

©) ct 2 0.1mm = |0] £<1073% = Long-Lived Particles
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Types of Decays
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Types of Decays
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Types of Decays
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Experimental Constraints - Invisible Decays
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Experimental Constraints - Invisible Decays

2 E ;;g{ BR(h — inv) ~ BR(h — ss)
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Experimental Constraints - Invisible Decays

. E ;2:2 BR(h — inv) ~ BR(h — ss)
? Ty sl B I(h— ss)

~ T(h— ss)+ cos? 0T sp(h)

)\%ss 4m?
Mh—ss)= Do — m{
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Experimental Constraints - Invisible Decays

:/b ;212 BR(h — inv) ~ BR(h — ss)
e oo — [(h— ss)

[(h — ss) + cos? 0T sp(h)
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BR(h — ss) versus Singlet Mass
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Exotic Decay Constraints
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Exotic Decay Constraints
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Exotic Decay Results

F(h— ss) 22 4m?
BR(h - r(h — Chss [y M5
(h=59) = Fh 5 o8) & cos2 T s (M) (h=58) = 3 m
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Exotic Decay Results

BR(h — ss) =
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Exotic Decay Signature for Future Colliders
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Higgs Trilinear Coupling versus Mixing Angle
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Concluding Remarks
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Thank you!
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Counter Terms

1 1 1 1
VEE = §6M%h2+ZéAhh4+6tss+5ahsh2s+§6>\h5h2s2+§5,u§s2+

a(\/l + Vf't')
AL U~
oh ,
82 (Vl 4 Vlc.t.) 0
o i
o(Va+ VE®)
S S S G|
ds s

b= (v,vs)

(Vi+ Vi), =0

1
3

a(vl + Vlc.t.) 0 82 (Vl + Vlc.t.)
Js b N 0s0h

82 (Vl 4 Vlc.t.) 0 83 (Vl + Vlc.t.)
0s2 b 0s3

s = (0, us)

where us is the global minimum at h = 0.
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Mass Terms

12 + 3Aph? + ApsS? + 2apss + 12 + Apsh? + 3)ss?

mil,hz(h7 s) = 2
4 \/((M% + 3)\hh2 + )\h552 + 23h55) - (ME + )\hsh2 + 3)\552))2 + (4h(ahs + )\hss))2
2
g g’+8”,, > Vi
myy = S—h? m% = Z =—=h m; = ?th

mi(h, S) = ,u% + )\hh2 + /\h552 + 2apss

(418(9g2 +3g"2 + 2(6y2 + 12X\ + 2Xps)) T2 0 )
0

2 2
ME = Mo+ L (4)s + 3)s) T2

11 3 1 1 1 1
myy, — my + Fg2T2 m’ — m’ + <16g + 16(g')2 + ny + 50+ 12)\hs> T2
M _ %g2h2+%g27—2 l gh2
Z/y = —%gg’hz 1 /2h2 11 /27—2
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1-Loop Trilinear Corrections
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Effective &

0.00 0.01 0.02 0.03 0.04 0.05

K—Keff

N Anthony Hooper (anthony.hooper@huskers.unl.edu) FOEPT in the SM with a Singlet Extension — 28 / 24



Comparison to Z, Models

1 1 1 1 1
V, = 5;&,/12 + ZAhh”' + 15 + apgh®s + 5;@52 + 5A,,$th2 + Z)\ss“

a2V,  d?Vv, 9
M2 = dh?  dhds _ 2veiAp 224V + 2WWs Aps
d?v, d?V, 2%V + 2vsAps ,Ug + V2/\hs + 3V52)\s
dhds “ds2 / |h—>v
S—Vs
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Comparison to Z, Models

1 1 1 1 1
V, = 5“%”’2 + ZAhh”' + 15 + apgh®s + 5;@52 + 5A,,5th2 + Z)\ss“

v, d?Vv,
dh? dhds
M? =
2V, d?V,
dhds “ds2 / |h—>v
S—Vs
Z> Case:
NoSSB — v, =0, =0
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Comparison to Z, Models

1 1 1 1 1
V, = 5;&,/12 + ZAhh”' + 15 + apgh®s + 5;@52 + 5A,,5th2 + Z)\ss“

d?V, d?V, 9
M2 — dh?  dhds _ 2veiAp 224V + 2WWs Aps
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S—Vs

Z> Case:
No SSB — v =0, =0
SSB = vs # 0, 0=0 iff As=0
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Comparison to Z, Models

1 1 1 1 1
V, = 5;&,/12 + ZAhh”' + 15 + apgh®s + 5;@52 + 5A,,5th2 + Z)\ss“

d?V, d?V, 9
M2 — dh?  dhds _ 2veiAp 224V + 2WWs Aps
v, v 23V + 2w A s /@ + v s + 3v52)\5
dhds ds? h—v

S—Vs

Z> Case:
No SSB — v, =0, =0
SSB = vs # 0, 0=0 iff As=0

General Case:
=0 iff aps+ vsAps =0
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