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Two problems of the Standard Model

* The hierarchy problem

The mass of an elementary Higgs boson is sensitive to the
quantum corrections of high scale. § 7T
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“Naturally” M, ~ Mp,. ~ 101 GeV Reality M, = 125.09 GeV!



* Baryon-antibaryon asymmetry of the universe (BAU)

The three conditions for BAU:
A.D. Sakharov, Pisma Zh.Eksp.Teor.Fiz. 5 (1967) 32-35

1. Departure from the thermal equilibrium;
2. Baryon number violation;
3. Cand CP violation.

EW baryogenesis: based on strong 15t order EW phase
transition and CP vialation interactions with bubble wall
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* Baryon-antibaryon asymmetry of the universe (BAU)

The three conditions for BAU:

A.D. Sakharov, Pisma Zh.Eksp.Teor.Fiz. 5 (1967) 32-35

1. Departure from the thermal equilibrium;

2. Baryon number violation;
3. Cand CP violation.

Figure from hep-ph/0010275
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However, in the SM:

1. The EW phase transition is a
smooth crossover;

2. The CP phase from CKM is
too small.

BAU cannot be realized!
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A composite solution to two problems

¢ SO|Ving hierarChy pr0b|em Kaplan et al (1984) and Agashe et al (2005)

Higgs doublet
included

Global symmetry
breaking
G/H

NGBs

The elementary sector The strong sector
(SM fermions and EW bosons) (new physics)



* Solving hierarchy problem kaplan er al (1984) and Agashe et at (2005)
L= £SM + Lstrong
+ T W+ Ty B" + yrarOr + yrtrOL

EW gauge coupling: Partial compositeness:
Subgroup SU(2), xU(1)y gauged ¢, and u; fill in the incomplete
representation of G

(

Global symmetry
breaking
G/H

pNGBs

Interactions Explicitly break G !!
Higgs potential generated; EWSB triggered



* Generating the matter-antimatter asymmetry

J. R. Espinosa et al, JCAP 1201 (2012) 012
Choose G/H =S0(6)/SO(5);

1 Higgs doublet & 1 real singlet. The scalar potential

2 2
Uhaio  Ah,a My o Ay 4 Anpyo o
Vi(h = h —h —L — ——h*n~.
Thermal correction:
cnT? e, T2
AVip(h,n) = 2—p? + 2 p?,
2 2
with
30°+ 9% vl A Ay Ay Ann
‘=" T4 T3 T T3 T3

May trigger Strong 15t order EWPT (departure from
equilibrium) for suitable parameter choices;

And the t-t-n interaction gives CP phase. EW baryogenesis!!



* Generating the matter-antimatter asymmetry

Realizing strong 1%t order EWPT u2, 2 <0, cn,ey >0,

2 2 2 2
+ ¢, T A py + cyl
Vr(h,n) = Hh, 2h h2+—4hh4—|— d 2?7

A A
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Generating the matter-antimatter asymmetry

Realizing strong 1%t order EWPT u2, 2 <0, cn,ey >0,

p el 5 A 2 1 e, T2, A A
Vr(h,m) = Hip ¥ Ch h2+—hh4—|— Ho 4 772+—77774—|—ﬂh2772
2 4 2 4 2

Positive Positive

At the very first

T > EW scale
N
o ——
h

Minimum: (0,0)
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Generating the matter-antimatter asymmetry

Realizing strong 1%t order EWPT u2, 2 <0, cn,ey >0,

2 2 2 9
+ cpl An pr + ¢ T A Al
Vr(h,n) = atl > h2+Zh4+ L 277 772+Z"774+—2"h2772
Positive Negative

When the universe cooled down to
\ g en <T < y/—p3/cy

2nd order PT

.h. . . .h.

Minimum: (0,wr) = (0, \/—(M% + CnT2)/>\n>




Generating the matter-antimatter asymmetry

Realizing strong 1%t order EWPT u2, 2 <0, cn,ey >0,

Vp(h,n) = BT po | Mg Hn T 7 o | Anpa ) Do
2 4 2 4 2
Negative Negative
When the universe cooled down to
T, <T < y/—p3/ch
= :‘
h ~ h

Minima: (0, wr) = (07 \/—(u% + CnTz)/)‘n) , (vr,0) = (\/—(ui + chT2)/Ah,0)

Global Local 1



Generating the matter-antimatter asymmetry

Realizing strong 1%t order EWPT u2, 2 <0, cn,ey >0,

2 2 2 9
+ cpd A}, e 4+ eI’ \ A\,
Vr(h,n) = atl > h? + Zh4 1 - 5 S Z"?f + —2" h2n?
Negative Negative

When the universe cooled down to critical temperature

T =1,
Degenerate
: : @ minima
= <@ =
h ~  h h

Minima: (0, we) = (0, \/—(M% "‘CnTcQ)/)‘n)  (0e,0) = (\/—(Mi "‘CthQ)/)‘th)

Global Global L2



* Generating the matter-antimatter asymmetry

o I EE g
Realizi @ o “Strong”:v, /T >1 Q 2 o ,Cnp > 0,
O - o °
»! \h
VT(ha @\vaacuum ‘ / . 2_77h2,r]2
Q i A O
Falsa vacuum o

When the universe cooled down to nucleation temperature

T=T,<T.

| 1t order EWPT
0]

h ~ h h

Minima: (van) = (Oa \/_(N% ‘|'C77Tr%)/)‘77) ) w: (\/_(M}% + Cth)/)\hnO)

Local Global 13



Generating the matter-antimatter asymmetry

Realizing strong 1%t order EWPT u2, 2 <0, cn,ey >0,

1 ¢, T2 )\ i =k e, 1 A A
:“h 2h 52 4hh4 n 277 772+Zn774+%h2772

Negative Negative

Vr(h,n) =

When the universe cooled down to today
1T'=0

- 15t order EWPT D
O

246 GeV

h ~ h h

Minima: (0, w) = ( \ —Ha/ A ) w0) = (\/—M%/x\h,o)

Local Global




A detailed study about V(h,n) and EWPT

Y.Wu, L.Bian and K.-P.Xie, 1908.xxxxx (This talk)

e The scalar sector

Symmetry sturcture:

SO(5) SO(6)/S0(5) 15 3.

SO(6) : {TIC}L? T]%? Tf? T2r} LA

SO(4)  SO(5)/S0(4) r:1,..5.

( H_L 772_'_7:7-‘-1
The pNGBs: U(7) = {zerQ} = 9 - V2 \my—inz )’
Unitary gauge: 71 2.3 = 0;

h_ , \/7r4—|—7r5

— = S1n

U :
, = SIn
[ /2 —|—7T5 f f Ty + mE f




* The gauge sector

Subgroup SU(2), x U(1), gauged:
SO(6) =" SU(2), x U(1)y x U(1),,

breaking

T,° : associated with n.
Gauge interactions only generate V(h) !!

16



 The gauge sector

Subgroup SU(2), x U(1), gauged:

SO(6) <22, SU(2), x U(1)y x U(1),,

breaking

T,° : associated with n.
Gauge interactions only generate V(h) !!

10%30@11@10@1—1@21/2@2—1/2: 5-)21/2@2_1/2@10:
p™ = pL ® pf ® p ® pg" D pp D Pp; a" — ap ® ap ®as

Interactions: depend only on the SO(6)/SO(5) structure

1 uv g 2 1 nv MC% H
L,= — Ztr [P P ] + @tr [(gppu —€pu) ] - Ztr[a,,wa |+ 7“ lana”],
p
M2
p a a
> a8 [(gppw e

1

2 . 2
a<—> 7 <~
2P H'o DMH> + <g,)p§i-m — 9B, + —HTDMH> ] ,

2 f2
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* The gauge-induced potential

Integrating out the resonances:

1 y 9/2
Lew D 5 ' { (—p2 + _02H0(p2)) B.B, + (—p” + o(p?))

90

I, (p*) h°
4 2

+ Higher order operators,
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* The gauge-induced potential

Integrating out the resonances:

]‘ 1% /2 a a
Lew D 5Py { (—p2 + i/%ﬂo(zf)) BB, + (—p° + o(p*)) WiW,S
0

Hl(P2) h? il o1l 21172 3 96 3 9(/)
W-W W =W We — =B Wo — =B, }
+ Higher order operators,

Agashe ef al, Nucl.Phys. B719 (2005) 165-187
The IR contributions: form factors

6 [ d*Q I, h? 3 [ d*Q g2 11, II; \ A2
IR 0

V ~ — 1 1+ — | + = In [1+ + —

g (h) 2 / (2m)4 n( ATy f2> 2 / (2m)4 n[ (90 A1z 4HW) f2] ’

My = Q*+1l,, Hp =0+ (95/95)o

Calculable. Expressed in terms of resonances masses and interactions.

N, 2
g

2 Al p(n)
HO_ZQOQ2+M2 ), 11, —gof + 2¢; (ZQ2—I—M2 = ZQ = )

p(n)
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* The gauge-induced potential

Integrating out the resonances:

]‘ 1% /2 a a
Lew D 5Py { (—p2 + i/%ﬂo(ﬁ)) BB, + (—p° + o(p*)) WiW,S
0

IIl(P2) h? 11571 21172 3 96 3 96
W W W =W We — =B Wo — =B, }
+ Higher order operators,

Marzocca et al, JHEP 1208 (2012) 013
The UV contributions: physics from higher scale

Incalculable. Estimated by Naive Dimensional Analysis.
Written down by spurions
gA, = gTEW e + ¢'Te B, = G4, 7AW + G TAB,,,

3 d 2
¢gf'31GaGa® = ¢ 19" 717, 05 f1 (B1GaGaX)” — d

1672
cg,dg ~ O(1).

994
9925672

4
o
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* The fermion sector
*U(1), 1s introduced: ¥ =X+ T}°.

Elementary quarks: incomplete rep. of SO(6)

19/3:1
62/3 = 27/6 © 21/6 D 12/3 © 193, 2/3 - "R
I . T
q7 = 7 (ibp br itr —trp 0 0), 1923 2323153015301 13

D 27/6 D 21/6 D 27/6 D 21/6 D 1o/3,

T
t&=(0 0 0 0 dtrcy trsy) , y -
i = reo tRso) q1° = (¢2),;17, tg = Thtrc + T5tre’®sp.

Composite top parnters: complete rep. of SO(5)

19/3: Wy 1055 — 3230 1530 13 ®1_1/3
92/3 = 27/6 D 21/6 D 12/3: D 27/6 D 21/6 :
\115_>QX€BQ@T \Iflo—)Y@K5/3@K2/3@K_1/3@Jx@<]@,

Partial compositeness:

explicit

? SU(Q)L X U(l)y

breaking

Contributes to V(h,n) generally.
2 x 3 =6 models.



The fermion sector

2 x 3 = 6 models labled by (q, embedding + t; embedding).

Let1 D yr f(@) UV +yr f(q2)iUeV1 + yRftR¥1 + hc. ;

Leve D yr f(@7) U Vs + y1 f(32)1Ure¥a
+ y%f@%)IUlr‘PE + y}%f(f%)[U[G\Ijl + h.c. ;

Le+15 O Y3 f(@0) U Vs + yi f(32) 1Ure¥a
+ YR @) LU Uy [U s + y2 fS @) 10U U + hec.

Lis+1 D Y1l F(@®) raUn W5 [UTsr + 45 fEN@12) 15U U5 + yi fTR Y1 + hec. ;

Liste D yr f(@r2) 1aUs ViU s +y2 FENaE®) 17U Vs
+ y}%f(i?%)IUIT\Ijg + yjl%f(f?%)[UIG\Ifl + h.c. ;

Lisi1s O Y0 (@) 1y Un S [U o + y3 f21(GE5) 15U, Uk
+yR fER) 1 U5 s [U s + o2 fE E) 1 U U 4 hc. .



The fermion-induced potential

Integrating out the resonances (6+6 as an example):
117 h h2 4+ p2
et )3 -5

+
.o\ -
___< \/ —|—ZCQ?>tLtR‘|—h-C-

+ Higher order operators

23



* The fermion-induced potential

Integrating out the resonances (6+6 as an example):
Hq h2 h2—|— 2
oo Bl (3 (-5

_l_
h? _
S ( \/ +n —|—ZCQ?> tLtR+h.C.

+ H1gher order operators

The IR contributions: form factors
d4Q Hq h2 Ht h2 2
VfIR(han) ~ _2Nc/ (27T)4{1I1 (1 + ﬁﬁ) + In [1 + H—% ( (1 — F) —|—029%)]

1 M. t|2 h2 h2 2
llm‘nqa%t P (30 7) )]}

et = 1+Z ’ f2 Z v S % yi' | f2 Calculable.
0 Qz )> Q2 +M2 = Q 1( )
f i(n 5(n )* 2 Mg f v (y 5(n )* f2 M5 () S i ™y 1(n) fQMl(n)‘
Q2 + M2, Qz + M2, e Q2+ M7, 7




* The fermion-induced potential

Integrating out the resonances (6+6 as an example):

3 thQ 3 h2—|— 2
£6+63tLﬁ(Hg‘l‘—l—Q)tL‘l—tRﬂ[Hg—FHi(Zn (1— n))]tR

2 f ’ 12 f?

Mt h h?2+n?  n\ -
— —=— | sg4/1 — +1cg— | trtr + h.c.
V2 f ( \/ f? f

+ Higher order operators

The UV contributions: operators
Incalculable. Estimated by Naive Dimensional Analysis.

Written down by spurions ¢ = Q%qr, t% = TCtr,
2
C%AQf ’1y6L|22TQ6Q6TE_> |yL‘ f h2

2
Y
CRA2f ’16R|2 SITeT8TY Cy Tlyrl®f2 (n%ca + (f2 — h?)sp)

f NO()



* The minimal Higgs potential hypothesis (MHP)

A summary: sources of the potential

Gauge-induced Fermion-induced
IR contributions Form factors of Form factors of fermions
(calculable) vector bosons I, 1(p?) | L (p?), TL*(p?) and M¢ | (p?)
UV contributions Local operators Local operators
(estimated by NDA) involved g(") involved yr, g

* NDA: Naive Dimentional Analysis

26



* The minimal Higgs potential hypothesis (MHP)

A summary: sources of the potential

Gauge-induced Fermion-induced
IR contributions Form factors of Form factors of fermions
(calculable) vector bosons I, 1(p?) | L (p?), TL*(p?) and M¢ | (p?)

MHP: assume the UV contributions to be zero due to some
unknown mechanism.

Then the potential is calculable!!

Information | H References (63) H H Citations (235) H H Plots H

General Composite Higgs Models

David Marzocca (INFN, Trieste & SISSA, Trieste), Marco Serone (INFN, Trieste & SISSA, Trieste & ICTP, Trieste), Jing Shu
(INFN, Trieste & SISSA, Trieste)

May 2012 - 51 pages

. JHEP 1208 (2012) 013
First proposed by Ref. por: 0. 1007urEros012012 and then generally

adopted by other studies [1205.6434, 1404.7419, 1703.08011, etc]




* Question: is MHP compatible with 15t order EWPT?

Y.Wuy, L.Bian and K.-P.Xie, 1908.xxxxx (This talk)

Triggering strong 15t order EWPT via IR contributions alone

Gauge-induced Fermion-induced
IR contributions Form factors of Form factors of fermions
(calculable) vector bosons I 1(p?) | L (p?), TL*(p?) and M§ | (p?)

* MHP: Minimal Higgs potential hypothesis

IR contributions from the 6 models

,,,,




e The 15+1 model

Lagrangian...

List1 Dy’ @) Usn UelUsr + y3 FENGE?) 1aU s Vs + yh fiR V1 + hoc.

Fails to give a mass to the top quark!

29



e The 15+1 model

Lagrangian...

Lis1 D YrlA(@?) U Wio[U sr + 43 fEN@°) 10U Vg + yh fiR V1 + hc.

Fails to give a mass to the top quark!

e The 6+1 and 6+15 models

The embeddings have an accidental U(1),
symmetry: under T,>,

6¢% =0, 6ty =0, 6ty =0.

Hence U(1), is preserved even in fermion
sector!

No n potential is generated!!




e The 6+6 model

The potential via IR contributions
d*Q e h2 Tt 1,2 2
V}[R(han) ~ _2Nc/ (27_‘_)4{1n (1 + 2—ngﬁ> —|—1Il [1 + H—% (Sg (1 — ﬁ) ‘|‘C29%)]

1 M h* [, h2 n?
—|—1Il [1"1_@21_[81_[6? Sp 1—F ‘|‘020P },

Matching to
2 2
Fr. o >‘f4 Hn o )‘774 >‘h"n22
h,m) = —nh —h — — ——h
Vilhyn) = = h% + =200 4+ 0™ + =2 + —=h7)
yields
(,LL?C)IR = —20a, + 4sjay — 4sy f2 B — 255 f2e, s N [ oareg I
@ — ©0
(M%)IR = —4coga + deagsg 2B, R 2
()\f)IR _ Bq + 433515 + 4836, = ]}Zf (C2Z4C)24 (H?i) |
: s Iy
()‘U)IR = 40%95757 ¢
O VR = —desys2fy — 2  _Ne [ d'Q M
) = —4cagsg B — 2cog€. %) o)t QI [




e The 6+6 model

G
The potential via IR contributions ®
d* ¢ h? = |
il [M{? 2 2 246 Ge
Matching t Q2 201411 2\ o=
atching to
Ty A T A s A
Vi(h,n) = thz + th4 + 777772 + Znn4 + 7nh2772
yields
(,LL?C)IR = —20a, + 4sjay — 4sy f2 B — 255 f2e, e N [ oareg I
q,t — T 9
(N%)IR = —dcopay + 462933f25t> Ry G L
N, [ d*Q (1%
()\f)IR — Bq + 433575 + 43367 Bq,t i f4 (27TC)24 <H27t> )
(M) = 4508, 0
L , _ N [ &9 IMIP
()\hn) = —4cogsy 0 — 2c2¢€. = 14 (27)* Q2IIY1I] 7
Hence

Oy > Bth — <77>loca1 — 1/ _N%/)‘n > f




e The 6+6 model

The potential via IR contributions

V;R(ha n) & _2N0/

d*Q ¢ A2
(%)4{1n (1+ﬁﬁ> +In [1+i

()

o [1+ 1| M2 B2 ( , 246 Ge

n - - | S

. Q2 21141TE £2 0 ———

Matching to v h
BFo  Apa Moo A : Ahn 12 2

Vi(h,m) = —h —h 1 1 “p
yields
(0

However, by definitionn < f:

h T4 , \/WZ—F?Tg n s
- = sin , ==
[ /2 + 2 f [ /n3+ 2

sin

2 2
\/ Ty + 7§

f

Thus 6+6 fails to get a local minimum for n !

HYnce

Oy > Btf2 — <77>10ca1 — 1/ _N%/)‘n > f

33



e The 15+15 model

Fails for similar reasons:

2
A
Vi(hn) = 02+ St
2 4
and
2
()™ = — g — a1~ 35) + 2
(:“727)IR = —4day,
=B B a2 4 e,
()‘n)IR = 25(17
IR & B 1— 333
()\hn) 9 1 €.

Hence we get

Py o Ay 4 Awp,o o
— — —h
+ 5 n- —+ 1 n- -+ 5 n
2
€
1— 383)83 — %sg,
7 deg e
T Gotm
5 N, [ d*@ (1ff :
q,t — f4 (271’)4 Hg’t )
W o
“T ) eoiQARIE [

ag > Bef? = (Miocal = \/m > f.

which can never be achieved.




e The 15+6 model

Match to the polynomial form

2 2
v A 1 A A
Vi(h,n) = 7fh2 + th‘* + S+ St %h%f
gives
(W)™ = — ag + dausg — 4syf*B; — ¢ f e,
(M%)IR = —day — 4dageag + deagsgBif?, N, [ diQ o
()\f)IR — % 4+ 483515, Qq,t = f2 (271')4 Hg,t? 2
N, [ d*Q {(m?f
()\n)IR = 2561 —|— 4C%95t, Bq,t i f4 (27‘1’)4 (Hé’t> 9
M) = By _ Ae2055 Bt _Ne [d'Q@ |Mjf
? R ACRCT e

Hence we get
i)™ = Q))& (7)™ = ) ()™

= —iﬁq 1Bq +8(1 — c20) Bt + 2(1 4 c40) 5t <O,



e The 15+6 model

Match to the polynomial form

2
v A A

2
" A
Vi(h,n) = 5-h? + ZEht + ;

4 2 0

S

However, the local minima (v,0) and (0,w) require

i <0, Appis > Augpin,  pp <0, Agpg > Angp
= Any > Ay,

Thus the 15+6 model fails to trigger 15t order EWPT.

J 2 T ) ot [
Hence we get

()™ = OO & (O0F,)1 = ()R ()

= _iﬁq 1Bq +8(1 — c20) Bt + 2(1 4 c40) 5t <O,

36



* Asummary
* MHP: Minimal Higgs potential hypothesis

All 6 models fail to trigger 15t order EWPT under MHP!

15+1: no mass term for top quark;

6+1 & 6+15: no n potential because of the U(1), symmetry;

6+6 & 15+15: local minimum of n > f;

15+6: cannot give two local minima at zero temperature.



* Asummary
* MHP: Minimal Higgs potential hypothesis

All 6 models fail to trigger 15t order EWPT under MHP!

15+1: no mass term for top quark;

6+1 & 6+15: no n potential because of the U(1), symmetry;

Hopeless due to the structure of the model.

6+6 & 15+15: local minimum of n > f;

15+6: cannot give two local minima at zero temperature.

Still hopefull if the we go beyond the minimal Higgs
potential hypothesis and include the incalculable UV
contributions!



eyond MHP: the 6+6 model and EWPT

Y.Wu, L.Bian and K.-P.Xie, 1908.xxxxx (This talk)
 The UV contributions (incalculable)

6146 Gauge-induced Fermion-induced
Cgf42TgagaZ CJLv|yL|2f42TQ6Q6TZ
UV contributions Cq/ f21g'g's CJI?|3/R|2f4ET7’67-612

. d 2 d* 2
Estimated by NDA | 1£% 4 (ZTgagaE) 163;2 lyr|* 4 (ET Qb QGTE)

R
S (SteR)? | ik lynltrt (STTOTOR)

1672
Matching to 2 ;
9o hoa , By o Mg 4 Anp,o o
hon) = Chp2y Zhpd I 2 Zhn 22
| V(h,n) o T T h T e A R
gives

392 g/2 dR
)7 = 0,20 12t oy 12 4 Hlynl? 1 = 2eFlynl £ — L lynl 171,
dR
(u2)"Y = 2¢Fyrl? f2eo0 + ﬁlyzzl‘lf?sgc%

39



 The IR contributions (calculable)

Gauge induced part

6 d4Q H1 h2 3 d4Q g/2 H1 H1 h2
IR(p) a = n(14+ -2 )42 / |1+ (% n
Vo (W)~ 3 / (27)" n( T ) T2 et | T g T ) 2

Iy = Q*+ 1y, Hp=0Q>+ (95/95)o

N 2 N, 2
e N o)
Ho—E gOQ2+M2 )7 Il = g2 f* + 245 E:Q2+Mz = ZQ+

p(n)

Convergence require II; ~ Q‘4 i.e. sum rules

Np
Z:lf;?(n):—Jrzfa(n)’ prm) p(n) = Zfam) a(n)?

Assume lightest resonances domlnate, N, = Na =1 then sum

rules reduce to ; 2 s
fp:_+fa7 prp:faM

2
o> fPM2M? J

i
Q%+ M?%’ (@2 + M2)(Q% + M2)’

I (Q%) = 9°Q” I, (Q%) =




e The IR contributions

Gauge induced part

6
@sz§/

d4Q H1 h2 3 d4Q 962 H1 H1 h2
m{1+ =23y, 2 In |1 v
(273 n( iy f2) t3 / (273 n[ + (gg i, 4HW) f2] ’

Iy = Q*+ 1y, Hp=0Q>+ (95/95)o

N, N2 r2 [ N N2 £2 N, N2 r2 \ CD
G P
Vo(h) = Zh* + —Lhn?
( 2)IR: 3(392+g/2) MI?MC% In Mc%
Hg 647> M2 — M2 M2
\m_ 31200+ (g + 9] | g My(Mp - 3Mg) Mg
(Ag) ™ = 25672 (M2 — M2)2 o T TR 2 Dy +(ap)|.
a Jol a o w
U Fr=T- T 75 M= A
2 2 212 12
otV s
HO(Q2)292Q2%7 Hl(Q2): 2 2 P2 2\’
Q? + M (@2 + M2)(Q? + M)

41



* The IR contributions (fermion-induced)
4Q Hq h Ht h2 2

1 |M |2 h2 h2 2
i [”cmnqln 72 ( (1_1’ )“2%2)] J

5(n)| f2 5(")| f2 1(” | f2
| AT RS B e :
Z QQ oL Mg(n 1 Z Qz + M2 Z Q + M12(n)
- i 2(71)( Sye g2 p s NZ i(”) 5(n>) £2Ms(n) N Mo A1y 2 py
; Q@+ Mg, Q% + Mg, = @My, 7

Convergence requires 119" ~ Q75, M! ~ Q~2, with sum rules

N1 Ny
Zijbys“” =[] 253\y5“” My =3 |
n=1 n=1
Assuming N =1, N; = 2 then

1(n)-

AP, o |uEe| £ (B - M) (M2 - 03)
Qz M2’ 1 (Q )_ (Q2+M§)(Q2+M12)(Q2—I—M12,) )
yi(yR)* f2 My N v (WE) My 3 (y3)" 2 Ms

OF Q2 + M2, Q>+ M2 4

I Q*) =1+ 23—

M;(Q*) =




e Combining UV and IR contributions

We further require the potential

2 A\ 2 \ i\
V(h,n) = %hQ + Ihh4 + %vf + o+ %h%?

to give correcct masses for SM particles such as W?, Z, top.

For 15t order EWPT, there should be a T, for degenerate

vacuums. 300
Degenerate minima 25.' Red points: T, exist
T=T. - and v /T_>1
® E

The 6+6 NMCHM -

Euuuu\\uuuu\\uuuu\\uuuu\\uuuur
@ 0307080 90 100 110
h M, [GeV]




* Bubble nucleation A.D. Linde, Nucl. Phys. B216 (1983) 421.

To really achieve a strong 1t order EWPT,  Strong 1% order EWPT

T=T
one needs to calculate vacuum decay rate | 4
S5 \¥? ) ®
L)V ~T1* —os (/T :
/ (27TT> c ’ & :
with S;(T)/T being the action of the O(3)
bounce solution. o
h
: S T — g
Bubble nucleation condition: at T, Blue potnts: bubble nucleated |
S T M ;The 6+6 NMCHM ‘:/."_ ;
o) g S8, =
n n % g - . ]
. . . O, 100} /,/' .. e
Typically T, is slightly lower than 7. = S
80 =
%80 100 120 140



* Phase transition gravitational waves (GWSs)

Described by energy density c. Grojean et al, Phys. Rev. D75 (2007) 043507

L dpcw
9 —

After the redshift, the frequency today is O(mHz).
A two-parameter problem:

7.‘.2

rad — 54 *T47

S3

€ oV,
Latent heat: o = , €e=—AVp+ TnA—T
Prad (9T

Time inverse: 8 = % <%) ﬁ =T i

t=t,  Hpy dT (T) ‘T:Tn

Strength of GWSs can be derived using the numerical formulae
iry [C. Caprini ef al. JCAP 1604 (2016) 001]

Sources of the GWs: bubble collision (negligible), sound
waves in fluid (leading), and turbulence in plasma (sub-
leading).



* Phase transition gravitational waves (GWSs)

. 10_8§ AL I B RLIL B L B AL '/"'””| T ”I“EEE
Described L f 5 (2007) 043507
10—10ﬁ ,5
1) -
After the e 107 :
A two-pard&< . _4b E
1 1016 1"
B
10_18% é
Strength o | Signal fromone datapoint  “\_kal formulae
i [C. Caprini{ 10 ey T

f [Hz]
Sources of the GWs: bubble collision (negligible), sound
waves in fluid (leading), and turbulence in plasma (sub-
leading).
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* Phase transition gravitational waves (GWSs)
1078

Described | | | ’ | b (2007) 043507
10719}
After the ri 10~"2
A two-pards | 4/ E
=10 .
1S 1016 o
p 3
10718 3
?trengthp 10-20 velope of allgara points - cal formulae
in [C. Caprini { 10—4 10—2
f [Hz]

Sources of the GWs: bubble collision (negligible), sound
waves in fluid (leading), and turbulence in plasma (sub-
leading).



Collider searches

The data points allowed by strong 15t order EWPT

6 TTTTTTTTT | TTTTTTTTT | TTTTTTTTT | TTTTTTTT] TTTTTTTTT
- /]

- Red points: excluded by SM di—boson

[ATLAS 139 fb']

Shadow region: excluded by Xs/3X5/3
[CMS 359 fb~!]
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 Collider searches

The data points allowed by strong 15t order EWPT

6 TTTTTTTTT ‘ TTTTTTTTT ‘ TTTTTTTTI ‘ TTTTTTT I/‘ TTTTTTTTT
Red points: excluded by SM di—boson
[ATLAS 139 fb™']

No dedicated searches yet!
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Conclusion

* The minimal Higgs potential hypothesis (MHP) is
incompatible with 15t order EWPT in the SO(6)/SO(5)

composite Higgs models with fermion embeddings
up to 15.

* If we abandon the calculability and introduce the UV
contributions, strong 1%t order EWPT can be realized
and the corresponding GW signals are detectable.



Thank you!



