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 Two long standing puzzles in the Standard Model

1. The hierarchy problem
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... Solved by a composite Higgs!
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2. The matter-antimatter asymmetry of the Universe
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New scalar(s) in the composite
Higgs model!

Higgs + new scalar
= EW baryogenesis




Minimal UV completed composite Higgs model

UV scale: 4-flavor Weyl fermions with a Sp(2N) gauge theory;
[Cacciapaglia et al, JHEP2014] i i 0

h ~ (1)) ???4'rm1~<
TeV scale (below confinement): CCWZ EFT; (8
Global SU(4)/Sp(4) - 50(6)/50(5)[Gripaios et al, JHEP2009]

v' 15 -10 =5 pNGBs: Higgs doublet (4) + real singlet (1)
v' Composite resonances: spin-1, spin-1/2, etc;

SU(2)x ULy 50(6)/50(5)

mass —|2.4 Mevic® il |1.27 Gevic® [ [171.2 Gev/c
ccccccc A
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SO(6)-breaking Interactions:
Source of potential

Resonances

szel Singlet
The elementary sector The composite sector
(SM without Higgs) (New strong dynamics)
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* Why an additional real singlet is enough?

3 conditions to generate the asymmetry:[Sakharov.1967]

(1) Baryon number violation; [For the SM: EW sphaleron M]
(2) C/CP violation; [For the SM: CKM phase too small [XI]
(3) Departure from equilibrium. [For SM: NOT satisfied [xl]

Continuous Crossover

First Order Phase Transition

What Sakharov needs

increasing time increasing time

But adding a real singlet is sufficient! T order EWPT

* Departure from equilibrium can be realized by P
* CP violating phase comes from the n-relevant V}

interactions.

h
The SO(6)/SO(5) composite Higgs model is a candidate!
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 Composite Higgs model, not just Higgs + singlet...

The scalar potential
2 2
Phoo  Aga By oo Ag a | Anggo o
hon)=Ehp? 4 Zhpt g Dnp2 g Zapd g 20 p2,2
V(h,n) 5 +4 +2n+4n+2 n

is derived by the form factors of the strong dynamics!!

Question: can we build a composite Higgs model with appropriate
potential that can satisfy the Sakharov conditions?

Form factors Strong dynamics (QCD-like theory??)
uv
Coleman-Weinberg Weinberg sum rules
potential
EW V(h,n) that can trigger strong 1st-order EWPT
Potential is derived, NOT added by hand!
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* Generating the scalar potential

Potential source 1: gauge interactions

| | SM gauge bosons
Ling D T WE + Jy, B
' | Strong currents

Gauging a subgroup of SO(6) --
SO(6) =" SU(2), x U(1)y x U(1),,

breaking

Higgs potential V(h) is generated !!

Potential source 2: fermion interactions

SM quarks embedded
Ling D QLOR —+ tROL +h.c. to reps of SO(6)
' ' Strong operators

Symmetry breaking —

W& Zmass |ooe___

e ——————
) T —————

Top mass

,—-------
Q
< ‘ ’.---
o |
RN
N

explici . h

SO(6) x U(1)x =225 5U(2), x U(1)y (OLOR) ~ Z22 fsin
breaking -~~~ L rFo 7 }
Joint potential V(h,n) is generated I * U(1)y is introduced: ¥ = X + T
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* Fermion sector

Elementary quarks: 20’ of SO(6) 626 =115 20

Y=X+Tg
20;/3%142/3@52/3@12/3 ( R)

— (923 D 4a/3® 1a/3) ® (423 D 1/3) ® 1o/3
— [(35/3 SP) 32/3 SP, 3_1/3) SP) (27/6 @M) @ﬁ} P [(27/6 P 21i) %) 12_/3} @ﬁ

Two/three ways to embed q,/t,, respectively;

Top partners: reps of SO(5)

SOB)xU(l)x = SO4) xU(1)x — SU2)L xU(1)y
(Y=X+Tp)

1455 — (923 ® 423 ® 19/3)
— [(35/3 ®32/3 D 3_1/3) ® (27,6 ® 21/6) ® 12/3]

55/3 — (4273 ® Las3) — [(27/6 ® 21/6) ® 12/3]

The top partnersin 14, 5 or 1 of SO(5).
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 Fermion-induced scalar potential

L = »CSM ‘|‘ Lstrong ‘|’ j;WC/f ‘|‘ jY,uB“ ‘|‘ Q%OI 012_30, —|— {2R0/O%O, —|— h.C.

uwv . - Integrating out the strong dynamics ------
T
h n h? + n?
2~ (0,005, 2 /1
Form factors ( 0,0, %5 %5 72 )
e BN Lo = tr |y pad | T + (7@ puad” 2 ) 1+ (STa20'S) vp (2T ) 118

+tr [cj%o't%?'] M+ (2%%0’%0’2) Mt (zngo’z) (ZTt%’/E) M+ hee,

4 e 72 9 h2 4902  TI9 h2p2
in(h,n)%—2Nc/ 7} [ln<1+—1"—)+ln(1+ 1072 + = n)]

(2m)* 2ITY f2 AIIE f2 I f4
Q. [, I h?\ | 2105 7P h? + 1
—2N0/<2W>41“ _”ﬁ(“ﬁ)*ﬂ_aﬁ (1_ 72 )]
Q| I h? + 1 n* |
-2 [ G |14 s g (1) [t - |
Matching! ,u% o Ah 4 ﬂ% o5 Ay 4 Mmoo
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What are the form factors?

Functions of Q* g,qlidean momentum) tOP Partner masses & couplings

Nia 14(”)' f2 5 5(”)| f2 Nia 14(”)| f2
q,t gt _
=14 3 LT <2Q2+M2( -y )

14(n) j J— 14(n)
1(”)| f2 Ns 5(”)' f2 4 Nia 14(n)| f2
I = :
Z °+ M2(n) Z_: Mg, Z_: 24+ My
Niga 14(n) 14(n)*
” Z L() % 20, 40
0 — Q2 —|—M24( ) )
Ny 5(n) 5(n)* Nia 14(n) 14(n)x*
_2 Z L() ()f2M5 Z L() ()f2M14(n)
Q2 + M2 QQ + M24(n )
N, 1(n) 1(n)* 5 5(n) 5(n)x Nia 14(n) 14(n)x*
Z L( ()fMl(n)—ZZyL() ( st(n)+4ZyL()R()f2Ml4(n)
Q>+ MZ,, Q2 + MZ, b @+ M,

The integral converges if 1175 /11§ ~ Q~° by Weinberg sum rules --

Zr 2R = Z 32 Z yr 2,

Naa 1400 02 )2 o ~ And then the
Z| PMy ) = Z lyr. i | Mgy = Z 7 P My . : |
integral is calculable!
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* Back to cosmology

The scalar potential

; A p A A
V(hn) = En? 4 St Sl 4 St S22,

is determined by the resonance mass and couplings.
At finite temperature

+ ¢, T A we 4+ ¢, T A\ A\
Vr(h,n) =22 2h h2+zhh4+ — ”2+Zn’74+—;mh2772
=" ittt Tty

Coleman-Weinberg
II— [/ ‘l l
(00

Weinberg sum rules

Scalar potential V{(h,n)

Question: can we find appropriate resonance spectrum to
realize the 15%-order EW phase transition?
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* Back to cosmology

. 1st-order EWPT
Yes! We find the parameter space allowed by the

Higgs & EW measurements and the 15t-order EW =
P hase transition. [K.-P.Xie, Y.Wu and L.Bian, JHEP2020 This talk]

.. .
h
327 ““““““““““““““““““ ] R 57\ T
i 1 Singlet mass :

L] My [TeV] r T 1 M, [TeV]

4 Lo .
0.153 3.12
0.136 E: ER EYE
0.119 . ; 1 B34
0.102 1 Mios
0.085 1.56

\\\‘\\\\\\\\\‘\\\\\\\\\:

34 s

Vector mass M, [TeV] M, [TeV] Top partner mass

The quartic couplings of n* and h?n? are enhanced for 20’ rep; lower
reps cannot provide large enough Coleman-Weinberg potential to
trigger the 15*-order EWPT.
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Phase transition is OK, then next...

CP violating phase
Ly — tr [(ﬁo'v“mﬁo/} 11§ + (ETqL Vs E) I + (ETQ%OIE) YDy (ETQ%O'E) 15
+tr [tR i, 12 ] I + (ZT 20" 11y 43 2) I + (ET z) D (ZT@O’Z) 114

+tr [q%“’t%?’} M+ (ET 20t 2) M+ (ET 2o 2) (ETt?%O/E) M+ he.,
|

N14 14 TL) 14(n)*f2M14 )

Z oL +M2 ’

14(n)

5(n) 5(n N 14(n) 14(n)
Mt =9 Z Yr f? Msg () i I f2M14(n)
1 —~ Q2 + MQ(n) QQ + M2 )

14(n)
Ny n n)x* Ns n n N14 n n)x*

M= QZ v "yr " My _22 2‘/2( RS Msny | Z 24( 'y Maagn)
25 Q2 + M2 + M2 + M? ’
n=1 1(n) 5(n) 14(n)

|
Ly D — ﬂELtRh Mf,o (1 . h? — U2) + 772 8M§,0 B Mf,O 1 he
V2 EE M| 2r ) e \ it Tk
Yt — [ h? + 772 — 2 . 772
> — L_trtrh |t (1 — +pre?? || +h.c.
vz R 212 ST

Novelty: CPV from dimension-6 operator ihn’tyt |
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e 1st-order EWPT + CP phase = EW baryogenesis

EW breaking vacuum Bubble wall

(h) = vy,

1. CP violating reflection
generates chiral asymmetry

A “strong” EWPT --

4. Capture

Survives till today!

EW symmetric vacuum

(h) =0

2. Chiral asymmetry diffusion

@0 » 00

(Baryon number violating)

3. Electroweak sphaleron

Tin. ~ 18apy, T

Net

baryon

Baryon number asymmetry
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. Bubble wall

EW baryogenesis
Higgs VEV
Mechanism proposed in [Joyce et al, PRLI995] ]
Technically we adopt [Fromme et al, JHEP2007] tq Inner Singlet VEV

calculate.

Two benchmarks for illustration:

-1.0 -0.5 0.0 0.5 1.0

L, =15/T,
vy = 0.1

NN O v

>
O
o M
?2 ; BBN observation
|
éﬁ ] 6; Red: benchmark 1 E
]I; El i ]i)eerrll((::flllrrrrllzrrll((é 1 4 Blue: benchmark 2
_210 205 00 05 10 06 08 10 12 14
Spatial distance from bubble center CP phase

The baryon asymmetry of the universe can be explained.
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e Conclusion

We build a composite Higgs model:

1 SO(6)/SO(5), scalar sector: Higgs + singlet;
U g, and t; are both embedded in 20’;

[ The first composite Higgs model that Z
succeeds to trigger the strong 15t-order EWPT &
via Coleman-Weinberg potential;

[ CP violation is from the dim-6 operator
ihn’ty~t ;

 EW baryogenesis is realized.

[ Resonances at O(TeV), accessible at
colliders; EWPT gravitational waves
detectable.

Thank you!




* Backup: Embedding q,, t; into 20’ I

1 14 ne_im cosfr, . - T
£~ 5t <f+¢f2_h2_m+sm% (BN1y3 +51Y175)

/\
it

/ 20, ; 207 .
¢ = q7 Ae!PL cos O + q; °sindr,

1453 — 35,3 © 32,3 © 3_1/3 © 276 O 216 D 1oy3
vy - K @© N © Y & Jx & Jo © 71T |’

¥, =0and n =0 at zero temeprature can protect Zb,b, ;

20, ¢+ 1 hn (3M}  h? —dn?
tRA,HLR_Q\/W( M)

/ 1 h h2+ 2( 2)
20 " n t ¢
206t — = Do)y Mt aptl )
R LR 2\/§f\/ f2 1 2f2
20’ 1 hn h2‘|—772

Only the second embedding provides a massive top when the VEV
n = 0 at zero temperature.
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* Back to cosmology

The 1%t-order EWPT needs large quartic couplings.
2 2
_ M +2ChT2 h? + %h“ + B +2C”T 7 +H %774 + %h%f

is enhanced!

VT(h7 77)

For the high dimensional rep 20°, A, ,,

Ly — tr {q‘%o Yp,.q?° } g + (ETQ%O Yp,.q?° Z) i + (ETQ%O Z) You (ZTq%O Z) 11l

e | g2 | M+ (ST s ) M+ (3TaR's) (BTHYS) M + b,

Composite Higgs model with reps lower than 20’ cannot trigger
a 1t-order EWPT via the Coleman-Weinberg potential along.

Our work: the first composite Higgs model that succeeds to
trigger the strong 1%%-order EWPT via Coleman-Weinberg
potential.
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 EW baryogenesis benchmarks

Details of the parameters

f [TeV] Mp [TeV] Ma [TeV] M14 [TeV] M5 [TeV] M1 [TGV] M14/ [TeV] Mll [TeV]
B1 2.17 4.57 6.49 1.61 1.89 1.05 8.57 13.9
B2 1.88 3.41 9.02 1.68 1.77 1.37 8.47 18.7
7 7 7 7
vit | g v? Y% yr | yp | vt i vl vh | M, [GeV]
B1 1.90 0.676 —1.91 0.681 1.90 0.676 0.224 0.0798 0.216 0.0769 91.8
B2 2.11 0.574 2.12 —0.575 2.11 0.574 0.141 0.0383 0.126 0.0342 99.9

Table 1: The benchmarks used to evaluate the BAU. The T,, for B1 and B2 are
respectively 59.2 GeV and 76.4 GeV; while v,, for B1 and B2 are respectively
222 GeV and 205 GeV.
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 Why extra scalar(s) in composite Higgs models?

Composite Higgs ----- UV scale ----- SM QCD
¥ L= —inwGﬁ” + Z q;iv" (0 — 195G, T)q;

h ~ (1)) ???’I'm'n<
(0

Strong dynamics: unknown
Sp(2N) or SU(N) gauge theory?

------- confinement scale -------
(j/‘J-[[CoIeman-CaIIan-Wess-Zumino] SU(2), X SU(2)r/SU(2)y [ChPT]

SU(3). gauge theory 2

g

q

= Minimal setup: SU(4)/Sp(4) -- 4-flavor

Weyl fermions with a Sp(2N) gauge
theory’- [Cacciapaglia et al, JHEP2014]

= For (u,d) 2-flavor quarks;
= 3 pNGBs (10%)
U(T) = exp { TZT('Z} :
V2f
= \ector (p-mesons, etc) & fermion
resonaces (protons, etc);

= 4+ 1 pNGBs (Higgs doublet + singlet)
2 .
U(T) = exp {i%Tgwr} :
= \ector & Fermion resonaces (top
partners);
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