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Call for New Physics:

2022/11/9

Theoretical requirements

Experimental observations

Extension of SM Higgs sector

Dark matter

Tiny neutrino mass

Strong first-order EWPT
(Gravitational wave)

CP violation (CKM, Baryogenesis)



WIMP dark matter
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First-order electroweak phase transition (EWPT)
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» PT in Georgi-Machacek model: Gravitational wave
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oem(gg = hh)/osu(gg - hh)

» PT in GM model: LHC constraints and detections
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Perturbative Unitarity

1. Consider the the scalar scattering processes S;S, — SsS; .

2. In terms of the partial wave decomposition, the scattering
amplitude Is given by:

M(s,t,u) = 167 i(Zl + 1)P(cos B)a(s)

[=0

3. The scattering cross section:

oo

Uz/ ! |M|2dQ=16—7TZ(21+1) jar(s)|”

6472s S
i=q
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Perturbative Unitarity

* The unitarity constraint
1
§R(al)2 = %(05)2 = |a1|2 — %(al) or |§R(a1)| < 5 for all [
with |
a(s) = 32_7r/ d(cos 0)P(cos ) M (s,t,u)

-1

* For J=0 s-wave
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Perturbative Unitarity

* In the high energy limit the contributions from s-, t-, u-channel
can be neglected 1

ap(s) =

- 167rQ

* Equivalence Theorem: at very high energy, the amplitude of
scattering processes involving longitudinal gauge bosons in the
Initial and final states are equivalent to those in which these
gauge bosons are replaced by the corresponding Nambu-

Goldstone bosons.

J. M. Cornwall, et al., PRL 30, 1268 (1973); PRDIO, | 145 (1974).
Y. P. Yao, C.P. Yuan, PRD 38,2237 (1988).

Z. H.G.]. Veltman, PRD 41,2294 (1990).

H.]. He,Y. P. Kuang, and X. Li, PRL 69,2619 (1992).

* Unitarity bound: |Ay.p| < 8
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Bases of scattering matrices

* We decompose the direct product of two Higgs multiplets into Its
direct sum of the irreducible representation

202=163,23=2¢04, and3®3=1H3 P 5.

1 DxD
For the singlet state, I = 0, Not normalization!

e DiD] = —DiDY + DiD]
For the triplet states, I =1,

H)i :HDj — 1

(ah) = 5 (DZD{) =fe ]D)?)sz) :
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Bases of scattering matrices

ST
2 DxT Not normalization!

For the doublet state, I =

)

DN |

gabDaTbc = —D1Toc + Do T1.

For the quadruplet states, I =

’

[\V][ob)

1
D(a’]rbc) . g (]D)ar]rbc + DbTac + Dc’]rab) .
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Bases of scattering matrices

3 TxT Not normalization!

For the singlet state,
e*eP T, T2y = Ti Thy — 25T, + ThoTY,.

For the triplet state,

= (Tzle%d + T14Ty, — To T, — T2delb) :

gac U (b’]rcd) — _3

For the quintuplet (5-plet) state, I = 2,

1 i i mJ i i i '
(@ Tog) = d) = (T 30 + TheTog + T Thy + TegTo, + To, T}, + T} dTﬂc) :

2022/11/9 17



Bases of scattering matrices

* Classity the bases according to their total hypercharge Y and total
Isospin | (
).

S = ((@9)7.115180)¥1) -

Field | ¢ | X A| A
SU(2)p isospin | 2 | 2 | 3| 3| 3
Hypercharge 1| -1]10] 2| -2

2022/11/9 18



Bases of scattering matrices

w*HJQ*
]
Y =0 | L (wiwy + HOHY) | I (—wiwj + HOHY")
—H?'wj_
ijj (x% for ¢ :j)
v =2 | 2 (—wf B+ B0} ) | & (wfH + HOw)
H,LOHJQ (><\/L5 for ¢ = j)

Table 2. The bases of the irreducible representation for the two Higgs doublets direct product.
The bases in the first and second row are corresponding to the direct product ®; x i)j (Y =0) and
¢, x ®; (Y = 2), respectively. Note that ¢ and j indicate the Higgs doublet. We observe that the
bases with (Y = 2, I = 2) vanish when the two Higgs doublets are identical, i.e., i = j.
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Bases of scattering matrices

I=3; I=3
_ gOxs++
\/g( 1 HO*5+—|—U) 5++) T(\/_HO*(s-i-_I_,w 5++)
r=1 V3 (- i ust) | g (HO = VEuws?)
viZ —w~ 60
—wtotT

voa| V3 (- Lywtet — HOST) 77 (Vaw's® — HO5)

2 (_,,+480 05+ w0 + 2HO§T
\/;(wé L HO5+) 7 ( o )

Table 4. The bases of the irreducible representation for the direct product of a Higgs doublet and
a complex Higgs triplet scalar. The bases in the first and second row are corresponding to the direct
product ® x A (Y =1) and & x A (Y = 3), respectively.
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Bases of scattering matrices

2022/11/9

I=0 [=1 I=2
Y
1 (—6++6 + 5 8%) L (5++6 + 6+6%)
V=0 Jg (HH8 45467 +.80%) | =5 (6707 —800%) | Jf (26767 +87H + 8%
~ L (—6+6 +675°) 1 (66 — 6%")
56"
T s+rgt+
_sttst
Y=4| /2(-67+8° - Lotet) 0 1 (5%6% — 6++4°)
505+
%5050

Table 6. The bases of the irreducible representation for the direct product of two complex Higgs
triplet scalars. The bases in the first and second row are corresponding to the direct product A x A
(Y =0) and A x A (Y = 4), respectively. We observe again that the bases with (Y =4, I = 1)
vanish because the two triplets are identical.
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Scattering matrix (). o (2 21

* The extension of 2ZHDM with a real triplet

Vi =V (®1,P2) + V(E)+V (91,02,Y), V(T)= %mzzTrEQ + i)\gTrZ4.

1 2
V (@1, 82) =m20]®1 + m2did, — (m§2<1>’{<1>2 + H.c.) + 5 (cb{cbl)
. '®,)’ T®, 3Ly + AP Dyl D L (818,
+2)\2<I>2‘I>2 +>\3<I’1122+41221+25 192
26 (2]01) (@101) + 7 (@1@2) (@1@1) +He .

1
V(@1,8,) = - 01051 + 0,0[2P; + (0120]2 + Hec. ) |

1
+ 5 Trs? el + 20®)ds + (Mod{@s + He ).

2022/11/9 22



Scattering matrix
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1671'5(0,0) =

( 3\1 2X34+ X 3 3N, V3)s \

2A3 + A4 3o 37 3)\; \/g)\g
3G 3AY A3+2x1 3AE V3)XY,
3¢ 37 35 A3 + 204 \/g/\lo

V3ls V3l V3l V3Xi 5)\2/

AL A e AL
A Az Ar AL
X e A
A6 A7 As A

1671'8(0,2) = 2)\2

167!'5(0,1) =

_ _ [ As Ao
].671'8(1,%) = 16WS(1’%) = (AIO )\9 )
16mS(20) = A3 — A4

A1 AL V2
1671'5(2,1) = )\5 )\2 \/5)\7
V2X6 V25 A3 + A\

23



Scattering matrix

* The extension of 2ZHDM with a complex triplet
Vo= V((I)l, (I)z) + V(A) + V((I)l, (I)Q,A) ;

V(A) =mi TrATA + Aag ('Ii' ATA)2 + Aae Tr (ATA)z .

Sl

5+/ﬁ 5+t
O —5t/v2

V (B, ®9,A) = (ulcbsz'mAchl + po®Timy AT ®y + 3 ®Tiry AT®, + H.c.)

—+ /\SCI)T(I)l —+ )\gq)T(I)Q -+ AlOCI)Tq)g + H.c. T‘I‘ATA
1 2 1

+ @] AATE; + A @AM, + (A2 AAT®; + Hee.).

2022/11/9
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Scattering matrix

)\3 = 2)\4 )\c

/ 31 2)3 + A4 3¢ 3)\%
2A3 + Ay 3o 37 3)\;
].671'5(0,0) = 3)\8 3)\; )\3 = 2)\4 3)\§
3¢ 37 35
\ A b Ae e
( )\1 )\4 >\6 Xé )\11 \
)\4 )\2 )\7 X; )\12

16#5(0,1): Mg A7 A3 Ag 13
A6 A7 A5 A3 A13

\)\11 A12 A13 A3 2AA1 + 4)\A2/
167'('5(0,2) = 2>\A1

160G 1 — [ 8T 3A1/2 Ao +3A13/2
.3~ Ao +3A13/2 Ag + 3A12/2

[ As Awo
R (Xfo Ag)

167S = A3 — A\
2022/11/9 T(2,0) = A3~ M

(Ao = \/%(2)\8'4')\11)
_ B
with, § A \/g(2)‘9+)‘12)
Ny = \/%(2)\10 + A13)
Nise] | X = 2Dyt Fhua)
A1 XY V2
16mS21=| A5 A2 V2XE

V2O V2A7 A+ Mg

Ag — A11/2 Ajp — 1‘3/2)

16#5(3’%) - (Mo — A13/2 g — Ai12/2

Mgt Ay N 408 )

167TS(3’% - (Alo + A13 Ag + A12

1671'5(4’0) = 2AA1 — AA2

167S(4,2) = 2(Aa1 + Aa2)
25



Application

* CP-conserving 2HDM with softly broken Z2 symmetry (R2ZHDM)

The recent global
fit to the Higgs
signal strengths
and flavor
observations have
restricted:

Ea—o S 10T7H,

~J
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Figure 1. Unitarity bound on the scalar masses. Left: scalar mass distributions as a function of
cg—qo- Right: scalar mass distributions as a function of ¢t3. The red, blue, and green scatter points
denote the mass distributions for H, A, and H*, respectively.
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Application

* CP-violation 2ZHDM with softly broken Z2 symmetry (C2HDM)
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Figure 3. The perturbative unitarity bound on the scalar masses. The colorbars in
right two plots represent the values of mixing angle «; and a3, respectively.
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Application

* Muon g-2 in extension of 2ZHDM with a complex triplet
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Application

* Muon g-2 in extension of 2ZHDM with a complex triplet
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Figure 5. Upper: unitarity bound on the mass difference of ms+ — ms++. Lower: unitarity
bound on the trilinear couplings Aps+s+ and Ags++s++. The colorbar represents the values of
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Summary

* Extensions of Higgs sector are the promising direction for
resolving the problems of dark matter, first-order EWPT, neutrino
Mmass...

* Constraints on the extensions of Higgs sector from the
perturbative Unitarity.

* We construct the bases and scattering matrices for the model with
two Higgs doublets and a (real/complex) triplet.

* Applications.
Thanks a lot for your attention!

T !
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