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1. Introduction — Peskin-Takeuchi parameter

[Peskin-Takeuchi, 1992]
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1. Introduction — Peskin-Takeuchi parameter

c pEQIEE R 578
FLfEbNTWD, FREBEDER,
IR LR 7= S T NI B AL,
myPY = 80.4335 + 0.0094 GeV

[CDF Collaboration, T. Aaltonen et al., Science 376 (2022) 6589

Table I1I. Same as Tab. [lIl but for S and T with AU = 0.

7 —0 PDG 2021 CDF 2022

Result Correlation Result Correlation
14 dof X?nin = 1548| S T X?nin = 17.82| S T
S 0.05 £ 0.08/1.00 0.92] 0.15£0.08/1.00 0.93
T 0.09 £+ 0.07 1.00] 0.27 £ 0.06 1.00

[C.-T. Lu, L. Wu, Y. Wu, and B. Zhu, arXiv:2204.0379]

2022-08-09

[Peskin-Takeuchi, 1992]

(2. Peskin-TTA parameter S, T, U (&¥r Oblique parameter)$®
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Figure 1. The 1- and 2-0 allowed regions in S-7 plane from
the electroweak fits using the PDG 2021 data set with the old
value of mw (green region) and the new CDF value of mw
(red region).
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1. Introduction — New Physics

« Models with extended Higgs sectors:
« by TRGNLIDTRIINEL oL WEREBATWDT, ANT7 -7 X—%2iKRT 5,
« Minimal Supersymmetry Standard Model (MSSM)7: & TIZBAICE v 7 RIF2 DA ]RN B,
« RADH]
1. SM with additional Higgs singlet

2. Two Higgs Doublet Model (2HDM): type I, 11, I, IV, ...

2HDM with singlet extensions: N2HDM, S2HDM, 2HDMS, . ..

3
4.  Minimal Supersymmetric Standard Model (MSSM)
5.  MSSM with one extra singlet (NMSSM)

6

MSSM with more extra singlets (uvSSM)

7. SM/MSSM with Higgs triplets



1. Introduction

« SEFTRHLIELWAFETHBCDFEERT W-mass anomalyd* gl X h =,

ZDHE. 2HDMDOFEZE DB H ?

» Higgs-basis 2HDMICE DWW T, Z D#kE%Z A T,
KR TZ DIREDAIEEEZE R D,

« SERDMN
» Higgs-basis &% D 57 A7
« CP-Conserving!Z F [T &% D Constraints

- BEDFE



2. Higgs basis 2HDM



2. ® basis 2ZHDM

. B D & basis 2HDM (Type )

I _5 b3
- 1 — el 1
1 \/_E(”‘h + ¢ +iay) |’ P2=e \/_E(Vz + ¢, +iay)

« v=,/vf+vs tanp =Z—2, sg =sinf, cg = cosf
1
+ Potential Vg = pf(®]®,) + u3(dld,) + m2,(eld,) + mig(ele,)

2 2

+A1 (DT D) + A, (@) @,)" + A5(dT ) (@Id,) + A, (@T 0, (@1 D))
2 2

25 (DT d,)" + 25 (@Id,) +ag(@T D, ) (0T, +2% (0] o) (0] )

+A, (@) (@] d,)+25 (0], (@l d,))



2. Higgs basis 2HDM potential

 Higgs basis
G+

H*
Hy =cpdy +e Bspd, =( 1 s |, Hy=—spP;+e Hcpd, = 1 .
— W+ +iG g P72 7\ —=(p2 tia

(= D) @)= D6 G=(E D6

* v=4/v] +vs, tg =tan(B) = v, /1,

» Potential Vi = Yy (H] Hy) + Yo (HT9,) + Yo (3] 3,) + v (3] 7H,)
+Zy (KT ) + 2o(H570,)° + Zo(F0 36 (F96,) + 2, T 70,) 3 7))
17%1 2 2v 42 3 1v%1 2v¢42 4 1v%2 2v %1
2 2
+Zs(H{H,) " + Z2(HSH) + 26 (H 3, (3] H)+z5 (3] 7)) (H ] 3¢,
+Z,(H ) (H T3, + 25 (3] 36,) (3] 3¢,



2. B=JH in the Higgs Basis

e Mass terms

1 D1
V3 mass = M HYH™ + 2(901 @, a) Mg (@2)
a
« The charged Higgs boson mass: Méi =Y, +%ng2
« The neutral Higgs bosons: M¢ = M#diag(0,1,1) + M2
« M2 = M;J_, + EZ4 — iRe(ZS)] v?,
274 Re(Zy)
* MZZ = vz 9?6(26) 2%8(25) _Sm(ZS)
—3m(Zs) 0

3 x 3real and symmetric mass-squared matrix M¢g:

* (91 @2 a)g = 04i(H; H, H3)iT»
« 0TME0 = diag(Mi , M5, M7)



2. Input parameters

» The tadpole conditions relate the quadratic parameters Y; 3 to Z; ¢

1Z 2=
26U— .

- In this work we consider the CP-conserving case assuming Sm(Y;) = Sm(Zs¢;) = 0.

C S
y (Qolr QDZ)g = Oai(h» H)T' 0 = (—gy C)):)

Y1 + Zlvz = O, Y3 +

« The quartic couplings
1
Zy = 27 = (c2ME + syMH) Zy == (sEME + cZME + MZ — 2M2,)
(s FHcIME—MZ), Zg= —(—Mh + MZ)cys,
* In the decouplmg I|m|t of Zg — 0, Mh = 27, v*

 Using these conditions and Higgs masses
I ={Y1,Y,Y3;21,29,Z3,24,Z5,Z6,Z7} = I ={v; My, My , My ,My_,v; Z3; Z3,Z7}



3. Constraints



3. Conditions for the potential (1/3); UNIT

D.J.and L. L., JHEP 12 (2018)

« Constraints 1: Perturbative Unitarity (UNIT) S.K.and K. Y., Phys. Lett. B 751 (2015), 269-296
« The three scattering matrices in CP-conserving
MF = (7700 —1 n' ) MS = (37700 —1 3n" )
T’ E+Ix13>(3 4% 4 377 3E+1X13X3 A% 4

27, 2Zs  2Z
My =\ 22. 27, 2z,
V2zs V22, Z3+Z.),,

me(z6 + Z7) Z4 + ZERG(Z5) O _%e(Z7)
® T]00=Z]_+Zz+Z3, I=Z3—Z4, n = 0 , E = 0 Z4 0
Zl —Zz —936(27) O Zl +Zz —Z3



3. Simplified UNIT constraints

* The 3 scattering matrices M7, 5 and I should have their moduli smaller than 4n

¢ When = Z{6,7} =0 or Z{1’2,3,4,5} =0

Z{6,7} =0 Z{1,2,3,4,5} =0

1Z3 + Z,| < 4m, V1 Z6|? + 12512 < 24/2m,
1Z3 £ 2|Zs]| < 4,
|Z3 + 22, + 6|Z5|| < 4m,

|2, + 2, + @, = 2,)7 + 41252 < 4m,

41T
\/|Z6|2 +Z12 4+ |12+ Z;1%2 < -

7y + Zy +/(Zy — Z,)% + Z22|Zs|| < 4,

‘321 +3Z, +J9(Zy — Z3)2 + (225 + Z4)2| < 4m.

« Combining them,

2T 221
|Zl,2,5|<?» |Z67| < 3

|1Z3 —Z4| <4m U |2Z5+ Z,| < 4Am VU |Z3 + 27, < 4n



3. Conditions for the potential (2/3); BFB

G.C.B.,P.M.F,L.L,MN.R., M. S.and J. P. S., Phys. Rept. 516 (2012)

« Constraints 2: Bounded from below (BFB) D.J. andL. L, JHEP 12 (2019)

Z120, ZzZO,

21/21Z2 +Z3 > O, 21/2122 + Zg + Z4 — 2|ZS| > 0,
Ty +Zy + Za+ Zs + 2|Zs| — 2|Zs + Z5| = 0.

Mexican hat A > 0,u < 0D2HDM ver.

* The couplings Z, and Z, have no direct relations to the masses
and mixing of Higgs bosons

» But they are interrelated with the other five quartic couplings of Z; ;_¢
through the UNIT and BFB conditions.



3. Conditions for the potential (3/3); EWPO

« Constraints 3: Electroweak Precision Observables, S and T parameters.

M. E.P.and T. T., Phys. Rev. Lett. 65 (1990), 964-967

* The electroweak oblique corrections to the so-called S, T and U. M.E.P.andT.T., Phys. Rev. D 46 (1992), 381-409
e Fixing U = 0, by MZ/Mjqy
— 2 — 2 —_— —
S—35 T—T, S—=S,)T—T,
(=5, 0=, (=S)T=T) oy o
og or OsOT

(R? = 9.21 at 95% CLs)

 Performing a global fit of electroweak data with the high-precision CDF measurement
while fixing U = 0, one may find the large central values of the oblique parameters
S and T together with the standard deviations such as ariv:2204.0379

(So,05) = (0.15,0.08), (T, 07) = (0.27,0.06),  pgr = 0.93



3. Expressions of S and T in 2HDM

« Then, the S and T parameters take the following forms:

[Particle Data Group], PTEP 2020 (2020) no.8
D. T., Phys. Rev. D 18 (1978), 1626

1 / ! !
S = _E[FA(MHi,MHi - C}%FA(MA; MH) T S}%FA(MAJ Mh)]

T =——25 (5, (My, My+) + c2Fa(My, Myy2) + s2Fa(Mp, M=

16T2agMm
— cZFA(Mg, My) — SEFA(My, Mp)]

* One-loop functions

2 2 2002 2
mg + mj mpymj mg
Fa(mg,my) = Fp(my,mg) = > - > iIn—,
mp—m; My
1[4 milnmé—milnm? mi+m?
Fy(mg,my) = FA(my,mg) = — < |5 — - Fp(mg,my)
’ ’ 3(3 ma — m? (m§ — m%)? ’

Fa(m,m) =0, Fy(m,m)= §lnm2



4. Analysis



4. Scatter plots of S versus M+ — M,

» Combining UNIT, BFB, and EWP constraints gz 0.05
(abbr. UNIT @ BFB @ ELWqss, )

0.04
« The heavy Higgs masses squared are scanned
up to (1.5 TeV)? 0.03
« The red points are for M+ > 500 GeV, 0.02
the blue points are for M+ > 900 GeV.
0.01

* Parameter range,
* §$=-0.03~0.05, 0

S Is negative (positive) when M+ > (<)My.

llllllllllllllllllIlllllllllIllllLllll

« The narrow region around 0 about 0.004 - :
s not allowed 10.02 o
-0.03 :

-200 0 200

M, —-M, [GeV]
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4. Scatter plots of T versus M+ — M4

« Combining UNIT, BFB, and EWP constraints - 0.22

(abbr. UNIT & BFB @ ELWys,) 0.21
« The heavy Higgs masses squared are scanned 0.2
up to (1.5 TeV)? 0.19
« The red points are for M+ > 500 GeV, 018
the blue points are for M+ > 900 GeV. '
0.17
* Parameter range,;
« T =013~0.22, BN
T is positive and sizable, 0.15
thus, M+ = My, is forbidden. 0.14
« Theregion —40 < M+ — M, < 20 GeV
: 0.13
IS ruled out
0.12
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4. Scatter plots of S versus T

Combining UNIT, BFB, and EWP constraints
(abbr. UNIT @ BFB @ ELWqso, )

The heavy Higgs masses squared are scanned
up to (1.5 TeV)?

« The red points are for M+ > 500 GeV,
the blue points are for M+ > 900 GeV.

Parameter range;
« §=-0.03~0.05,
* T=0.13~0.22.

(5—Sp)* n (T—-Tp)?

2
Og

2
or

S—So)(T-To
— 2psr T2 < 9.212(1 - pdy)

osoT

* (8o, 05) = (0.15,0.08), (Ty, 07) = (0.27,0.06), psr = 0.93
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4. Scatter plots of M+ — M4 versus My+ — My

« The correlations among the mass differences  r=— 300

« The heavy Higgs masses squared are scanned %

up to (1.5 TeV)? o
« The red points are for M+ > 500 GeV, e : J
the blue points are for M+ > 900 GeV. 2< 100 - o
| 0 f '
* As M+ Increases, H
the mass difference between ::_100
the charged and neutral Higgs bosons 2

|[My+ — My | converges to the value of
about 100 GeV

llllllllllllll

1 | — l | — |

0 200 400
M, —M,[GeV]
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4. Scatter plots of M+ — M4 versus My — My

» The correlations among the mass differences == 300
« The heavy Higgs masses squared are scanned % 588 - -
up to (1.5 TeV)? s -
« The red points are for M+ > 500 GeV, — B ;
the blue points are for M+ > 900 GeV. 2< 100 - .
. 0 F
* As M+ Increases, + .
the mass difference between =_100 -
the charged and neutral Higgs bosons 2 -
|My+ — M, 4| converges to the value of o0 F
about 100 GeV ) -
e |My; — M,| S 250 (50) GeV 300 C o
when M, :+ > 500 (900) GeV -200 0 200 400

M, -M, [ GeV]
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4. Scatter plots of M+ — My versus My — My

* The correlations among the mass differences == 400
« The heavy Higgs masses squared are scanned % 300 E—

up to (1.5 TeV)? &) E

« The red points are for M+ > 500 GeV, — 200

the blue points are for M+ > 900 GeV. E:: 100

. N

* As M+ Increases, s -

the mass difference between =-100 |

the charged and neutral Higgs bosons E :

200

|M+ — M, 4| converges to the value of :

about 100 GeV 300
when M, :+ > 500 (900) GeV -200 0 200 400

M, -M, [ GeV ]
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4. Scatter plots of M+ versus y

* The correlations among the heavy Higgs-boson masses
and the mixing angle y.

« The heavy Higgs masses squared are scanned
up to (1.5 TeV)?

« The red points are for M+ > 500 GeV,
the blue points are for M+ > 900 GeV.

« The blue points are for UNIT @ BFB constraints,
the magenta points are for UNIT @ BFB @ ELWys, constraints.
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4. The normalized distributions of couplings

04 F 0.05 04 E 0.05
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4. The normalized distributions of coupllngs

_ 0os
+ In UNIT @ BFB @ ELW,g, constraints, q o Earfhibogy
- Z;, and y take values near to 0 less likely, e ]
 while Z5 positive ones more likely, _ Z,
« Z, and Z; distributions remain almost the o o
same since they are irrelevant to the masses G | oo E

of Higgs bosons and the mixing angle y,

« Z3 and Z, distributions undergo some change, s . 005 -
. . . . 0.04 T r 0.04 [
* Z, distribution changes most drastically wmE A, 0 [
excluding the region |Z;| < 1 i b . =W M E
-2 -1 0 1 2
 Reminder: Z, = v—t[sf + cZME + MZ — 2M7, ] Z,
0.05 ¢ m E
- Taking y = 0 and My = M, for the simplicity, 004 | oors £
Zy = v *4AyM el izs ©
AMEMA_MHi’ ME(MA-l_MHi)/Z 0 0

~. Z4 can not vanish in the presence of the misalignment between M,: and M,
which is required to achieve the sizable central value of the T parameter.



4. Scatter plots of M, versus My

;1400 = >1400 — >1400 -
@1200 — Ulzoo B Ulzoo
o - o | “ow |
2 800 E— E 800 —— 2 —
o0 [ 00 |-
w0 3 : 400 3 400
200 |5 ; o 200 1 o 200
500 1000 1500 500 1000 1500
M, [ GeV ] M, [ GeV ]
« The mass difference |Ay| approaches to 100 GeV as M+ grows.
s (MatMye) |z v (Z) < ¥l
2 40y — 4 \Ay = 4 |Aylmin

2022-08-09

We find that (f—M)

max

(100 GeV)

max
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1000 1500
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leading to the upper limit of about 1 TeV.
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5. Conclusion

« We consider the implication of the recent CDF W-mass anomaly

in the general framework of 2HDM.

« We find that the large deviation of the § and T parameters

from their SM values of zero leads to the upper limit of about 1 TeV

on the masses of the heavy charged and neutral Higgs bosons

when it is combined with the theoretical constraints from the perturbative

unitarity (UNIT) and for the Higgs potential to be bounded from below (BFB).
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Appendix - Higgs basis 2HDM potential

 The potential parameters Y; ,3 and Z;_, in the Higgs basis
o Yy = picg + uisp + Re(mie)syp,

Y, = pisg + uscg — Re(mize®)s?F,
Y3 = —(uf — p3)cpsg + Re(mi e )cyp + iSm(miye”), Azas = 222 ¢ Ge(A5e2E)

Z{ = Alcg + )L_ZS[;L + 213456555 + [9%6(/166"5)65 + %e(l7eif)sé]szﬁ ,

Z3 =13+ 24 + A, — 21345)0555 — [ﬂ%e(%eif) — ﬂ%e(/17ei€)]czﬁszﬂ ,
Lo = (—Alcﬁz + /1255)523 + 2A345C2pCpSp + %e(%eif)(cﬁ — 3S§)Cﬁ2 + SRe(/beiE)(BcE — sé)sg
+i |Sm(/15€2i5)szﬁ + Sm(ﬂ%e‘f)c[? + 3m (A7ei5)sﬁ],

° Zl <~ Zz, Zg <~ Z4_, Z6 > Z7, Cﬂ > Sﬂ,lg <~ 14‘, (/1582‘.5) > ().5821:5)*, (16,781:5) > _(16,781:5)*

Zs = (M + Ay — 22345)ch55 + Re(Ase??) — [Re(25e%) — Re(A,€)|capcpsg

+i [Sm(/lseZif)Czﬁ — Im(4ee™ )cpsp + Sm(’17ei€)cﬁsﬁl



Appendix — ® basis 2HDM potential
+ Potential Vg = @3(®Td,) + 3 (@l d,) + m, (0l @,) + mi3(ele,)
+2,(0F0,)" + A5 (05d,)” + As(@F 0, ) (@I d,) + 1, (@T0,) (@)

2 2
5 (DT d,)" + 25 (@Id,) +ag(@T D, ) (0T, +2% (0] @) (0] )
+1;(@I D) (0T D)) +25 (@)@, (@ @,)

 Tadpole conditions: the square of the charged Higgs-boson mass
¢ ,Ll% — _vz _/11C’32 +%/135§ + C’BS’gme(A6eiE) + S'BM2+ ,

o ui = —v? _Alcé +1/135§ + cﬁsﬁ%e(%ei’f) +s5M7 s
. Jm(mlzelf) = ——[Alcﬁ + - 2353 + cﬁsﬁiﬁe(%elf)] +s M2
« The square of the charged nggs boson mass
« M2, =— Re(mize®) _ [Aacgsp + 2cpspRe(Ase?™) + cf Re(Age™ ) + szRe(A7e™)]

CBSp 2CﬁSﬁ



Appx. - Interactions with massive vector bosons

* The cubic interactions of the neutral and charged Higgs bosons with the massive gauge
bosons Z and W are described by the three interaction lagrangians:

Lyyy = gMy, <W+W ”"‘_Z ZH )ZQH vvH;,
2¢2H

LHHZ_ZC ZgHHJZZ (Ha H)

1>
g _ N
I

« The normalized couplings
* 9wy = Opiir  Guyuz = signldet(0)]e ugn, vy = signldet(0)l€;jx0p, 1 Guutw— = —04,i + 04

e« Sum rules
3

Zg,%,iw =1 and gf,iw + |ng,H+V|,—|2 =1 foreach i=1,2,3
i=1



Appx. - Input parameters in CPV

 Using the tadpole conditions and Higgs masses
{YpYz»Y3JZ1:Zz;Zs:Z4:Zs»Zé»Z7} -7 = {Vi MHi:MHllMHz:MH3:{03><3};Z3;22127}

¢, s, 0 cp 0 sp\ /1 0 0 CyCn  SyCw — CySpSw  SySw + CySyCy
*+ 0=0,0,0,=|-s, ¢, O 0O 1 0 (O Co Sw>: —SyCp  CyCqp tS5ySpSwy  CySw — SySpCuw

0 0 1/\=sSp 0 ¢,/ \0 —s, cqu —Sp —CpSe CnCu

2 2 2 2
Z1 2v2 (MHl 11 + MHZO 12 + MH30 13)

== [MHl(O 1+ 05)+Mj (03 ,+ 032) + Mj (05,3 + 033) —2M7 4]
Zs = 2_11;2 [Mlgh(ofpzl ) + MHz (04’22 ) + MH3 (04’23 00213)]
— = (M£,04,1041 + M, 04,2042 + M, 04,3043)

1
Ze = 2 (M1?110<P110<P21 + Mlglz 0<P120<P21 + MI?I30<P130<P23)

_vLZ (1\/11?110‘/’110511 + MI?I1 0<P120a2 + MI?Ig 0<p130a3)



Yukawa couplings in the Higgs basis
« The Yukawa couplings

—Ly = z QLyiHiur + QLyiHidp + Liygdeg the. o .
k=1,2 l l

« The mass terms in the Yukawa interactions
vV — S -
~HYmass = 5 (ulyiup + dlyfdp + elysef +h.c.)

0 _ 0 _ 0 _ 0 _ 0 _ 0 _
up, = Uy, u, dp =Ug, dy, e =Ug e, ug="Uyug, dgr="TUg,dg, er="TUep

v

M‘LL — \/_EuILLy‘ll/LuuR — dlag (mu; me, mt);

M = —= U} y8U, = diag (mg,ms,my),
Noat

M, = 11{2 y¢U,, = diag (m,, m,,m;)
\/i L R 2 T

¢ F|na”y _Lymass = Uy, MuuR + d_LMddR + e_LMeeR + h.c.



Couplings of Higgs bosons

« The couplings of the neutral Higgs bosons to two fermions
1
—Lyjr = [UMuu]<P1 + [t(hy + hiys)ule, + [t(—ihf — ihjys)ula
+; [dMyd]|, + [d(hE + hiys)d]e, + [d(ihi + ihfys)d]a
1,_ — —f .
+—[eMcelp, + [e(hg + hgys)elp, + [e(ihg + ihgys)ela
* Hermitian and three anti-Hermitian Yukawa coupling matrices

T T
hy + h! h; —h 1

i _ _
—,  hW=——o>l  h=—Uuly U, (f=ude)

H
hy

« The couplings of the charged Higgs bosons to two fermions
—Lytrr = —V2 [@(hiv)dL]m +\2[u (Vhy)dg]H* + V2 [V{h,eg]H* +h.c..



