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1. Introduction

« We analyze the implications of the large positive deviation of the S and T parameters
from their standard model (SM) values, as indicated by the high-precision CDF measurement
of the W boson mass. We consider these implications in the context of the mass spectrum

of heavy Higgs bosons, taking into account the most general CP-violating 2HDM.
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2. ® basis 2ZHDM

 The general ® basis 2HDM

o _5 b3
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« v=,/vf+vs tanp =Z—2, sg =sinf, cg = cosf
1
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2. Higgs basis 2HDM

« We have considered the most general 2HDM potential with explicit CP violation.
* Higgs basis

G* H*
Hy = cpg®y + e Bspd, = ( 1 oy |, My =—spPy +e Bepd, = 1 .
v+ @ +iG p1 2 +ia
\/i( V1 ) \/E((pz )

G- D) G- e G- D)
=TTty = tan(h) = v/,
» Potential Vs = Y, (HTH,) + Yo (H]H,) + Yo (H ]9, + Y5 (3] #H,)
+Zy (KT ) + 2,(3]76,)° + Z5(HF 36 (31 38,) + 2, (07 76,) (361 34,)
+25(H130)" + 25 (3] H) 426 (361 30,) (361 96,) + 25 (361 36,) (361 3¢,
+Z (35 ) (H o )+ 25 (H o ) (H )



2. Mass terms in the Higgs Basis 2HDM

 Mass terms

1 P1
V3 mass = M;iH+H_ + E(<P1 @, a) Mg (902>
a

. . 1
- The charged Higgs boson mass: M2, =Y, + ~Z3v*
* The neutral Higgs bosons mass: M¢ = My diag(0,1,1) + M7

221 me(z6) _Sm(z6)
o MF=M2i 4|32, - Re(Zo)|v2, MF=v?( Re(Zs) 2Re(Zs) —Sm(Zs)
—3m(Zy) —3Im(Zs) 0

* 3 x 3 real and symmetric mass-squared matrix Mg
* (p1 92 OF = 04(H, Hy H3)], 0TMGO = diag(M7,, M, M)
CyCy  SyCyw — CySpSey  SySw T CySyCy

* 0=0,0,0, =| =SyCn CyCow T SySpSwy CySw ~ SySpCew
—Sy, —CpSew CpCo



2. Parameter set in CPV 2HDM

 Cubic interactions: Lyyy = gMy, (W;W‘“ + ﬁz,tz#) Yi9uwvHi, guyy = 04

» The quartic couplings
o 7y =—5(M3,02, + M},02 , + M3,02 )
—i[M,%,l(O 1+ 081) + M7, (05,2 + 0%,) + ME, (04,5 + 023) — 2M |
* Zs = ~[M3,(02,1 — 0%1) + ME, (0%, — 0%,) + ME (02,5 — 0%;)] - v_iz(Mél()‘leO“l + Mi1,0p220a2 + M, 04;30a)

6 = v_Z(MHl <P110<P21 + MI?I20<P120<P21 + MEI3 0<P130<P23) - v_lz (M1?110<P110a1 + 1\/[1%110<P120a2 + M1?130<P130a3)
- . 1
» Tadpole conditions: Y; + Z;v* =0; Y3+ §Z6v2 = 0.

» We use the more physical set of input parameters
{Ylf YZ; YB; Zli ZZJ Zg,Z4,Z5,Z6, Z7} = {U; MHii MHli MHZ; MH3: {OSXS}; ZS; ZZJ Z7}
* Phase rotation: H, — eSS H,; Zc —» Zse %X, Zy > Ze™S, Z, > Z,e™X

- physical CPV parameters: 8, =Arg|Z, (Z%)1/? |,6,=Arg|Z, (Z£)1/? ]



3. Constraints - UNIT&GBFB

» Perturbative unitarity (UNIT) conditions

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

|Z3 £ Z,| < 4m, \/|Z6|2 + |Z5|? < 24/2m,
1Z3 + 2|Zs|| < 4,
|Z3 + 27, + 6|Z5]|| < 4,

|2, + 2, + (2, = 2)7 + 41Zs7| < 4,

J|Z6|2 + 12,17 +122 + 2,12 < =

Zy+Zy, £ (Zy — Z,)? + Z22|Zs|| < 4m,

132, +32, + 92 — Zp)? + (2Z; + Z)?| < 4m.

« Bounded from below (BFB)
Zl = O, Zz = O,

21/2122 +Zg > O, 21/2122 + Z3 +Z4_ — 2|ZS| = 0,
Zi+Zy+Zs+Zy+ 27| —2|Zg + Z5] = 0.



3. Constraints - EWP

* The electroweak (ELW) oblique corrections, S, T and U.

» Fixing U = 0 which is suppressed by an additional factor MZ /M3y M.
 the S and T parameters are constrained as follow

P.and T. T., Phys. Rev. Lett. 65 (1990), 964-967
P.and T. T., Phys. Rev. D 46 (1992), 381-409

m m

—\ 2 — 2 —_ —
(5-50)" (T-Tp) (S —So)(T —To)
T+~ 2psr < R*(1 — pér)
a¢ or 050
(R? = 9.21 at 95% CLs)
» Performing a global fit of electroweak data together with af Beiv=0 T T g
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
arXiv:2204.03796 | <
» CDF (So,05) = (0.15,0.08), (T, 07) = (0.27,0.06), psr = 0.93
+ PDG (S5,05) = (0.00,007), (To,07) = (0.05,0.06), por =092 Liiiriimnss

(red region).



3. Expressions of Sand T in CPV 2HDM

D. T., Phys. Rev. D 18 (1978), 1626

J. S. Lee and A. Pilaftsis, Phys. Rev. D 86 (2012), 03500
« The S and T parameters might be estimated as follows at the one-loop order

41S = —Fp(My+, My ) + ghvv Fa(Mu,, My,) +3f,vv FA(My,, My, ) +98,vvFa(My,, My,)

T —
V2Gg

(1 - g%llVV)FA(MHl»MHi) + (1 - gIZJZVV)FA(MHZ»MHi) + (1 - 91213VV)FA(MH3» M+
16m2agM

« One-loop functions

mi+m? mém? , m?
Fpa(mg,my) = Fpa(my, mp) = ——— —>In—

2 m:-m?2  m?’
, o 1|4 m§lnm§-m?Inm3 m3+m?
FA(mo»m1) = FA(mLmo) = — 2|3~ mZ—m? — 7 Fp(mg, my)

(m§-m3)
Fa(m,m) =0, F,(m,m)= %lnm2



3. T versus S. UNIT®BFBOELW <,

 The regions are obtained by imposing
the combined UNIT®BFBOELW 50,

* red dots M+ > 500 GeV,
blue dots M+ > 900 GeV.
* Parameter range

« $=-0.03~0.05, the narrow region around O

with radius about 0.005 is not allowed,

« T=0.12~0.24, T is positive definite and sizable.
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3. Parameter Scan

« The normalized distributions (magenta) of the seven quartic couplings, the three mixing
angles, and the masses of heavy Higgs bosons using the CDF values, UNIT®BFBDELW gso,.
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3. The correlations between the heavy nggs masses

;;. 1400 -
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4. Analysis

« Introduce the following two measures for the mass splitting of the heavy Higgs bosons

_ _ _MHZ +MHi
A:MHZ_MHi, 5=MH3_MH21 M: 2
* the masses of heavy Higgs bosons are given by
A A A
MHi=M_§, MHZ:M-I_E’ MH3=M+E+6

* In the heavy mass region where M = 500 GeV, |A| > &8, M > My, ~|A| 2 6,

there are two types of mass spectra
—23C: My, <My, <My+, whenA<0,§ <|A]

—C23: My+ <My, <My,, whenA>0



4. Analysis

» Approximated expressions fortheSand T

2 2 2
_ 9a,vvtIusvv  1-9Hgvv c— 6_2)
2

(M > MH1~|A| < 0, Iu,vv =1 —¢€, 9%3 = 2 2

T 4 , , 4 , . (1, 4 1,
NG 7oA z§(A + 8A) + —(2g23A+gH2VV6)M—§g23A —\59ivv t 3 Gitzvv 5A+ggszv5
167T2aEM

1 ZA 5 5 2 1 2 2 5
47'[525 ﬁ‘l‘ﬁ + _6923+§(gH2VV_gH3VV)M

 The quantities in the square brackets are vanishing in the alignment limit
where the lighter CP-even neutral Higgs boson behaves exactly as the SM Higgs

boson. (gézvv — gI%I3VV — 953 — 0) .



4. Analysis

L— T' =~ é(Az +84) + |~ (29354 + g,y 8)M — é9%3A2 ~ l9121 vy T égé vv | 0A + l91%1 v d?
V2Gr 3 2 3 2772 3778 6=
16m2agy

Variation of the T parameter

+ When 6 = 0, leaving only the terms with the average coupling.  7'1s-o = 34% + |-(2g3;00M - g3,1?]

When § = 0 and g3; = 0, T still have positive contributions proportional to 4%.  7'|,_j; _, =24?

When A = 0and g5; = 0, itis given by g7 vy & (%5 — M), which is negative unless § > 6M.

When A = §, T is vanishing.

Non-vanishing A is necessary to produce the sizable and positive definite value of the T.



4. Analysis

» To strengthen our claim, we extend our discussion to the case where A #0.

In this case, the expression for T is further simplified by dropping the terms suppressed

by the factor A/M, §/M: T' = g(A2 +60) — (29330 + gf,vv6)M,

It can be rewritten as : 8- Gt =) =1 +2ghvom + (g5 -2)

+ T>0, T =——(100 GeV)? using vZ G¢ /16m2agy=1.337x10"5/GeV?2

« Right-hand side of the above equation is positive definite unless T < 0,
A = 0 can not satisfy the above relation and the region of A with a radius smaller than VT’ around

2
the point A = @ - g should not be allowed.

« if T = 0.18, the region of |A| < 100 GeV should be excluded in the limitof § = g3; = 0



4. Analysis

« the quartic coupling Z, is critical to understand the upper limit on the mass scale of heavy Higgs bosons.

2
- Zyv* =220+ M + (A + 8)6 — |2953M + 2(g53A + 9f,yvS )M + g5 (— — 2M£,1> + 9B+ 5)5]

2

» The expression of Z, leading terms is approximated as follows,
Z,v% = (40 + 26)M — 294 M?,
each term of the above equation involves its own physics origin.
« Theterm containing Z, is constrained by the UNIT@®BFB condition.
« The first term in the right-hand side involves the mass splittings among the heavy Higgs bosons.

 The second term in the right-hand side is proportional to M# and it quickly increases
when g3; deviates from the alignment limit of g5; = 0.

» Further, It can be rewrittenas M;, = M, |1 + g23 % 4 &L (A)z +0 ( 2 @)2
u Zy — 770 A 2 \A Y2373 ’

(1) _ 923 My
the leading term M, * = M, [1 = A]

by introducing gng 2AM + 2AM, =0, A = A +— M, =

Z4,v2
4A




4. Analysis

« 23C, A< 0, M >500GeV

& b b doN

 For|Z,| = 6.3 (max),

0.2

g53 = 0 (alignment limit),
where 350 < |[4A + 26| < 450

oM,

oM,

Z4v2

which leads to M, = & S 1050 GeV

0.2

* the upper mass limit changes from

oM,
M

about 1 TeV to about 700 GeV as

g2, deviates from 0 to 0.05

=1 1 1 1 | 1 1 1 1 1
400 600 800 1000 0.2

M [ GeV ]
23C, A<0, M >500 GeV 18




4. Analysis

Nk >
. ) B
C23,A >0, M > 500 GeV : S
4 S0 BN o 400 %.‘éﬁ,‘" 3
Z4S5.3,|ead|ngtov 3l gy h | I
0 0.025 0.05 0.075 5 0.1 g 0 0.025 0.05 0.075 5 0.1
the smaller values of M, < 850 GeV g £

2 . %‘ 800 ; % 800 E’,. ¢ M[z];:
g5 is constrained to be smaller o 3 R e M®
5 3 i,
than about 0.1 < R s p T
400 I e 400 1, | | Lo
0 0.025 0.05 0.075 5 0.1 0 0.025 0.05 0.075 5 0.1
We find that|Mz, — M| < 30 GeV and, g g
M, excellently represents z T b el
Z4 y p U 200 E_ ;;’.“QN__ e U E':‘;L;;‘
the heavy-Higgs mass scale M 3 o0 E ' =
E‘il}l}: N é4'}0_|_ll|||,|||]lel|Llll

for the Sma” ValueS Of g%:g 500 600 700 800 S 0 0.025  0.05 0075 0.1
M [ GeV ]

23C, A<0, M >500 GeV 19

8 23



4. Analysis

» To conclude, for a given value of g35, the upper limit on the average mass scale
M = (My, + My+)/2 is given by the maximum value of M,
- Within the parameter region that reproduces the large T value of the CDF W-mass

anomaly, the mass spectrum of the Heavy Higgs and its upper mass limit are determined

for each mass hierarchy as follows

__ Z4v? _ 2, M,
max (MO = ZZ ) = max (Mg) = M, [1 +%fo )

IR

1050 GeV for 23C (A < 0)
850 GeV for C23(A > 0)



5. Conclusions

1. By imposing the combined UNIT@BFB@ELW,.,, constraints and taking the CDF values
for the S and T parameters, we find

01527,520, 0sSZ,521,  —265Z;S 80,
—63<7Z,<-08 U 117,554
1Z:| S 1.7,  |Z| s 24,  |Z,] S 2.7
2. We figure out that there could be the following two types of mass spectra
—23C: My, <My, <My+, whenA<0,§<|A]

—C23: My+ <My, <My, whenA>0



5. Conclusions

3. The upper limit on the masses of heavy Higgs bosons becomes stronger when the effects of deviation from
the alignment limit are taken into account. In the CDF case, we show that the upper limit on M changes from
about 1 TeV to about 700 GeV as g3; deviates from 0 to 0.05 for the 23C hierarchy.

4. We have fully figured out the physics origins relevant for the mass scale of heavy Higgs bosons.

(i) the UNIT@®BFB condition, (ii) the mass splittings among the heavy Higgs bosons,

and (iii) the deviation from the alignment limit.

Z,v?% = (4A + 28)M — 2g5;M?
5. In the alignment limit, we confirmed the Heavy Higgs mass upper limit as

1050 GeV for 23C (A <0)
850 GeV for C23(A > 0)
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Analysis

» Taking PDG and CDF as the two extreme limits, we discuss how the upper limit on the
heavy-Higgs mass scale M changes by varying the values for the S and T parameters
between PDG and CDF.

- CDF (S0, 05) = (0.15,0.08), (T, o7) = (0.27,0.06), psr = 0.93
- PDG (S0, 05) = (0.00,0.07), (T, o7) = (0.05,0.06), psr = 0.92

So=0.15tzy, T5=0.22ty + 0.05, (Ot <1)

= 03 0.3
<f=
0.25 0.25 -
02 02
0.15 [ 015 _
B - o o
: : -15{' :_ A N tE"‘. > 0-9
0.1 | 0.1 [~ - SR
N . 200 fa;r;!ﬁ
- — :’.'
0.05 | 0.05 : 250 E e
- L = <" ke
0 [ T TN A Y T A S SO O T B I 0 C | | | - =300 | I L
0 0.25 0.5 0.75 1 0 0.05 0.1 0.15 0 100 200 300

- | 8, 5[ GeV ]



Analysis T g
y 4 3
2 R
» Incidentally, we find that i A
<
240 2 - =
M < (32 +140) GeV | :
To 4 f s
as denoted by the magenta curve in A R 1
the Iower-rig ht frame 0 0.25 0.5 0.75 1 500 0 0.25 0.5 0.75 1
: . . : t t
This empirical relation could be used to derive o S, EW
the conservative T,-dependent upper limit > Lt >005 > o > 0.05
. O 2500 - B 2500
on M more conveniently. © T © N 23C: A <0
r 3 cAL
. .. . 2000 |- 2000 \
Benchmarking scenarios in which the masses of = : = e
the heavy Higgs bosons saturate o o
their upper limits for a given value of T, 1000 |- 1000
500 — 500 _—, Wi
’fg 23C C23 T Iu}ll}ol — .2';00. — |3|}00 0.;5| : 0.1 015 02 '.}25.
My, ~ My, (GeV)| My+ (GeV) | My, ~ My, (GeV)| My+ (GeV) M[GeV ]| 1,
0.27 1000 1100 900 800
0.21 1100 1180 1090 1010
0.15 1640 1700 1540 1480
0.09 2730 2760 2630 2600
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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 + Azsg + 2/13456555 + [%e(A6eif)cﬁz + 936(/17€i€)85]823 ,

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..
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