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|  Baryon Asymmetry of the Universe by EWBG : too small CPV in the SM"

— CPV source of BSM required

| Consider the possibility: new CPV phases exist in an extended Higgs sector

Finite
temperature

Zero
temperature

>

CPV 2HDM Baryon Asymmetry of the Univ.
Higgs potential CPV . Yukawa CPV
Im | 5 Im !, Im !y, Im !¢

‘ Cancelation by interference ‘

Electric Dipole Moment
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Higgs potential (without Z2 sym:.) Yukawa couplings
2|\/|u .
- ' = | ||
V'V = — @1 — p3|Paf* — {{u3) @1 TPs) + h.c.} + 0L, Lyava = ! @ - #1412 us
2|v|d
AR [ 4 A2 (] 4 Ay @ (t 1+ (g 22
2|v|
+ { {%)\5 O, T®y) + ] @1]? +H )\7\(1)2\2} (®,7®5) + h.c.} B v (! 1 "‘E 2)€R
+ h.c.
Higgs basis Mass Matrix
G+ H+ >\1 Re[)\(;] —Im[)\ﬁ]
P, = ( 1 0 1 0 ), Py = ( 1 /10 « <10 ) M? = Re[X¢] 7 %(/\3+)\4+Re[/\5]) ——Im[)\5]
Va0 + ki +iG") va(h2 +ih3) —Im[)\ﬁ] ~LImAg) M2 4 L(\g + Mg — Re[As])

Pheno-motivated 2 types of alignments assumed:

Higgs alignment A6=0(=u3) = No mixing among Higgses 125GeV

Higgs measurements indicate SM like
Yukawa alignment to avoid FCNC at tree level

— 4 complex parameters remain !¢, g, !y, 7

EDM constraint : VD | 5
de = o + : 7}\/7'1 < 11! 10 “ecm

- e
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100 -

— total

H2H3
—— H2Hp
—— H2Hm
—— H3Hp
=—=_H3Hm
HpHmM

Cross section [pb]

Cross section fixed only by the masses

10_3 T T T T T T T T T
— No dependence on Yukawa param. 150 175 200 225 250 275 300 325 350

mH, = mHs =mH* [GeV]

For 6 modes (HA, HH+, AH+, H+H-) Neutral H ! !l Dbt
~ 10-500 fb at 13 TeV LHC Charged H* | 1" tb

(mH ~ 300GeV) _ _
Heavy higgs also decay via

! I+ !
103-10° Events at 139fb-1 Ha! Z'Hsz,Hzx! W ™ H
— 4 T lepton events expected
(BR depends on Yukawa param.)

W-BUFTU -)$ MFQUPO JODMVEJOH UBVT TFBSDIFT
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BR is determined by the { parameters
(For T parameter constraints, Charged Higgs and one of Neutral Higgses degenerated)

Easy to understand the BR behavior by separating fermion/gauge boson modes.
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Neutral Higgs

B(H! !l)=RR,

B(H! bh=R(1" R))
R R
BH! z")bh=R;(1" R))
BH! w®1")= RyR}

BH! W®bt)= Rw(1" R})

Charged Higgs oo "ﬂ:arge R
BH* ! 1")=R*Rf ' 70% T :
BH* ! bt)=R* (1" R}) | S

EHETWO T ROR, . d(,l —

BH*1 WHbh=(1" R*)(1" R)) |

Fermion modes’ ratio

T-mode In fermion modes ratio

R dependence Ex.) Am=70GeV
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Various flavor constraints make the parameter space finite

My, = my: =230 GeV,my, =280 GeV, [|l,[=0.1

5 [ Ilght charged H ]
10 1 | R e II ,;%

At HL-LHC multilepton

; / BR, ! 0.2 reachable

: DE S Large T T BR

" constrained by LHC
10 -3¢ multi lepton searches
1OO§ ______________________________________ _______________________________________ _____________ e~|/~/// \’&\@Q ............ - Type X inlt?rprletation:

s \,\*// 506‘\) j (log= 01)

i e"‘Q"x I,’ \,‘3‘ Cun;ren_tlys .
10-1E _____________________________________ \/ (,BP ______ * _______________ T . : le=tan " | 5 excluded

: ‘3‘\; v in previous work | + % :

I ! 1 At HL-LHC, up to
162 1 - 0 1 1 e le=tan " ! 1.5

10 10 leO 10 10 would be sensitive
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My, = My+ | My, My, | My, = Mpy-+
[ light charged H ] | heavy charged H ]
H2 H2 H+
— 7 \—W — 7 /W
H3 — H+ H3 —

All 6 modes produced similar in size

If H+ exists below, H2 decay into H+ — T v : fewer leptons

— heavier H+ provides stronger constraints (H—t T, bb, H+— T v, tb)

At AM ~ mW, mZ the situation changes:
difference between light/heavy Hx more significant when open
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'$VSSFOU -)$ CPVOI

''m=my,! my,

My, = My=: ! My,

330
[ light charged H ]
280 = L i /
]: " AM ~ mW, mZ
‘ . ‘ situation changes

Multi-lepton sensitivity
weaker

114, [GeV]

180 230 280 330

Type X interpretation: !¢ =tan " ! 2 excluded at HL-LHC
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'$VSSFOU -)$ CPVOI

I'm=my, ! my,

My, ! My, = My

330
| heavy charged H ]
280 | =
:f "AM ~mW, mZ
Z situation changes
230 Pl

Multi-lepton sensitivity

] 10 " 1
' 10 0 / g
” d
d y " S y " '» y L e
v A0 4 A0 / w0 /
-'v >’ g »”
2 ” 7
» e P
|
’ II‘ n / n 'I’
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114, [GeV]

180 230 280 330

Heavier H+ set stronger constraints
(H->T T, bb, H+— T v, tb)

Type X interpretation: !e =tan " ! 1 excluded at HL-LHC
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S. Kanemura, M.T., K. Yagyu [Phys.Rev.D 105 (2022) 11, 115001]

I m=my: ! m °
5.0 1 . .
é:d - Cu — é,e : 506
4.0 -
3.0
N
2.0
1.0 | . . I
150 200 250 300
myg= |GeV|

Type X-like case, lighter charged Higgs case(! m < 0) constrained weaker.
At HL-LHC almost all parameter space reachable below 2mt.
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BR(7 T) ~1 already constrained ' vis
Can we use bbT T mode ? 0
H is heavy enough, collinear approx. valid \ £+
p! 1= 1p"visl b
p! 2 2p"visz
' vis
320 = =
E S 100 — S
400t @ o ® 100
: .'GC_)' _:;tZI 4GC-)‘
300 0 0
200
100G

L. l Ol Tt et A ek ey
OO 100 200 300 400 50C O 100 200 300 400 500 OO 100 200 300 400 500
um min(m_,m(? max(m,,m

FYBNQNIE 2, TIH 3, My (F7
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Can we use bbt T ? Large ttbar BG ~ 900pb

For the masses 230 GeV, 330GeV (signal xs ~ 10 - 50 fb) \ 12
T

10°% . 10°
é 3000 ifb [—m-zs0cev - B, |meose
: 3UHOLRLQBUY D L ) R 0
102 3 —BG —BG
: 105— 4- IIIII .
i min(mp©) > 150 GeV ; o 3000 ifb ! VIS
10} — L §] . BUHOLALQDU\
: 2=
g : Only 1prong pi+ contributions
- + +
[ 10 o =1 " #(BR~10%) plotted,
ul H 2 :'.:
19% 500 0 500 other modes also usable
max(m,, m?

min(m, )
top BG reduced by min(mg*©) > 150 GeV: efficiency ~ 0.04 vs. 10”-4

We expect top BG controllable using further 2D cut
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S. lguro, T. Kitahara, M. Lang, M.T. [arXiv:2304.09887 [hep-phl]]

100
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80

my+) [GeV]

300 |

<
<
N
- | A" Asic\\
my(
N
3

M M M my = 250GeV
e > > 4Q . 100 —
20 25 30 35 40 45 50 "
m|GeV]

Light A (mA~ 30GeV) is known as a possible solution to explain muon g-2

Chargino-neutralino, Chargino-chargino searches at LHC in multi-tau SRs
already exclude the type-X and aligned 2HDMs to explain muon g-2.


https://arxiv.org/abs/2304.09887
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S. Kanemura, M.T,, K. Yagyu [Phys.Rev.D 105 (2022) 11, 115001]
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The former study : O(1) phases compatible to EDM constraints with heavy Higgses ~ 300GeV

S. Kanemura, M. Kubota, K. Yagyu [JHEP!08!(2020)!026]

A nau I ar d i Stl"i b u ti on Angular distribution (L = 3000 /fb, Signal = 473 events, BG = 81 events)
g [S. Kanemura, MK and K. Yagyu] 0 | I [ BG+Signal (9e=0°) |}
c 0.25 I [ BG+Signal (6e=35°) [/
.9 120+ I L BG
® 0.20 I |
g 100} I
© £ |
£ 0.15 s
a Q 5
’ < 0.10. 3 ool I ]
) g Hsy decay ‘k_\—ii [
ahdbDEEICHEH 0 \ 5 0.05 aof
= oo H; decay Q=112 : }
. 0 1 2 3 4 5 6 R g .
Ap=¢ — 0 %
Picture by [Jeans, Wilson, PRD98, 013007 (2018)] Azimuthal angle: A ¢ [rad] A¢

At ILC, e phase measurements using azumuthal angle dist. in H2H3—(bb) (T T)

M=MEE ML ML, ME e assuming the heavy higgs masses measured at LHC

— At LHC, can we discover the heavy higgses? Current reaches?
Can we measure the masses ?
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Collinear approx. not accessible to azimuthal angle at T-rest frame

Small T-mass makes it difficult - VIS
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Various flavor constraints make the parameter space finite

my, =230 GeV,my, = my- =280 GeV, |!,]=0.1

> [ heavy charged H
10 T e

b! sl Large T T BR
constrained by LHC

multi lepton searches

Type X interpretation:

Currently,
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| : At HL-LHC, up to
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My 2, My 3, M-

M PR PR PEEEE B
100 200 300 400 500
Mo

PRI RS SS I (SN TS T N T S BN S I
100 200 300 400 500

[EnN
Q

Events/3000ft

Lps

—sigl
— sig2
—sig3
e SiQ4

sigs
e SIQ6
- Total

W

200

T P
300 400 500
min(m, ,m¢

20

Events/3000f

100

—sigl
— sig2
—sig3
e SiQ4

sigs
e SIQ6
o ToOtal

200

o
300 400 500
min(m,,my

20

Events/3000f

o

—sigl
— sig2
—sig3
e Sig4

sigs
e SIg6
e TOtAI

100

200

I el
300 400 500

My min(m,,m;?
. = E —sigl
E bas S e
L L] e SiQ4
400G « = - . . 3 : e
r L " c oL 0 o Total
i = g
300- = - w
: | .
SCHRS T
200 = ATl .
: I1 ..Ii- | | 1_-.
: l. .II | |
10 ", "=
P N N B %" ';oo ‘éoo ngdiéjgo ébo
100 200 300 400 500

m,,,

min(m,,mi¢?

Events/3000f3

Events/3000f

1

Events/3000ft}

10

Events/3000f

Q-

.BTT NFBTVSFNFOUT B

— sigl
— sig2
—sig3
e Sig4

sigs
e SIQ6
- Total

0

100 200 300 400

500

max(m ..m'¢9

—sigl
— sig2
—sig3
-------- sig4

sigs

%

100 200 300 400

500

max(m.,me9

20

—sigl
—sig2
—sig3
-------- sig4

sigs

max(rq)b.,m[?
8500

100 200 300 400

—sigl
— sig2
—sig3
e Sig4

sigs
e SIQE
e TOtI

lnid

ﬁi.m i

il
C0 100 200 300 400

500
max(m .m9)

00



10

CZ

"FSNJPO #

E T T T 7 T T 7 T 3

e ’4_5__.,-— ............................... ........................ .

— // -

- // -
I I I 5 I

150 . 200
''m, [GeV]

100

mH3

250 300

R:,;‘,
L+7/C

LS, 5 f)
B Iy ’

V2G )

— : m oz,

0 ?%7T []3 T
(2
"0

2 o
o /¢ ms, me,
_ 3 3/2 | e My f — M,
T > VA — (m HO — M > my)
T ! II() II() .
3 3

2
m=

[

9

2\/‘3%2

'1112
170
”.’5

2
Gr mi 5 My , _ M
m2 Z\f".‘b ,”'\*"()\"' G < ’ m? (,”I]:(i) Mg < T )"

0
H

10

G

9 Zfl‘(lli — ff) m? )2

150 200
' m,, [GeV]

100

rT]H3

250

1

|Cel
L+ 7ry/C3

R* = ,
&

R =

X~ ‘C(|2 + 3 <:l - 9
my

H=
) (g4

9 9

me . m:

t |~ 2 b

. — |G| + —

I 774 (/11% 2
0l o :

( ”"-[,(‘: 2\3/2
2msz
<

( e R
2 SEmi G

L 2V 2x2 m3

9
m-

) 2
H ”f“'

— . —m > r

o gl HO Z W)

H2 -
m

H3
HY ms,

92
9
—_— W
m? . ' m?
H2 H3

(mp+ —mpgo < mw)

300

KA2>-
m2



"FQUPO #3

R! = 50%

My < 2]

m,, = 400 GeV

=
=
T T T T

N
o
O
Q)
)
<

1000 GeV

_4 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 _4
10 10" 10 10 10 10 10

Il

. . . . o\ 3/2
3m? (4] 3m? 3m? 4m?
R7121+_bﬁ+ |: )( +HN .)f 1 — !

[Cul?
m2 |(.|? m2 m?2 111';)1,.;, 1Ce|?

2
3ms

RE =50%

| e <m é
; | m_. =200 GeV :
- E ...................................... BOOGeV ....... ..................................... E
; 500 GeV ]
N i\ 1000.GEV. |

_ .') .') 2 - .') ) .') ) .') .') 2 - n')

3mj my 1Cal” 3m; 3mj my 1Cu|”

ddds t d . - ddds’ t u
m2 m2 My, e m= m= my, . [




