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Charged Higgs in 3HDM (Three-Higgs-Doublet-Model)
arXiv: 2202.03522

[Based on previous works with A.G. Akeroyd, S. Moretti, T. Shindou. arXiv:1810.05403,2009.05779.]

® Existence of charged Higgs boson?

SPIN 0 SPIN 1/2 SPIN 1
Charge 0 H Ve,Vp,7VT v Z7g
Charge #0 || H*? | e* u* 7% (u,d,c,s,t,b) | W*

Motivation for 3HDM:

® Rich scalar structure.
® Extra CP-violation source in the charged sector.
(Not NFC 2HDM, CP source from neutral scalar mixing)
® ATLAS search with a local 30 (global 1.60) excess around
Mp+ =130 GeV (t — HTb, H* — cb)
[ATLAS-CONF-2021-037; JHEP 09 (2023) 004]

— (If it is genuine) NFC 2HDM? 3HDM?
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Charged Higgs in NFC 2HDM (Z, symmetry)
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® Two complex scalar doublets (vZ + vZ = v, = (246 GeV)?)
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® Charged Higgs mass term (2 by 2 mixing matrix = tan 8 = v»/v;):

(M2 ] v M 0, 2 (A + As)v?
HEl = o — = Mot pt =0, ——mpp = (M 5)V
3¢?’8¢j minimum viva
NFC uld[e] ey gl 8t
2HDM(Type 1) 2 2 2 cot B —cot B —cotf3
2HDM(Type I1) 2 1 1 cot B tan 3 tan 3
2HDM(Lepton-specific) 2 2 1 cot B —cot B tan 3
2HDM(Flipped) 2 1 2 cot 3 tan 3 — cot B
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Charged scalar and Yukawa sector in 3HDM (with three VEVs)

‘ 2HDM (NFQ) ‘ 3HDM (NFC) 2, x Z,
Physical states GE HF G* Hf Hf
Unix tan 8(va/v1) tanﬁ(v,-),tan’y(v,-),O(Hli’Hzi),(;cp
Number of Yukawa types Four Five

® Charged Higgs Yukawa sector [v. Grossman 1994]:

2
2V, 2
EH:'i = — Z Hﬁ{QU(de;PR + my Y;PL)d—FMZ;l_/L/R}—i-H.C.

i=1 m sm
® Yukawa couplings for H;" (with i = 1,2) can be written as:

Xi = jﬁ+1/UcT/1v Yi= _U:Ei+1/UZl’ Zi= ULJ/riJrl/UéTl :

3HDM(Type I)
3HDM(Type Il)
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3HDM(Democratic)
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Decay of H* (fermionic modes) with |X|(a), | Y|(w) |Z]()

GFrmy+ m%]Z\fé)
47r\ﬁ ’
3GFVudei(m3’X|%d) + m%\ Y|%u))
47T\/§ '
my > My+, cb, cs, v are dominant.

Others (fermionic) are suppressed (due to fermion mass or
CKM elements ).

M(H* — (Fv) =

F(H* = ud) =

o Hiy — hO/HOW* with h%/HO ~ 125 GeV have small mass

splitting and phase space (suppressed).
1X|(d) > |Y|(u)s 1Z](e), BR(H= — ¢b) could be dominant
(~ 80%).
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ATLAS and CMS searches: light H* (< m,) with fermionic modes

NG ATLAS | CMS
7 TeV (5 b 1) cs, TV TV
8 TeV (20 fb~1) TV cs, cb, Tv
13 TeV (36 fb~1) TV cs, TV

13 TeV (139 fb~ 1) cb

° [B(t — HEb) x B(HE — cb), My:]—>

30 local excess. [ATLAS-CONF-2021-037; JHEP 09 (2023) 004]

® Mys =130 GeV — 0.16% =+ 0.06% (Best fit)

95% CL limit on % [%]
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Pheno constraints on Yukawa couplings |X|(4), u)s

® Z — bb — |Y|() < 0.8,X](4) < 50

(MHi ~ 100 GeV) [M.Jung, A.Pich, P.Tuzton,2010]. W, H;
e |FU — |Z’(@) < 40 [c.cree, H.Logan, 2011]. I // . \\\ ‘
® H— sy ‘ ’

B&P = (3.32+£0.15) x 1074,
Bg';“ =(3.40+£0.17) x 10~ 1 (a2, NNLO).

[Wor/d Average, HFLAV Collaboration, Yasmine Sara Ambhis et al, 20/8]

5 Mpys ~ 100 GeV
-1.1< Re(XY*) <0.7 (assume ‘Y|2 small ) [M. Trott and M. B. Wise, 2010]

(2HDM b — s at NLO in QCD)

[F.Borzumati,C.Greub, 1998] [M. Ciuchini , G. Degrassi , P. Gambino , G.F. Giudice, 1998
— (eXtI’a p0|ate to 3H DM) [A.Andrew,S.Moretti, T.Shindou,M.Song, 2021]

ff ff ff 2 ~eff
C (b, M, 1 ) o Copy + Z [ XYy (M) + i Gy (M 1)
1,2 1 i

Slight excess of a 130 GeV charged scalar decay to charm and bottom quarks at the LHC



Collider constraints (ATLAS and CMS)
B(t — H*b) x B(H* — cb/cb + cs/Tv)) — B(t)B(H*)

e B(H* — cs) (was assumed dominant)
= B(H* — cb + cs) (cb and cs are comparable)
If ATLAS search on My+ = 130 GeV is genuine:

— 0.1% < B(t) x B(Hli?,o — ¢cb) < 0.22%. [aTLAS, 2023] [JHEP 09 (2023) 004]

— B(t) x B(H&g — 7v) < 0.15%. (< 0.05% full Run-ll expected fimit).

— B(t) x B(Hy — cb + ¢s) < 0.27%. (< 0.15% full Run-ll expected limit).

® Not possible for NFC 2HDM
— (b — sv and three B(t)B(HZ,) )

® The Flipped 3HDM could accommodate the excess with
MHQ:I: > 700 GeV.
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Model independent |X|(4), | Y |(s) with B(t)B(Hg,), |Z]) = 0.1,0.9

Blts H*b) X BH*>cb/lch + cs)/tv), Blt— H*b) X BH*=cbjlch + cs)ftv.),
M= 130 GeV, |Z] =0.1 My:= 130 GeV. |Z] =0.9
0s — ' 12 s — H 121
VY 15 <11 (Y e XY =11
0e Y / pr| <07 s AN Xr| <7
LAY L BHtTu) LN ARV
. \ N 0o B{H*= cb +cs) \ B(H*= cb 4 cs)

BH*=cb) BH*»cb)

[l

0z

01

® Large [X|(g), small [Y],y and |Z]¢ (T satisfied).
¢ Flipped 2HDM (tan 3, cot 3, — cot ) ruled out due to b — s7
— exceed 500 GeV (My+ ~ My, tan 5 > 20 in MSSM = ¢, cots, 15 )

[ATLAS/CMS, 2014]

— Mpy+ > 358 GeV (tan 8 — o0, 99% C.L.). [M. Misiak, et al, 2015]
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CPC(écp = 0) Flipped 3HDM, Hf = 130, Hf = 700 GeV via [tan v, tan ]

Bit— HEb) X BlH{— cbflch +cs)/Tv,), X Y Z o tan tan 9 + 4 6
' Typel- Flipped ’/ ’/ ! ﬁ’ ’y, (Hl 7H2 ), cp

® Oz gy = —/2

—— B(H;=TU:)

—sn-asw |® Large Hy (> 700 GeV or more )
fine=cp) scenario would probe the 130 GeV
(Hf) excess.

— 3o8ibsy)

® (30 bound) b — s evaded due to
contribution cancellation (H:5, Hy).
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Summary

Two physical charged scalars (Hljfz) in 3HDM (only one in
2HDM).

My= < m; (t — H*b follows H* — cb) at CMS (/s =8
TeV with 20fb=1) and ATLAS (/s = 13 TeV with 139fb~1).

A local excess around 3o with M+ = 130 GeV has been
observed by B(t) x B(H* — cb) (ATLAS).

NFC 2HDM (4 types) not possible to probe the excess.

In a CPC (no CP-violation) Flipped 3HDM, MH2:t > 700 GeV
could accommodate 130 GeV excess (evade b — s7) .
Destructive interference (Hf2) survives b — sy constraint.

Expect forthcoming CMS (full Run-Il) analysis to clarify the
anomaly.

Slight excess of a 130 GeV charged scalar decay to charm and bottom quarks at the LHC




Thanks
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Scalar potential of 3HDM (2, x 2,)

3 j=12,13,23
Vo= S miele)—( Y mi(ele) + Ho)
i=1
1 3 j=12,13,23
+ §ZN(¢,T¢:')2+ Y (o]0 (0]e))
i=1
j=12,13,23 j=12,13,23
+ > Mol (o] f[ Z Ni(®] )2 + H.c]
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CP violation in charged sector (4 out of 6 physical phases in V)

® two are removed by field redefinition.

V- V- V2 Vi V-
Im(mis) = _élm(miz) + 217\/32“"( 12) + g|m( 13)
2
%1 Vi Vo Vo V3
Im(mas) = 73'”‘(’”%2) - 217‘/3““( 12) + —5—Im(A\33).
2
V.
Im( /1l3) = _V%““( /1/2)
3

2
%

Im()é'?)) = %lm( /1/2)
V3

Im(m%Q) = vivalm(Af,).
+
° 53312 oc Im(A7)
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Mixing matrix U in 3HDM

® The matrix U can be written explicitly as a function of four
parameters tan 3, tan~y, 0, and 9, where

tan 8 = wp /vy, tany = V12+V22/V3-

® v;, vp, and v3 are the vacuum expectation values of the three
Higgs doublets.

0 is the mixing angle between Hf and H2+

0 is the CP-violating phase.

The explicit form of U given as

[C. Albright, J. Smith and S. H. H. Tye 1980] [G. Cree, H. E.Logan 2011]

SYCﬁ 5.755 Cy
—c@55e__"S ] c@%e_"? —59CyS3 S9Sy
spsge” ' — cpcycg —spcge” '’ — cpcySg  Cpsy

Here s, ¢ denote the sine or cosine of the respective parameter.
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Pertubative and uniformity, (S,T,U) constraints

[H.Logan,S.Moretti,Diana)

® Pertubative — 0.53 < tan 8 < 92 with tany =1, but will
expand as tan -~y increases.

1 rH:t_H.b < MH¢/2,tanﬁ > 0.34
® [y vry < Myx/2,tan 8 < 125.
® S T,U are more detailed studied in [s.kalinowski, et a1, 2023].
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NFC 2HDM scenarios B(t — H*b) x B(H* — cb/cb + cs/1v;)

BRIt H*b) X BR(H*~cb/lch + cs)/vs),
My:= 130 GeV, Type-I

BR{t- H*b) X BR(H*cb/(ch + cs)/tvy),
My:= 130 GeV, Type -Lepton Specific

10
— BR(t- H°b) XBR(H = cb) (%)
3 BR(- D) X BR(H™ (cb¥cs)) (%)
08 £ o8
5 3 — BR(t ) X BR(H U0 ()
S o 208
i i
z 04 g o4
£ o fo \
T L X
H g 00
10 100 100 10 100 100

BR(t- H=b) X BR(Hcb/(ch + cs)/Tv-),
M= 130 GeV, Type -l

BR(t— H*b) X BR(H*~cbflc +cs)/Tv-),
My:= 130 GeV, Type -Flipped

e e X BR ) (4] B ) X BR L o (41

%0 Bt o) X BRI (cbecs) )
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% 06 % 06
J i
S0 S0
2o 202 \
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b — s for 2HDM at NLO

Limits from b->sy in 2HDM

T W W Now NNLO QCD results for SM and 2HDM
y S v 0 (Misiak et al)

. 2HDM-II (tanB~> infinity):
- S Mpy: > 480GeV  at 95% C.L.,
$ Mys > 358GeV  at 9% C.L.
2b

Best available bound on
> 260 Co
Models ITand Y | mpy: 2 360 GeV the charged Higgs mass Any tanB
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Effective Hamiltonian for B — X,y

4Gr |« u
Het = — 7 Vis Vib XI: Ci(1)Oi(n)
01 = (Gvu T e) (@ Taby), 02 =5 ypereyt by,
03 = (syubi) D> (@v"a), 04 = (517vu T7b) D _(@7" Taq)
q q
Os = (SLvuverebl) D@V ¥ v v7a), 06 = (SLvuveve T700) D _(@vH v* 4" 7” Taq)
q q

_ emp v _ &smp_ uv

O7 = Ton? S ouw F77 bR, Og = 716772 S5 00 Gy tabr

O1,2 — current-current operators.

0,2_6 — QCD penguin operators.

O78 — b — syand b — svg.

On-shell matrix elements (1. b. Politzer, 1050].

L4 Oﬂ:-She” Scenarlo [M. Ciuchini, et al 1998].
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Some other stuffs

® cb — H¥ search analysis at the LHC.

[ J. Hernandez-Sanchez, C. G. Honorato, et al, 2112.09173]
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