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LHC Run-I

Loy = |D® — ypr Sy — (—p?| B + A @)

‘ ‘ mh ~ 125 GeV (A ~ 0.12)
\ T

h ———=- h oo - é
Vv - f
O EEﬁE’\J (C (iFnﬁEEﬂ L/o : E

O UAURHAS., EBEINICEL AT W MEE (TRUENME(LIRN,

BEEDY T LY MHIMFELUTOWTEELSARBET(ERL !

Kei Yagyu (U. of Southampton)




STYIBIER ST ILFS T Ly MEE

D IRREY EvOREOH—
‘ INFT Ly k

O OoRSw w2 X ASE ‘ K BHIFREDIENIC LB,
5l : SO(6)/S0O(4)xS0O(2) — 2HDM

O &EXJFRERE

O {355 — SfEn ‘ B SRS (C &> T
e.g., 331, 3221 etc KT =) LF+—IEm M 2HDMI (T XTIt

O BSMIR&R
(Za1—hkYUJE=.

BEEME. /A EIETRE)

‘ U UIEAIIRS TLw kht
BAZTND.

Kei Yagyu (U. of Southampton)




I

O > OO 3>

OVILFYIL Y MRED—#IEE

O & w2 X DYpiE
- JL—)\—¥pi
- 5145 -8

O3F&ED

Kei Yagyu (U. of Southampton)




FCNCODfalH

JILFFTLw MEEIEY Y —LANJILTOFCNCZEE L
Ly =Qr(Y/®1+Y;®y)dg

) C.=Y}(|h) + Y2{holh)  saEeess

—#ic My Cas W FONCEHT!

b b Gabbiani et al, NPB477 (1996)

2 2 2 31 \ 2
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~ 3.4 x 10713 GeV
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FCNCORIRED (BAR7R) fERE

Natural Flavor Conservation; Glashow, Weinberg (1977)
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Grossman, NPB426 (1994)

[ —Ly = Y,Qp(i02)®*u, + YaQr®ady, + YoLp®ee, + hic. ]
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Ake = Aky + & (Ry)ay + EP(Ry)zy +
Aky= Ak, + (€41 € DR + (Eg2- € 2(RY)3 +
Ak, = Ak, + (E1- € D(Ry)y; + (E2- € 2)(Ry)sq +
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Ew O XXHwTYI> /2 (2HDM)

Aky = g(hXX)/g(hXX)gp -1
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w2 Xw T Y> 7 (NHDM, N>3)

Aky = g(hXX)/g(hXX)gp -1

Ake = Aky + & (Ry)ay + E2(Ry)sy +
Aky= Ak, + (E41- € DR + (E2- € 2(RY)3; + -
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2HDM/3HDM

2HDM

f
O 4180HISFAT

O 173EEw/J X H:

O 2/)\ZX—%4 (tanB, mH%*)

G;\ [ cosd -sinf )| @
¢, ) | sinf cosf |\ U —HF
vV, = Vv cosf

V, = Vv sinB

\_

3HDM

(

Kei Yagyu (U. of Southampton)
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O SEFEDZINNFT1T
O 28kt wJ X H*, H*

O 5(+1)/)\SXA—-%
(tanB, tany, 6c mH;*, mH,*) + (3.,)

&, ®
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i) v o+
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B w2 XDHEEEH

Ly =¥ Y g lXaﬂ(VGKMmdPR)d + You(my Voxn Pr)d + Za,p(mePR)e]Hi_

v
Xy = &% Ya = -§2, (Xl) _ ( Cc 30) (ﬁclz) (YI) __ ( Cc Sc) (&) L\ _ (e so)(&
7 = X, ~s¢ ¢o)\&) \h -so o) \&) \1Z, —$5 Co) \E
2HDM 3HDM

Type-l  cotp cotp cotP Type-I cotp cotp cotP

Type-ll  cotPB -tanf -tanf Type-Il cotp -tanf -tanf 0 -tany/cB  -tany/cB

Type-X cotp cotp -tanf Type-X cotp cotp -tanfB 0 0 -tany/cB

Type-Y cotp -tanf cotp Type-Y cotp -tanp cotp 0 -tany/cB O
Type-Z cotp -tanf -tanf 0 -tany/cB  coty/cB
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st w /o XgatE (BRU\5E)

3HDM, mHl — 100 GeV, mH2 — 150 GeV, tanB — 2 (5), ec = 'I'I/4
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B Y RFREE (BLEE)

3HDM, my,; = 200 GeV, my, = 250 GeV, tan3 = 2 (5), 6c = -n/4
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b — s v (leading order)

O Effective Lagrangian w/ m, = 0 (integ. out the heavy d.o.f. e.g., W, t, H_ %)

Dim. 6 dipole operator:

Ler D “EVi Vi Cr(1)Or ()

O7(p) = 1g-zmb(p) (5L bR) Fpu
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b — s v (leading order)

O Effective Lagrangian w/ m, = 0 (integ. out the heavy d.o.f. e.g., W, t, H_ %)

Los O AGF VAV O ( )o ( ) Dim. 6 dipole operator:
eff V3 tb7 7 e - _
V2 s a a O7(p) = 1e=mb(1t) (5.0 bRr)F
( N )
Y Y
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\. J L J

Cr(pymyz) = Crsu(p) + )., [(XaYJ)CnXY(uamHg)Jr!Ya|2CT,YY(uamHGi)]

G2 "
L(b— sv) = 355 [V Vi |2 atemm |Cr (1 = ) |?
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Wilson Coefficient at LO

0%!'I'i'i‘|'
_ C,

SM

XY* >0 : Constructive, X Y* < 0 : Destructive
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B — X,y @NLO

O EERMEBR(B—Xy) &LEE I DIzsb(TlE.
UTDI3DDERZEEIT DENDD.

1. OIL—FA2I)IL—T

2. TIL—A 15t

3. IEEHHRIR B

F(B — XS’Y)NLO

BR(B — X,v) =

NLO
b_).gﬁ}r -l' F b—svg ‘|‘ F11011 -pert.

I'(B—+X.7)

I'(B—+X.tv)

BR(B — X.tv)

Kei Yagyu (U. of Southampton)

[NLO calculation]
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[NNLO calculation]

Hermann, Misiak, Steinhauser,
JHEP1211, 036 (2012),
[arXiv:1208.2788 [hep-ph]].
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PRL114, 221801 (2015),
[arXiv:1503.01789 [hep-ph]].




B — X,y (2HDM)

= SM esaaa

. 3 ) rrrrrrrrrrzres ittt

><'.ﬂ

A

e

=z 2 cot?f3 ]

T~
XY* = -cot?f

foo — 300 S0 1000 100 — 300 500 1000

m- [GeV] m,- [GeV]

Type-I, -X: low tanB D HarE t w I MY > EE (58U VHIE
Type-1I, -Y: tan > ~1CmH+ > ~450 GeV (480 GeV@ NNLO, wisiak, et.al)
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B — X,y (2HDM)

Type-I, X Type-II, Y

170 GeV

300 GeV

................................................. 2

x-rE -q-o
N ®
=, = |
it <
3 4+ —
T ) _
m ¢ 500 GeV I ;| 500 Ge\ 1
& ~
l? ..............................................................................
%, 300 Ge 1 &,

m,, =170 GeV

tan3 tanf3

Type-I, -X :tanB > ~3 TmH+ < mt '&F=nd.
Type-II, -Y, : tanf3 IKFE (I FFEETED,
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B — X,y (3HDM)

Type-I, X Type-II, Y, Z
4 : 6 . . .
5
"EI'{::l ‘TE
e *
. s
3 | I
1 i
as) Type-I 2ZHDM limit as)
oY o,
as) as) 5
My, =My + 50 GeV )
L2720
7 1 ] 1 ] 1 1 | il - I 1 I L 1 |
100 300 500 1000 00 300 200 1000
m, - [GeV] m,,,- [GeV]

Type-I, -X: 2HDM & (Z(ZEE UFEER
Type-II, -Y, -Z: tany # 0 TH+v>tzL—>3 >mE4LE. Light H* A0]EE !
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T OB PR

- b T 2% %
OB—>1v § T ——y”
BO e VI v
- —— i
H* \
Z
O 17— pvy
_u v 7]
|Z| < 40 (my,/100 GeV)
* 2
O Z—bb IX*Z] < 1080 (m;,/100 GeV) IY] < 0.72 + 0.34 (m,,./100 GeV)
Cree, Logan, PRD84 (2011)
1412.6663 [ATLAS] ems 10092 g[gxf](e uy
—~ g Ty BB RN R IR R
— H* 7 EATLAS ata 2012 15009 E
D t H b ( LH C) ; L —— Observed CLs -1 ] ..II 0.08 usn Observed : =
DT Expected Ldt=195f" 7 N r+;;1 i ]
c xpecte t— N — ¢85 4
%10’1:— -ib \E:BTEV = _.3 -Expected limit+ 1¢ B(‘H"—}cg)zlﬂl]%g
X F l:l 120 i E [ | Expected limit+2 ¢ _E
ks 13 E
t 2 E
O LEP2 (#7T)  :
10 E E
300000 0 20 0 0180 180 86700110 120 130" 140 150 160
m,,- [GeV] m, (GeV)
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Combined Analysis (Type-Y 3HDM)

TanB = 2, 6. = -n/4

300

Excluded by Allowed by B — X, y

Hf—>T1V

Excluded by 250

H* — jj

10— | | | | =

=
-

|
100 120 140 160 180 200

m, - [GeV]
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Combined Analysis (Type-Y 3HDM)

TanB = 2, 6. = -n/4

100 | | | | =

100 120 140 160 180 200
m - [GeV]
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Combined Analysis (Type-Y, -Z 3HDM)

TanB = 2, 6. = -n/4

Type-Y (tany=3) Type-Y (tany=10) Type-Y (tany=15)
W r—T | I O I Y B T T T 7T W11 |
L / - tay =10 - | tamy=15 i
250 = . 2501 i
E I i 1 %2 T ? /
S, 0 g 7 4 ¢ —
:Jm E '; ._,-"'-..’--— Tl ?__-"'--“-r. //’":f:
= sl S ] E > = T _
tamy=23 e -
100—__.1--‘;",3110 T T 1:)0—___1,&"',""“0 T e ' : ' ;
) 2 2 00 10 W0 10 180 20
my, - [GeV] m - [GeV] my, - [GeV]

Type-Z (tany = 3) Type-Z (tany = 10) Type-Z (tany = 15)

W T Wr—T—T—T7 T T T T T T T W77 77T
250 — 250 250}
- r

_ _ . %

<. 200 P
mHl < mt, mH2 > mt 357::(3: mHl , mH2 > mt ol el

tamy
150 .

DI FUANHENS.
100—__.1--‘;] \ — S - 180 200

m,+ [GeV] © myg - [GeV] m,, - [GeV]
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My, ~ My DOFUA

1301.6065 [hep-ex], LEP2 Combined

O m,, <90 GeV Tld. LHCICHIT B HIBRDRE (HAKL ),

s

TTTTTTITTTTTTTTT I TTITTTTTTTTTTTTITTTT IIIIIIIII|]"III-

Br(H—1tv)
= =
- BriH—1v)
=
IIET =

0.6 LEP 183-209 GeV 10

LEP 183-209 GeV

e 0.4 |-

P 1o
0.3 5 Il
0.2 1 02 20
L | N

I: - b I -30

{] I I I Y o | I I o | {1 I:l I O v I I] L | L || | 5 I
70 8

50 60 70 80 90 B TR

=
n
IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII

0 I 90 I
. . 2
(‘hﬂl‘gEd nggﬁ mass (GE‘F"{ C ) Charged Higgs mass [G-E‘T.-"[‘I}
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My, ~ My DOFUA

1301.6065 [hep-ex], LEP2 Combined

O m,, <90 GeV Tld. LHCICHIT B HIBRDRE (HAKL ),

s

TTTTTTITTTTITTTTTITTITTITTITTITITTTTTTTTT [ === R [ - o

R \r’ rme\\Jq
L Ia

0.6 LEP 183-209 GeV 10

L i
0.4
I—lﬁ
0.2 26
) A 5
I] 11 1 1 1 Illlllllll II
70 8

Br(H—1tv)
= =
BriH—1v)
=
[="] et
I

LEP 183-209 GeV

Allowed

[ =7
TR FTE T FEETE ENET ST SR AT TR TR AN

=
n
IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII

0 """l"'"""'"""'""""""iil&.ilﬂ L0 0|

A
50 60 70 80 90, 0 %0
Charged Higgs mass (GeV/c") Charged Higgs mass (GeV/c))
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My, ~ My DOFUA

1301.6065 [hep-ex], LEP2 Combined

O m,, <90 GeV Tld. LHCICHIT B HIBRDRE (HAKL ),

_,; 1:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ........ |J;"|I: E]—H ' VH };ﬁ
B C A = -
T09F P S 0 i 30
T 08| ‘e s A
E : | ; 0.8 |- -F' ’
0.7 & NE : O
0.6 F ' R LEP 15370 @ev 10
0.5 [ o A | Je_l il “ i
4 LEP183-209 GeV /D |3 B
0.4 : ; : 0.4 Z\(
03 S 5 I
02 |l < H o 20
N ' _ 4
EN | i,
{] :IIIIIIIIIIIIIIII|IIIIIIlllllllllllllili.j/'\'l'):\'l" I: [I L1 | Ll | Ll | . :ll . | | IJ I-3I':j
50 60 70 80 90 5 30 60 70 30 90
Chﬂl‘gEd nggS mass (GE‘F"{ C ) Charged Higgs mass [G-E‘T.-"[‘I}
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My, ~ My DOFUA

O my,, =83GeV, my;, =160 GeV, 6 =-n/4

Type-Y

Kei Yagyu (U. of Southampton)

Type-Z

|
- I"n, Excluded by H;—} ™V
o
FN

! Excluded by H, — had.

Excluded by Tevatron search

Excluded by LEP2




My, ~ My DOFUA

O my,, =83GeV, my;, =160 GeV, 6 =-n/4

Type-Y Type-Z

281 | - 281 | - — -

i III T B ll' . + -
54l [ Excludedby H, - had. ] ) \ Excluded by H, — v

. 4F i

i ] L\ ]

| 20, Excluded by H, — had. 7]
= Mo
. E 16+ "t.‘ Excluded by Tevatron search —
g 1 % 1
I 12 he Excluded by LEP2 —
Loy ] N S N B R
4 8 12 16 20 24 28 4 8 12 16 20 24 28
All tan tanf3
-] B |1 | |

Type-YDHMy, ~ my D>F U ADERA]RE!
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A514~ —IH5R

O pp — tt— t(bjj) B*F
S OF)L I\ D05 IE‘

g W]

O (39 b-tagZfEDS T ETS I T« B ADEMHERFEND.

(Eb — 0-5/ Ec — 0-1/ Ej = 0-01) Akeroyd, Moretti, Hernandez-Sanchez, PRD85 (2012)
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FRELDX B within NFC
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FRELDX B within NFC
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FRELDX B within NFC
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FRELDX B within NFC

2D COK

BR(\HE
DOFEE
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Hf — 1%V
A —Dbb

-
Hf — T*v
A —T1tT

\

r

Hf — 1%V
LA — bb/Tt*1[9/1]

4 N
H* — cb
A —bb
A y
f N
H* — cb
A —bb/TtT
G

Kei Yagyu (U. of Southampton)

Aoki, Kanemura, Tsumura, KY,
PRDS8O0 (2009)

Kanemura, Tsumura, Yokoya,
PRD85 (2012)
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Borzumati, Greub, PRD58, 074004 (1998)
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Higgs potential of 2HDM

O Higgs potential with softly-broken Z, symmetry and CP-conservation

V = m?2|®; |2 + m2|®,[* — m2[®]®, + h.c)]
PN+ Dol [t 4 Xg| 1 0 + Aa[ @8] + 15| (@]0)? +

\ 7

O 8 parameters

v (=246 GeV), m, (=125 GeV), ) e
m,, M,, My, sin(B-a), tanp, and M2 M? = mg/(sin 3 cos 3)

O Mass parameters [sin(B-a) ~1]

Mp2 ~ AVvZ, Mg? ~ M2 + N'v? O HE A H




Higgs potential of 3HDM

O Higgs potential with softly-broken Z, symmetries 0, D9 ®y
(Zy, Z5") (F4) (= H)|(+ —)

V(®y, Dy, P3) Z i1 D; — (13, ®] @y + 7y ®] B3 + 13,5 dg + hoc.)

3
+ = N(DID)? + py (D] 1) (BIDs) + o I Do +

- i=1

1
ﬁ[pg(q)}q)g)ﬂ +hel]

. 1
+01(®]01) (Bh03) + 00| @[ ®s[* + 5
1
Q[ha(qﬁfm) +h.c],

o3(®]®3)” + h.c.]
+ ﬁl(@;@g)(@;@,ﬂ) + H-2|(D£@3|Q

2

v Sy
(M) = 5 [(p2 + p3)c2 + (k2 + K3)s2)] + #128— + pds

SaCa’
712

U
(M) = ) [(p2 + p3)s3s> + (02 + 03)c + (k2 + Ka)spc) |

tgc.,
+ #ufsswf + by 3+ p3 -

’\”\’ t’}’

2
v S~ 5 C~
(MZ)12 = ——(pa + p3 — Ko — K3)SpSoy + [lfp— — fiss—,
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Upper limit on the 2"d Higgs boson mass
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Unitarity & Vacuum stability bounds
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Two Higgs Doublet Model (2HDM)

O The Higgs basis

) tanp = v,/v, x

®,

L4

Ao ce
5, i cosf —sinf b L @
by ) =\ sinp cosp ) "
y NG bloson Charged Higgs
— 1 / () — L ! )
E(hlvi'“‘HG ) J /\/‘_&724_2111)
\ CP-even Higgs CP-odd Higgs

o) (Cono ) mia—

sin(3 — )

H
SM-like Higgs with 125 GeV
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