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ATLAS + CMS Higgs Results

® SM-like Higgs excluded @ 95% CL in mu: 110.0 - 122.5, 128 - 700 GeV
surviving mass window: 122.5 - 128 GeV

@ Excess of events above SM bg in yy and ZZ final states
~ 126 GeV with ~ 7 o @ ATLAS and CMS

® excess in WW, 11, bb
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ATLAS + CMS Higgs Results

® SM-like Higgs excluded @ 95% CL in mu: 110.0 - 122.5, 128 - 700 GeV
surviving mass window: 122.5 - 128 GeV

® Excess of events above SM bg in yy and ZZ final states
~ 126 GeV with ~ 7 o @ ATLAS and CMS

® excess in WW, 11, bb

Study consequence of the above finding on the Higgs sector of NMSSM
(low ma region)
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Strategy

® Focus on the Higgs sector (and stop sector)
® Only consider Higgs search results
flavor? g-2? DM? ...

Study the consequence of
(1) current Higgs search limit of 95% CL limit on oXBr

() Hi in the mass range of 124 - 128 GeV
(111) oXBr (gg— Hi —YY)nmssm > 80% (o XBr)sm
oXBr (gg— Hi = WWI/ZZ)nussm > 40% (0XBr)sm




MSSM Higgs Sector

® Type II Two Higgs Doublet Model

B HJL o Hg ”Ud/\/§
N\ pdswve Y\ E;

V2 + v; = v = (246GeV)? tan 0 = v, /vy

H,

after EWSB

5 physical Higgses
CP-even Higgses: h?, H?
CP-odd Higgs: A°
Charged Higgses: H*

Y,

® tree level masses determined by ma, tan@

1 .
o = 5 (4 m2) %\l = m )2+ o in 2
2 (2 2
5 2 2 _ mie(my — myo)
M+ = My + My, COS (ﬁ—a)—mi(m%{o_m%o). )
S.Su 5



Higgs Masses

@ large radiative corrections from stop sector: large Yukawa coupling

3 m? M? A2 A?
2 2 s g
Amh0~4ﬂ_2 U2 [hl(m%)—l_Mg (1 12M§,> + .. :
AtZAt—/LCOt/B. y
® (mn™") scenario: Rt =0 ® (mh™M3X) scenario: Zt =\6 Ms
Mno < 117 GeV for Ms < 2 TeV Mno < 127 GeV for Ms < 2 TeV

@ To obtain relative large correction to mno
- relatively large stop masses (at least one)
= large stop LR mixing

S.Su 6



At (GeV)

Stop Masses

Heavy stops and/or large LR mixing.
vy P 9 9 ® Mst1 VS Mst2=-Mst1

® Ma3sq Vs At

LEP+Tevatron+LHC

4000

2000
4000 500 1000 1500 2000 500 1000 1500 2000
M. (GeV) m_.. (GeV)
3SQ (b) st ( b)

purple: pass exp
black dots: 123 < mnho or muo < 127 GeV
oXBr (gg— h?, H® —»yy)ussm > 80% (o XBr)sm

S. Su blue dots:




non-decoupling vs. decoupling region

500 r r : : - 2
LEP+Tevatron+LHC > 4 LEP+TevationLi HO
F A0

black dots: 123 < mno or muo < 127 GeV
blue dots: oXBr (gg— h?, H® —yy)ussm > 80% (oXBr)sm
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non-decoupling vs. decoupling region

‘ decoupling region

® decoupling limit

ma > My 2
Sin(ﬁ — Of) ~ 1, COS(ﬁ — Of) ~ LEP+Tevatron+LHC
— hO light, SM like, s 0

:  gg— hOHC — vy

= HY, A% H* heavy, nearly degenerate
= H°WW, H%ZZ coupling suppressed
~ cos(B-a)

black dots: 123 < mno or muo < 127 GeV
blue dots: oXBr (gg— h? H? —yy)ussm > 80% (oXBr)sm
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non-decoupling vs. decoupling region

® decoupling limit ‘non-decoupling region ‘ ‘decoupling region ‘
ma > My 2
sin(f —a) ~ 1, cos(f —a) ~ 0 LER+Tevatron+LHC

= h? light, SM like,
= HY A9 H* heavy, nearly degenerate
= H°WW, H%ZZ coupling suppressed

~ cos(B-a)

@ non-decoupling limit
ma ~ mz
sin(f —a) ~ 0, cos(f—a) ~ 1
- all Higgses light
— H? SM like
= h'WW, h%ZZ coupling suppressed

black dots: 123 < mno or muo < 127 GeV
blue dots: oXBr (gg— h? H? —yy)ussm > 80% (oXBr)sm
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non-decoupling vs. decoupling region

‘non-decoupling region ‘ ‘deCO"P““SJ region

LER+Tevatron+LHC

® h? SM-like: large mA 2 300 GeV
® small ma ~ mz: H® SM-like

sigma‘Br/(sigma'Br)SM

Not always true in NMSSM!

S, sy black dots: 123 < mno or muo < 127 GeV
| blue dots: oXBr (gg— h?, H® —yy)ussm > 80% (0 XBr)sm




NMSSM Higgs Sector

® Type IT Two Higgs Doublet Model plus singlet S

WNMSSM = Yuﬂcﬁué + chiCI:IdQ -+ YQéCI:IdlA—/ @I{Iuﬁd I

e
Vi soft = mag, HiHy +m3 HHg+ M2|S|)* + HtT eHy)S + @

®© SSB

H o [ va/vV2 S = us/V2
T NN U (1= v,/ V/2)

5 5 » after EWSB, 7 physical Higgses

CP-odd Higgs: A1, A2
Charged Higgses: H*
S. Su 9




NMSSM: Masses for Higgses

@ CP-odd Higgses

(Av) _ ( sin 3 cosﬂ) (ﬂImH(?)’ AS—\/ilmbj
GO —cos 3 sinf3 V2 ImH?
2 Av
L. (mA ) ( )
2 - Ag
Vv,

2b
my = a5 (V245 + Kk,) = ﬁ) mA as in MSSM
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NMSSM: Masses for Higgses

@ CP-odd Higgses
: 0
A, _ sin 3 cos 3 V2 ImH)  Ag—+/3ZImS
GO —cos 3 sinf3 V2 ImH?
1 m? 1(m sin 23 — 3Akv? )
S(AnAs) |7 — .
* e(mA sin 28 + 3A\kv? ) 7 sin 2 — IQUSA) )

2b
my = a5 (V245 + Kk,) = ﬁ) mA as in MSSM
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NMSSM: Masses for Higgses

@ CP-odd Higgses
A, _ sinf3  cosf V2 ImH)  As—VBImS
GO —cos 3 sinf3 V2 ImH?

m? : (mA sin 23 — 3Akv? )% A,

* &(mi sin 28 + 3\kv? ) 7 sin 20 — HUSA) Ag

1
—(A,, A
2( s)

)

2b,
m?ax — —SSIUQSB (\/§A>\ + m)s) — ﬁ) mA as in MSSM

CP-odd Higgs mass eigenstates: A1, A2

S.Su 10



NMSSM: Masses for Higgses

@ Charged Higgs

2 2 2
M+ = My + My,

S

H = H%tcosB+ GTsinp,

H; = HsinﬂGcosﬁJ

Mo

S.Su
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NMSSM: Masses for Higgses

@ Charged Higgs

H, = H sinf8— G cosf3, , ) ,
H = H%tcosB+ GTsinp, Mig= = M T Mgl =

S

N[ —

(Av)jJ

-

S.Su 11



NMSSM: Masses for Higgses

@ Charged Higgs

H, = H sinf8— G cosf3, ) ) , . ,
HY = H7"cosf+ Gt sing, My = My T M _E(AU)J

S.Su



NMSSM: Masses for Higgses

® CP-even Higgses

. - sin 8 cos 3 V2 (ReHY — vg) S = v3 (ReS — v
H, cos 3 sinf V2 (ReH? — v,) 7

( m?% + m%sin® 23 * X \
E(H B, S) * m?, cos® 23 *
2 V) V>
% *

S.Su 12



NMSSM: Masses for Higgses

@ CP-even Higgses

couples exaéﬂy the same as the SM Higgs

_ (sinﬁ cosﬁ) (ﬂ(ReHé}v@)) S\/i(ReS—'zﬂ
cos 3 sinf V2 (ReH? — v,,)

2 2 (i
(mA—Fstm 2 * * \ (Hv\
%(H’U7 h’U? S) m2Z COS2 2/6 " h’U
*
\ / \ 5/

S.Su
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NMSSM: Masses for Higgses

@ CP-even Higgses

( _ (sinﬁ cosﬁ) (ﬂ(ReHé}v@) S = /3 (ReS — o

cos 3 sinf V2 (ReH? — v,,)

NOT couple to W/Z, couple to up (down) as tanB ! (tanB)

2 2 12
(mA—I—stm 25 * * \ (Hv\
%(Hv, hy, S) " i oS 20 ) he
S B
\ / \ )

S.Su 12




NMSSM: Masses for Higgses

® CP-even Higgses

. - sin 8 cos 3 V2 (ReHY — vg) S = v3 (ReS — v
H, cos 3 sinf V2 (ReH? — v,) 7

( m?% + m%sin® 23 * X \
(—%()\v)z sin Qﬁ)
E(ij B, S) * m?, cos® 23 *
2
x *
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NMSSM: Masses for Higgses

® CP-even Higgses

. - sin 8 cos 3 V2 (ReHY — vg) S = v3 (ReS — v
H, cos 3 sinf V2 (ReH? — v,) 7

( m?% + m%sin® 23 * X \
(—%()\v)z sin Qﬁ)
1 * m?2 cos? 2 *
_(Hva hva S) < 6
2 G%(Av)z sin’ 26)
* *
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NMSSM: Masses for Higgses

® CP-even Higgses

. - sin 8 cos 3 V2 (ReHY — vg) S = v3 (ReS — v
H, cos 3 sinf V2 (ReH? — v,) 7

( m?% + m%sin® 23 * X \
(—%()\v)z sin Qﬁ)
1 * m? cos® 23 *
~(H,, hy, S) . .
2 G—%(Av)z sin 26)
* * Lm? sin? 28Y, + 2x202
\ —|—%/£USA,.@ — i)\mﬂ sin 2

S.Su 12
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NMSSM: Masses for Higgses

@ CP-even Higgses

P
H,

) _ (sinﬂ COSB) (ﬂ(ReHé}v@)) Sﬂ(ReS—zﬂ
cos 3 sinf V2 (ReH? — v,,)

(Hy, by, S)

( m?% + m%sin® 23 * X
(—%()\v)z sin 26)
* m?, cos® 23 *
G—%(AUV sin? 23
* *

EH’US

Tm? sin” 255—; + 2K20?
1 1y 02 o
+ A, — 7Akv°sin 23

)

S.Su

CP-even Higgs mass eigenstates: Hi, H2, Hs
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NMSSM: Masses for Higgses

@ Effects of singlet ]
= lift (Mn)ee, small tanB, large A (mj )ixee = m3 cos® 26 + 5 (\v)* sin® 25)

— mixing with singlet: change HWW/ZZ, Hibb, Higg, Hiyy
@ Lots of work on (125 GeV) Higgs in NMSSM framework ...

Gunion et. al, 1201.0982 Heng, 1210.3751

Ellwanger 1112.3548 Choi et. al., 1211.0875

King et. al., 1201.2671 King et. al., 1211.5074

Cao et. al., 1202.5821 Dreiner et. al., 1211.6987
EllwWanger et. al., 1203.5048 Das et. al., 1301.7548
Benbrik et. al., 1207.1096 ... many other Jack’s, Ellwanger’s paper ...
Gunion et. al., 1207.1545 (incomplete list)

Gunion et. al., 1208.1817

Cheng et. al., 1207.6392 ® H3 hequ’ ma |que
Belanger et. al., 1208.4952

Agashe et. al., 1209.2115 © H1126 or H2 126
Belanger et. al., 1210.1976 @ hy/S mixing

S.Su 13



NMSSM: Masses for Higgses

@ CP-even Higgses
( m?% + m?% sin® 23
—2(A\v)?sin® 28

X

1
—(H
(o, h, S)

2

*

S.Su

r
M7 COS

+1(Av)?sin® 213

22 * )

imi sin® 255—; + 2K2v?
: \ 5

—i—%m}SAH — 2 Akv? sin 203

@ mass splitting: off-diag

comparing to average of diag

® state mixing: off-diag

comparing to difference of diag
14




NMSSM: ma decouple case

@ push down: mpy < ms

( S

S /
T~

® H1 (SM-like) still heavy enough
2 124 GeV

= not too large mass mixing

(to push down mu1 too low)
g

® push up: mny > ms
( hy )

hy /
T\S_

@ H1 (singlet-like) not ruled out
by LEP
= not too large state mixing

(to have too much H1ZZ coupling)

S.Su
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Agashe et. al., 1209.2115
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NMSSM: ma decouple case

@ push down: mpy < ms

( S

I
T~

@ Hi (SM-like) still heavy enough
2124 GeV
= not too large mass mixing

(to push down mu1 too low)
g

® push up: mny > ms
[ hy )

hy /
T\S_

@ H1 (singlet-like) not ruled out
by LEP
= not too large state mixing

(to have too much H1ZZ coupling)

J

. J

S.Su

Need some tuning to make it work
(without too much help from stops)

Agashe et. al., 1209.2115
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NMSSM: Masses for Higgses

Our work: Focus on the NMSSM low ma region: mas2 mz

All Higgses light
— could have large mixing effects

= can be probed experimentally

1

1
(mj, )tree = Mg cO8% 23 + §(Av)2 sin” 25) (i, Jiree = 1% + (% — 5 (W)?) sin® 25)

@ ignore singlet for now...

NMSSM (small ma)

MSSM — Hi or H2 SM-like,
- ma22mz? (cos 4 B): Hi SM-like depending on ma, A, tanf
- ma2 < mz2 (cos 4 B): H2 SM-like — small ma, large A, small

tan B, H2 SM-like

S.Su
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NMSSM: Masses for Higgses

—— TB-=1 Ll
——TB=2 S
TR=3 : 7 ,
(mh, Jiree = M3z c0s* 28 + = (M) sin® 28 .’
—— ’ ,

——TB=10 g e .’ )
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NMSSM: Masses for Higgses

/ 7/ /’
——TB=1 sk
/ /7
——TB=2 S 4
TR=3 | L7 )
(miv)tree — m2Z COS2 26 + §<)\U)2 Sin2 Qﬂ // //_
h 7 // g/ // |
— TB=10 1/ /- / /
// 7 / 7
V // / / _
/// // // //
7 /
- /
/40 // / N
_ - 7 / / y
- // 2 2 2 1 2\ 2
g (M3, tree = My + (M7 — 5()\1)) )sin® 23
7 7 7
: 80 10 160 200 -
// / !
e / H1 SM-like ]
- / , / : -




1 7/ 4
—— TB=1 ,

0.9 —TB=2 L7 , _
TR=3 : ,

08 (1w — 1% cos? 26+ L (10)? s 25 s

h 7 //
07 _TB=1 O g P // // |
0.6 a7z ]
< 0.5 40 - ) i

I _ - / 7 / 1 )

0.4F -~ 7 (e = 12+ (%, = = (O)?) sin? 2/3)

0.3t 80 140 160 29(’) .

Ve /
s =l /

ool p y H1 SM-like L
7 7 /

01 -~ | | easier to realize in NMSSM

| - : | |
O ] 1 | I N
0 50 100 150 200

NMSSM: Masses for Higgses

mA (GeV)
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NMSSM: Masses for Higgses
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TR=3 1 // )
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. s 7/ / Y,
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NMSSM non-decoupling cases
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NMSSM non-decoupling cases
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NMSSM non-decoupling cases

" H;-126 | h
H. H.,
S
hv hV

\_ ) Y,
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NMSSM non-decoupling cases

" H;-126 )

Hy

rH2-1261

Hy

hy

S
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NMSSM non-decoupling cases

" H;-126 )

Hy

rH2-1261

Hy

hy

S

rH2-126N R
S
hy hy
HV HV

. J J
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NMSSM non-decoupling cases

" H;-126 )

Hy

rH2-1261

Hy

hy

S

rH2-126N

S

" H3-126
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NMSSM non-decoupling cases

" H;-126 )

Hy

rH2-1261

Hy

hy

S

rH2-126N

S

" H3-126

(H3-126N




NMSSM Higgs Couplings

@Wave function overlap

H; =) &5°H,, fori=1,2,3, Hy = (hv,Hv,S)j

H, H, H, hy H, S
EqelP + 1Eme P+ &P =1, &P+ 1l + 1€5, 17 = 1)

- Ay, A'U As 5 ) As A'v |
Az — 204 gAi Aa) ' |€A1 |2 — |£A2|2 — 1 B |£141|2 — 1 B |€A2 |2J

@Wave function overlap

H; A; H*

Ryu | & + €& /tanf | €47/ tanp || Rayug | —V2/tanf
Rug | & —&ptanp | & tanf || Ry g | —V2tanp
Ryy f?f;




NMSSM parameters

parameters

® NMSSM

® MSSM

A, K, A, A, tan B, vs, (V)
ma, tan B, y, (v)
M3SQ, M3SU, At

M3SQ, M3SU, A l

® NMSSM

A, K, ma, A, tan 8, u, (V)

M3SQ, M3SU, At

S.Su 20
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Parameter Scan

1<tanf <10

( 0 GeV < ma < 200 GeV )

100 GeV < u < 1000 GeV
0.01<A<1
0.01<k<1
-1200 GeV <Ak<200 GeV
100 GeV < Mssy, M3sa < 3000 GeV
-4000 GeV < A: <4000 GeV

decoupling other parameters (3 TeV)

NMSSMTools

21




Signal Regions

Study the consequence of
(1) current Higgs search limit of 95% CL limit on oXBr

() Hi in the mass range of 124 - 128 GeV

(111) oXBr (gg— Hi —Yyy)nmssm > 80% (o XBr)sm
oXBr (gg— Hi ~WWI/ZZ)nussm > 40% (0XBr)sm

® H1 126 GeV
® Hz 126 GeV
® H3; 126 GeV

S.Su 22
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Signal Regions

Study the consequence of
(1) current Higgs search limit of 95% CL limit on oXBr

() Hi in the mass range of 124 - 128 GeV

(111) oXBr (gg— Hi —Yyy)nmssm > 80% (o XBr)sm
oXBr (gg— Hi ~WWI/ZZ)nussm > 40% (0XBr)sm

® H1 126 GeV
® Hz 126 GeV
-oH:126-GeV-

22




(H:-126 | [ Hi-126 )

H1 126 GeV: mass region T

N

® MHui VS MHpm —
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® MHui VS MHpm

H1 126 GeV: mass region

S.Su
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(H:-126 | [ Hi-126 )

H1 126 GeV: mass region u| |

N

® MHui VS MHpm

300

2 . 2 2 1 2
10— Hy Mpr = My + My — 5()‘”0))

T

@ Higgs masses receive large radiative
corrections from stop loops

® MHpm~ Malcop (S0-called ma in MSSM)
@ in NMSSM, maioop is not physical Higgs
mass; ma1, maz after diagonalization

S.Su =<



® MHui VS MHpm

300

(H:-126 | [ Hi-126 )

H1 126 GeV: mass region | |

= |

S.Su

‘?00 1 60 2?89\/) 250 300




(H:-126 | [ Hi-126 )

H1 126 GeV: mass region

® MHui VS MHpm —




H2 126 GeV: mass region

® MHui VS MHpm

300

00 150 2?8;\/) 250 300
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® MHui VS MHpm

H2 126 GeV: mass region

S.Su
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H2 126 GeV: mass region

® MHui VS MHpm

300

250




Hs 126 GeV: mass region

® MHui VS MHpm

150

H3 Can g

S.Su 25
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=
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(H3-126 | [ H3-126 )

Hs 126 GeV: mass region

b b

=
w5

® MHui VS MHpm — X

150




(H3-126 | [ Hs-126 )

Hs 126 GeV: mass region

hy hy
- i B
® Mui VS MHpm - &=
150 -
H3'~' ane ‘
=
© . -
S 100 : = =
& it o Y
Eff No points pass CS(yy)>0.4 can be find.
= 50| Very fine tuned region, hard to accomodate a SM-like Higgs as Hs.
£ H 1
i
= Har.: v :kdl‘

S.Su



Hi 126 GeV, SM-like

H1 as 126 GeV SM-like Higgs

® grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region IA, mai>mu1/2, |§u1"V]2>0.7
— H1 region IB, ma1>mu1/2, |§11"V]%<0.7
— H1 region ll, mai<mui/2, H1 —A1A1

e black: perturbativity till meur

S.Su 26



Hi 126 GeV: mu1 vs. para.

140

140

1301

— % TR & v

0.2

0.8

140

140

e grey: pass exp

e green, black: satisfy aXBr(yy, WW)
e black: perturbativity till meur

—i Lo o o8 &

02 04 06 08

200 400 600 800 1000
u (GeV)

(d)




e grey: pass exp

H1 1 26 Gev: mH1 VS. para. e green, black: satisfy aXBr(yy, WW)

e black: perturbativity till meur

140 : : : ———— 140 : : : —

130} | 130}

- 2
o

(GeV)
V)
-,

S 120} S 120}
T T
g g
110t | 110t |
|
10002 04 06 0.8 1 100, 0.2 04 06 08 1
A K

130 130}
S 120 € 120
z 5
£ £

110f | 110}

100 — - El 100-—— — ‘ ‘

0 2 4 6 8 10 0 200 400 600 800 1000
tanp u (GeV)

(d)




e grey: pass exp

H1 126 GGV- para reglons e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region 1A, mai>mui/2, |§11"V[2>0.7
— H1 region IB, mai>mui/2, |§11"V[2<0.7
— H1 region ll, mai<mu1/2, Hi —A1A4

e black: perturbativity till meur

4 ‘ ORI
@ tan B vs Maioop

tanf 1t0 3.5 1.5t02.5 1to 3.5
ma 0 to 200 GeV 150 to 200 GeV 100 to 200 GeV
2 0.55 0.55 to 0.65 2 0.55
K 20.3 0.3t0 0.5 205




e grey: pass exp

H1 126 GeV- para chlons e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region 1A, mai>mui/2, |§11"V[2>0.7
— H1 region IB, mai>mui/2, |§11"V[2<0.7
— H1 region ll, mai<mu1/2, Hi —A1A4

e black: perturbativity till meur

4 ‘ ORI
@ tan B vs Maioop

tanf 1t0 3.5 1.5t02.5 1to 3.5
ma 0 to 200 GeV 150 to 200 GeV 100 to 200 GeV
2 0.55 0.55 to 0.65 2 0.55
K 20.3 0.3t0 0.5 205




H1 126 GeV: stops

® Ma3sq vs At

S.Su

e grey: pass exp
pink: 124 < muy < 148 GeV
e green, red, purple, black: satisfy aXBr(yy, WW)
— Hi region IA, mai>mu1/2, |§41"[2>0.7
- Hi region IB, ma1>mui/2, |§11"|2<0.7 |

® Mst1 VS Mst2-Mst1
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e grey: pass exp
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H1 126 GeV: stops

_ |

® Massq vs At

e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— Hi region IA, mai>mui/2, [§11"V]?>0.7
— H1 region IB, mai>mui/2, [§11"V]?<0.7
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Parameter regions

H1 126 perturbativity ma1<mu1/2
tanp 1t03.5 1.5t0 2.5 1t03.5
ma 0 to 200 GeV 150 to 200 GeV | 100 to 200 GeV
M M < 500 GeV 100 to 150 GeV | 100 to 200 GeV
A 2 0.55 0.55 to 0.6.5 2 0.55
K 20.3 0.3 to 0.5 20.5
Ak |-1200 to 200 GeV | -150 to 100 GeV -50 to 30 GeV
An | -650 to 300 GeV | -30 to 230 GeV | -150 to 150 GeV
|Aq| 21200 GeV

S.Su
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® O'yy VS Oww

2.5

6 x Br(gg — H1 — vY)/SM

H1 126 GeV: cross sections

@® Brww vs Brob

\Y)
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Br(H, — WW/ZZ)/SM
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% Br(gg — H 11  Ww/zZ)3m

e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)

— Hi1 region IA, ma>mui/2, [§41"V[2>0.7

— Hi region IB, mai>mui/2, |§u1"|2<0.7

— H1 region ll, ma1<mnu1/2, Hi —A1A1
e black: perturbativity till meur
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H1 126 GeV: h-, H-, S- fraction

e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region 1A, ma>mui/2, |§11"V[2>0.7
— H1 region IB, mai>mui/2, |§11"V[2<0.7
— H1 region ll, mai<mu1/2, H1 —A1A4

S. Su e black: perturbativity till meur




H1 126 GeV: h-, H-, S- fraction

e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region 1A, ma>mui/2, |§11"V[2>0.7
— H1 region IB, mai>mui/2, |§11"V[2<0.7
— H1 region ll, mai<mu1/2, H1 —A1A4

S. Su e black: perturbativity till meur




H1 126 GeV: h-, H-, S- fraction

1i
) H4
0.8
o 08 T
w E \ A M
wp ¥
el 04 vv v'v" vvv’
z':’w v: S
y X
iw like (H\Qture)
% o2 04, 2o 6 0.8 1

§

S.Su

e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region 1A, ma>mui/2, |§11"V[2>0.7
— H1 region IB, mai>mui/2, |§11"V[2<0.7
— H1 region ll, mai<mu1/2, H1 —A1A4

e black: perturbativity till meur




H1 126 GeV: h-, H-, S- fraction

1i
) H4
0.8
o 08 T
w E \ A M
— 04 et Y,
z':’w v: S
W‘
iw like (H\Qture)
% o2 04, 206 0.8~ 1

§
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e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region 1A, ma>mui/2, |§11"V[2>0.7
— H1 region IB, mai>mui/2, |§11"V[2<0.7
— H1 region ll, mai<mu1/2, H1 —A1A4

e black: perturbativity till meur




H1 126 GeV: h-, H-, S- fraction

1i
) H4
0.8
o 08 T
w E \ A M
wp ¥
el 04 vv v'v" vvv’
z':’w v: S
w;
iw like (H\Qture)
% o2 04, 2o 6 0.8 1

§
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e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region 1A, ma>mui/2, |§11"V[2>0.7
— H1 region IB, mai>mui/2, |§11"V[2<0.7
— H1 region ll, mai<mu1/2, H1 —A1A4

e black: perturbativity till meur




H1 126 GeV: h-, H-, S- fraction

1i
) H4
0.8
o 08 T
w E \ A M
M v
el 04 vv v'v" vvv’
i':’w v: S
y X
iw like (H\@ture)
% o2 04, 2o 6 0.8 1

&

e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H1 region 1A, ma>mui/2, |§11"V[2>0.7
— H1 region IB, mai>mui/2, |§11"V[2<0.7
— H1 region ll, mai<mu1/2, H1 —A1A4

S.Su e black: perturbativity till meur




H1 126 GeV: h-, H-, S- fraction

1i 1 -
. H1
0.8.
O.GL 2 Y R
— 04 3y M
i
0.2 ) Hs
hv-like (H\Q 0. !
O —- o tenen .
0 0.2 0.4 o 068
™
wnw I
e
— 04
0.2

' ' : k: satisfy oXBr(yy, WW)
0.4 hv 20'6 0.8 1 1>MHu1/2, |&11"V|2>0.7
IgH3| 1>mu1/2, |€H1"V|2<0.7
<mu1/2, H1 —A1A1
S.Su e black: perturbativity till meur




H1 126 GeV: h-, H-, S- fraction

Y %y 1

0.2 7,
hv-like (H\Q 0.
% 02 o

' ' ' : k: satisfy oXBr(yy, WW)
0 0.2 0.4, 00.6 0.8 1 R>mul2, |&1[2>0.7
IgH3| 1>mu1/2, |§u1"|2<0.7
<mu1/2, H1 —A1A1
S.Su e black: perturbativity till meur




H1 126 GeV: h-, H-, S- fraction

1, 1
) H4
0.8.
o 060 T §_
n T % v . 2
Y T A hv-like — 04
™
Hs
i\v like (Hv-r S-like |
% o2 0'3 1
H-like
0.’ ' ' k: satisfy oXBr(yy, WW)
0 0.2 20 6 0.8 1 R>mui2, |§11m[2>0.7
|§ | 1>mu1/2, |§u1"V|2<0.7

<mu1/2, H1 —A1A1
S.Su e black: perturbativity till meur




H, 126 GeV, SM-like

H. as 126 GeV SM-like Higgs

® grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H2 region |IA, mu1>mn2/2, |§42"V|2>0.5
— H2 region IB, mu1>mu2/2, |§42"V|2<0.5
— H2 region ll, mui<mu2/2, H2 —H1Hj1

e black: perturbativity till meur
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tanf >1
ma 0 to 200
M 100 to 300
A 0to 0.75
K Oto1
Ak -1200 to 50
A =600 to 300

S.Su

Parameter regions

H2 126 perturbativity Mu1<mMHy2/2
1 to 3.25 1.5t0 2.5 1.25t0 2.5
100 to 200 GeV [170 to 200 GeV | 125 to 200 GeV

100 to 200 GeV

100 to 130 GeV

100 to 150 GeV

0.4 to 0.75

0.5t0 0.7

0.5to0 0.75

2 0.05

0.05 to 0.6

203

-1200 to 50 GeV

-300 to 50 GeV

-500 to -250 GeV

-300 to 300 GeV

0 to 300 GeV

0 to 200 GeV

34




tanf >1

ma 0 to 200

100 to 300

0to 0.75

Oto 1

-1200 to 50

A =600 to 300

S.Su

Parameter regions

H2 126 perturbativity Mu1<mMHy2/2
1 to 3.25 1.5t0 2.5 1.25t0 2.5
100 to 200 GeV [170 to 200 GeV | 125 to 200 GeV

100 to 200 GeV

100 to 130 GeV

100 to 150 GeV

0.4 to 0.75

0.5t0 0.7

0.5to0 0.75

2 0.05

-1200 to 50 GeV

0.05 to 0.6

-300 to 50 GeV

203

-500 to -250 GeV

-300 to 300 GeV

0 to 300 GeV

0 to 200 GeV

34



H> 126 GeV: cross sections

@® Brww vs Brob

w

N

Br(H, — WW/ZZ)/SM

—h
T

. 1.
0 gr(Hz ~ bb)/SM S

e grey: pass exp

e green, red, purple, black: satisfy oXBr(yy, WW)
— H:z region IA, mu1>mu2/2, |§42"V]?>0.5
— H:z region IB, mu1>mu2/2, [§42"V]?<0.5
S. Su — H2z region ll, mui<mu2/2, H2 —H1H1 35
e black: perturbativity till meur




e grey: pass exp

H2 126 Gev hv 1 HV 1 S frac*“ e green, red, purple, black: satisfy oXBr(yy, WW)
— H2z region IA, mu1>mu2/2, [§42"V]?>0.5
—= H:z region IB, mu1>mu2/2, [§42"V]?<0.5
— Hz region ll, mu1<mu2/2, H2 —H1H1

e black: perturbativity till meur

S.Su
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e grey: pass exp

H2 126 Gev hv 1 HV 1 S frac*“ e green, red, purple, black: satisfy oXBr(yy, WW)
— H2z region IA, mu1>mu2/2, [§42"V]?>0.5
—= H:z region IB, mu1>mu2/2, [§42"V]?<0.5
— Hz region ll, mu1<mu2/2, H2 —H1H1

e black: perturbativity till meur

S.Su
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LHC phenomenology

10 .
® H1-126

210"
<
o)
o)
5
210°

100 ° P: | | |

0 100 200 300 400 500

M, My, (GeV)
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LHC phenomenology

® H1-126, A1 decay

S.Su



LHC phenomenology

@ H1-126, decay to Higgs boson

Hy — A1Ay, ZA,

Hy — A1Ay, ZAy, HiHj,

Hs — AyAy, H\H,, ZA,, WT*HT, AjAy, H\Hy, HoH,, HTH,
H* - W*A,, WtHy, W*TH;,

A — ZHq,

Ay — A Hy, AH,, W*HT, ZH,, ZH,, ZHs, A;Hs,

S. Su 40



LHC phenomenology

® H1-126, H1, H2 decay

O .
100 150 200 250 300 350
m,,(GeV)
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LHC phenomenology

® H1-126, H3 , H* decay

10 T T T
. 2o enl
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LHC phenomenology

® H1-126, A1, A2 decay

10
107}
g:_ °
[
1072} ZH,
10_3 I : : ! 10_ " ® %% o B G e
0 50 100 1 V(g 250 300 350 150 200 250 ?nOO 35(3 450 500
A2
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LHC phenomenology

® H2-126, decay to Higgs bosons

Hy — HiHjy,

Hs — H Hy, H1Hy, ZA;, A;A,, HyHo,
H* - W*H,, W*A,, WTH,,

A, — ZH,, ZH,,

As — ZH,, AHy, A1Hy, ZH,, WTHT ZHs;, A Hj,

)

S. Su 44



Conclusion (part I)

® 126 £ 2 GeV (~SM strength) in NMSSM: low ma region
— small ma (200 GeV), all Higgses light, possible large mixing effects
— singlet helps to lift mass: large A, small tan B
= mixing with singlet, change INob, MNwwizz, ...

® MSSM
= ma~mz, non-decoupling, H® SM-like
= ma2 300 GeV, decoupling, h® SM-like
- stops either heavy or large LR-mixing

® NMSSM
= ma:0-200 GeV
= either H1 or H2 SM-like (hard to realize H: SM-like)
= interesting features in each region
- stop sector less constrained
S. Su 45



Conclusion (part I)

® H1 126 GeV
- A20.55,k203,1stan B =3.5

— H1 SM h-like, H2, H3 S-H mixture
- H1 — A1 A1: Hq, H2 h-H mixture, Hs S-like

® H2 126 GeV
— 04=<A=0.75 k20.051stanB =<3.25
= 100 £ ma £ 200 GeV, small p
- case with H2 — H1 H4
= H2 h-S mixture, H3 S-H mixture
= H41, H2, h-H-S mixture; H3: S-H mixture

@ H3 126 GeV: fine tuned region, hard to realize

S.Su
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Conclusion (part I)

® relax perturbativity requirement, allowed region enlarge significantly
® SM-like Higgs signal might be modified: prod and decay
® yy rate can be enhanced, yy/WW, WW/bb ratios can be violated.
© New Higgs bosons may be readily produced
— production could be similar to that of the SM production

— decay could be larger than that of the SM.

® Heavy Higgs — light Higgs bosons or light Higgs+W/Z, multiple t,b,tau
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2HDM Higgs Sector

® Type II Two Higgs Doublet Model

1 1
V(®q,®5) =m2, @10 + m2,®I 05 — (m2,®1d, + h.c.) +§A1(c1>1c1>1)2 + §A2(<1>;<1>2)2 + A3 (P D1) (DL D)

1
A (D] Do) (LD + {§A5(c1>1c1>2)2 + h.c.} +{)\6 [(cb{cpl) + A (@LD) | (@1Ds) + h.c.

Hy va/ V2
Hy

after EWSB, 5 physical Higgses
CP-even Higgses: h?, H?°
CP-odd Higgs: A°
Charged Higgses: H*
S. Su 48
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® Z2 symmetry
© EWSB

=
|
-
&
=
T
I

V2 +vs = v = (246GeV)?
tan 0 = v, /vyg




2HDM Higgs Sector

® Type II Two Higgs Doublet Model

1 1
V(®1, ®2) =mi) @] 01 + m3, P} Py —somefpdpeogmmtoren) + A1 (21)° + 2 22(@582)° + A3 (9] 21)(21P2)

1
A (D] Do) (LD + {§A5(c1>1c1>2)2 + h.c.} +{)\6 [(cb{cpl) + A (@LD) | (@1Ds) + h.c.

Hy va/ V2
Hy

after EWSB, 5 physical Higgses
CP-even Higgses: h?, H?°
CP-odd Higgs: A°
Charged Higgses: H*
S. Su 48
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2HDM Higgs Sector

® Type II Two Higgs Doublet Model

1 1
V(®1, ®2) =mi) @] 01 + m3, P} Py —somefpdpeogmmtoren) + A1 (21)° + 2 22(@582)° + A3 (9] 21)(21P2)

1
+ A4 (R1 o) (RIP1) + {5)\5(<I>Ic1>2)2 + h-C-} %ﬁﬂ'@%ﬁ'ﬁ'ﬂ—ﬂ'

A
Hy va/ V2
Hy

after EWSB, 5 physical Higgses
CP-even Higgses: h?, H?°
CP-odd Higgs: A°
Charged Higgses: H*
S. Su 48

® Z2 symmetry
© EWSB
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2HDM Higgs Sector

@ couplings
p " [sin(B —a) n' |cos(B —a) 4|0
n |cosa/sin 7 |sina/sin 8 4 |cotp
¢ | _sina/cos B ¢ |cosa/ cosf3 4 ltan g
! |—sina/cos B £ |cosa/ cos Y ltang

A

® parameters

2 %
My, Moy, >\17 )\27 )\37 )\47 )\5J_) U,tan/B,OK,mh,mH,mA,mHjj

® Theoretical constrains ® Experimental constraints
= vacuum stability — LEP Higgs searches (neutral Higgs,
— perturbativity charged Higgs)
= unitarity — Tevatron Higgs searches
- Ap = LHC Higgs searches (SM-like Higgs

S. Su searches, MSSM Higgs searches)



2HDM Higgs Sector

@ previous work in 2HDM ...

Ferreira et. al., 1112.3772, 2HDM, H1 125, tan B vs. sin @

Basso et. al., 1205.6569, CP violating 2HDM, H1 125,

Cheon et. al., 1207.1083, Type II 2HDM, H1 or H2 125

Chang et. al., 1210.3439, 2HDM, H1 or H2 or degenerate H1/A, x2 fit

Drozd et. al., 1211.3580, Type I and II 2HDM, H1 or H2 125 or degenerate, mi2? # O,
Craig and Thomas, 1207.4835, 2HDM, H1 125, various search channels

Ferreira et. al., 1211.3131, degenerate Higgses

Our work:

®© Type Il 2HDM with m122=0, 5 parameter scan

® impose theoretical and experimental constraints
® h% or H? 126 GeV

® study parameter space and correlations

S.Su



Analyses Methods

® h°-126 | ® H%-126
0.25stanf <5 1<tanf3 =30
-1 < sin(B-a) £ 1 -1 S sin(B-a) =1
126 GeV <my <1000 GeV 6 GeV <mu <121 GeV
20 GeV S ma, Mupm < 1000 GeV| |20 GeV < ma, Mupm < 1000 GeV

H
o(gg — h/H — v7) <22 02< o(gg — h/H = VV)
OSM OSM

0.9 < < 1.4.

V.

2HDM Calculator (2HDMC) + HIGGSBOUNDS (+ latest LHC bounds)
+ SUPERISO for flavor constraints

S.Su 51




hO 126 GeV

Light CP-even Higgs as 126 GeV SM-like Higgs
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Type Il 2HDM: h° 126 GeV

o(gg —h =y, WW/ZZ)  o(99 — h) 9 BR(h — vy, WW/ZZ) J
)

o(gg — hsm — v, WW/ZZ)  o(99 — h)sm BR(hsy — vy, WW/ZZ

-
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Type Il 2HDM: h® 126 GeV

BR(h — vy, WW/ZZ)
BR(hsy — vy, WW/ZZ)

o(gg = h = vy, WW/ZZ)
o(99 = hsm = vy, WW/ZZ)

costa sin® a |A(7))?

SnZB | o B AT

S.Su 53



tan f3

Type Il 2HDM: h° 126 GeV

o(gg = h = vy, WW/ZZ)

o(g99 — hsm — vy, WW/ZZ)

BR(h — vy, WW/ZZ)
BR(hsy — vy, WW/ZZ)

sin? o | A(7)]?

2082 0 |A(1)|?

53




Type || 2HDM: h° 126 GeV

tan f3

o(gg = h = vy, WW/ZZ)
o(g9 = hsm — vy, WW/ZZ)

BR(h — vy, WW/ZZ)
BR(hsy — vy, WW/ZZ)

oo
= _BR 4 _.
S BR,,, (h = VV/yy)

1
sin(f} - ) y
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0 126 GeV: sin(B-a)




0 126 GeV: sin(B-a)
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0 126 GeV: sin(B-a)




h0 126 GeV: sin(B-a)

_a)

sin(f3

500

my; [GeV]

S.Su
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h? 126 GeV: mu vs. tanf

sin(B-a)<0 sin(B-a)>0
8 5
=0 50
my [GeV] my [GeV]
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h? 126 GeV: sin(B-a) vs. ma (Mkpm)

_a)

sin(f3

b 500 b 500
m,.. [GeV] m, [GeV]
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tan f3

h? 126 GeV: Mupm vs. tanp

sin(B-a)<0 | sin(B-a)>0

tan f3

500 o 500

m,. [GeV]

m,,. [GeV]

S.Su
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tan 3

h? 126 GeV: ma vs. tanf

sin(B-a)<0

m, [GeV]

tan f3

sin(B-a)>0

500

m, [GeV]
A Y

S.Su

60




m,,. [GeV]

500f

h? 126 GeV: ma vS. Mupm

sin(B-a)<0

S.Su

m,,. [GeV]

500

sin(B-a)>0

500

m, [GeV]
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hO 126 GeV: ma vsS. my

sin(B-a)<0 sin(B-a)>0
> >
() )
< ©
g )
5001 5001
50 O T 500
m;, [GeV]) my; [GeV]
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hO 126 GeV: bb/tT

tan 3

_;T—M (gg — h — bb/tt | > (VBF/VH — h — bb/tt) |

SM

Q.
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ho 126 GeV: yy and WW/ZZ

tan 3
tan 3

=2~ (VBF/VH — h —yy)

SM 9 _(VBF/VH — h - WW)

Osm
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HO 126 GeV

Heavy CP-even Higgs as 126 GeV SM-like Higgs
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tan f3

Type Il 2HDM: H° 126 GeV

tan f3
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H° 126 GeV: yy and WW
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HC 126 GeV: yy vs. WW correlation
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HO 126 GeV: sin(B-a) vs. tan B

S.Su

69



HO 126 GeV: sin(B-a) vs. tan B
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HC 126 GeV: h°
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HO 126 GeV: ma vs. sin(B-a), tan B
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HO 126 GeV: mupm vs. sin(B-a), tan B
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tan f3

H° 126 GeV: yy and WW
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HO 126 GeV: bb and 171
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Conclusion (part II)

® 125 GeV (~SM strength) in Type Il 2HDM
— parameters and 0 XBr study

® h? 125 GeV

— small tan B <4

sin(B-a) - tan B branches (with flavor)
correlations between mu and tan 8

0
correlation between ma and mupm for sin(p-a)>0
correlation between yy and WW/ZZ

) 1
sm(B-a))
® H° 125 GeV

tan f3

= accommodate large tan 8

sin(B-a) £ 0 versus tan B branch (with flavor)

mh up to 126 GeV possible, with small mn for sin(B-
— correlation between ma and mupm

S. @orrelation between yy, WW/ZZ
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