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Higgs (Dark Field)

We know nothing about Higgs
* Anything to trigger SU(2) X U(1) > U(1)
* VEV: the order parameter. <>, <>, ..
— Unique mass scale (exc. for Agep)
* Origin of Mass:
— Higgs mechanism W, Z mass

— Yukawa interaction quarks and leptons

* |[n the SM a scalar field is responsible for
everything.
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(Wrw,, Z,Z;, HH, Z H)

SMEvYJ RIGNDE =
F—UBOREREREL W - W A
SIEHIRIE  (a%). 1692 = Im(a®)

V—LALaz=ay54 |a¥ < 1

(1) No Higgs boson

a

rr' i W !"}' t‘ rr- '-':1- \/_ G .

(2)Incl. Higgs mediation
W J, W "'\,,Jb:u U ao ~ GF m%{ m H < 1 Tev
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E0/ T 10e.? 2
95% CL limit on &

Mass bounds from Current Data

Search at LEP

114 < mH < 186 GeV (95% CL) [incl. direct search]

T 6 Augusd 2009 m =157 &GeW
| Wit sll- '
Direct search 57 i % — D.02758£0.00035 N
. 1 %} - 0.02748£0.00012
¢ = Indirect bound via 4- § e incl.low G data .
the oblique correction « |
= 3 ;
<
¢ z W,z W,z 2 -
14 & L B T E W7
12 B LEP Vs =91-210 GeV g ' 14 N
o E H ] - 1
os [ ATHiggs ~ —In V2 (~0) 0 E)(Clludfadl . & Preliminary
0.6 7 g}‘(pe‘ctejfmbwkemund .'7 W an 100 300
04 F i . . .
o b In the SM, a light Higgs (< 200 GeV) is m,, [GeV]
0 B favored from both theory (triviality)
..... (GeV/ch
2= (gyy/8 s (SM) 12 and the data

(At Tevatron 160 <m, <170 GeV excluded.)



In the SM, both the LEP data and the
theoretical consideration
indicate a light Higgs boson

Higgs sector: weak coupling theory ?

New Physics candidate Supersymmetry ?

A~ O(g%)



Is a strong coupled Higgs boson
really excluded?

Oblique correction (S,T,U parameter)

p:mzﬁgzgwj Ap:p—l:QT w,Z _ W, Z
SM Higgs potential
has Stjg(gZ)\I/o Icu:todial symmetry) M- M, = gEMgpL (ngR c SU(Q)L’R)
. —0 ot
M:(Cb,q’):[ / m SU(2); % SU(2)p — SV,

Veltman’s theorem - logarithmic dependence of mo
in the T parameter

ATHiggsg _In—2 (~0) — ?TLH N/ MW

If SU(2)_V is not valid,

power contribution of mass appear in the T parameter

m2

e.g. SU(2)v is broken in Yukawa sector ATiop X M—é
W
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Extended Higgs sectors
—as a window to new physics

— SM Higgs sector—
one Higgs doublet <simple
but no reason

strong constraint from LEP data
(mh < about 200 GeV)

— Extended Higgs sector—
two (or more) Higgs doublets
(4 singlet. triplet....)
new physics source (CP phase, ,,,)
strong Higgs OK



Decay branching ratios of SM Higgs

LEP Allowed Region
* Low mass < 140GeV

M. Spira Fortsch. Phys. 46 (1998)
Yukawa coupling ST N . T
bb, 7, cc BR(H) L -
_ 77
gg (top-loop) 1 |
vy (top-loop) U S S
 Higher masses
07k
Almost WW(*), ZZ(*)
Goldplated mode
Large S/N
(tt never dominant) ol 1
50 10 200

M, [GeV]



LHC TCRDEYYT AEE

e I\F

e

— EERMNIRFEo-

Rz ([FFiETE
E= 7TeV. L=1fb?
E=14TeV. L=10-3000fb®

e

Gluon Fusion

- EvT R[F1=KEATES

- RRIZEF(SMEYT RIERRTES)
— QCD/N\YI T ZIVRDIEEIZKEL

B [l MESCECE NCE

Signal significance

(2008~)
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Production of the SM Higgs @LHC

Gluon Fusion
000000 H->vy (110-140GeV)
H—>7Z-11ll (140-1000GeV)

Production cross section

LI I LU | UL I LU I LU |
opp—oH+X) o
f=t4TeV
’;\_ m, =175 GeV _ i
“ CTEQ4M ]
‘ $10°
\\ 5 - - bt : 4
-.;.‘_“". 3. \\ . \qq‘_’ HW ; 10
410°
- ) i “‘\‘:-..k\kggqa—» Hit
E M. Spiraetal. 0,43~ Hbb ) L 3 102
NLO QCD . o
l I 1111 I L1l I L1l I L1l I Lill I L1l | L1l I 1 IIII 1111

Lo HS>WW  (130-170)
. s Vector Boson Fusion (VBF) i
H>tr  (110-140GeV) "

W,Z @&----- 1 H>WW (130-200GeV) gy . |
H>yy  (110-140GeV) 2

> > H>bb  (110-140GeV) YV, b .|
W association 10-2:_

H>WW (140-170GeV) gy |

108

Top association 104 L

Lo 4 HSbb  (110-130GeV) Yt 0

H->1t (110-130GeV) Yt
000900 )—>—1tb  HSIWW  (130-180GeV) Yt

200 400 600 800 1000

My (GeV)

events for 105 pb-1



100 < m, < 150 GeV

oy _1(%, . % Og

H—)*'Y’Y M 2|E " E, @tan(efz)

ATLAS (Lig.Ar Accordion sampling) CMS (PbWO, crystal + APD)
better uniformity and angular resolution better energy resolution

op _10% ® 200(400)MeV ®07% op _2.1% @ 155(210)MeV ©055%
E AE E E +E E
O, = >Omrad Photon pointing using high p; tracks
VE originating from Higgs vertex.
Ezmw 7 L . 100 10! | 100!
: I N .
. I L N |
" g 8 soo0l- \ 8
1500 vﬁt 4 E R 2
2 5 [ ﬁl" g
E‘ It} A0 [—
o \ = [ irredusib Ty and *jer” background
m_
s - mw(G:‘u’li“ 10 -r-rfﬂnluwlm 40 110 1?nmrr::mu-.l.'»:u 140

Slide by R. Tanaka



H % T7T from VBF S. Asai et al. Eur. Phys. J. C32 $2(2004)19-54

q
q .
H
q ¥
q
Forward jet Tagging
B-jet veto

Central jet veto

Co-linear approx. for tau’s

D. Rainwater, D. Zeppenfeld and K. Hagiwara, Phys. Prev. D39(1999) 014037

»0.05
E — Higgs signal ry=160 GeV/c?
- -1t background a
) 20.04 4 )
T Jet =
(] Z
<Cp.03

A jet

o
=}
5}

-+ @
—_
(1]
—
o
2

Ifl\ll\l\llll\l\l‘\lll

e u‘ 4
e T L L LTkl

77 -4 -2 0 2 4r|

Forward two jets Yor
Small hadronic activity except for jets 2

(=]

N
N
N

from produced Higgs bosons » D

I'-* 8-_[II|1I1[1[I[III][1[

cuts signal | tt+jets [WW+jets| Z+jets | total B \‘5 -
total cross section 304fb| 55pb | 17pb | 5227pb w o/ 2 [ 1 mg=120 GeV-
1) lepton acceptance 555 | 2014 | 688 2161.6 | 4864 zZ 6 F
o s A I zjj
(2) Forward jet tagging | 1.31 42 0.88 29.7 81.6 5 E
(3) PmissT> 50 GeV/e. | 0.85 | 202 | 7.59 13.61 50.4 4 ] {t. WWEW
(4) Mjj=700 GeVl/c 0.76 209 7.47 10.55 38.9 3
(5) Central jet veto 0.55 2.7 5.79 5.67 14.2 )
(6) Angular cuts 0.4 0.74 1.24 3.96 5.94 2
(7) T reconstruction 0.37 0.12 0.281 3.33 3.73 1
(8) Mass window 0.27 | 0.03 0.02 0.19 0.24 0

80 100 120 140 160 180

m_, (GeV)



Signal significance

Discovery Potential

. N
J Lat=238 ﬂ)-l u nHTHrL bb)

(no K-factors) A H o 72" — 4l
ATLAS H - WW7 5 iy

10 2 qqH — qq ww' S vy
4 qqH — gqq1t

qqH — qqZZ — llvy
® qqH — qqWW — Njj

L —— Total significance

10

] I 1 1 1 1 1 1 1 1 I
10° 10 “1
my, (GeV/c)



LHC (2010-2011)
3.5 TeV + 3.5 TeV with 1fb?

Signal significance only
for WW-=Ivlv with 1fb-

At 7 TeV, 5 sigma
discovery is not possible
with 1fb -1

For the Higgs boson
search, it can only
improve the Tevatron
results...

Wait till 2012~

Significance

Combination of 0j and 2j, Hto WW to Il

- 4 m,, =130 GeV ¢

= 1fb

s m, = 160 GeV v

- m, =170 GeV *
6_
P

|A TLA|S pre/ilm/'nar)l/ estimlate

2 4 6 10 12 14

8
\s(TeV)
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Why new physics ?

/ Eys 28 R AE S 0D T \
TRODENFEDOKYZH: BREEDORE

K#r— DINSHE A Ls
SU(3) xSU(2)xU(1) > SU(5).S0(10). ..
FHD=F1k. sxHEEF. ...

L— ‘\_s ﬁ{t@FnﬁEL
HEBRIEBELRLIEEEYIRT DH?
MYTBEERTEEEBRT—ILEDM., o 0o

FHEHYEDORLE
FEON)A AR
BEYE. . BEIR/ILT—

—a—k)/EER
—a—kJ/IRBOER > —a—KN)/IZHUNEE

RERB OB TIIERBAA A EE
FHLULVEEE (new physics) ICE>TEEIZIEETELLEZ AN D,




New Physics & &Ew T X

EISILET—EIRE (A~10%19GeV)

ERSTHIE
mH = O(100)GeV

~/\2 L

LY |
"I ”

CRRSY L@ =% YA
TJ7AFa—=245

SMABEIRILT—FTHYILDWKRIEEZIZLLY
TeVAS5—)L(1~10TeV) T IEF

— FYEZOF)F
o X% (SUSY) (boson<>fermion)
o NEHIIFREDIEN (Higgs = composite)

« JRILEYT R (Higgs=pseudo NG boson, collective SB)
« REIXRT (ADD, RS, ...)



New physicsDIRE D Z<[F
D AYLRE YT AR E %
EIRILXF—FHERELTES

SRR
* New physics HRsESNf=EvT R{EE
— Bx R —EIE2E 5BkEE
— JrILEYT R “EHIEE=ZFIA. b REES
— TOZHT—EE —FIEMEUE b=
— BHENUA AR “EHEH EL = Al

— Za—k)/BE(Zeetzl!) —FIE2EAL—FIH1E SESe
BEARIML, BE/EADGFHLERICE - TELS

New physicsiZBIDMHE < LEEVI ABERDOMEE




HiakbEw g AR EY

T—I3NLDFHIER: p/STA—5 + FCNC

EW p parameter =nearly unity

T. :SU(2), isospin

2 Y,:h h
, Z[4Ti (Ti —I—l) _Yiz]vi ‘ C 3 ypercharge
m;, _ (VRAVAAVA
PL=E—" > = > ¢, :1 for complex representation
2 1
m; COS ‘9W ZZYi ‘Vi‘ 1/2 for real representation
[
obiH .
A] fe T4 -

1. 281D 2ETE (D) +singlets(S)
BB FRTE TFCNCZ il 1E

2. D+3EIE(T)
a) TOVEVHAIUINESp~1(XOK
b) EHDRIEALMNFETp=1% Vp ~ U

F*—7 (D+T,+T,: Georgi-MachasekiZ%!)
BARSADL—Y

2

vh + 8vy =




2HDM

WI)—LAJLT p=1HMDFCNCHATHIVRLEELZILIEEYT R

+ 0
Si=| 4 L ] (i=1,2) <<l>i>=[ 10,] —~2 =tanp
_2( z‘l'vz-l'za/z) \/5 v

E=EANRELEESH

hy | _|cosa —sina || H z?] _ [ cosp —sinﬁ] [ 20 ]

hy | | sina cosa || h % sing cosp || A
wi _[cosp —sinpg | [ wt
wy | | sing  cosp H*

Mass eigenstates
®; and & = h, H, A’ H* & Goldstone bosons

1 T 7charged
CPeven CPodd




FCNC Ol

e THDM with a softly-broken discrete symmetry:

(1 — 1, Po — —P3) : Natural flaovr conservation

e Yukawa interaction (Model I, Il):
L) = JDQL{DLbR - 'yUtRfl}lQL + (h.c.)
Li=—ypQrPibr — JU*R(I)zQL + (h.c.)

e Higgs potential (O MSSM Higgs sector)

Vinom = +m2 @17 4+ m2 | ®a]° — m? (@{(I)Q + @;@1)

A A
+?1 @] + ?2 |[@o]* + A3 |@1]* |®o

2 \e 2
+,\4|(1>§c1>2( +2[(<1>{<1>2) +(h.c.)}



8 parameters : = {mp, my, My, My, o, B, v, Mg |}

v (VEV) ~ 246 GeV, tan g (= (Ps)/(P;))
«: mixing angle between h and H

Ms (= x/m::ﬂ+m) soft-breaking scale

of the discrete symm.

pY ‘
mi = "UQ (/‘\1{3084)8 + -)\2 Siﬂ4ﬁg + Esinz Qﬁ) + O(MQ )

soft
9 2
my = quoit + v (3&1 4+ A3 — 2A) sin > Bcos® B + @(M2 ),
2 Ad+ A5 o
M 4= Mgogp — ——F—v7,
2 2 M5: soft breaking scale

2
mqy = Mg — Asv™.

of the discrete symmetry



Decoupling/Non-decoupling

A: Cutoff
M: Mass scale Agps A
irrelevant M —
to VEV
2 2 2
mA,H,Hi:JM + \v
M
UV~ 17 ~
) %% h gu ~ My, |

2 2
f’eff — ESM T %0(6) Eeff — EnonSl\/I + %0(6)

Non-decoupling effect



Type2-2HDM (MSSM) Higgs couplings

Higgs mixing VEV's: uf + 3 = v” = (246 GeV)°
01| _( Cosa —Sina [ H tan g = 2
b )~ \ sina cosa |\ h U1

SM 2HDM type2 (MSSM)

Gauge coupling: - h’VV HVV
SV (V= Z,W) Sin(f —a), cos(B - a)

| hbb Hbb

Yukawa coupling: sin o COS o
bb = cos 3’ cosp
) Htt htt
¢tt = Sin « COS «

sin 3’ sin 8



SM-like regime hV'V HVV

sin(B —«) cos(f — a)
Sin(f - a) ~ 1

Only the lightest Higgs h couples
to weak gauge bosons

h behaves like the SM Higgs boson
9wy = gnvy (SM)

Heavy Higgs boson couplings ~ 0
with gauge bosons vanish Igvv —



Many Acouplings - mass prediction changed

Lightest Higgs mass

Tnéirzz A2

Additional Higgs masses

mgb ~ M -I-)\'fv2

d
RGE 1672 p—
dp

SM
THDM -
effective SM THDM
O
h
1 >
My, M A
102 1019

A= 24)% —6y7 + AN, N,



200

Mass of the lightest | " Model-I
Higgs boson 150 ¢ |
DM
SM 2 \“ “““““““““““““““““““
O
2HDM typel : 100 —_ MSSM__|
2HDM type 2 =
MSSM )
50 ,.’f
y
| 1
A = 101° GeVv
’ 0 III 26G III 459 III 650 o 860 III 1000
M (GeV)

The predicted region of mass can

be differ even if all the other Egggm“ra' Kasai, Okada
phenomena behave like the SM

in the low energy.



B /| VR X RS
2HDM (Type2)
lf S

m7| Hj \2 + m35|HJ|?

g + « ‘
L ; (|HY|? — | HYJ?)?

BENCPEBOEYI RADEEIFZOEE TR

> 2 2 3 mf thOP
mj, < m7 COS 2[3-|—22 5 In 2 + ..

By AEEDE KR

m%i = m%-I—M%V

(S

Higas mass

ZHEFEE (MSSM)

A=0 (g?)

+ (m3HYHS +h.c.)

2|||| H

I 00
(P-odd Higgs mass (GeV)



NMSSM (D+D+S°)

Two Higgs doublets A4, and H- and a
Higgs singlet superfield N

W = )\NHlHQ — §N3 additional scalar and

pseudoscalar bosons,
(and a new higgsino )

7 physical states

p problem 3 scalars Hy, H», Hs
2 pseudo scalars Aq, Ao
1 pair of charged Higgs bosons  HT

mz,. < Mz (cos2 28 + + —22°sin 2[3)

hDE=IEMZTHAISNZLL



Fat Higgs model

Harnik, Kribs, Larson, Murayama

Composite H1, H2, N
EIRILF—THIFENMSSM

W = AM(NHyHp — v3)

W) —LARJLTSMBIEYY RAD

HEZBAICECTES o

(No little hierarchy) E |
$ 400
£

m% ~ \p? + O(mQZ) 200/

Mz, = M5 — X\ov?

800

AT J"IILH"'m ’ a'ﬂ!|.4
12 composites super- \ asymp-
10 conformal totic
.'E!.- q E'.l;EEE H : _i':ll 1\\F[E"'E.'.'l::i-'.'.'I'I'l'.l
=1 g : III
E E, e H 1 ! |I::t'H
o b
4 \
2 | |

L @

H"
,1.\','”
F )
H*
Sy

A=3

tanp=2

m =400GeV

m,=400GeV

11 111

Harnik, Kribs, Larson, Murayama,
PRD70:015002,2004

0
jf 4
A0 M
: H“
Hi SM
- WV HE
L}
A2 P e
l'.il'l[j 2 '.:mﬁ |
m =200GeV n =200GeV
my=200GeV ny=200GeV



FTpEEyy AEERT OFER

General 2HDM

MSSM M2, = M2
NMSSM (strong) M2, = M3

CPV case ..

BaEARTMUIZE->TESRN

Mz, = M5+ (Mg — Xs)v?

XA TED



RE|RTEEVT R

Ex) Randall-Sumdrum model
Radion: HREIRTOY A XIZH I
ITHAEL 015
Radion-Higgs ;B &
St = —¢ [ d'y/=gma R [gina H'H
L= :—?1(-;;3. ff = mAV, VM) cosf — tsin - %sin 8/2)h .

Hff, HVV, Hyy D55 E 2 Y
A= /\—H)UITINSK7E D

3.0“\II T T

2.0

15

T = A[p[é’

—krem

ds® = e My, dride” — dy?

Y =10

FRIEEDSMIEEDLL
(:Hﬁéféﬁo)tt)

T THewkH, R

H->vy E
H>WY, ff ]

N

Z0
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— ) — LIS D EEE=>EWR S — )L TD )L—T'% )Jﬁ'éz
Zee tRE! D+D+S* E
No RH-v ST it 8

ee

S+ L TR 82 TN
1-loop CVEE 4R Vyy Tue €0} Er Y p,
8)!

* Krause etal MFEE D+S*+S*+NR Krauss et al
225 R TN T
3-loop CVE EXERK A N
NRIZFE B9 5 154 ’

mEEYT XD HE
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el
=

SR TOEYT RAIRToUYILDSDEL

Vr(¢,T) = D(T? — T3)$? — ET¢3 + Lo* + ...

gbc/Tc — QE/)\TC

— 1 3 3

A = m?/2v? 4 log corrections

IN)FBMEZTIEWN 60D FEHKY
Oc/Te > 1 = QE/ATC > 1

— BOIRDBZBHMENKELN(F=IZEVT RIBEHNEIN) ZEEZNELETD
ZEBEBNDETIE EvT REEMEE(L56GeV) HTLELY
LEPEEMNSD TRIE(>115GeV) EF B

EvI A3 —DIERN/INE

EvIRA_EFIE2EDEE, BxEE SEEF. ...




2HDM®MDISE

Vr(¢,T) = D(T? - Toz)gbz — ET¢3 + %’“é“ 4 ...

¢c/Te

0
B = pora(6miy +3m3)  (HMeH T HD)

Gc/Te > 1 = QE/)\TC > 1

— QE/)\TC

AT,

C

th

400 +

350
>
S 30

190 -
100 -
0 r

0

Contour plot of ¢o/Tein the mg-M plane

phase fransition is strongly 1st order

(e =1 |
sin(e-f) = -1, tanfi = 1
Mh= 120 GeV ]
Mo=Mi=Ma=Mst

0 20 40 60 80 100 120 140

M (GeV)

— 2HDMTIE MR F D /T HyvT) TR T,

BDIXDFBBEEXTTHRKRESTES
Ev I AEEE0(100)GeVIZENS

(£ 0RO

MRz DHYPE

ICEARD T FILDTEHM?

Y V(9. T) = V(¢)



Ev ABECHEEICHTHIEFHIR

SK, Okada, Senaha (2005)

« RULBUVEVT RIGh(EEERMLEHEZED) D3RGS

hh Contour plot of Akyp/ Ay and /T, in the mg-M plane
LN ol N y 1 450 | ! T T | | T
. r i 100 %
[ : / w\': = [ _c 1 (R : / Vo f e
h ..«{\ i _.{* 350 - .“59-:{'::
! - T
& 250 2%
2HDM 4 2 ,
Ahhh 1ot Mo (1 _ M ) S anp 0t e
150 F e [le=
Aill\fb/lh 37T2 m%UQ mg) Ahsiil ko= 5% .
100 - sinfo-p) = -1, tanf =1 7
(q) Ju— H A H:I:) 50 - mh = 120 GeV
) ? M= MH= Ma= Mx’
[:l ] ] | | ] ] |
< ARl A 8 \ 0 20 40 60 80 100 120 140
SRLEES LEIN >
REGFEFIIR (>H10%) ISt AN ET B S
EERDE

)
il

288/ \ AL E AR ET HEE S hhh.ﬁé.\mjc%fﬁm}
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Higgs portal dark matter
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Coupling measurement

To be measured
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Precision Measurement for
Higgs Mass and Couplings at LHC

J.J. Blaising, et al Europe s Future Strategy, Jan. 2006
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SM Higgs Branching Ratio

=

BR for SM Higgs
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Top-Yukawa coupling
Top is exceptionally heavy ytSM ~ 1

Measurement of the top Yukawa should reveal the mass
generation mechanism and also nature of EWSB.

Sensitive to new physics effects

For mH=100-120GeV,
mainly from ttH process

5%/% ~15-20% D=

For mH=360-500GeV, o
_T mainly from tt from W-fusion i

W ) Syt /yr < 10%
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Estimation of HHH sensitivity

o _ _ o Higgs self coupling sensitivity
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