After the Higgs discovery:

implications for high—energy physics

Abdelhak DJOUADI (LPT Paris-Sud)

e Before the 4th of July
e The 4th of July and the day after...
e Measurement of the Higgs at the LHC
e Further tests at the ILC?
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ﬁALe have a theory, the Standard Model, which describes micros copic Worl:;LT

1

the interaction of S= 5 matter particles

via exchange of s—=1 force particles. MATTER = FORCE

It is based on a gauge symmetry : m G n . .
SU(S)CXSU(Z)LXU(]_)Y i

e relativistic quantum field theory , a a B . .

e perturbative, renormalisable |

e and most of all, very successfull. _ . . . m

—> infinitely precise predictions . a . . ', HiggsBoson -
—> high precision experimental tests N

Lep tons

Quarks e GaugeBosons o

But true only if particles are massless:
putting naively masses for W/Z/fermions

. . . a) e b) vy C) u g
spoils gauge invariance and therefore % N—Wéﬂ<e uj:
| e\ P,

the nice properties of the theory above.
Problem: how to generate particle masses in a gauge invarian t way?
— the Higgs—Englert—Brout mechanism for EW symmetry breakin g!
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|7 Introduce a doublet of scalar fields ~ ® = (2, ) with (0|®°|0) # 0: T
fields/interactions symmetric under SU(2) X U(1) but vaccum not.
Ls=D, P D P — 2P TP - \(PTP)?
v = (—u2/\)Y2 = 246 GeV
=> three d.o.f. for M=+ and My
For fermion masses, use same  P:
Lyuk:—fe(é, E)L(I)GR -+ ...

Residual dof corresponds to spin—0 H patrticle.

e The scalar Higgs boson: J¥¢ = 0"+ guantum numbers.
e Masses and self-couplings from  V : M§;=2\v? gys = BW
e Higgs couplings o< particle masses: g = %, gvy = 2—Y% .

The Higgs unitarizes the theory:
without H: |Ao(VV - VV)|xE?/v? m z;@ %\::
Including H with couplings as predicted:

L |Ag|ox M%; /v? = the theory is unitary but needs <700 GeV. J
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o

Example: Higgs decays in the SM
e As gipp X Imp, H will decay into
heaviest particle phase-space allowed:

e Mg <130 GeV

—~ H — bb: dominant decay

~-H — cc, 7777, gg = O(few %)
-H — vvy,Z~y = O(0.1%)

e My =130 GeV:

-H — WW, ZZ dominant

— decays into tt for heavy Higgs

e Total Higgs decay width:

— very small for a light Higgs
— comparable to mass if heavy
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Since v is known, the only free parameter in the SM is
nce Mg known, all properties of the Higgs are fixed (modulo QCD).
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Main Higgs production channels

-

Higgs—strahlung Vector boson fusion

gluon—gluon fusion in associated with QQ

:]> s
H

_____ ®-----H

g g BO000——— @

Large production cross sections
with gg — H by far dominant process
1fb~! = O(10%) events@LHC

= (0(10?) events@Tevatron

but eg BR(H — 7, ZZ —4¢)~1073

... a small # of events at the end...
with a huge QCD-jet background.
—> an extremely challenging task!

o
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Main sensitive channels:

gg—H—17
gge—H—>Z7Z— 40,2020, 202
gge—H—->WW —/v/iv+0,1;
also help from other channels:

~VBF+gg —H— 77
-qq— HV —bb/X J
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A major problem in the SM: the hierarchy/naturalness proble m
Radiative corrections to M%I in SM with a cut—off A =Mnp ~ Mp; T

AM%—I — --I._I___®___I__I__ X A2 ~ (1018 Gev)z

M prefers to be close to the high scale than to the EWSB scale...

Three main avenues for solving the hierarchy problem:
Supersymmetry: a set of new/light SUSY particles cancel the divergence.
— MSSM = two Higgs doublet model = 5 physical states h, H, A, H*
— very predictive: only two free parameters at tree—level ( tan(, M)
— upper bound on light Higgs M} 5130 GeV and My i+ ~Mj STeV
Extra dimensions: there is a cut—off at TeV scale where gravity sets in.
— In most cases: SM-like Higgs sector but properties possibl y affected
— but in some cases, there might be no Higgs at all (Higgsless m odels)....
Strong interactions/compositness  : the Higgs is not an elementary scalar.
— H is a bound state of fermions like for the pions in QCD...
— H emerges as a Nambu—Goldstone of a strongly interacting se ctor J
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1. Before the 4th of July

and along the avenues, many possible streets, paths, corner S...

Which Higgs?

-

n? &
Undiggs? Private Higgs? Gurslriks Yhiggs*

> ; Loitfle FFige?
Gaugephobic Higgs?  Kstble's %995 798!
"{gpm“ied Fhiggs Tetermediafe ‘H‘nﬁ@,

eSile Yt ts?
@@hﬂr ‘ uﬂ ]Fﬂf Hﬂ?ﬂg

?
Werfal :ﬁ'ﬁgg& ;
P i @e’(‘f‘g 5“‘] %auf"E“? f"ﬂ © ﬁﬂ?ﬁ@
@auge—ﬁﬁ_ggg? Loene ﬁ”?%
| T'win ﬂiggg?
(S‘E?;ap ﬁ? S f ﬁﬁyﬂ'@f? ('p;tan-’ ol Hﬁgg&‘?

CArstorhe Grojecn Evatic £8d sactors alarsas, Fad.io

L Which scenario chosen by Nature? The LHC supposed to tell! J
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Local p

2. The 4th of July...

ATLAS 2011 -2012

Vs=8TeV: [Ldt=58-5.9 fb™ IESN

------
~a.
~
.....

.......................................................
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—— Obs.
s=7TeV: [Ldt=4.6-4.8 fb™ ---- Exp.
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m triumph for high-energy physics.
Indirect constraints from EW data 2

H contributes to RC to W/Z masses:

- —

” ~
4 N

i \

H 2 Jog prH ot

W/zZ W/ Z

Fit the EW precision measurements,
one obtains My = 92+3 GeV, or

Mz <160 GeV at 95% CL

compared with “observed” Myz=125 GeV
A very non-trivial check of SM consistency!

In 1995: top discovery with m;~175 GeV
while best-fit in the SM is for same value:

it was considered as a great achievement....

sz

Measurement Fit  |O™-Q|/gmeas
Q L 2

m, [GeV] 91.1875

2 3
+0.0021 91.1874
+0.0023 2.4959

r,[Gev]  2.4952 -
ob[nb]  41540+0.037 41478 m—
R, 20767 £0.025 20,742 mm—
AY 0.01714 £ 0.00095 0.01646

R 0.21629 + 0.00066 0.21579 M

R 0.1721+0.0030  0.1722

AY 0.0992+0.0016 ~ 0.1030 M ————
AdC 0.0707£0.0035  0.0743

A 0.923 +0.020 0.935

A, 0.670 £ 0.027 0.668

A(SLD) 0.1513 +

m,, [GeV] 80.399 +
Iy [GeV] 2.085 +
m, [GeV] 173.20

llllllll

0.0021 0.1482 m——
—

0.023 80.378
0.042 2092 m
0.90 173.27

6 July 20, m;, = 161 GeV
- . A =
57 %} —0.02750£0.00033 i : 7
1 3% 0.02749:0.00010  ff ¢
4 - incl. low Q* data  #f ¢ .
3 ]
2 ]
1- -
0 | Excluded -
30 100 300
m, [GeV]

2 Still some problems with A?‘B (LEP), A%B (TeV) and g — 2 but not severe...
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f Fit of all the LHC data —> looks like the Higgs is SM-like ....

2. The day after ....

IATL‘AS | 201‘1 - 20|12

W,ZH - bb

I
i m,=126.0 GeV

\s=7TeV: [Ldt=4.7fb*
H- 1t

\s =7 TeV: [Ldt :(4).6-4.7 fot
*

H- WW’ 5 Iviv
\s=7TeV: [Ldt=4.7 1"
Vs=8TeV: [Ldt=58fb"
H -
\s=7TeV: [Ldt=481b"
Vs=8TeV: [Ldt=59fb"

*
H- zz" - 4l
\s=7TeV: [Ldt=4.8fb"
\s=8TeV: [Ldt=5.8fb"

Combined
(s=7TeV: JLdt=46-481" p=14+0.3

Vs=8TeV: [Ldt=58-591f"

o

-1

First/obvious implications (
e Many scenarios are ruled out (Higgsless, gauge/fermio-pho
e Many others are in great trouble: Techni-Higgs, composite H

0 1
Signal strength (L)

a chaud..):

50 20 _
CMS Preliminary -
1.80 \s-7Tev,.L=51"fb" 1821
16 Vs=8TeV, L=5.3fb" 16 N
1.4 14
1.2 12
1.0 .10
0.8 8
0.6 6
0.4 4
0.2 2
0]

080 0.5 1.0 1.5

bic, 4th gen.
iggs,...

e Other scenarios still OK, but need heavy new particle spectr um.
L example of Supersymmetry and the MSSM.... J

LAL+LPT Orsay, 16/10/2012

The Higgs discovery: implications... — A. Djouadi — p.10/23



_ _ _ (HY H
fln MSSM, need two Higgs doublets: H; = (Hl) and Hy = (Hg) T

e to cancel the chiral anomalies introduced by the new h field,
® give separately masses to d and u fermions in SUSY invariant w ay.

After EWSB (which can be made radiative: more elegant than in SM):
three dof to make Wf, Z1, = 5 physical states leftout: h, H, A, H*
SUSY => only 2 free parameters at tree—level ( tan(, M 4 )+constraints:

My < min(Ma, Mz)-|cos23| < Mz, Myu+ > Mw, My > Maj...
M A > My: decoupling regime, all Higgses heavy except h = Hqpp
My, ~ Mz|cos23| < Mgz! | Mg~Mpg+~Mj, ,

—> Inclusion of radiative corrections to M, important and necessary:
as value M, = 125 GeV large in the MSSM, need to maximize them:

Ma>Mz 3mg M3 X2 _X?
My Mz |cos2j3| + . [log =2 T oz (1 6M§>]

272v2sin? 3

e decoupling regime with M ~ few 100 GeV and large tan [ values;
e large Mgygy = /Mg, Mg, scale ie heavy stops, with large mxiing; J
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2. The day after ....

SUSY scale rather large.... backed up by direct searches

M, =2 TeV - Maximal mixing

50

All points
« M =(125% 2.5) GeV
+  + Excluded by flavour
40 - CMS limit
I LEP limit
35

tan p

45

30

25

100 150 200 250

0,2 a4 0 1 2 3

- - - T L
lly in constrained MSSMs P e e
2 MSUGRA/ICMSSM : 11ep +1'S + Er s _ . 4
e S p e C I a y g Pheno model : 01ep + /s + Ey Gmass m@ < 27ev g ) Ldt=(1.00-58) fb
g Pheno model : 0 lep +J's +Ex . Gmass n@ <2 Tev hgm 9 fs=7,8TeV
¢ Glinomed. (G qf ):1lep+Js+Ey . Gmass (m( <200 Gevim( ) =gim( Yim)
g MR 2 ep (0S) +J'5 +Eq s gmass (an <19
E GMSB:1-2 50T iep 45 +E [0 gmass n -20 Preliminary
2 TEv
s gmass () s0coy)
1 35 g b6 (vintualb) : Q\ep‘ wz b FEqp piss gmass () <300Ge
> o G BB (yirualb):0lep+ 3bJs +Eyp. gmass i < 400Gev)
R g n'S (realb) :0lep + 3b's +Eq e gmass (n( ) -60Gew)
Q 53 g @ | (virual)  1lep + 12 b5's +Ey . §mass n( ) <150 Gov)
ZE g ) (vityal): 2 lep (SS) +J's + Er e gmass (n( ) < 300Ge)
&2 g 1 © (virtualt) : 31ep +J's +Eq pyee gmass (xnym(nl<m(g)l
22 9.t irtlialt) : O lep + multi's +E, .. _gmass () <300Gev)

gmass m( §<s0Gan

g i  (vinualD) : 0lep + 3bys +Ey e
5 gmass ()< 60Gev)

€130}

bb, b, Jaj Olep + 2-b-jets + Ey ey b mass m( %< 150Gev)
§ B NUHM BB, 3lep g el Gmass m( 3~ 3m %
i (veryl\ghl)t b r2lep+E, . Tmass (i 9~ 15 Gov)
Tlligh) T b : 12 1ep + bt + Ey mer [1=470" 76y (conr-2012070 120-1788H { Mass. (m( ) - 45 Gov)

%7 7oy (120814471 380-465 mass (m( %0
Tmass (-0
znmﬁsnvl tmass -0
Tmass (s'm( ‘) <230 Gev)

:0lep + bijet +E.
:1lep + bjet + E.

T (heavy). T {
t(heavy), T t Tmiss

B msuUGRA
(he b
[ Jvcmssm Froeis 2 b Ere

3rd gen. squarks
direct production

125

", 7oV [CONF-2012071]

e (18 | 7 Teviconr201207e)  SEEOIGEM | mass (m(-=0)
1 e T Toviconrorzare  IEREHOGRA | Mass (m( 9)-0.mi.)- = )

@ . :
- mAMSB s O 30 )+ +2.%): 3lep +Ey . |17 1w cone mass - O 9 -omi. ) asabove
120 - AVISE (direct . pair prod) : long-iived

28 Slab\eg R-hadrons : Full detector Gmass

- CNMSSM oF le t R-hadrons : Full detector 1S
g8 MelaslablegR adrons Plxel det. only gmass (@>10ns)

mass (s <tan <20
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oV highrmass B
Bilinear RPV : 1lep +J's + Ey ..
B

. No-scale
C1RPV 4 lep +Eq e
\:| mGMSB RPV ° heavy d|spl:c’:ad vertex

Hypercolon Scalat Ghions - 161 m, m,
Spin dep. WIMP interaction : monojet +E; ..
Spin indep. WIMP interaction : monojet +Eq .

mass (3,010, ,,005)
G-gmass ¢ .,<15mm)

RPV.
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1 Y

1157

Other
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Still one hope: excessin  H — ~~!

e light stau's and large utan(

e light Xf In non-univ MSSM

e possibility of light  t state:

= max-mixing: o(gg — h) suppressed.
—> NO Mixing: yes, but stops too heavy.

e BMSSM? many possiblities (NMSSM)

Common features: some light
sparticles are around the corner!

m, = 125 GeV

bb

Www

7

/s =
/s =

——

CMS Preliminary
7TeV,L=5.1fb"

8TeV,L=5.3fb"

1 2 3 4
Best fit / SMH

We need to make sure about the excess and search for the respon sibles....

e Hope something really new will show up in full 2012 data...

e If not, at upgraded LHC with 14 TeV energy and 300/fb data?

e If not, a high luminosity LHC (3000/fb) will increase sensit

e And in case of nothing still, go for the highest possible ener
L We must make full use of the LHC capabilities!
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Now that Higgs is found (and nothing else yet): is HEP “closed "7 T

No! Need to check that H is indeed responsible of SEWSB (and SM -like?)
Measure its fundamental properties in the most precise way:

e its mass and total decay width,

® its spin—parity quantum numbers and check JPC =0,

e its couplings to fermions and gauge bosons and check that the y are
Indeed proportional to the particle masses (fundamental pr ediction!),
e its self—couplings to reconstruct the potential Vg that makes EWSB.
Possible for Mg ~ 125 GeV as all production/decay channels useful!
o(pp — H+ X) [pb] ' Mbb A
gg— Vs =14 TeV T 77,
0.1 T t 1
o} i SN
Hqq
WH.. 0.01 | BR(H)
0.1 . W ‘ 0.0001 L2 N ‘
100 120 145 180 230 300 400 500 100 120 145 200 250 300 400 500
My [GeV] My [GeV]
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f Higgs mass My from:
-H — v
~-H — Z7 — 4/*
Final AMH/MH ~ 01%

Am/m (%)

Mass precisely measured but total width out of reach (invisi
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Experimental precision on the SM Higgs mass

ﬁ L P

ATLAS +CMS
300 fb™' /experiment

OH, WH, ttH (H —> »7)
OWH, ttH (H — bb)
AH — 779 — 4

All channels combined

10

10°
Higgs mass (GeV)

AT /T

Higgs total width I'g:

-

—use H — Z7Z — 4/*
— but too small for Mg < 2Myg
cannot be resolved experiment.

1 Experimental precision on the SM Higgs width

ATLAS+CMS
300 fb™' /experiment

®H — ZZ —> 4l

N
200

N
400

L | L L
600 800
Higgs mass (GeV)

ble decays?)J
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f e Higgs spin:

H — ~7: rules out J=1 and fixes C=+.
—not generalizableto H<«— gg(g~q)
— other possibility left, ex: J=2 (radion).
e Higgs parity:
- H — ZZ — 4/(* rules out CP—odd.

— spin—correlationsin gg—H — WW*,

But need to check that H is pure CP—even
— challenging precision measurement,
—roughly doable inH — A¢* correlations.
—alsoin dI'(H— ZZ"*)/dM.,
Drawback: If H is mostly CP—even,

rates for A — V'V are too small...

More convincing: look at Hff couplings
Possible but very challenging channels:

\_ gg—H — 77 or pp— ttH—ttbb

dI'(H— ZZ*)/dM., @thresh |

30r -

H Z'z (ff)(E,f) ]
L M, =150 GeV |
51 :

_
HzzZ (f)(F)
M,, =280 GeV |

1/ did
o
[
o

014f

0.2}

L L L L L L L L L L L L L L L
015 2 312 2

dI'(H—ZZ)/d azimut!
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® Look at various H production/decay o188 = ) lobl o =y | T
channels and measure N., =0 xBR ’
LHC with £ =2300fb ~! (more statistics?)

10 A Y -,_A) 0.85 R
0.70 4~ ‘

115 250 500 +

e Large errors mainly due to: o

— experimental: stats, system., lumi... RN

— theory: PDFs, HO/scale, model dep... oo e e
total error about 20-30% in gg — H Sob D1 il ]
contaminates also VBF/HZ ( ~30%)... S.b

= 0 X BR ratios: many errors drop out! 33 2

e One obtains width ratios: I'x /T’y =y I |

e Theory assumptions (no invisible, SU(2) Qhoonstititid -l ]
Invariance, some couplings are known,..) (G0 ma (Ge)

= translate into I'x o gfxx With L S

S 1 (AeXpF+AthF) izl 1 et
precision: Agpxx = 3 = 4 &= | L
—> reasonable precision of order 10% ! il

|||||||

not too bad... but is it really enough? o w e T
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fImportant couplings to be measured: g3, Eya = accessto V. T

.gH3fromppHHH—|—Xj 100:\\\‘\\\‘\\‘\‘\\‘\\\:
b SM:pp HH#X
e g4 from pp —3H+X, hopeless. "m> g N
PN , 09 HH ,
Relevant processes for HH prod: s e ol )
only gg — HH can be useful... Mff ’ S ]
I A R R
3 ppollt ] — Cetm WHHZHH
Vs=14TeV ' —~ :
. L O 95% CL limits J " WHH:ZHH 16
S T CWWZz 23
> [ : 600fb1 ] Ollw\\\\\\\\\\\\\\\\\\
= I 0 100 120 140 160 180 190
f‘< ]; B M, GeV
s e H — ~y decay too rare,
I H —
| e H — bb decay not clean
< 0
< eH — WW atlow Mgyzx?
L ’ most promising possiblity?
140 160 180 200 gg — HH —bb77
my (GeV) needs very large luminosity.
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f ldeal machine: clean environment, comparable signal/back ground, ...
e High precise tests, mostly at /s < 350 GeV and mainly in ee™ — Z
measurements of all BRs, o(HV),c(VV —H), J¥¢ My, 'y, ...

e Needs upgrade to \/5 ~~ 500 GeV to probe important gyt and AgHH-

e Very high luminosities, at least a few 100 fb L are required...
et Z
Z i 0<el+e_ — HX)I{fb} I I ] JHWW +0.012
WH WOF gz Mp=125GeV ' GHZ7 +0.012

g | £0.022
JHcc +0.037
Grne | £0.033
Jtt +0.030

N wfet 100F

V*_H__ [ =

. 10F ’x"
e \4 ye/ef :' .* =
. 3 )
>MANV<H 01 _ )\HHH Z|2022
+ L F Lot
i ol 1| My | £0.0004

_ H . B e -
e M 0.01 | S L I'y +0.061
- 1 200 350 500 700 1000 2000 3000 CP +0.038

L Vs [GeV]
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4. The Higgs at the LC: LEP3?

fSome people advocate a (quick/cheap) 250 GeV LC, akind of LEP  3... T
— you can indeed precisely measure Higgs couplings to VV and f f,
— but no access to the HHH and Htt couplings: need at least 500 G eV!
But you cannot produce the top: the other particle to be preci sely tested
Why is it so important?? Check the stability of the EW vaccum!

e A =M% /2v? increases with energy Q;

Q) ~1 + 32M%+M%—4mf
A(v?2) 1672v4

tops make A(0) < A(v): unstable vacuum
e SM valid only if v =EW-min, ie A(Q?)>0
for my =173 GeV; but whatis m@™*V2?

e Unambiguous my only from o(tt) :
— value at TEV/LHC not precise...
—need ILC Am¢ =200 MeV!

Only way to check stability/New Physics:
measure the top = /s = 350 GeV!

log(f—z2

~H R AV

182
180
178
% 176
O 17| e
;‘éa 172 stable
g 170
168
166

164
120 122 124 126 128 130 132

My [GeV]
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Measurements which need the 7

high cross section of ete™ — Huw: k
® BRH— ptp~) o< 107% ’
Higgs couplings to 2d generation
e BRH— ~Z) x 1073
complementary/same(?) toH — 7y
e Trilinear Higgs couplings
ete” — W*W* — HHvv e
statistics better than HZ@500 GeV
Scenarios which need high energy: HWU(et/eg:g%?é ..... e .
Search for the MSSM heavy Higgses: i | W—— tanf =30 hee:
Decoupling: Muy~Ma~Mpg+>Mz |

efe— —HA HtH- e
Kinematical reach: Mg =~ 24/S 17 I |
At CLIC: Mg ~1.5 TeV (beyond LHC). ) I \

also look for EW superparticles.... . Mo /M, [GeV] J
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4. Higgs properties: JLC?

fPersonal opinion (mais personne n’est oblig é d’étre d’accord..): T
an e"e~ machine with /s~500 GeV energy will do the best job!
Ono+Mivamoto Yasui et al.
Higgs self coupling sensitivity
60 : : : :
'E Int(L)=1 ab
L 100% efficiency /
ee ——>hh e /
40+ e e -—>Zhh ——— //

tio
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=
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g Ra
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The turn of Japan/Asia to take the lead for a 400-500 GeV LC?
LThey seem to be rather interested. Il faut leur d  érouler le tapis rouge! J
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5. Conclusion
fWe hope that we will finally understand the Higgs mechanism.. : T

annw UNDERSTANDS ME!
e 1 r/ :- ,

.. but there is a long way until we get there....

L and there might be many surprises waiting for us... J
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