LHC LIGHTS THE WAY:
THE HIGGS & BEYOND
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A NEUTRAL BOSON DECAY TO TWO PHOTONS
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Events/2.5 GeV

2013 MORIOND UPDATE:

The “Gold plated” channel:
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Combined
u=0.80+0.14

H— bb
w=1.15+0.62

H— 1t
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77Z(4): 6.7/6.60; Y Y. 3.2/7 403

Signal significance: WW: 3.9/3.80; bb+TT: 3.40
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1. X=2>YY:

- its neutral; can be spin-0
- cannot be spoin-1 (Yang’s theorem)

- can be spin-2, but unlikely/distavored
2. X 2> 77, W+W- seen.

- the source for EWSB (vacuum excit.)
3. X not to p*p;, e*e’, but t*1 seen.
- non universal leptonic coupling (gauge)

4. Xtt needed to match, X = bb seen.

- non universal quark coupling

HIGGS SIGNAL BEYOND ANY REASONABLE
AND UNREASONABLE DOUBT
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50 year’s work by numerous theorists

b 0. D U@ —Le o Klbile Gu/ralnlk |
3 § , w ‘ ’* €L

(COLLIDER Tue Hices
Puysics

UprpDATED EDITION

HuNTER S
(GUIDE

7

.

- -~y . i
— ’ (\ - A2 Gl - . oy e

. e

U

Vernon D. Barger 6 John F. Gunion

Howard E. Haber

Roger |.N |’h‘.“1p\ <Y
Gordon Kane

5/13/13 Sally Dawson




25 year’s work by thousands experimenters

d". '---_
- :v
. 20 '_. ) S e/
’ : ¢ .
| s B
’ -
. A [
, é
'y ,.".,‘
: A
’
_

\ ?‘ CDF@Tevatron

ALEPH@LEP

5/13/13



The Higgs hunt ...

This is truly a monumental triumph!
We have reached a deeper

understanding of nature!
8
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REST OF THE TALK:
UNDER THE
HIGGS LAMP POST

The discovery has given us
tremendous confidence for our
understanding of Nature:

R-decay =2 W=/Z = Higgs boson!

The discovery has sharpened

more profound questions ...
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V() = £u’p'o @cb*qs)?

M? =—2u? = 2\v? 2/)\)1/2
QUEST 1: A, A NEW FORCE?
= #4 2 172 3 é 1
V(g) = 5 pH+ AwH +4H.

Ais NOT governed by gauge interactions.
The (rather) light, weakly coupled boson:

Mu =126 GeV 2> A=1/8]

At the verge of uncovering a deeper theory?

- A determined by gauge couplings?
In SUSY, A= (g% + g,°)/8

- or dynamically generated by a new strong force?
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Acal nigh energies: 7 o HH

For small A, the Top-Yukawa dominates: .-, - Hah
e A2
327(' E T 24yt : )‘( ) (U) A Qyt log (’0_2)

To have a stable vacuum,

3v? A?
AMA) >0 — M > 52 Y *log ( )

Ac ~10° GeV = Mgy > 70 GeV
Ac ~ 1016 GeV = My > 130 GeV

0.10 r

M, =125 GeV
30 bands in

0.08
Much renewed interest, updates:®

M, =173.1 £ 0.7 GeV

X 006 —_ 01184 + O (X
$ G. Degrassi et al., arXiv:1205.6497. 3 @:(z) =0.1184 £0.0001
S 004
For Mu = 125 GeV,
then A(mt=l75) < 107 GeV gg 00 s -~ .M, = 1710 GeV
- CNM) = O.-IQOS-;
° -0.02 s ~ [U/] S 116%
A metastable Universe? por—rroeean
~0.04

11 RGE scale p in GeV

102 10 10° 10* 10 10" 10 10 10" 10%



QUEST 2:
(L% THE HIGGS MASS

V(§) = +1’d'd + A(97¢)%. M =—2u" = 220

“It 1s interesting to note that there are no weakly coupled scalar particles in
nature; scalar particles are the only kind of free particles whose mass term
does not break either an internal or a gauge symmetry.” -- Ken Wilson, 1970

No symmetry to protect M, in the SM.

—> it 1s unstable against quantum corrections.

Unnatural:
Fine-tuned to

0.05 mm/0.5 cm ~ 102




Quantum corrections to the Higgs mass:

E loops
t 5 _
_____ | IL 2 ' WB '
h h ) ok
¥ h g hex TR h /
mh ~
(a) (b) (c)
(200 GeV) F
3 1 1
- R S 2A2 2A2 272
Bt o = ol T 16729 N T eRo e P

If A2 > m%{, then unnaturally large cancellations must occur.

Aewr \°
(200 GeV)? = mgo + [—(2 TeV)? + (700 GeV)? + (500 GeV)?] (1ot’$:v>

If believing A — Mp;, then the cancellation IS ... !l 7277
“Naturalness requirement” : less than 909% cancellation on m%

/\t53 TeV /\ng TeV AIIS 12 TeV
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e SUSY:
Symmetry between different spin-states (opposite statistics)

\ 2

Am) ~ (MBygy — M3yy) — "( : )
MMTr ~ | | :' ' T A :‘l » — 5 l |

Weak scale SUSY is natural If Mg gy ~ O (1 TeV).

~

Relevant states to Higgs: ¢ (g), W=+, Z, H*°

* Composite Higgs (or dual of extra dimension theory):
The Higgs boson as a pseudo-Goldstone boson

(from a larger global symmetry breaking)
The Little Higgs idea — Strongly interacting dynamics:
An alternative way 10O keep H ||C_] Nt ( ﬂatur’;‘lll_\,/). Arkani-Hamed, Cohen,
Again, predicting new states: Katz, Nelson, 2002.
W*,Z,B Wi, Zy, By, t—T; Heo o
f o] 18 J Sdl Spin states!)

A hght Higgs implies new physics near 1 TeV!



“Naturalness” argument strongly suggests the
existence of TeV scale new physics.

[f you give up this belief, you are subscribing
the “anthropic principle”.*

oo physicist talking about the anthropic principle runs the

same risk as a cleric talking about pornography: no matter
how much you say you are against 1t, some people will think

you are a little too interested. -- Steven Weinberg
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The fact that M = 126 GeV

has already provides non-trivial test to some models.

In a given theory with additional symmetries, one may be able

- to calculate (in a weakly coupled theory — SUSY)

- to (g)estimate (in a strongly coupled theory — composite)

' Measured!

SM (valid up to My) I

MssM I M = M2 cos® 28 + Agygy
! 2 2
Composite Higgs ] HieTy £2
50 100 150 200 " ePorarel FCEIDPY

Both suffer from some degree of fine-tune (already).
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A Natural Higgs Sector at LHC

1. Supersymmetry:

CMS preliminary
T1: §—qq%"

Tlbbbb: §—bby"

m(mother)—m(LSP) =200 GeV

m(LSP)=0 GeV

gluino

gluino
Titttt: g—ix" | gluino
T2: 3—-4x" | squark
T2bb: 5-b%" | sbottom
— S —
®_T12tt: iy stop >
T3lh: g—qq(xy =171 %°) gluino
. o~ ~ 4 ’r~0 ~0 .
T3w: g—qq(x™ WX [X") | gluino V_'_'
TSInu: ¥* =1*v%° | gluino

T5zz: §—qq9(x3 = 2%°) | aluing

D: o x* U’}

L xS =Wz K°

chargino/neutralino

chargino/neutralino

7 TeV, < 4.98 b !

600
Mass scales [GeV]

800

1Z

1000

1200

Current bounds
on the “most wanted”
are still loose.

LHC will push stop

to the extreme.

LHC may be limited

to cover gauginos

and Higgsinos.



2. Composite Higgs:

e.g. T" 1n the Little Higgs Model
qq, gg — TT — tt AAVX 5 bj1jo bl B A A Xaber
The current ATLAS limit: M > 480 GeV, for M, < 100 GeV.

Future projection: | FERMIONIC TOP PARTNER {

-1, h AL
At 14 TeV, 100 tb-1: P~
reaching to y_ ‘ﬂ

M, ~ 1.1 TeV at 50 -

il A

TH, Mahbubani, |
Walker, Wang, 2008. T

3. Light H*, A°, H® Higgs bosons.
4. Electroweak gauginos/Higgsinos.

V]
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WUES TS,

FERMION MASS AND FLAVORS
(a). Neutrino mass generation:
The Higgs may be the pivot The seciani ooy t197 7-198.
for see<s;1]v57>2. .Tf-.: #fﬁ}‘" Lr .. f"-—-
M |
The Higgs may serve as a probe

1,

to heavy neutrino sector.

Watch out H 2> N N !

E e '
In an extended Higgs sector
(doubly charged Higgs in a triplet model),
there may be predicted correlations between
neutrino oscillation and LHC signatures.  Filevies Peres et al, 2008

19
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(b). Fermion masses & flavor physics

1013

A 10l= _

P&Fthle IMass i t W7 hO( 125)
1010

hierarchy: >

109 5 &

108
107
106

All proportional to v

Masses (eV)

What controls the 10

mixing structure: :
BARYS 105
“Minimal Flavor

Violation”? 10=3

{

2 v(EW):x10"° ?

l‘ /
10~4
10~
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QUEST 4:

THE HIGGS PORTALS TO COSMOS?
(a). Dark Matter

The Higgs boson may serve as a portal to the dark sector.

Missing energy at LHC  Direct detection Indirect detection

/h y A ”M € q )

h

><|
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SUSY DM+Higgs in close scrutiny:

CoGeNT

U= |

TEXONO

T 2 L

.Natarajan, arXiv:1303.3040

10° :

0.0
1)

1

1047

102r

BR(h,H,A—y

1037

- il P s

<0, v>(v—0) (pbxc)

10-7-

\ 1078}

ICECUBE

1000
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OTHER POTENTIAL CONSEQUENCES

(b). Baryon — anti-baryon Asymmetry

For ¥y =126 GeV,
EW baryogenesis needs light sparticles:

m = 150 GeV, Carena et al., 2011;

stop
plus a light neutralino, singlets ...Chung et al., 2011.

Bezrukov, 2008;

° ° ?
(c). Higgs as an inflaton’ Nibavims 2010

(d). Higgs field & Dark Energy?

The existence of a fundamental scalar encourages the
consideration of scalar fields in cosmological applications.

THE DISCOVERY OF THE HIGGS-LIKE
BOSON IS MERELY A BEGINNING
OF A LONG, EXCITING JOURNEY!
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LHC MIRACLES:

Total Integrated Luminosity (b !)

CMS Integrated Luminosity, pp, 2011, Vs = 7 TeV

Data included from 2011-03-13 17:00 to 2011-10-30 16:09 UTC

I LHC Delivered: 6.13 i !
1 CMS Recorded: 5.55 b !
CMS Validated: 5.32 b !

CMS Preliminary

7 TeV

( | | 1 \l L

Date (UTC)

RS

Each detector has reached

the CDF/DO0 sum.

Accelerator and detectors

outstanding performances:

7 25
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Total Integrated Luminosity [fo "] 9"
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CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC

I LHC Delivered: 23.30 b !
] CMS Recorded: 21.79 !
CMS Validated: 20.65 b !

CMS Preliminary

L L L L L L
30 ATLAS Online Luminosity ~ \'s =8 Tev —

C [ LHC Delivered ’
25 [ ] ATLAS Recorded —
20 :_ Total Delivered: 23.3 fb _:

- Total Recorded: 21.7 fb™ -
15 =
10 -

5 =
0:1 1 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 | 1 1 1 1 1 1 I:
26/03 31/05 06/08 11/10 17/12

Day in 2012
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107

10

SM well studied at the Tera scale:

I ATLAS Preliminary

= 35pb" | 5 5

— N LHC pp Vs =7 TeV

B 35 pb™ Theory

= © Data (L=0.035-4.6 fb")

- LHC pp Vs =8 TeV

= : mm Theory

— 1 R

- 581fb’ e Data(L=5.8-201"
- i 587"

= 101  —i-

— ; ; i T

— 1.0 fb” 1 13 fot

~ ! 46 5

I )

i ;o ; 20 for!| 2 CMS
= 4.6 fb" o ; : =
= i 21" X 1 - W § | G 7TeV CMS measurement (stat®syst)]
- 146 fb g : -
: : = Z E E 8 TeV CMS measurement (stat@syst)_:

: . ; ! — 7 TeV Theory prediction =

. . : . -

W z g t Fww oowz w1 zz e ! —— 8TeV Theory prediction ]
C 10 1] { —=
0 SHR-] Lo | 3
+3 C _ ! l : . -
8 [ =l L 22 : | : | , . -

3 | "B | ! : : ; ! {

W 10 >3 | o Wy | : | | 5
) = ) : . ) s : : : : -
& E o 8 e I 0 P T
O | 24 — e W ZE AN g L]
O 10°E . - T o e : : g g =
c = 3 =l e wz S
o = L i : e i s _—
= = | jo | P | i —— ZZ |
O 10 E; > 30 GeV l: Er > 15 GeV | ; 5 5 I
=5 = | o : | ; i e =
o = Eig g7 | AR(YN>07 ! : : - = 5
O [ ! I ] H | p—
k= ™ & : : L]
Q | 1 1 |
- 1; : 4 : F ' 5.0fb" 4.9fb7 4 49" 3
=5 36, 19pb ' 50fb ! asipt 117 gapal 3

JHEP10(2011)132 CMS EVWK-11-009 CMS-PAS-EWK-11-010 (WZ)

JHEP 01201 2)010 CMSPAS-SMP-12005 (AWT),
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MSUGRA/CMSSM : 0 lep +j's + E s
MSUGRA/CMSSM : 1 lep +j's + E 1 s

Pheno model : 0 lep +j's + E s
. Pheno model : 0 lep +j's + E s

ClusdVeE Goam) 1 ep+is s

GMSB (INLSP) : 2 lep (OS) +'s + E
GMSB T NLSP): 12t +)s+E ™

GGM (bino NLSP) :yy + E:"“!SS

GGM (wino NLSP) :y +lep +E_"

GGM (higgsino-bino NLSP) :y + b + E miss

GGM (higgsino NLSP) : Z + jets + E; e

Gravmno LSP : monOJet' +E 7 iss

T,miss

N
Inclusive sdEs:hes

T,miss

T,miss

S ttxq 2 Sé-lep +(0-30-)j's + E 1 o6
@ ﬁlnos §—>tth 0 lep + multi-j's + £ ..
Gty 0lep +3bs + B

bb b —>bx Olep + 2-b-jets + E

Bb, b~ % 2 8S-lep + (0-30-)j's + E -

tt (Ilght) t—>t3x 1/2 lep (+ b-jet) + E

it medium), t—>bx 1lep +b-jet+ E
uar it ( medlum) t—>b)<1 2lep+E
avy), t—>tx 1lep + b-jet+ E

it (heavy), T=t5°:0 Iep + 6(2b-)jets + E
1t (natural GMSB) : Z(—l) + b-jet + E

............. t 2t.2’.t >tz .Z.(_>”) + 1 Iep +b-jet + E

T,miss
T,miss
T,miss
T,miss
T,miss
T,miss

T,miss

3rd quuarks
eafad

dir

T,miss

T |L, |—>rz Slep+E."

T,miss

—>lv(|v 2 lep + ET e
Neutrali n@éz o) 21
Vv, KT I(Vv) : 3 lep + E
..................... 7L W f“’. z .*3T°. Blep+ E e

g, R- hadrons low B, [3y

IIVéae GMSB, stable : low

GMSB, X —>yG non- pomtmg photons

LFV : pp—>v +X,V_ —e+u resonance
LFV : pp—=v_ +X,Vv_ —e(u)+t resonance
|I|near RPV CMSSM 1lep+7js+E
x x W ,x—>eev euv_:4lep+E
; 1:1:\/ ,eTV 3Iep+117+ETmISS
g— qqq 3-jet resonance pair

§j—>tt T—bs: 2 SS- -lep + (0-3b-)j's + E

Scalar gluon : 2-jet resonance paf?'
WIMP interaction (D5, Dirac X) monOJet'+E

T,miss

T,miss

miss

*Only a selection of the available mass limits on new states or phenomena shown.

No SUSY (yet)

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)
| I 1 1T 1T 11 | | I 1 1T 1T 11 - 1 | L ||| |
g =g mass
g =g mass
§ mass (m@) <2TeV, Ilghtx ) ATLAS
gmass (m@) <2Tev, Ilghtx ) Preliminary
7577 T SR ABSBI N aon G mass  (m) <200 Gev.mez) =m(i )
g mass (tanB < 15)
~ 0
9MASS (M) >£06eh f Ldt = (4.4 - 20.7) fb"
d mass  (mE’) > 220 GeV)
abs (m(|T|)>2oo1 GeV) Is= 7,8 TeV
chle (m(G)>10™ eV)
g mass mcz <200 GeV)
o TV, al 2012 dta
2 (s mass mG( <200 GeV)
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-007] " 430Gev. b mass (m@f)=2 m(i
t mass (m(;zf) = 55 GeV)
L=20.7 fb", 8 TeV [ATLAS-CONF-2013-037] 160-410 GeV thaSS (m X =0GeV, mG(: 150 GeV)
L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-167] GG t mass  (m(f) =0 GeV, m{t)-m(x) = 10 GeV)
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-037] 200610 Gev. t mass
L=20.5 fb™, 8 TeV [ATLAS-CONF-2013-024] 320-660 Gev t masp l‘ 9J‘e\/
L=20.7 fb", 8 TeV [ATLAS-CONF-2013-025] 500 GeV t~mass (] 62 )
L=20.7 b, 8 TeV [ATLAS-CONF-2013-025] " 520 GeV t mass T m(>'< ) + 180 GeV)
L=4.7 fb", 7 TeV [1208.2884] [gstesGev! | mass m()Z
L=4.7 fb™, 7 TeV [1208.2884] . 110-340GeV X mass (m()Z 10 GeV, m(; (mGc;) + mG)))
L=20.7 fb", 8 TeV [ATLAS-CONF-2013-028] 180-330 GeV x mass m(;'c 10 GeV, m(" g (m(¢;) +m(x,)
L=20.7 b, 8 TeV [ATLAS-CONF-2013-035] 600 GeV )~(T mas m(;z )= m()'( m()'( =0, m(iv) as above)
L=20.7 fb™", 8 TeV [ATLAS-CONF-2013-035] 315 GeV X mass (m()'(:) ()Z m()'() 0, sleptons decoupled)
X mass 1<r(>zj)<10n

g mass

(5<tan[5< 0)
O4<16( <2nf))
q mass

v T mass
X. mass

(1 mm < ct <1 m,g decoupled)

v.Mmass  (i,=0.10,1,,=0.05)
v, mass (73,=0-10, 2., , ., =0.05)

g=g mass (et <1mm)
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-036] 760 GeV x ass (m&?) >300 GeV,x,,,>0)
L=20.7 fb™", 8 TeV [ATLAS-CONF-2013-036] 350GeV. . mass m( >80 GeV, i, >0)

g mags
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-007] 880GeV. @ mass (any m{b)
L=4.6 fb™, 7 TeV [1210.4826] 00287 6ey" sgluon mass  (incl. fmit from 1110.2693)
M* gcale  (m, <80 GeV, limit of < 687 GeV for D8)

10
Mass scale [TeV]

10" 1

All limits quoted are observed minus 10 theoretical signal cross section uncertainty.



CMS EXOTICA 95% cL Excrusion Livrs (Tev)

g* (q9), dijet
q* (QW)

g (ad)

q*, dijet pair
q*, boosted Z
e’ , N=2TeV
p*, A=2TeV

Z’SSM (ee, pM)

Z’'SSM (t71)

Z’ (tt hadronic) width=1.2%
Z’ (dijet)

Z’ (tt lep+jet) width=1.2%
Z’SSM (ll) fob=0.2

G (dijet)

G (ttbar hadronic)

G (jet+MET) k/M = 0.2

G (yy) kM =01

G (Z(INZ(aq)) k/M = 0.1
W’ (Iv)

W’ (dijet)

W’ (td)

W’ — WZ(Ieptonlc)

R’ (tb)

WR, MNR= MWR/2
WKK p =10 TeV

pTC, nTC > 700 GeV
String Resonances (qQ)
s8 Resonance (gQ)

E6 diquarks (qQ)
Axigluon/Coloron (qqgbar)
gluino, 3jet, RPV

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV
neutralino, ct<50cm

'! 3
—
——
——
| —
| —
| —
_—
R

I“{lq

1

Nothing “exotic” (either)

Compositeness

1

LQ1, B=0.5
LQ1, B=1.0
LQ2, B=0.5
LQ2, B=1.0
LQ3 (bv), Q=+1/3, B=0.0

LQS3 (b1), Q=+2/3 or +4/3, f=1.0

stop (b1)

b’ = tW, (3l, 2I) + b-jet

q’, b’/t’ degenerate, Vib=1
b’ = tW, l+jets

B’ = bZ (100%)

T — tZ (100%)

' = bW (100%), I+jets

' = bW (100%), I+l

C.I. A, X analysis, A+ LL/RR
C.I. A, X analysis, A- LL/RR
C.l., pyy, destructve LLIM
C.l., gy, constructive LLIM
C.l., single e (HnCM)

C.l., single p (HhCM)

C.l., incl. jet, destructive
C.l., incl. jet, constructive

Ms, yy, HLZ, nED = 3
Ms, yy, HLZ, nED = 6
Ms, Il, HLZ, nED = 3
Ms, Il, HLZ, nED = 6
MD, monojet, nED = 3
MD, monojet, nED =6
MD, mono-y, nED =3
MD, mono-y, nED =6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED =2
MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED =2
MBH, Quantum BH, MD=3TeV, nED = 2
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LHC UPGRADES

LLHC wll restart in 2014, t1ll 2017 (?):
~ 13 TeV with expectation of 100-300 fb-! .

HL LHC's ultimate goal, till 202x:

~ 14 TeV with expectation of 3000 fb-! .
—> So the curent 7/8 TeV data is only 1% of total!

In the mean time:

ILC (2560 GeV-1 TeV), Higgs Factory(?)

28



Summary:
- The Higgs boson 1s a new class,
at a pivotal point of energy,

intensity, cosmic frontiers.
“Naturally speaking”:
- It should not be a lonely particle; has an

“Interactive friend circle”:¢t, W=, Z

and partners { W*, Z H*O...
- LHC lights the way for the searches.
- Higgs factory may reveal their existence
from Higgs coupling measurements.

An exciting journey ahead of us!
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Measuring Higgs Couplings

Yukawa coupling: H
W
EWSB S |
(more Higgs bosons) W
A
g
Color/charge  &wowom
particles in loops: T H !

E00000°
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CURRENT ACCURACIES:

( Central values and errors on couplings )
Assuming SM SFitter: T. Plehn et al., 2002
—9“ L=4.6-5.1(7 TeV)+5.1-5.9(8 TeV) fb™', 68% CL: ATLAS + CMS
@ SM exp. g, = ng (1+A) e SM provides good overall
"$- data description
1} data (+A,) !

e Two parameter fit with
Ay = Aw = Az and
A= Ap = Ar = Ay

& gives Iimprovement to

= x%/d.o.f. =29.0/52

= e Five parameter fit does not

: give further improvement:
4 x*[d.of. =277 /49
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FUTURE LHC SENSITIVITIES:
g(hAA)/g(hAA)[sy-1 LHC

03

02 +
01

]

01 -

awt W Z b g v Tt ¢ t inv

04 1 1 A 1

14 TeV LHC with 300 fb-!.
Peskin, arXiv:1207.2516; arXiv:1208.5152.
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LHC/ILC COMPARISON:

g(hAA)/g(hAA) |s-1 LHC/HLC/ILC/ILCTeV

ul I
oo L

e Gl

41 - & o -

w

.o.e[ Z b g Y T C .t inv -

Figure 20: Estimate of the sensitivity of the ILC experiments to Higgs boson couplings in
a model-independent analysis. The four sets of errors for each Higgs coupling represent the
results for LHC, the threshold ILC Higgs program at 250 GeV, the full ILC program up to
300 GeV, and the extension of the ILC program to 1 TeV. The methodology leading to this
figure is explained in 45|

34 Peskin, arXiv:1207.2516



What we need to achieve ...
To go beyond the LHC direct search,

Precision Higgs physics at a few %:
Ay1; for composite dynamics;
Ay o for decoupling HY, AY;

A

2011, yy11 for color/charge loops.

Reach 10% for H =2 invisible.

Determine Ftot to 10%.
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A Word of Expectations

2 Ffinal
b2 [ G o6s X g, T
tot

*  o../0symeasured at 10% level.
e Br(h— NN, xx, ...) sensitive to 20% level.

* No model-independent measure for 1;, T,

2. e*e” Higgs factory: e 3
* model-independent DA,
for g, at 1.6% level e Ly

e FExtraction for T, =T;2/BR»

3. pp- Higgs factory:

* Direct measurement of I',,; by scanning.
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Not-So Natural Higgs Sector
Example 2: Top quark partner

The top quark partners are most wanted to cancel the
quadratic sensitivity to the quantum corrections of M.

SUSY 7 FA%(AISNN2 ] e

Little Hivps T | 10%(1 25002 |- Bl =t e

Peskin, arXiv:1208.5152;
TH, Logan, McElrath, Wang, 2004
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Not-So Natural Higgs Sector
Example 3. Composite Higgs

The Higgs boson as a pseudo-Goldstone boson,

so that 1t 1s much lighter than the dynamical scale t ~ TeV.

The Higgs boson couplings may receive corrections

from the other heavy states Contino, Nomura, Pomarol, 2003;

Ai ~ O(W*/f2)

Agashe, Contino, Pomarol, 2005.

AT v

Anff

Minimal Composite Higgs | —3%/(2 ;ev

)2

_(3 — 9)%(1 ?eV)Q

Espinosa, Grojean, Muhlleitner; 2010;
Gupta, Rzehak, Wells, arXiv:1206.3560.
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Not-So Natural Higgs Sector
Example 4. Missing MSSM at LHC

FOI’ an illUStI’atiOn: Peskin et al., 2012, to appear.
Wl can 0 —5  jn = G0N
M55M Apvy | Apbb, hrr
Tree-level i 3%
Ahgg Ahw
Loop induced | —2.7% 0.2%

Carena, Heinemeyer, Wagner, Weiglein, 1999;
Carena, Haber, Logan, Mrenna, 2002.

SUSY 1s a weakly coupled theory,

thus with modest corrections.



LHC @ HIGH L

AWVYV  Ahlt Ahbb
Mixed-in Singlet 6% 6% 6%
Composite Higes 8% tensof % tensof %
Minimal Supersymmetry < 1% 3% 10%", 100%°
LHC 14TeV, 3ab ' 8% 10% 15%

TABLE [: Summary of the physios-based targets for Higes
boson couplings to vector bosons, top quarks. and bottom
guarks. he targed is based on scenanos where no other exotae
eloctrowenk symmetry breaxing state {(e.g., new Higes bosons
or p particle) is found at the LHC except one: the ~ 125 GeV
SM-like Higgs boson. For the Ahbd values of supersymmetry,
superscript g refers to the case of high tan 2 > 20 and no

superpartners are found at the LHC, and supemscript 6 refers
to all other cases, with the maximum 100% value reached for
the special case of tan 7 = 5. The last row reports anticipated
le LHC sensitivities at 14 TeV with 3ab ™' of accumulated
luminosity ).

Gupta, Rzehak, Wells, arXiv:1206.3560

40



ole'e — HX) [fb)

ILC HIGGS
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2

C -
0 ZH-u'u'X
w Srn ~Sacagrourd

1m =122 s - Lasagrord

g%

=000 Dackgroutd

915 120 125 130 135 140
m IGeV

recoll

F. Simon, arXiv:1211.7242.



Example 1: Extended Higgs Sector:

3 Goldstone bosons, 5 Higgs bosons:
b B oA i
Tree-level masses given by M4, tang

Current LHC bounds:

500
50!
LEP+Tevatron+LHC
LEP+Tevatron+LHC
< 400 40¢ A>0
(b} t
S
¥ 300! 230
= IS
E%’ 20}
200} : okt
e 10 3 Mo
| | | | 100 200 300 400
100 200 300 400 500 m, (GeV)
m, (GeV) (b)

500



SM well studied at the highest energies:

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)

Large ED (ADD) : monojet + E i My (6=2)
Large ED (ADD) : monophoton + E; ..
Large ED (ADD) : diphoton & dilepton, m,. Mg (HLZ 8=3, NLO) ATLAS

UED : diphoton + E .. Preliminary

Xtra S'z, ED : dilepton, m,

RS1 : dlphoton & dilepton, m

vy /1l
RS1 : ZZ resonance, My i

meg§lq& S1: WW resonance, my,,,

.925) : tt — l+jets,m
tt.boosted

ADD BH (M5, /My=3) : SS dimuon, NCh par.
ADD BH (M /M p=3) : leptons + jets, Zp
Quantum black hole : dijet, F( ,5

Contact jpferacfions.

Compact. scale R™

M ~ R
Graviton mass (k/Mp, = 0.1)
raviton mass (k/Mg, = 0.1)

Graviton mass (k/Mp, = 0.1) f/-dt =(1.0-13.0) fo’’
Is=7,8TeV

Ext@mmns

A (constructive int.)

T.miss
"""""""""""""""""""""""""" Z'(SSM) :n ee/w " [L=5.96.1 b, 8 TeV [ATLAS-CONF-2012-129] 2.49TeV. Z' mass
Z' (SSM) :m_, |L=471b",7 TeV [1210.6604] 1.4Tev Z'mass
- / / W' (SSM) : mT e/u L=4.7 fb™, 7 TeV [1209.4446] 255Tev. W'mass
W / Z W' (—=1tq,g_=1):m g |L=47 fb™, 7 TeV [1209.6593] 430 Gev. W' mass
W'; (= tb, S%M) L=1.0fb™, 7 TeV [1205.1016] 1.13Tel) W'mass
*mTem L=4.7 b, 7 TeV [1200.4446] 2.42Tev. W* mass
Scalar LQ pair : kin. vars. in eejj, evjj [L=1.0f",7 Tev [1112.4828] 660 Gev 1" . LQ mass
Eep Graqlgca % :Kin. vars. in pujj, uvjj |L=1.0™, 7 Tev [1203.3172] 685Gev 2™ den. LQ mass
Scal} pair : Kin. vars. in ttjj, tvjj [L=4.7fb", 7 TeV [Preliminary] 538Gev 3" genJLQ mas
"""""""""""""""""" 4" generation - ft— WhbWh i7" 77ev iaiosdse — R 1 TeV
4" generatlon b'b' (T T5,3) — WtWt | 1247 ™, 7 TeV [ATLAS-CONF-2012-130] 670Gev b’ (T} ) mass
V‘R uark b': —> Zb+X, mz L=2.0 fb™, 7 TeV [1204.1265] 400 GeV b'mass
gew qura&' tt+A A, (dilepton, MT S L=4.7 b, 7 TeV [1209.4186] 483GeV. T mass (Jn(A ) <100 GeV)
Vector- Ilke quark CC,m, . |L=461b",7 TeV [ATLAS-CONF-2012-137] 1.12Tef VLQ mass (charge -1/3, coupling k,q =v/my)
________________________________ Vi e_c_t_o_r_ !I_k(? quark : NC,m, [i=a6b",7 TeV [ATLAS-CONF-2012-137] VLQ mass (charge 2/3, coupling k ,q =v/my)

- Excitéd quarks :y-jéet resonance, m

E%ﬁ@it@d qrark g e i

Techni-hadrons (LSTC) : dilepton,m
Techni-hadrons (LSTC) : WZ resonance (vlll), m
N mass (m(W R) =2TeV)

r. neutr (LRSM, no mixing) : 2-Iep+jets
@the’%a LRSM no mlxmg) 2-lep + jets W, mass (m(N) < 1.4 TeV)
H™ (DY prod BR(H™—lIl)=1) : SS ee (uu), m it at 398 GeV for uu)
H=+ (DY prod., BR{H=—eu)=1) : SS ex, m "
Color octet scal'ér dijet resonance, m

q* mass

q* mass

I* mass (A = m(I*))

/oy mass (m(p_/w;) - m(ny) =M )
m(p,) = m(x;) + my, m(a) =1.1m(p_))

ee/uu

Scalar resonance mas
] ] 1L 1 1 111 ] ] 1L 1 1 111

10 3 10 10°
Pheno2013 Mass scale [TeV]

AL an
*Only a selection of the available mass limits on new states or phenomena shown
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1. LHC Lights the way

for new physics searches.
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