Electroweak Theory

at Multi-TeV Collider
(Collider Physics)
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[Lamb’s Nobel Lecture

WirLris E.LawmB, Jr.

Fine structure of the hydrogen atom

Nobel Lecture, December 12, 1955

When the Nobel Prizes were first awarded in 1901, physicists knew
something of just two objects which are now called « elementary particles »:
the electron and the proton. A deluge of other « elementary » particles
appeared after 1930; neutron, neutrino, # meson, 7 meson, heavier mesons,
and various hyperons. I have heard i1t said that « the finder of a new
clementary particle used to be rewarded by a Nobel Prize, but such a

discovery now ought to be punished by a $10,000 fine ».




Tears of Joy

® History of particle hunting

» W and Z boson discovery (1983)
Theory 1973

10 years

» Top-quark discovery (1995) 18 years
Existence: bb FB asymmetry (1977)
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History 1s not just a thing of the past!
July 4%, 2012
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Tears of Joy

® History of particle hunting

» W and Z boson discovery (1983)

10 years
Theory 1973

» Top-quark discovery (1995) 18 years
Existence: bb FB asymmetry (1977)
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Electroweak triangle

£ =(D,®)" (D'd) - 20T® + X (3TD)
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W-boson, Top-quark and Higgs boson

® Highly correlated at the quantum level

MH 9 MH
My = 80.3827 — 0. ] — 0. 1
w = 80.3827 — 0.0579 n(lOO GeV) 0.008 In (100 GeV)

(5)
my  \? Aay,,(Mz) as(Mz)
+0.043 ((175 GeV) 1) 0.517 ( 0.0280 L =0085 { =533

March 2012
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Outline
e LEP

Precision machine

® Tevatron

Precision machine + discovery machine




Rutherford scattering

1909-1911 : The begin of the collider experiments
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Large Electron-Positron Collider
(1989-2001)

| |




Electroweak theory tests at tree level

No ZWW vertex
Only u, exchange

et o YZ — qq(y)

——
— o LEPdata
— Standard model

| 02/17/2005
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Higgs searches at LEP

® No evidence for Higgs 77714, > 114 GGV

: LEP
f (a) Vs = 91-210 GeV
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Tevatron
(1983-2011)
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Triumph of W-boson Precision

March 2012
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March 2, 1995
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Top Exists

(induced from data)
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Fig. 5. The present measurement of the asymmetry Ap together
with other expeniments. The statistical and systematic errors are
added in quadrature. The two curves are the Born term prediction
without mixing (broken line) and the fit to the data (solid line)
with mixing parameter y. See the text.

Forward-Backward Asymmetry of
bottom quark (Ab ) in

ete” — bb
confirmed weak isospin of b
1
h=—

2

|
‘ T3 — — state must exist,
2
which 1s called

TOP.

But it was such a long journey to find the TOP




Chronology of Top Hunting

Where is the Top Quark? 1980
Sheldon L. Glashow'”

Center for Theovelical Phvysics, Labovralory for Nucleav Science and Depaviment of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 17 October 1980)

Arguments are presented suggesting that the top-quark analog of the J/¢ should lie at
38+ 2 GeV| Should there exist a fourth @ =% quark k, the first Ak state must be heavier
than 300 GeV.
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Chronology of Top Hunting

TOWARDS A REALISTIC SUGRA-GUT
1983

L.E. IBANEZ

Departamento de Fisica Teorica C-X1. Universidad Autonoma de Madrid. Cantablanco. Madrid-34. Spain
and

G.G. ROSS'

250 Rutherford Appleton Laboratory, Chilton. Didcot, Oxon. England
m; Received 25 June 1983
200 We construct a grand unified model based on (N = | local supersymmetry) x SU(S) (a “SUGRA™ GUT) in which the

only fundamental mass scale is O(Mppgci). The model predicts sin®6w = 0.22, and has two new scales induced by
. v - > > 7 - , { .“ ;—' B ) ~ . - e
gravitational effects My = Mpina/V 87, Mgysy = 10" GeV. SU(2) x U(1) is broken by radiative corrections for a top quark

150 ;lr\ma\\ in the rangg 30 < m, < 130 GeV|and the colour triplets of Higgs scalars are automatically superheavy.
)
SUSY GUT
100 2 30 -130 GeV j
Glashow
>0 {f ~ 38GeV
0
1980 1984 1988 1990 1992 1994 1996 1998 2000 2002

Year



Chronology of Top Hunting

ASSOCIATED PRODUCTION OF AN ISOLATED, 1984
LARGE-TRANSVERSE-MOMENTUM LEPTON (ELECTRON OR MUON),
AND TWO JETS AT THE CERN pp COLLIDER

UAI Collaboration, CERN, Geneva, Switzerland

A clear signal is observed for the production of an isolated large-transverse-momentum lepton in association with two or
three centrally produced jets. The two-jet events cluster around the W* mass, indicating a novel decay of the Intermediate
Vector Boson. The rate and features of these events are not consistent with expectations of known quark decays (charm,
250 bottom). They are, however, in agreement with the process W — tb followed by t — beu, where t is the sixth quark (top) of
the weak Cabibbo current[ 1T this is indeed so, the bounds on the mass of the top quark are 30 GeV/c? < my < S0 GeV/e*.

my
200
2: GUT :| If this 1s indeed so, the bounds on
150
135 GeV
: the mass of the top quark are

SUSY G
100 2 30U-13To GUeTv j 30 GeV <m, <50 GeV

Glashow
50 tf ~ 38 GeV PETRA
> 20.3 GeV
0
1980 1984 1988 1990 1992 1994 1996 1998 2000 2002

Year



Chronology of Top Hunting

250

200

150

S
wl L

Observation of B’ — B® mixing
ARGUS Collaboration
Received 9 April 1987

Using the ARGUS detector at the DORIS II storage ring we have searched in
three different ways for B® — B® mixing in Y (4S) decays. One explicitly mixed
event, a decay Y — BB, has been completely reconstructed. Furthermore, we
observe a 4.0 standard deviation signal of 24.8 events with like-sign lepton pairs
and a 3.0 standard deviation signal of 4.1 events containing one reconstructed
B°(B") and an additional fast/*(/") . This leads to the conclusion that B’ — B’
mixing 1s substantial. For the mixing parameter we obtain r=0.21+0.08.

To explain the large mixing parameter,
ARGUS had to assume the top mass
to be large, my,, > 50 GeV

—J TRISTAN
! >30.2 GeV u,c,t b
Glashow : Petra 0 d > > > —0
50 | | {f ~ 38 GeV V. >20.3 GeV B W B
, — _
______ : b <%~ - it d
0 | u,c,t
1980 1984 1988 1990 1992 1994 1996 1998 2000 2002

Year
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Chronology of Top Hunting
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Chronology of Top Hunting

C.-P. Yuan

(Received 15 May 1989)

New method to detect a heavy top quark at the Fermilab Tevatron

High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439

We present a new method to detect a heavy top quark with mass|~ 180 GeV|at the upgraded Fer-

250 milab Tevatron (V'S =2 TeV and integrated luminosity 100 pb~') and the Superconducting Super

200

717 Collider (SSC) via the W-gluon fusion process. We show that an almost perfect efficiency for the
“kinematic b tagging” can be achieved due to the characteristic features of the transverse momen-
| tum P and rapidity Y distributions of the spectator quark which emitted the virtual W. Hence, we
can reconstruct the invariant mass M°*? and see a sharp peak within a 5-GeV-wide bin of the M*"”
distribution. We conclude that more than one year of running is needed to detect a 180-GeV top

150 quark at the upgraded Tevatron via the W-gluon fusion process. Its detection becomes easier at the

SSC due to a larger event rate.
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Chronology of Top Hunting

Minimal dynamical symmetry breaking of the standard model

William A. Bardeen, Christopher T. Hill, and Manfred Lindner
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510
(Received 21 July 1989; revised manuscript received 2 November 1989)

We formulate the dynamical symmetry breaking of the standard model by a

top-quark conden-

The low-energy effective Lagrangian is the usual standard model

250 | sate in analogy with BCS theory.
m with supplemental relationships connecting masses of the top quark, W boson, and Higgs boson
| which now appears as a 7 ¢t bound state. Precise predictions for m, and my are obtained by abstract-
200 | ing the compositeness condition for the Higgs boson to boundary conditions on the
renormalization-group equations for the full standard model at high energy.
|
|
150 | —— L e e e -
A (GeV) 10" 10" 10" 10" 10" 10" 10” 10° 100 10°  10° ~10°
mP"™ (GeV) 218 223 229 237 248 255 264 277 293 318 360 455
100 | Pert. +2 1£3 +3 +3 +5 +6 +7 -9 +12 +16 +25 +45
mp"™ (GeV) 239 1246 256 268 285 296 310 329 354 391 455 605
Pert. +3 143 +4 +5 +8 +9 +11  +15  +21 +32 +56 +142
AL . -
50 | Le® e
- | -
. - . Tevatron
' | W width constraint
. LEP!
0 !
1980 1984 1988 1990 1992 1994 1996 1998 2000 2002

Year




Chronology of Top Hunting

Top Condensate
250 > 218 GeV

my
LEP & Tevatron inele TOP
200 dominated the Sllrg%eG 3
search e
W
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: /
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| TV L
l L
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Chronology of Top Hunting

LEP fit (indirect)

! b A
%nn(::)mﬂdg + %nn(::)mnﬂg + é&iﬂnnnlﬂg
i b z

150

100

50

1980

1984

LEP FIT
(indirect)

1988

1990

Discovery of TOP

@Tevatron

1992

Year

1994

1996

Current Data
(June 30, 2012):
m, = 173.1£1.3 GeV

1998

2000 2002




Top discovery: EW theory tests at Loop level

LEP fit (indirect) Tevatron
Bardeen, Hill, Lindner (1995) Tevatron

f b L .
Top-condensation (1989) W +W WYYV | Discovery Prectsion
m¢ >218GeV r b Z

Ibanez, Ross
SUGRA-GUT (1983)

30<m<150GeV
Pendleton, Ross >
GUT (1980) S
m~=130GeV é
Q
2
Glashow (1980)
mtt>3 RGeV Indirect lower bound e Indirect inferences
’ Tevatron * EEF
_/ e*e~ annihilations W-Wldth » Tevatron average
Tristan LEP constraint 9

1983




Large Hadron Collider

(2007-2)




LHC: perfect for SM and NP

Rate at 8TeV LHC
with £ = 10%3cm 257!

evatron
LHC 7

\

* Inelastic p-p reactions: 108 / S

* bottom quark pairsf x 1(° / S
B> /5/20) * top quark pairs: 1/s

Ow

O'Z \

= 0 (E{*' > 100 GeV)

* W — (v 15/5s

—
Q

*x / — Ul 15/8

vent rate [HZz]

Otbar

O(E7 > Vs/4)

—h
S
SN
E

*» Higgs boson 0.02/s

(M, = 150 GeV)

—_
Q
(6)}

] E 0Higgs

—_
Q
»

* Gluino, Squarks :  0.003/s
(ITeV)

' EoHiggS(MHz 500 GeV)
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A new boson found ~125GeV

® The evidence 1s strong that the new particle decays to 77 and
Z Z with rates roughly consistent with those predicted for the

SM Higgs boson.

CMS Preliminary Vs=7TeV,L=5.05fb"Ns=8TeV, L=5.26 fb™"

%2000 CMS Preliminary —— S/B Weighted Data

ls=7TeV,L=511fo"  —— S:BFi
Bkg Fit Component

! iIs=8TeV,L=5.3fb" B i
B 20

The observed decay modes indicate that the new particle 1s a boson.



Higgs mechanism in the SM

® Higgs mechanism: the most economical and simple
choice to achieve the spontancous symmetry breaking

angs (9, 45, ;) = Do™ D¢ - V(9)

V() =- 120 0 + M 0) + Y v, "y ¢

The ground state determined was tested with good accuracy
(thanks to Tevatron)

v={(0"9)!? ~246 GeV [my="2gV ]

On July 4th, the 4th d.o.f. of the Higgs field 1s observed.
A = Yom */v> ~ 0.13

(tree)



Higgs boson production

\s=8 TeV

LHC HIGGS XS WG 2012

300




Higgs boson decay

I'(h—> WW) N
['(h—> Z27)

2

bb dominant
m,< 120 GeV

Br(H —VV)> Br(H — tt)

WW dominant i, . _

(gauge coupling is 0-001 |
much larger than y,)

Lt —
0.0001 W |

100 130 160 200 300 500 700 1000
M H [G{EV]

)

P
]




Questions of the top priority

scalar #:
one or two
or more”?




1. What can we learn




Theoretical problems
V(O) =- 120" + A (070> + Yy, v ¢

vacuum instability

possible internal inconsistency of
the model (A < 0) at large energies

| key dependence on m, |

Quadratic sensitivity to the cut-off
SM flavour problem

Ap? ~ Amh2 ~ A2 (unexplained span over 5 orders

Coqe L. , of magnitude and strongly
(indication of new physics hierarchical structure

close to the electroweak scale ?) of the Yukawa coupl.)




Vacuum stability

® At large field values the shape of the Higgs potential 1s
determined by the RGE evolution of the Higgs self coupling

Ve (|6 > v) = A(|8)) || + O(v? |¢]*)

® Due to quantum correction, the Higgs self coupling as
well as the masses depend on considered energy

d\ 1
dinQ* 1677

{1212 +644° — 34 — —/1(3g2 + g )+—(2gz +(g +g ) )}

A(I$) <O wepp V(|g]) < V(v) ~ racum




Vacuum stability bound at NNLO

1.0

My, [GeV] > 129.4+ 2.0

Degrassi et al. '12

M, =125 GeV
30 bands in
M; =173.1 £0.7 GeV
as;(My) =0.1184 + 0.0007

Higgs quartic coupling A(u)

. " -_M, =1710GeV

> - y -(ﬂ,fzj = 0-1205- - -

S~ as(My)y =063

Mlght WC llVe ln d M, = 1753 GeV
metaStable Vacuum? 10> 10* 10° 10%® 1019 10'2 10'* 101® 1018 10%°

RGE scale uy in GeV



Top quark and 125GeV Higgs boson

Degrassi et al. '12
s - T
_— J #]:Ul@

"~ Meta=stability_ - -~

Pole top mass M; in GeV

—
-

[—
2







Spin-0 or Spin-2

e [t is very likely to be spin-0, but we have to check it.

. do 1 3 2 1
-/ o ! (9 I 4 (9
Spin-2 T ™~ 1 + , cos® 0 + 0 COS
: do Ellis et al, 1210.5229
1n-0: |
Sp dcos@

2
S
5
=
2
<

" Higgs

— Graviton

00 0.1 0.2 0.3 04 05 0.6 0.7 08 09 1
cos(6”)







CP-even or CP-odd

e [tis very likely to be CP-even, but we also need check 1it.

® In the SM the couplings of the Higgs boson to pair of Ws and
/s are fixed by gauge structure

h
(Rde lla ;)zm%/VuV“
>
m
ghvy = —QZ—UV Gpuv

. i . ) )
3 Als - b ers ¢ g % — PR ol L — Y 3 F] -] B o - ke
et S hifres FRET Ry 1o ant] L WAL PR T T | LT L P g sy P
‘o). s s o = 4 ) - .
v 3 it _—“_J g ) g A ':_ A'!.:-L‘ R H-__._<,._. l: — c»:‘_ﬁ_-“‘.:‘l;-_; I .I_A.' "‘ .




Spin and coupling structure of Higgs (1imposters)

® // — 4¢ final state 1s unique because full kinematics
distributions can be reconstructed.

QHC, Jackson, Keung, Low, Shu,
PRD81 (2010) 015010, 0911.3398

® A general analysis of a scalar decaying into ZZ:

the other two terms are higgs imposters!!

Lejr = 5ms S <C1ZVZV + —C—QZWZW + -8 Z/WZPU>

€
2 5 Cuvpo
? QmS 4mS

@: higgs mechanism predicts only this term!




Decay plane correlation

® One particular angle 1s very useful: the azimuthal angle
between the decay plane




Decay plane correlation

1 1 c 1 c
Eeff — 5 mgs S (ClZVZI/ + §m_%ZNVZMV + Zm_:;seuypaz'uyzpa>

Tdé N

dI’ 1 { 8 Negligible (~0.06) in the SM!

g cos(2¢ + 20) @

2 _2\? 16 [ M?
, 5 9 - L 9
(9%#9% oslo o)+ (M% ' )}

0 = 0 for vanishing c3
( CP-even scalar! )

0 = /2 for vanishing c; and ¢
( CP-odd scalar! )

q)d'ecay plane






Higgs boson couplings

® New set of reference SM parameters
my ~ 126 GeV Ty =4.2 MeV A = (mpy/v)?/2 =0.131

L L B T

i ATLAS Preliminary
Br(H — 227) =2.9% * [ty

(
Br(H — bb) = 56%  *

Br(H — 77) =6.2% %
)

PR

r(H — vy) =023% x% |
r(H — ’}/Z) — 0.16% = Signal strength (u)




Higgs boson couplings

Peskin, 1208.5152
g(hAA)/g(hAA)| -1 LHC [4TeV 300fb"
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Higgs boson couplings at LC

g(hAA)/g(hAA)

|y-1 LHC/ILC1/ILC/ILCTeV
LHC: | | | |
14TeV

3001b-! 2T

ILCI:
250GeV
2501b!

ILC:
500GeV
5001fb-!

ILC TeV:
1000GeV
10001b-!




Higgs boson couplings at LC

e [f the simple scalar Higgs model 1s correct, the Higgs
couplings to each particle 1s proportional to 1ts mass.

We can test this
hypothesis to
high accuracy.

—

Full ILC Program

250fb' @ 250GeV

500fb' @ 500GeV
1000fb™' @ 1000GeV

Coupling to Higgs

—
Q

2002
ACFA
LC study

10°
Mass [GeV]
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Charged Higgs boson

® In the MSSM: 5 physical Higgs fields

2 CP-even Higgs boson  h and H
1 CP-odd Higgs boson A
2 Charged Higgs boson  H—

e A very promising channel pp — W=~ — AH"-

| q A, 2 -~ |QHC, Kanemura, Yuan
- { 1 4 14 L - Pus B 3 - [ . P - - e - ) : [ Y e »‘ ALy o p - 34 . e : £ pame e ’ -t - i C { o
i ) 4 % s Be e PYL N o Som o '’ . ot ) ] o e ) »CA * r - : p ol o ® - .3 - - b - h v | P P b Soee? %5 ¢ [T gy 4 ) aty A A "'. -~ e 3
- . - S . > i 'y h, - 4 o l ¥ p o 2 ot 3 ‘ ' —~ — o =~ n 2 U LS ) p- 4 a |
GUAE RS 40 Rt iR L = SN L T SRS i+ .05 I S SO CE S e L (‘_‘-_:‘__‘:fl‘ 50O (O00\WAN () OR |

0 s PP .- - opals % o e aAn 4
sllee - - -~ 4 ¥
41 Xl L Lish "o
- _q _,__‘_,,‘l -




Light Higgs scenario

Belyaev, QHC, Nomura, Tobe, Yuan,
PRL100 (2008) 061801

® No-decoupling regime
ma ~ Mg < My

(recently
rediscovered by
many groups)

g
€
E
=

CMS, 30 fb™
maximal stop mixing
Mausy = 1 TeV
HA =117 —>I+X

HA =77 = 1+7 jet+X

&, Excluded by LEP
300 400 500 600 700 800

M, (GeV)
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New Physics Models

Supersymmetry  Extra Dimension

MSSM, NMSSM, Flat (ADD, UED)

nMSSM, uMSSM Warped (RS1)
R-violating
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New Physics Models
Dark Matter ParlMatter

R-parity conserved SUSY R-violation SUSY
( MSSM, NMSSM, nMSSM )

Little Higgs Model
Little Higgs with T-parity
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Questions raised by Quigg

What 1s the agent of EWSB? Higgs? One or more?
Is the Higgs elementary or composite? Self-interaction?

Does the Higgs give mass to fermions, or only to weak bosons? Quark mass
and mixing angle? Yukawa hierarchy?

What stabilizes the Higgs mass below 1 TeV?

What will be the next symmetry‘7 Extra heavy gauge bosons? Grand
umﬁcatlon‘?
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History of the Universe

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



What we learned from top discovery

Tevatron

Tevatron

LEP fit (indirect)

Precision

Bardeen, Hill, Lindner O . (1995)
Top-condensation (1989) “""Q“’W * “""Q“’W LIRTYIYVINY ARSI | Discovery
m; >218GeV . b :

Pendleton, Ross

GUT (1980)
m=130GeV
Ibanez, Ross s
SUGRA-GUT (1983) %
30<m<150GeV é
Q.
L
Glashow (1980)
mtt>3 RGeV Indirect lower bound e Indirect inferences
: Tevatron . EEF
_/ ete~ annihilations W-width . Tevat
Tristan LEP constraint €vatron average

1983




Experiments versus Theories

® Physics 1s associated with many scales

WEAK TeV PLANCK

e 1 —

EWSB Unification, Quantum

Dark Matter SUSY Neutrino See-Saw  Gravity
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