The Standard Model
of Electroweak & Strong

Inte mctloms
77 /zear %am ({agz‘/ce

Umverswy of Pittsburgh / TsingHua
ISTEP 2015, %Mﬁ@%g Univ., Aug.

*" .

. sb. “"W L
I W: » ’W




Viiow | 8 wne | | Ao 8 O o T

BREAKTHROUGH
of the YEAR

100

0 + |Hé+ A St
-100
-200

Mosaic of the CMS and ATLAS detectors (as in 2007), part of the Large Hadron Collider at CERN. In 2012, reseq
teams used these detectors to fingerprint decay products from the long-sought Higgs boson and determine its m
' ! successfully testing a key prediction of the standard model of particle physics.
= Photos: Maximilien Brice and Claudia Marcelloni/CERN
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Francois Englert and Peter W. Higgs

"for the theoretical discovery of a mechanism that

contributes to our understanding of the origin of
mass of subatomic particles, and which recently was
confirmed through the discovery of the predicted
fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"
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The Higgs mechanism
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A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 November 1975

A discussion is given of the production, decay and observability of the scalar Higgs
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass
is similar to that of the pion, the Higgs boson may be visible in the reactions # "p — Hn or
vp — Hp near threshold. If its mass is <300 MeV, the Higgs boson may be present in the
decays of kaons with a branching ratio O(10~7), or in the decays of one of the new par-
ticles: 3.7 = 3.1 + H with a branching ratio O(10%). If its mass is <4 GeV, the Higgs
boson may be visible in the reactionpp~H+ X, H— ptu— . If the Higgs boson has a mass
<2m,,, the decays H— e*e ™ and H —~ yy dominate, and the lifetime is O(6 X 1074 to
2 X f‘O"”) seconds. As thresholds for heavier particles (pions, strange particles, new par-
ticles) are crossed, decays into them become dominant, and the lifetime decreases rapidly
to O(10720) sec for a Higgs boson of mass 10 GeV. Decay branching ratios in principle
enable the quark masses to be determined.
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25 year's work by thousands experimenters
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LHC Run | Update:
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m, = 124.70£0.34 G eV
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1. X vv:
- t’s neutral, a boson/.
- can be spin-O .

- cannot be spin-1 (Landau -Yan
theacende spin-2 fAT o ’
unlikely/ disFavo red
2. X ZZ, WW-:

- Vacuum Q#: EWSB (v+H)
- CP-odd part of gauge /v
interaction must be
small



3. X not to uru-, ete-, but T+t~ seen!
- Non-universal leptonic couplings
unlike the gauge couplings

(1+H/v)

4. Xtt needed for gluon fusion
X  bb seen (vaguely)
- Non-universal quark
couplings =
It couples to mass, it is a new clas:
It IS a Higgs!



The SM (like) ?
Need further quantitative verification:

19.7 b (8 TeV) + 5.1 16" (7 TeV)
111 | IIIIIIII | LA l_

Q _III 1 | BE PR ] l

—~ [ CMS t
AN 1k

~ =

g | W

- - |===68% CL

010" |—gs0 3
e E |—95% CL E

- |---SM Higgs

102 E
1078 (M, €) fit .
= 68% CL -
— 95% CL
10'4 I N N Lol Ll | —
0.1 1 10 100

Particle mass (GeV)
If no more than a few% deviations,
I’d DEFINE it the SM Higgs!

10



Leptons Quarks
€ T u, c,t

Voo Voo Vs I\ ( d s, b
"( Completion of the SM:
W‘Z
W- Z

- D~ A perturbative,
Photon W W- 0 Gluons Vemormall.zable fI/\QOVy)
valid up to a scale

S i Boson
TeV ? .., My ?

All known physics

W = [Dg...| exp { % /d’l:z:\/jg_ [LR 1 + iy — Agppy + | Dg|” — V(¢)] }
k<A

167G 4
*~—e -+ *r—= & + & -+
amplitude current quantum mechanics spacetime gravity strong & matter Higgs
understanding electroweak
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everyday matter

These Lectures:
The Standard Model

nd yrd ' electro-weak
generation symmetry breaking outside of

exotic matter force particles (mass giving) standard model

(Il take a historical,
omenological approach

13 AT BT

Buosys |

| < charge
# < color charge (r,g or b)
3 mass (eV)
A1 < spin
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Lecture OIM t‘?ﬁe@ Making of
the SM

A. Deep Root in QED

B. The Strong Nuclear Force

QRCD

C. The Weak Nuclear Force

D. Electro-Weak Unification:
the SM



Lecture Il:  Story of Mass-
generation

A. Spontaneous Symmetry
Breaking

B. The Nambu-Goldstone
Theorem

C. The Higgs Mechanism

D. The Higgs Boson Interactions



%Cw Nﬁt D”o,es TH%q %—llggsh %Lse? a?md
9N nggs Sector at Higher
Energies
& the Need for New Physics
C. Higgs Boson Decays
D. Higgs Physics at the LHC
Colliders
E. Higgs Physics at an e+e- Collider



Lecture I: The Making of the SM

A. Deep Root in QED

B. The Strong Nuclear Force  QCD till here
a0 min!

C. The Weak Nuclear Force

D. Electro-Weak Unification: the SM
Lecture II: Story of Mass-generation

A. Spontaneous Symmetry Breaking
B. The Nambu-Goldstone Theorem + 90 min
C. The Higgs Mechanism

Eéé%?r eH/ﬁgs Boson Interactions

A. What Does THIS Higgs Tell us?
B. SM Higgs Sector at Higher Energies
& the Need for New Physics + 120
min
Skipe below ...
C. Higgs Boson Decays
D. Higgs Physics at the LHC Colliders
E. Hiaas Phusics at an Ze—- Collider



Lecl . tne Miaking ol e

SM
Maxwell Auaa%@ Root In Q

Lorentz invariance, U(1) Gauge
[Invariance

Electromagnetic fields can be treated b
E(x,t), B(x,t)
the introduction of co-variant vector

potential Au(x,t)
makes the symmetries manifest (but

1ediepeheit pFadltiaude imPadianeAmanifest.
2). Classically, geometrical interpretation: fiber

bundles...
3). Quantum-mechanically, wave function for

the EM field.

17



Lirac S relalliviolic wnelrvy.
Lorentz/Local gauge invariant =

antiparticle €*
L=viy-D, — m.)v

=0 2 =+ de’} Fpa
Quamtuwx F?ec‘%ro ~Dynamics: QED
Feynman/Schwinger/Tomonaga =
Renormalization

B

ae(Schwinger) & 23 ~ (0.0011614
s

at"° = 0.001159652181643(763)
a’*? = 0.00115965218073(28)

\ s
QED becomes the most  [c4rent
accurate theory in
science!

Y Quantum
correctiong

curvent

18




Warmup Exercise 1:

For charge scalar field ¢*, construct the
locally U(1)em gauge invariant Lagranian
and derive the Feynman rules for its EM
interactions.

Sketch a calculation for the differential
and. total cross section for the process:

et e kA

14



renormalization:
Running of cou/o(u/\g with

?V\@V’ m;s g
(‘)p dlnp
Al 15#2
OZ(QQ) CK(Q%)

g
agrp(keV) =1/137 \

CKQED(Mz):l/128 ‘

The Landau pole:

it blows up at high emerg:es’

Must be modified at UV.



B. There Is a strong force!

Ever since Rutherford established the atomic
nuclear model > a new force to bound p+ to a

Wﬁl%&overy neutron (1932) > a charge -
independent force:

g lsaniaera a3 £ > 8 unhserdalrateietive force via

Along range comparison of Yukawa and Coulomb potentials
P'O%mt( ) = g (x)(x)v(x).
0

p / p
\I Lep

-004

N
tential Strength

€ -0.06 |-

N
~—~
~)
"
p

100

Discoveries & theory b\amd bg e
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What IS the strong force?

Numerous “hadrons’ discovered (50’s):

Mesons: 1, n, p, w... Baryons: p, n, A, A\, 2 ...

How to understand/describe them?
Hadronic string theory developed.

Not until:
* Gell-Mann — Zweig’s "quarks” (1963)

e T YY 3 colors (1964) '
* Proton structure by DIS (1969)
o« 20r 3-jet6\structure (9: 1975, g: 1979) |

8 SU(3): gauge theory
(

S established (1973)

22



Quantum-Chromo-Dynamics (QCD)

H. Fritzsch, M. Gell-Mann, H. Leutwyler (1973)

n f
1
J— Zq b g A - m gy — §T1FF2

Direct analogue of QED
,uu > a:uA £ a:LLA /9 [A AV] v
— Non-Abelian

i fpTC.

QED analogue:
» Similar gauge principles;
+ Tempting for perturbative renormalization calcu

Non-Abelian gauge theory: Yang-Mills
+ Self gauge interactions among 8 gluons;
» Coupling rather strong, may invalidate perturbatic

23



Remarkable Features:

IR confinement & UV asymptotic freedom
Interaction strength changes fast with energy/distance scale:

&S(QQ) 2% &S(Qg)
B2 (33—2ny)as(QF) 1D(Q2/Q2)
' 127 0
GS(Q) v Tdecays (N3LO) o

Lattice QCD (NNLO)

( a DIS jets (NLO)

0.3} 0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
® 7 pole fit (N3LO)

v pp > jets (NLO)

02+
D. Gross,
oq | F. Wilczek,
— QCD ag(M,) = 0.1185 = 0.0006 D. Politzer
1 0 QrGev] © 1000 (2004)

4 ' ‘

\y
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QED versus QCD
Electromagnetism vs. Strong force

l51 q. . a, F
«—@< o pair creation is
eagier than stretching
Photons o
) . VS.

K

NS0 0.0.0.00 0N gluons

QED: V (r)=-a,,/r
QCD:V(r)=-aJr+kr ;4
In long distances, we = ..
see charged particles, = <f
but N

nnt ~roloved navticlecl 22



LD at LOW Energies:. Quark

condensation

1Consider_the two-flavor massless QCD
——Ga Gy (qry - Dgr - Gny Phded
u,d

) o U +Uam) () = SU2)L © SU(2)
( )QCD exhibits (ad)L. R chiral :

Below” Vc\z%ﬂgcfﬁ becomes strongly

interacting and formgreandigmsoters’

SU(Z)L X SU(Z)R = SU(Q)V,thUS Lip =in

Chiral symametry is broken to
1SO =SpIn.

26



The Spontaneous symmetry

“ The Lagrangian Ewaakgﬁgm may display an
symmetry, but the ground state does not respect
the same symmetry.”

The concept of SSB: profound, common.

Domains Before o
. Magnetization

Above a critical temperature, the system is

symmetric, magnetic dipoles randomly
Below a critical temperature, the groun
is a completely ordered configuration in RARICHEE=
all dipoles are ordered in some arbitrary diFeetitn,

SO(3)  SO(2)

27



(3+3) - 3 = 3 Nambu-Goldstone
bosons:

TC (5% boun
V;‘y{g om l[inear Fowv\u ation of the

iral Lagrangian for the Goldstone
OSOI@.S 2

i = exp(iT - T/v) = \/§U’ o= —4—T7’(8“U(’3MU)

necessarily derivative coupling.

Exercise 5: Linearize the Chiral

Lagrangian for Tt interaction and calculate
one scattering amplitude.”

1J. Donoghue et al., Dynamics of
the SM.

28



=NV CIDOU CUVLWIVFVWVOUW. | VYU f/lUV\v—f/lUVL

Scattermg
M+ =T +m o (2,7, k1=1,2,3)
CVOSgli/\g sgmmefl@;,B 4 s@%’“é%m
A(s.t) Low Energy
L~ ?’A%O SRR e =

Chiral perturbation theory agrees well
with the pion-pion scattering data,”
supporting the Goldstone nature.



Il o INNWVYVIUWN WAKS V€ [IVroL Oie LU V\ihve

formulated

the spontaneous symmetry breaking in a
relativistic

gquantum field theory (1960).

He is the one to propose the
understanding of the

nucleon mass by dynamical chiral
symmetry breaking: The Nambu-Jona -

Lasi2@081sdlé! Prize in physics: "for the discovery of the
mechanism of spontaneous broken symmetry in
Ssubatomic physics”

Be aware of the difference between the
dynamical mass for baryons (you and me) and
that of elementary particles by the Higgs
mechanism.

30



“Pseudo-Nambu-Goldstone Bosons’’
When a continuous symmetry is broken both

explicitly AND spontaneously, and if the effect of the
explicit breaking is much smaller than the SSB, then
the Goldstone are massive, governed by the explicit
breaking, thus called:
“Pseudo-Nambu-Goldstone bosons”.

The pions are NOT massless, due to

explicit symmetry breaking. They are
“PseudorNamousgaldstone, 60sons;’s.
boson
(a long-range force carrier) has

been seen
in particle physigs!



Most Mass due to QCD:

From quark constituents to hadrons:
(From PDG, based on lattice QCD)

2000-
i 50
1500- -+ =
| —— —| [ %Z*
= ] - 2 B _T_A
[O) - -
= 1000~ ==K*|*+ N
= : 5P
500__ &y — e>.<periment
z —= width
i ¢ QCD
J—e—"TI
0

Majority of the (luminous) mass around us is of dynamical origin,
from strong interactions (u, d quarks + gluons).
It is not from the Higgs mechanism!.

32



QCD at High Energies

Interaction strength changes fast with energy/distance scale:

2 g (Qg) O.S(Q) v Tdecays (N3LO)
Y e
S(Q ) 1 iy (33_27?;)048@23) 111(@2/@%) a DIS jets (NLO)
: ol o e'e jets & shapes (res. NNLO)
® 7 pole fit (N3LO)
2 (“ ,) % A, (H) v pp > jets (NLO)
: z ag (1) 9 /119 0.2}
1+ bp=— In(n2/u2)
o
e SR 0.1 |
by In = — QCD ag(M,) = 0.1185 = 0.0006

1 10 Q[GGV] 100 1000

At high energies, E >> Aqyep , QCD is weakly
interacting!

« Perturbative prediction for high energy experiments
(ee, ep, pp etc. LHC ...)

Think about higher energy physics at Mg+, Mg,
» Early universe cosmology at high T.



QCD Factorization Theorem:
J. Collins, D. Soper, G. Sterman (1985)

In high energy collisions involving a hadron, the total cross sections
can be factorized into two factors:

(1). hard subprocess of parton scattering with a large scale p* > /\gCD;

(2). “parton distribution functions” (hadronic structure with Q2 < p?. )

—~ -
Observable cross sections at hadron level: e
p ——> n{a(xi))"”’/—
2 | 1 1 4 oy P
opp(S) = /dﬂfldﬂfzpl(fl?l,QQ)PQ(@‘Q,QQ) Tparton($)- v\ﬁ,\lj
N /’p: x, P
[

— - == 7 .. il

p —=——U X —

M - i =1 L ———
Fa \ 1

1\_'_/! o TTe—

t dparton(s) is theoretically calculated by perturbation theory
(in the SM or models beyond the SM).

Ultra violet (UV) divergence (beyond leading order) is renormalized;
Infra-red (IR) divergence is cancelled by soft gluon emissions;
Co-linear divergence (massless) is factorized into PDF

34



PDF’s: g(x, Q?), g(x, Q?), ...

Typical quark/gluon parton distribution functions:

1.0 b 1 | D | lllll| 1 | L lllll| 1 g | lllll- 1.0 g "l“\\l 1 lllll| 1 I 1 llllll 1 I 1 lllll-

N ] K P ]

: Q=10 GeV® : L\ '\ 9°%=10* GeV? g

0.8 g — 0.8p \ -

E - -\ e\ =

B ] B ]

0.6 -— _- 0.6 -_ _'

~~ N = B 4

8 e ] E 3

N = - 2 -

Q@ 04| A — =

N = A Ly Al

o, b i B 3

& 5 = L -

0.2 = epie= —

0.0 ] | I | IIIII| ] NS ~ \ N O'O ] | I | IIIII| ] =5 |||“~:‘:\ =
10—3 10—%° 10~1 109 10-3 10—R 10~1 109

x T
(CTEQ—S)

Quarks carry %2 momentum; gluons carry the other *

ss CTEQ, MRS (Durham), NLOPDF etc.



Gred doy ek NUGlegl . fraKce

interaction: W3

v N v N = Neutral current interaq—

via:ZP (1973y =
GF ( G F )

Eo i T
_[’eff = EJ{}‘L/JW“J —Eé\.]fcjc‘ — EJlZLJZ#
=Y umnl-mw
+ Beyond E&M, Fermi was inspired by
the current-current interactions to
construct the weak interaction

(1az4). g
TR (i218t28, D Yt R ERgE
1. A new mass scalkt33Mow up at O(1.00
GeV).
2. Partial-wave Unitarity requires new

physics below
E <3300 GeV




Exercise:
Assume that the v e v e scattering
amplitude to be

M = C;F Ecm?
estimate the unitarity bound on the c.m.
energy.

Partial wave expansion:

arp(s) = 647r/ dcos @ Py(cosb) Mi(s,t)

Partial wave unitarity:

if
>
Im (apg) = |lapg|© <1, Re(ap) < 5

e 27



Unification:
Within a frame work of
relativistic, quantum, gauge field

Flaonired
PARTIAL-SYMMETRIES OF WEAK INTERACTIONS

SHELDON L. GLASHOW t
Instiiute for T heoretical Physics, University of Copenhagen, Copenhagen, Denmark

Received 9 September 1060

Abstract: Weak and electromagnetic interactions of the leptons are examined under the hypoth-
esis thmn& arc mediated by vector bosons, With only an isotopic triplet
of leptons coupled to a triplet of vector bosons (two charged decay-intermediaries and the
photon) the theory possesses no partial-symmetries. Such symmetries mey be established if
additional vector bosons or additional leptons are introduced. Since the latter possibility
yields a theory disagreeing with experiment, the simplest partially-symmetric model repro-
ducing the observed electromagnetic and weak interactions of leptons requires the existence
of at least four vector-boson fields (including the photon). Corresponding partially-conserved
quantities suggest leptonic analogues to the conserved quantities associated with strong inter-
actions: strangeness and isobaric spia.
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The birth of the Standard Model:

VoLume 19, Numser 21 PHYSICAL REVIEW LETTERS 20 NovemBer 1967

U1n obtaining the expression (11) the mass difference bra is slightly larger than that (0.23%) obtained from

between the charged and neutral has been ignored, the p—dominance model of Ref. 2. This seems to be
). Ademollo and R. Gatto, Nuovo Cimento 44A, 282 true also in the other case of the ratio I'(p— r"x " v)/
* * - = ) calculated in Refs. 12 and 14.

. M. Brown and P, Singer, Phys. Rev. Letters 8,

A MODEL OF LEPTONS* (1962).

Steven Weinbergt

'ONS*

the intermediate bosons that presumably me- EHYWION DERRTIONG:
mbridge, Massachusetis
diate weak interactions. What could be more 1967)
natural than to unite' these spin-one bosons on a right-handed singlet
into a2 multiplet of gauge fields ? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and in their couplings. We

might hope to understand these differences,

Leptons interact only with photons, and with tf

R= [%’(1"75)19.




ELEMENTARY

U V\nc{c atrol/\. [ PARTICLES
Leptons: [/~ éﬁ?‘??%rﬁ%ar%}e OCO'n/tfnts:
(ZE)L’ (M)L’ (V;)

Vi
: ER: LRy TR (U}{ 8 7)

7 :

(3), e dwenommie (1974 Nobel)




The EW Unification lI:
The Interactions

_2_%?2@1%(1—@)@+WJ+T‘WJ)%

1
— | |
— GZQi 11)1 ”w ll)iA],L _ZWZJVWMW o ZBMVBMV
1

g - . .
" Seos® Z 0 Y @ —gl V) Wy,

ev
2sin § °

2
\ _ l\/ 2 1 9 ev _ M W BMV —== a,LLBy._ 61/3/10 .
LT oVE T ETT o % cos § cos § = W, =0,W; -0, W, — gfz’jkWiLWf

M = 0.

SU(2), : Non-Abelian gauge theory, asymptotical
U(1)y: Non-asymptotically free > Landau pole!

1



vveurk 10vrce INU |

Weak!

SU(2)1, ® U(1)y interactions.

e = gsin Oy, coupling unification
¢r _ o
o R

The EW scale is fully open

1,

short — range scale.

TZ\e EW
couplings

AN IrnihinnnN’

L R S g Beimiion 30— o
o CDF Runll -+ Z/y — ee Data ] I
> -1 L ] Z/ .-_> ee MC "l ”’_' “A 1 I ] | L [ L I 1 I L L E
8 500 72.0 pb . Y % : % H1e'p NC03-04 (prel.) ]|
B Vv - g 10 A H1epNC 2005 (prel.) =
= Sy +y 2 O ZEUS e'p NC 2004 ’
8 400 20 1 - e o ZEUS ep NC 04-05 (prel) 3
- . . g Ny, e SMe’p NC (CTEQ6M) ]
w \ —— B 10" . —— SMep NC (CTEQEM)
1 o i ° :
300 1 S R e
10 - 7 . : '
200 1 O 1()'3 E * H1e'p CC 03-04 (prel.) —
b e + 6 - 9 W"l‘ w = - Ao H1ep CC 2005 (prel.)
! ] i _ L. = ZEUSe'pCC2004 e -
100 t A E o ZEUS ep CC 04-05 (prel.) ¥ +? )
¥ ' e 105k SM e’p CC (CTEQ6M) a -
i 0 : : E  —— SMep CC (CTEQSM) S
0 ‘ : T T T - =
40 50 60 70 80 90 100110120130 160 180 200 E y <09 '
P.=0 B
MQO (GGV/CZ) Ecm (GeV) 7 | ' -
10 10° 10*



Q uantity Value Standard M odel Pull D ev. (
nearly) perfect
M, GeV] 01.1876 +£0.0021  91.1874 £0.0021 0.1 0.0
L, [Gev] 2.4952 +0.0023 2.4961 £0.0010  -0.4 —0.2 ag V‘@@V\/\@V\t
Chad) GeV] — 1.7444 £0.0020  1.7426 £0.0010 — =
C(inv) M eV ] 499.0 £1.5 501.69 £0.06 — — b@tW@@V\ SM tlf\60 V‘y
re £7) Mev] 83.984 0.086 84.005 +0.015 — —
Sttt L7 L7 & ex;ots’
20.804 +0.050 - 1.2 L3 I
20.785 +0.033 20.744 +0.011 1.2 13 C?auge COMIO Iing
20.764 +0.045 20.789 +0, —0.6  —0.5 {
R, 0.00004 0.8 0.8 universa lflj
R, 0.1721 £0.0030  0.17227 £0.00004 —0.1  —0.1
A 0o 0.0145 £0.0025  0.01633 £0.00021 0.7 -0.7
A 0w 0.0169 +0.0013 0.4 0.6
A0 0.0188 +0.0017 15 16
0,b)
Al 0.0992 £0.0016  0.1034 +0.0007  -2.6 —2.3 .
FB . 1 V. . 1 V. . ’
App” 0.0707 £0.0035 0.0739 £0.00056  -0.9 -0.8 SO‘ e teV\SIOV\.
AL 0.0976 £0.0114  0.1035 +0.0007  -05 —0.5
(%) 0.2324 +0.0012  0.23146 +0.00012 0.8 0.7
0.23200 +0.00076 0.7 0.6
0.2287 +0.0032 ~0.9 -0.9 : ’
AL 0.15138 £0.00216  0.1475 +0.0010 18 2.1 OV\(yI 350 dlSCV@IOaV\.CSj.
0.1544 +0.0060 L1 13 [ =
0.1498 +0.0049 05 06 a; " =(1165920.80 & 0.63) x 10
Ap 0.142 +0.015 -04 03 B gy 3
A 0.136 +0.015 ~08 -07 ap = (1165918.41 £ 0.48) x 10~
0.1439 +0.0043 ~0.8  —0.7
Ay 0.923 +0.020 0.9348 £0.0001  -0.6 —-0.6
A 0.670 +0.027 0.6680 £0.0004 0.1 0.1

A g 0.895 £0.091 0.9357 =0.0001 -04 -04



Lecture Il:  Story of Mass-
generation

A. Spontaneous Symmetry
Breaking

B. The Nambu-Goldstone
Theorem

C. The Higgs Mechanism

D. The Higgs Boson Interactions



Criticism:

An Anecdote by Yang: SU(2) gauge symmetry

Wolfgang Pauli (1900-1958) was spending the year in Princeton, and was deeply interested in symmetries and
interactions.... Soon after my seminar began, when I had written on the blackboard,

(Su -1eBu)

Pauli asked, "What is the mass of this field B, 7" I said we did not
know. Then I resumed my presentation but soon Pauli asked the
same question again. I said something to the effect that it was a very
complicated problem, we had worked on it and had come to no
definite conclusions. I still remember his repartee: "That is not
sufficient excusc'. I was so taken aback that 1 decided, after a few
moments' hesitation, to sit down. There was general embarrassment.
Finally Oppenheimer, who was chairman of the seminar, said "We
should let Frank proceed". I then resumed and Pauli did not ask any
more questions during the seminar.

Wolfgang Pauli and C.N. Yang
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9 TR LB A — A A N :jV\V\:j\/ J:I"""VV':I
]orevemts

gauge bosons from acquiring
LOAEES g (a, — Lo,0) (e - Lova) # Lasza, e

Worse, chiral fermion wmasses also
forbidden

by gauge (sgwxmet{

o AT S e Ay £ W) 1 — ’y5 1+ ’ys)) = —me(éReL 1= éLeR)

“The Left- and right-chiral
electrons carry different Weak
charges”

4o



’ 7 7/

Breakimg

e Nat%\e La rafj\ II\?IVOIEF tﬁe syste T

may display
an Symmetry, but the ground
state does not

Exercise 3:

Find (or make up) other examples for
spontaneous symmetry breaking.

respect the same symmetry.”

Also, think about the relations between the
fundamental theoretical formalisms (Newton’s
Law; Maxwell Equations; Einstein Equation;
Lagrangians...) and specific states for a given
system (initial and boundary conditions of a
system).
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>. [he Namou -Goldstone

Theorem
“If acoALIGAPANSS orhelperas

spontaneously broken, then there will appear
a massless degree of freedom, called the
Nambu-Goldstone boson.”
Symmetry: [Q, H] = QH - HQ
= 0
Vacuum state: H |O> = But: Q |O> £ O =
bt |O> (QH - HQ)|0> = % Emin -
There"’:’il%)%ew non-symmetric state
|0’>, thus: H ]O > = Emin TO >
that has a degenerate energy with
vacuum |0,

thus massless: the Nambu -Goldstone
boson.
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Thne Goldstone Theorem

/A I\nn-":lA 22 N /J\
Broken Symmetries™

JEFFREY GOLDSTONE
T'rinity College, Cambridge University, Cambridge, England

AND

ABDUS SALAM AND STEVEN WEINBERGT
Imperial College of Science and Technology, London, England

(Received March 16, 1962)

Some proofs are presented of Goldstone’s conjecture, that if there is continuous symmetry transformation
under which the Lagrangian is invariant, then either the vacuum state is also invariant under the trans-
formation, or there must exist spinless particles of zero mass.

Properties of the Nambu-Goldstone
boson:
1. Massless, gapless in spectrum
3. Decouple at low energies:

<Gl Q o> # 0, <Gp)| jux)|o> ~ e
(PX p[/L V
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An illustrative (Goldstone’s original)

MOd{%J) Background complex scalar
field @:

= 0"¢*0,0 — V(9" 9) e (¢ 3% _2)2

Invariant under a U(1)
global transformation:

e i

For n2 > O, the vacuum \:‘&/
shifted, and thus >
Spontaneous

symmetry breaking. v =(0|$|0) = n/VX

50



Particle

spectrum:s
Ssld%' = V2Re(¢p —v), I=+V2 Imd,
A\v? AL A
e — —B“BEPIB R? REE- e
Then: 2 5 2 /2 16
1 AL A
— A 7 TN 2712 4
+ 08,1 Sl — B+ 1)

* R (s a massive scalar: Mr = VA v.
* | is massless, interacting.
* Though not transparent, it can be verified:

BN
/\ /L W M(RI = RI)|psg — 0!
[ does decoup/e at low energies!

Exercise 4: Show this result by an explicit

calculation. “C. Burgges, hep-
ph/a812463
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(b) Field ® Re- *C. Burgges, hep -
d@ﬁ,’l/\l’ h/ag812468

: on: R :
Weinberg’s Y% 4w of Theoretical Physics*:
“You can use whatever variables you like. But if

you used the wrong one, you'd be sorry.”

L =—-9,x0"x — x*0,00"0 — V(x*)

t IS ﬁ/\l@llﬁe Sﬁéoemtgeg trzectangular form to the polar form.)

* the 6 field is only derivatively coupled,
and thus decoupled at low energies
* the 6 field respects an inhomogeneous

transformation
0 —0+a, ¢=wveld®
a phase rotation from the

* YREWARY: (s massive radial

excitation.
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“Nambu-Goldstone Bosons’
Except the photon, no massless

boson
(a long-range force carrier) has
been seen

n p arté@lgcﬂl%'ﬁé! criticism)

The Spontaneous Symmetry Breaking:
Brilliant idea & common phenomena,

confronts
the Nambu -Goldstone theorem!
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C. tihe Magic In 190«
The “Higgs
“If a LOCAY gehagnism’’

symmetry is spontaneously
broken, then the
gauge boson acquires a

mass by absorbing the

i

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout PRL
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

BROKEN SYMME TRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P. W. HIGGS
Tait Institule of Mathemalical Physics, University of Edinbuvgh, Scolland

Received 27 July 1964
BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs PRL
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,T C. R. Hagen,! and T. W. B. Kibble PRL
Department of Physics, Imperial College, London, England
(Received 12Hctober 1964)



An (llustrative (original)
Model:"

L =|D*6” —u2|9>—|A| (9*9)2 — LF, F*Y,

where ,
y = 01 +i¢n
V2
is a complex scalar field* and as usual
Dy = oy +igA,

and
Fuv == avAp' T auAv.

The Lagrangian (5.3.1) is invariant under U(1) rotations
¢ —¢'=e”
and under the local gauge transformations
6(x) — ¢'(x) = €7@ (x),
Ay(x) = Al (x) = Ay (x) — dya(x).

1C. Quigg, Gauge Theories of the
Strong ...
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An (llustrative (original)

APIpAES

EWSIH3, |
(9)o = v/V2, 0 =€"(v+n)/V2
~(v+n+il)/V2.

Then the Lagrangian appropriate for the study of small oscillations is

Zio=3[(9um)(9"n) +21*n°] + 5[(3u ) (I )]
2 2

The gauge field acqu:rés“ 2 mdee! m:xes’wf‘f}/\ the
Goldstone boson. 1
Upon dlagoma(lzatlmav (Au+ auC) (A“+q—1;a“<:),

a form that pleads for the gauge transformation

parameterized in terms of

1
A A=A =gl

which corresponds to the phase rotation on the scalar field

6 —¢' = (x) = (v+n)/v2.

Y7



tne resuitant Lagrangian (s
then: -

Lo = 3[(3un)(@*n) +24°0%) — {Fuy F* + T4, A"

e an n-field, with (mass) —2u >0; the nggs bOSOV\.’

* By Yt Hfr dchdugitRiced- the unitary
asge ;-field.

the C-field disappears in the spectrum: a
massless

photon “swallowed’” the massless NG
boson!

Degrees of freedom count:
Before EWSB: After:
2 (scalar)+2 (gauge pol.); 1 (scalar)+3
(gauge pol.)
* Two provblems provide cure for each other!

massless gauge boson + massless NG
boson 5

[
b mi M) S DA A A 7”20 279 Vo Wo N B e Vo ,Af\f'f\n (] oA "N\ A'ﬂ , AAAAAA




Known example:
Superconductivity

! w% «<Superconducting phase
i \))) E? = p2c? 4+ m?c?

mo
\H (/( gap leads to ~ ezp(—r/\)
w A ~ m~! penetration depth

T>TC T<Tc

B
AAAAAA

Normal phase=-
72 — pzcz

Long-range force

In “conventional” electro-magnetic superconductivity:
m~ ~ me/1000, TE™ ~ O(few K). BCS theory.

In “electro-weak superconductivity':
’-

my ~ Gp? ~ 100 GeV, T¥ ~ 101°K!
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e understanding was the wWork
albiAlpiadLasiniomedtlnotably:t
*1961,1962: Goldstone theorem challenged the

implementation

of spontaneous symmetry breaking for gauge
symmetry:

No experimental observation for a massless
Goldstone boson.
*1963: Anderson conjectured a non-relativistic
version of a

massive Goldstone mode, the “plasmon’ in
superconductor.
*1964: Englert+Brout; Higgs;

Gu VaIV\I’I("‘Hagel/\-l-K{'bb"lemiv. of Edinburgh, Peter Higgs and the

3 %f}(\%&\ﬁp/fmkp [ 11\ V)/;“/? SnI;\OSOMAV\.n << nomovntinn
(in 1989) that they “had been looking forward to tearing apart this idiot who

thought he could get around the Goldstone theorem?”.

the Goldstone theoremsin locally gauge invariant




‘L'.WU.WW{V\'@“HIUf@l‘ﬁEWﬂ'@“‘l‘W&‘WBWV o AU

055‘2“""‘:%5tm revised version (upon Nambu’s

request to

compare with the other’s workis)figgs: My Life as a
* 1966: Higgs (PRD) laid out th&%calar

Scatte al V\g/decay “/\ aV\ ﬂ It is worth noting that an essential feature of
b ’ the type of theory which has been described in
A 6(laV\ U(l) MOdeIi this note is the prediction of incomplete multi-
plets of scalar and vector bosons.® It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar

fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.’

PHYSICAL REVIEW VOLUME 145, NUMBER 4 27 MAY 1966

:i: Spontaneous Symmetry Breakdown without Massless Bosons™*

Perer W, Hicost
Depariment of Physics, University of North Carolina, Chapel Hill, North Carolina
(Received 27 December 1965)

* 1967: Weinberg (PRL) (a d out ghe fermion mass

Unilv. o Edinourgh, Peter Higgs and the
gememtlom Higgs Boson.

formulated the SU(2).xU(1)y SM.



AS TOor Tine

name ...

1a972: Ben Lee (Rochester Conf. at FNAL) named
“Higgs boson’ and the “Higgs meghanisim’ i, as .

[Boson.

The New York Review of Bools
The Crisis of Big Science

MAY 10, 2012

Steven Weinberg

As to my responsibility for the name “Higgs boson,” because of a mistake in reading the
dates on these three earlier papers, I thought that the earliest was the one by Higgs, so in my
1967 paper I cited Higgs first, and have done so since then. Other physicists apparently
have followed my lead. But as Close points out, the earliest paper of the three I cited was
actually the one by Robert Brout and Frangois Englert. In extenuation of my mistake, I
should note that Higgs and Brout and Englert did their work independently and at about the

same time, as also did the third group (Gerald Guralnik, C.R. Hagen, and Tom Kibble). But
the name “Higgs boson” seems to have stuck. €

ol



fjﬂ) iJUVUoUVL

ﬂthlomg

SU(2)xU(1) — gauge ~3 ch) =T £f =t EYuk-
Lagrangian
he gauge partis  Pure gauge sector:

1 1
¢ a cgauge 5 ZW:WWNW = ZB B V
The scalar part of the Lagrangian is

The Higgs: c, = (D"¢)!Du— V() D,o— (au +ig%in ”g B ) 6,
V(¢) = +1’dd + Mo'9)?.

o v Vo)
¢ — _l_ezz&sz O “\
V2 v+ H
y X i i 1 0
Ly = (D*$)'Dug — V(9) e (gt
= M2WHtTW - (1 H\" 1M2Z‘”‘Z 1 H)® 2 2 2
= Myy R e T i ME =—2u? = 2)wv

4
+ % (8,H)* — V(¢). V($) = — 5 — W2H? + \WH® + 2}{4.

o2




| N\E
. Fermions:?

‘Cf =5 Z (qm,L?’ Equ = Zm,LZ plmL + um,Rz ﬂu'(r)nR

m=1

+JOR?’ EdmR_i_e*mR?’ pe'mR+ mRZ ‘EV?nR)
m'?-Wu-f—z‘g—,B)qu D#umR_(a +&Q_B) mR
m;.WM_%B)ZO Dd,?,,,Rz(f?—z B)df(r]nR
Zg,B) CmR

Howdzeirgea by akion tonoeasahasss ﬂg@ B -
chirality:

my(frfr+ frSfL)
and thus not SM gauge invariant L #

Rided something like a doublet:

yf(flafz)L( 21 ) IR
2 /L
that’s the Higgs doublet!

! P. Langacker: TASI Lectures
2007.



lne gauge invariant yukawa

iInteractions:
Need a doublet with a flip-Yr, 6"

F
Lyuk = — Z [Pgnnq mLPUng + Trn@ o ddnp

m,n=1

+ Tl Sundedn + Dinnl 5,0 8005) + hec,
After the EWSH,

= v+ H
—Lyyr — Z T Eae s ( 7 ) ud 5+ (d,e,v) terms

= 4} (M" + h*H)u% + (d,e, v) terms + h.c.,

o4



Higgs Boson Couplings:

Masses determined by interactions with vacuum:

-
~~
b
electron > >
>
x
> > =<
up quark < / % >
»<
>
’ x > 4
4
5
>
> 4 % >
1 2 > \e g S oo ¥ > > >
b2 G 2 ’ < * > \ ~
top quark X N . JeT N —% 7 ‘ >
X ¥ 4 x > \ ¢ “ >
‘ \

";—\2(

Thus, wf\ére eve?‘?z (s mass, there will

be H!
The L.ow—Emrgg7—%}2}\_@_}()%&(@:Jr i
(¥

) for py <w.
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reynman

. rules:

gugr = mgfv = (V2G,)?m;

guvy = 2MZ /v = 2(v/2G,)Y2 M3

gunvy = 2ME/0 = 2/2G, M

gunn = 3M% /v = 3(v2G,)Y? ME

guuan = 3ME /v = 3v2G, M%

(X

x (1)

X (—igpu)

X (—ig;u/)

X (7)

X (1)



EXErcise ©: Verity the above Feynman

rules by invoking the low-energy

theorem: %

m;—=— m;(l+ =) for V.
Goldstone™Boson Egyulvﬁffeﬁnce
Theorem:

At high energies E>>Mw, the longitudinally

polarized gauge bosons behave like the
corvesponding Goldstone bosons. (They remember

their origin!)

Caution: Very often, we say at high energies, Mw

BXBIaorse sty . spewkfy g hey € otkstoing -bbson O
OUE Mivtdence Teorem by examining the HWW

vertex.

Hint: Use! — pk, /My, . It should give you

HHH vertex.
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L&ctuicet DHes HHEy$H g T8It sistnd

Bay&htlHiggs Sector at Higher
Energies

& the Need for New Physics

C. Higgs Boson Decays
D. Higgs Physics at the LHC
Colliders

E. Higgs Physics at an e+e- Collider



LS Aalselvery UIUCV\.5

Up
In thege fsckhon ' I'W'S/ﬂf Egpgonvey

to you:
* This is truly an “LHC Revolution’
ever since the “November
. 1% gc()“tggfm”r ues, for,new; .
phyé’f\cg T LB thé J/ @ disc
beyond the Standard Mode
Under the Higgs lamp KL

post.

-




. A WedKly Loupliea Lignt

H{ggs?i The Higgs Mechanism
DOES NOT require a Higgs

“If a LOCAL gauge ?SOT’H@ Non-Linear
symmetry 1s spontaneously realization:
broken, then the o= ZW+HU, U=explin®®/o]

gauge boson acquires Qa G R
mass by absorbing the
Goldstone mode.”’

= exp|—if}T® exp[—ify 73
Then leave out the single Hthe st gcﬂ,«ge £
symmetry

spontaneous(y broken;
DU = 6,U +1igW), U ngB

1
L= STr(D, <I>TD“<I>) =~ T'r(D UTD“U) Z g*W? + g 2B?)

(FePmion masses can be accommodated
similarly)

U—-U =g,Ug, H—-H =H,

70



Higgs voson could be absent,
but:

Consider the massive gauge boson scattering:

_____________

E<mh E>mh

(a) (b)

EZ /v2 no light Higgs,
MW Wy, - W W) ~
m2/v? with a SM Higgs.

Partial-wave unitarity demands

2 2
ST Y omy o'rEC,m51
167 v?

; = my Or E.n SO(1 TeV).
Exercise 11: Verify this unitarity
bound by an
explicit partial waye analysis.




2. Natural dynamics prefers a
inhgaviesrg pgonda liiggs: Gosamkal

mass IS
m~ 4t ~1 GeV:

I R e R >

y vgal S hricolar-L
com ositgj%iegmé%\%crgﬁe tﬁéj'ﬁ‘:ﬁgxiical

mass to be of the order
4 mtv=2TeV!

And typically strong interacting: [(total) >
20%M !

--- except the pseudo Goldstone
bosons.
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ratner
light, weakly coupled boson:
mnh = 125-126 GeV, [ <1
GeV,
s truly revolutionary!

We have just discovered a “fifth (weak)
force’:

A= 1/8 ! M2/ 2v2 In
the SM
Hopes for uncovering a deeper theory:

- A determined by other couplings like in SUSY?
where A = (9,2 + g,2)/8
- or dynamically generated by a new strong



Sector
at Higher

h e pisise
feii%ﬁ-t : ?ﬁgﬁg leg/<<1>) = p2dTP + A\(DTP)?
Ln = L (@H)EBY-V

1 : iy Gy
= —(0*H)* - W*H?—- WH°’— — H*

Crucial ;
B Q%) <05 XQ5E=H

RekSPAHI L AEion Group Equation Evolution
at, NLO: A

9
32m°—> = 24"~ (39" +9¢9° — 24y )M+ 29" + 7 9"9" + 2 g" — 24y +- -

Mz = 2 0% = —2p°
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1. Triviality
How large My (A) @Q%dmgged V(®) = 4201d 4+ \(B1D)2

MIO? Mz = 2 w* = —2u°
TM S %\(Faww fl:ﬂé&%)%g%le’

(]oresemt in all but nén— %zl)am gauge

theories)

1. If SM valid to infinite energy, then A(Qo) =
O,
a non-interacting trivial theory!

a cutoff o
translate to a Mix a;gpe-(vpéﬁoumd: .

For Mu= 125 GeV, the cutoff is over”MP,_ e
100/ |

0 |||||||||||||||
3 5 7 9 1 R |~ s 17 19

75 log,, A [GeV]




vacuumw staollity

For small A, the Top -Yidomiad

dominates:

s 3 A2
327 s —24y,-  AMA) =Al) = o log( )
To have a stable

VaCMMVV\) 3’U A2
AMA) >0 — ML > 52 Yt log( )

Ag ~10° GeV = Mg = 70 GeV
Ac ~ 10 GeV = My = 130 GeV

0.10 r

Much renewed interest, 008 My = 125 Gev

30 bands in
M, =173.1 + 0.7 GeV

Mpdat6$ é Degrassi et al., S oG (M) = 0.1184 = 0.0007
12656497 =
FOV M(lv ae\/ 'g- 0.04
then /\(W\t—l75’) < TOF £ o
Ge\/ gﬁ 0.00 _\\% = "--.:}’152171.0555:\"
(but me=171 GeV would i e
b@ Fiﬂ@) WL M, = 1753 GeV

102 10° 10° 108 10% 102 10 10'¢ 10'8 10%

76 RGE scale p in GeV



<. INALUraimness

[
o
7?9

O
wz h7(1295)

Particle mass

1010

hierarchy:

Masses (eV)




Since all the masses are generated

k&7 Y¥xcept My, me ~
VtZe ARSI R .

all others are unnatural: (to some

tent ;
éxbﬁz\b JZM@e@mJ‘tF&QWW,/ . <
nataresl’.:
For a given mass, if the quantum corrections
are merely logarithmically dependent upon

PSR A S50ley o e B nical
Earavaier s spid technically natural.
naturainess .

If a parameter is turned off (set to O), the syste
results in an enf¥¥géd s@ﬁé;/\ jf Ttﬁe&;tﬁiﬂ 1“?/\
pa/d’Méﬂr must be technically natural.

If me is turned off, the system possesses a chiral

1A DA A ﬂ+lﬁl 1



Dynamical scale generation is natural!

Recall in QCD: coupling runs
logarithmically

between, vastly se/g(amte% scales:

A? - e. LEC2 5 108.
S B I 7 (AQCD AQCD)

AQQCD
Dynamical scale can be generated by
“dimensional transmutation’:

Arc A i
HoWeveEr, this Pléture
(Technicolor and variatioms)
doesn’t work (well) in EW:

* [t 1s strong interaction, not seen in EW
physics.

* Fermion masses/mixing a real killer.

* No fundamental scalar (at least not a
light one). 79




Quantum correcticinsto the potential
oY toIMN| -- Ken Wilson,

Tree-level SM Higgs pjbfc]g/\%’al:
V(H) = —pf|2[* + A2/
e 2l =2 =~ 89 GV A%%.
Quantum corrections to y,:

3y2
5 2 s t A2
K Q772

IS “un-natural’: quadratic (not log) correctic

80



The “naturalness” problem?

t n
h

=R
h h >
t h h h h
(a) (b) (c)
3 1 1
ot 2 A2 2 A2 222
o pped e L g F T B s s

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

Cancelation in perspective:

55025

Q%ZBQS



.\

- Amazi ,
"9 Unnatural: Fine -

= tuned to

0.05 mm/0.5 cm ~
11)=2



A lIgnt HIggs IS
unnatural

“Naturalness” argument strongly
indicates the existence of TeV scale

OGNS 0% cancellation > A, < 3 Te

If you give up this belief, you are
subscribing the “anthropic principle’.



Cancellation Mechanisms 7
e Super-symmetry (SUSY) (symmetry between opposite spin & statistics)

Natural cancellations: T versus t
W versus W

H versus H
H; versus Hy,

o — I — W L LYY e B p 8 WA - < am e A it T T _me—— W —

\2 A
Am? ~ (MZay — M2y) —L=In | ——].
mir ~ (Mgygy — M3y) T ( MSUSY)
Weak scale SUSY is natural if Mgpygy ~ O(1 TeV)

« The Little Higgs idea — Strongly interacting dynamics:
An alternative way to keep H light (naturally).
Again, predicting new states:

Wi,Z,BHWIﬂ{:,ZH,BH; te+T, He®,
(cancellatlo among same spin states!
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SOUVVVWWAY

» The Standard ylbdel based on the gauge
structure
SU(3), x SU(2). x U(21)y
describe our microscopic world very well:
0.1% or

. gvo to art ry of tlf\e lggs
bf j ? s%%amou& EW
symw\etry breakmg & the Higgs

. MRENNEH K ralness” argument indicates the
need for new physics at the O(1 TeV): Go

LHASompes (ucky generation
to ,wzrf/cx,m Ze n the

/AL . S - ey AR @ g% .V /
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C. M1g9gs >oso0n
Decay? Decay to

fermions:
_-_ff_<f
f
FBorn(A 2o f.f) ~ f&gj MH m?’ /Bf
2
P dPS, Z‘M‘Q - Z_ﬂ m B2t

The largest hlgﬁer—order effect is the quark
running mass:

fLasa s i fo%)ﬁ

= mo(mq) (1 e aﬁ) = (_ﬂ_z_) 3 )

LT

§ L. Reina, TASI lectures,

2 Qd=
88



C. M1g9gs >oso0n
cay’ Decay to

WW,ZZ:
a) 7 -
V
['(H—-VV)= ;34_%5V\/1—4$(1—4$+12x - 32 x:%—g
dPS; 8 e
The unusua? M%”Heg;ndemcéﬂls due to the Vi:
Mu/ M.
Exercise 8:
Calculate the Higgs decay to polarized
pairs

VTV, VIV, and VLV.L.

§ L. Reina, TASI lectures,
2044
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M1ggs 15050

Becay’ Decay through

loops:

AYAVAVAVAVLT 04
H <
vivs i FY

VVVNVVN Y

(Q.L),

['H —

YY) =

I'H - v2) =

G%M3,aM3;

>_ NIQ7 A7 () + Ay (rw)

6474

MY
M#% r

3 &l

ZZ)_:AQ (TQ)

§ L. Reina, TASI
20001

90

> AT (15, A5) + Ay (w, Aw)

o Sensitive to new charged
colored (Q) heavy
w0009 states (n [oops.
Gra M
128v/273 |4

2

lectures,



0.001

As the results for a SM Higgs:
The branching fractions and total

w:dtb\

e e R
----------------------------- . IO e WS
f o ) 100
i

7T “-\ v

| gg--~: _
cC \'

BR(H) -

TR

"Fov iy = 125’" A

Me\V

BR(bb) = 60%
BR(WW) =~ 21%
BR(gg) = 4%

N D N 07

G

Uur
- U1
A‘ ‘ 2!

1000 T

1 1 1 |
160  J00 309 N0 A 1000
M; @ a s

BR(TT) =
BR(ZZ)

8%
R
BR(yY) =
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LHC 1. The leading channels:
Recall that the Higgs couples preferably to heavier

particles.

associated production with W/Z :
vector boson fusion :

gluon — gluon fusion :

associated production with heavy quarks :

q V
V*
q il
g 00000
H
Q _____
g

G2

gqq —V + H

gqq— V'V* —qq+ H
99 — H
99,90 — QQ + H




Calculation

history

and references
compiled by

Laura Reina

Process

gg— H

ONLONNLO by

S.Dawson, NPB 359 (1991), A.Djouadi, M.Spira, P.Zerwas, PLB 264 {1991)
C.J.Glosser et al., JHEP 0212 (2002); V.Ravindran et al., NPB 634 (2002)
D. de Florian et al.,, PRL 82 (1999)

R.Harlander, W.Kilgore, PRL 88 (2002) (NNLO)

C.Anastasiou, K.Melnikov, NPB 646 {2002) (NNLQO)

V.Ravindran et al., NPB 665 {2003} (NNLO)

S.Catani ef al. JHEP 0307 {2003) {(NNLL),

G.Bozzi et al., PLB 564 (2003), NPB 737 (2006) {(NNLL)

C.Anastasiou, R.Boughezal, F.Petricllo, JHEP (2008) {(QCD+EW)

qi — (W, Z)H

qq — qqH

T.Han, S.Willenbrock, PLB 273 (1991)
M.L.Ciccolini, S.Dittmaier, and M.Kramer (2003) (EW)
0.Brien, A.Djouadi, R.Harlander, PLB 579 (2004) (NNLO)

T.Han, G.Valencia, S.Willenbrock, PRL 69 (1992)

T.Figy, C.Oleari, D.Zeppenfeld, PRD 68 (2003)
M.L.Ciccolini, A.Denner,S.Dittmaier {2008) {(QCD+EW)
P.Bolzoni, F.Maltoni, S.0.Moch, and M.Zaro (2010) (NNLO)

qq,99 — ttH

W.Beenakker ef al., PRL 87 (2001), NPB 653 (2003)
S.Dawson et al., PRL 87 {2001}, PRD 65 (2002), PRD 67,68 (2003)

qq, 99 — bbH

S.Dittmaier, M.Kramer, M.Spira, PRD 70 (2004)
S.Dawson et al., PRD 69 (2004), PRL 94 (2005)

gb(b) — b(b)H

J.Campbell et al., PRD 67 (2003)

bb — H

D.A.Dicus et al. PRD 59 {1999); C.Balasz et al., PRD 60 (1999).
R.Harlander, W .Kilgore, PRD 68 (2003) {(NNLQO)
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Production cross sections at the LHC
colliders:

\s= 14 TeV 18

I IIIIIII|
Wi

—h
Q
|

200 300 400 500 00

[T
o
o

— O 111l

1
M, [GeV

Exercise Q: List three leading processes for
SM Higgs pair production and comment on their
relative sizes and SM backgrounds. tasi lectures,

2011.
A. Djouadi, hep-
a4 ph/0503172.



2. Signal Search Strategy (in

SNy for the Higgs boson at
the LHC
s highly non-trivial!
In theory:
® assume a mass parameter;
* predict the production cross section;
* specify a (good) final state in H decay;
* identity the SM back roumds

. calculate th b?@ﬂ? @?‘@f@\%&va or alike
e fr

* specify a (good) final st om H decay;

* compare with the SM backgrounds;

® assume a mass parameter and compare
with theory;

* estimate the sensitivity (v signal strength,
p -value) s



2. Slgnhal

(a). ﬂM%lﬁﬁtl%e leading production

channel

€760000)
_____ H o(125 GeVe@ 8 TeV) = 20 p
= 6(125 GeV@14 TeV) = 40 |

&70,000,0°

* Need clean decay modes: Yy, WW, ZZ
* Effects from radiative corrections very large!s
* Sensitive to new colored particles in the loop:
99 H sensitive to new colored states: Q
H  YvYy sensitive to new charged states: Q,

@
3 ¢ fi
} 61
G5 7 § L
fa % fo

§ L. Reina, TASI lectures,
2600

e

H ZZ 4 lepton
best to study the Higgs
CP properties:
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40

20

( QCD corrections to gg—H )

AA = A . I e e 1A R (IR E
Moch & Vogt, hep-ph /0508265
o 8 ;

ey

\ 6(pp — H+X) [pb]
5 M,, = 120 GeV 3
Ty o -
It S e ST
NLO
A N3LOSV LO tee
——+- N’LO J

|
0.2 0.5 1 2 )
ur/MH

Large QCD corrections: K-factor of about 2

Stabilization of scale dependence needs N3LO
or at least NNLO corrections

Cross section estimate for my = 126 GeV at
8 TeV from LHC XS WG, determined at NNLL
QCD and NLO EW

o(gg—H) = 19.22 pb + 14.7%

Error is linear combination of ~ 7.5% scale un-
certainty and ~ 7.2% from gluon pdf and a5 er-
ror

Additional uncertainty from use of effective hgg
vertex (heavy top approximation) is estimated
to be below 2%

Dieter Zeppenfeld  14.8.2012 Higgs

a7



\¢) tne  vecLor Doso0h

—
~>--H o(14 TeV) = 4 pb

. Nged)cle\am&elay modes: tt, WW, ZZ,

Y

* Effects from radiative corrections very
small!

-> color singlet exchange, low jet
activities.

* Sensitive to HWW, HZZ couplings
S_Gooet for Hi - tt; YY)

* A bit lower vrate, but unique
kinematics

98



C

NLO corrections to VBF

Small QCD corrections of order
10%

At i e Y N i S R B UM B R A W S 1.2 e Ll e | B o i
Tiny scale dependence of NLO g 7™\ 3 P s
= / "__\ ~ = solid: Q scale ~
result 400 — i \\ - - dashes: my scale o
[~ : * 3 - : K- A
- +5% for distributions : i 3\ 3 L Y
B 2y W\ == o - d 7]
- i J N L [ £=1/2 et 7]
- < 10/0 fOl‘ atotal ~— 300 b .lf'. =] T el Q2 o -
é‘ : ‘:_;"f \.'\ : '§ 10 ‘+ i Se-a ’ /
pdf error is below 3% since 5? : F 3 n 3 PP S
. i R 1 PR T s Sl 3
pdf’s are dominated by valence 5 *%°[ j solid: NLO py 3 s R M= e T ;
o L p dots: LO \\ 4 = ' =2 y
quarks " / \\ s Qo S
i ‘ 100 |— L - 4 -
~ —5% EW corrections in- F s e -
cluded - S iR ‘ | ;
2 | o || Ll leul | i My | | - 1 0-8 el W B L 7 L hgre- | N Pl s
Ciccolini, Denner, Dittmaier, 0710.4749 0 2 4I 6| 8 2 4 | |6
_ 8yy = 193, ~ Vi ayy = Iy, — ¥
Figy, Palmer, Weiglein arXiv:1012.4789 . >
Very small cross section error of my = 120 GeV, typical VBF cuts
about 3% for myg = 126 GeV
Dicter Zeppenfeld 1482012 Higgs 7

aq



Basic feature: V radiation off a
quark

T he familiar Weizsacker-Williams approximation

e

> —
Py/y

I x

o(fa— f'X) =~ /da: dp% ,y/f(a: p%) o(vya — X),
14+ (1 —z)?
St R 2>|me

21 T

fy/e(:23 pT) e

100



Exercise 10: Qualitative

feature
for V radiation off a
® Generaﬂ?z@(,mnkassive gauge bosons:

9% +93 1+ (1 -=z)* oy
e % (p% + (1 — 2)M3)?’

+gil-z (1-2)MF

4 z (p%+ (1 —z)M32)2

|
1

Py, (z, pF)

Special kinematics for massive gauge boson fusion processes:
For the accompanying jets,

pg2'T ~ (1 — :B)M‘Q/

orward jet taggin
Ein (1 - 2)E, }f jet tagging

» central jet vetoing

has become important tools for Higgs searches, single-top signal etc.
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VBF as a Probe for
WLWL Scatt@tll/\.g W,

I\§

o i ; .
W T_’3 Yang-M ills gauge self-interactions:
. + o .
et e NG S e BT s AT

sl oW S e e e e
’ A I 2
—ig (@ SIW W 1 [g®%e" - g™g",
2
g B g i
B s — EE L o¥ 0ty L Sl cieng e
Qpvpo =28uv€po— Supgvo — g of vp

T ransversely polarized gauge bosons

e? ~ (0,cos Ocos & cos Osin dsin & = AW Wq—=WqWrq)~0 (g2).

Scattering am plitudes well behaved at high energies.

102



Longitudinally polarized gauge bosons

CE ~ p"/M y at high energies.
Longitudinally polarized gauge bosons scattering

AW Wi =W W) ~er e €31 %41

Naively, AW (W — W W) ~g2(@*)2M ¢ ~g?s®M ¢,

but m iraculously canceled (due to gauge sym m etry).

Next, AW W =W W) ~g?s/M§ ~s/ve
st Iike the Nam bu-G oldstone boson scattering, no g2!

G oldstone-boson E quivalence ]‘ heorem : 1

Goldstone -boson Equivalence theorem
indicates

that W, W, scattering at HE, E,, >> M, Is
the wmost direct probe for EWSB.

103



‘ WWs—>eatherme |

Ete e - atthe-heart of the EW=5H

i = 1 = 1 y
R e R e = A LT YR i e Y B0 (H, o
< 2 0
1 2 1 =
M (W w™ — zz) = S el Eppasp a2 () Mé
3 3
1 L 2 >
M (zz = zz) = s e e (H")
3 3 W
1 b 1 v
M (WiZ—’WiZ) = 51\/[ I=abs 51\/[ = (p
M wWiwF—-wiw® = LR (no resonance, ~ s/v?)

e.g., form odel discrim mation:

=y scalar H Y,

g VectorJEQC,
S AR 5 s

0(W+W_—’W+W_)

Lds/ el

olw w~™ — zz)

\

104
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SIS TR arISca & e Tet] .G

(A). How Do W e See the Signal?

/ Forward jet

Signal features in final state:

b — W (W 5 irjs X . / \
Incoming quarks Hard, central Ws
* high-energy gauge boson pairs Ey —~ 0.5 TeV. \ /
iosEaiiter e =07 (15T e¥ , ppao—=M w /2: "\ Forward jet
C hallenges:
: o 0 &2 0SS
need high—-energy sy y Behiesia et

bl id g e VeSS S Ry 2 ie=el 0 = e

* dentfication of W — ¢v, Z — ¢ ¢=, My (Gi), M 7 (Gj).

branching fractions, detection efficiency ...

* background, background, background!
pp =W (W5 QCD Jets X (large, but distinctive)
pp > Wt Wro EW JetsX (m im ick signal m ost difficult)

pp—~ttX =W tW ~bbX (very large, m ore jetty)
105



(C)- Vi ASSOCIATEe
progluctiom:

Z,W

Z,W

o(14 TeV) = 2.2 pb

g m
* W/Z leptonic decays serve as good trigger.
* Effects from radiative corrections very

modest.
* Sensitive to HWW, HZZ couplings
* Do not need clean decay modes: chance for

b bbar !
Boosted Higgs helps for the signal ID!
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(a) 0P quark  palr assoclate
productiow
tb

0\0\0\ 5
6 001 G 00
t,b
8 30T - tb g >

o(14 TeV) = 0.6 pl
P T
A A é A

b n TN
* hap-leptonic decg&@smw as good trigger.

* Effects from radiative corrections can be
large.

* Directly sensitive to Htt coupling

* Do not need clean decay modes: chance for

b bbar !
* Combinatorics of the 4 b’s are difficult to

handle...
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Frecision R1ggs
In a pessiPNistisggenario, the LHC does not see
a new particle associated with the Higgs sector

then the effects of a heavy state on Higgs
coupling g,- at the scale M:

A@: % _ 1~ O/ M?) ~ a few
Hi ggf’ AU PMMVMWEVWVE 1t THE SM
A: WH  HlggsiccH ggH,yyH
HHH
Composite  (3-9)% (1 TeV/f )2
100% (tree-level)
Ho, AC 6% (500 GeV/M,)*
-5 (loop)ys,
4 TeV(3abeV/ &% )> 159 few%

10K



Higgs Production @ SPPC

_ Process | 0 (100 TeV)/0 (14 TeV)
10"{ & Totalpp | 1.25
£ 10° :— W W ~7
g ww ~10
1-[r 3 7 ~10
10"} tt ~30
ot B
10.3% ' H ~15 (ttH ~60) | At: 1%
10%F be 49 A 8%
¥ |
10 stop ~103
(m=1TeV)

Snowmass QCD Working Group: 1310.5189 1049
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Colliders 1. The leading channels:

Recall that the Higgs couples preferably to heavier
,nm/-l-fn/pc

H c+_‘--“ | v
e’ H e 5 H
. 2 H
y H .
" | s s H
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M odel-independent, kinem atical selection of signal events!
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nggs Factorg Mega (10¢%) H:ggs Physics

- — e~z
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ILC: E,,. = 250 (500) GeV, 250 (500)
fb-2 ILC Report: 1308.6176
» Model-independent measurement:
[~ 6%, Amy~ 30 MeV
(HL-LHC: assume SM, [~ 5-8%, Amy ~
TL.EOZM@V):LBOS.6176 e

e e,



. Mlgygs Lougling

Deviations:

No matter there is new physics BSM seen
or not, Higgs couplings need to be
measurigd as accumte as poss((g ley))

W,
H_______-___l,g’_"-*"\;\ .
e tgmwy (1 +Aw)guv

ey

Wy
~Z,

Hf,{x : 1
"'1.1__1# L g COS ew mZ (1 + AZ )guv

L Zu

WZ)
H ' f
> —————————— | f- | %E:i | - ‘-.! - <'
E7G0000° . AAAAS

(Z)



Current accuracies:

( Central values and errors on couplings )

Assuming SM:

.-;'9"‘“” L=4.6-5.1(7 TeV)+5.1-5.9(8 TeV) fb', 68% CL: ATLAS + CMS

ICHEP 2012

“® SM exp. g, = ng (1+A,) e SM provides good overall
£ description
1} data (+A,) ;

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

= gives Iimprovement to

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

= e Five parameter fit does not

give further improvement:

L 1 x?/dof =27.7/49
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Future LHC sensitivities:
g(hAA)/g(hAA)[gy-1 LHC

03 b
02
01

e

01 -

ot W Z b g v T c t inv

14 TeV LHC with 300 fb-*.
Peskin, arXiv:1207.2516;
arXiv:1208.51%2.



NUL IV LAV IALNY L S R
Sgcﬁﬁcisiom measurements

may ve. |

(Sus1y 5ghn| rewpkding !

counlina:
THY M.lguv o

a; (91-92 8" —919;) +

. UVPO
43 £ 410920

The a; = a;(g,, g7 ) are scalar form factors

| .
R A 9’ | H € € | 0‘/-'--""—:—*“? - 9

-~

st Higgs spin-parity property,” 3
search for CP violation :
way not be larger than 10-3).

11le




Not-So “Standard’ Higgs

Sector
Most general .

couplin i
lo I‘fcl(& =+ Zb’y5)

ggq, q@ — ttH, with H — bb, T S

It will be very challenging
to study the It coupling at the LHC:
20%?
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adlaosbeyond the LHC direct
search,

1.Precision Higgs physics at a few %:
Ay for composite dynamics;
Abe) cH FOV’ d@COlA[O/l'V\g He, AS;

A1, v For color/charge loops.

2.Reach 10% for H invisible.

3.Determine [, to 10%.

118



VNP, R e W §

1. LE’% ectati
P s omeg@éred at 10% level.

TSk sensitive
o 209N exsel...)
*  No model-independent measurer,,

2. Foé@e- Higgs factory:

*  wmodel-independent ..
for 9zzn at 1.5% lev e-/ L-P"i-fz

e  Extraction for=r1,,/BR,,

3. wre- Higgs factory:

* Direct measurement of by

scanning. e
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- We are a lucky generation to
have experienced the revolutionary
discovery!

- We have learned a lot about
Nature!

Spontaneous symmetry
breaking;

The Higgs mechanism ...

- We are still puzzled!

120
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Scenarios
associated with the Higgs
Sector 5 S

The SUSY generato ransforxg f‘e/I‘I/H\IODS 1%0(-)tboéjns and vice—versa

Q|Fermion) >= |Boson) , ©Q|Boson) = |Fermion)

Standard particles SUSY particles

See Sudhir Vempati

122



WO H1ggs PoOUvdIELS In Tne

In the Msm,%glm two doublets of complex scalar fields of opposite hypercharge

H? . H: .
le(Hll_) with Yy, = -1 | HQ:(HQS) with Yy, =+1

AM2

<H1> \/5 ) <H2> \/* (vl +U?) s s g%_*_g% T (246 GCV)
el T (vsin ) L gt e
it Eal 7\,“ o
1 to 3 Goldstone bosons, and five “Higgses
hO, HO AO H::
Tree-level midsses =
iven by 4 tanp

Mo = N?j + M3,

e
My g =

M3+ M5 F \/(Mﬁ + M%)2 — AM3iM? cos? 2(3

1
2 -
M, < min(My, Mz)-|cos28| < My

123



S. composite Higgs:

The Little Higgs

A very iMedelng idead is to make the

Higgs a “pseudo-Nambu-Goldstone”

bOSOV\. § H. Georgi and David B Kaplan,

1984.
A less ambitious approach: Little Higgs Models

Accept the existence of a light Higgs;

keep the Higgs boson “naturally” light (at 1-loop level).
Higgs is a pseudo-Goldstone boson from global symmetry breaking (at scale 47rf)1t

Higgs acquires a mass radiatively at the EW scale v, by collective explicit breaking
Consequently, quadratic divergences absent at one-loop level*

) UV completion ?

10 TeV +
W,Z,B — Wyg,Zyg,Byg, t— T, H < b, sigma model cut-off

(cancellation among same spin states!)

colored fermion related to top quark

At = 9 9—2 + g 4+ 2a/ )2 = 1 Bors 1 TeV + new gauge bosons related to SU(2)
R | g2¢2 g2 12 i 4 P=

new scalars related to Higgs

r| 1 or2 Higgs doublets,
124 200 GeV possibly more scalars




tne ract tnat My = 1L Lo (4eVv
has already provides non-trivial test to

lé%ﬁ/mcﬁ%ﬁy with additional symmetries, one

may be able
- to calculate (in a weakly coupled theory — SUSY)
- to (g)estimate (in a strongly coupled theory —

[
A N Laa A A'Q-LA\
[
E

SM (valid up to M) I —

MssM I M2 = MZcos 204N =8

Composite Higgs GEENNN.

i : : : ~ GeV
50 100 150 200

Both suffer from some degree of fine-tune (already)

125



Thus the Higgs mass
cowectioz/}))s:

AM; = mg)log + 3m‘log b
* In SU@%/ [le\lt the w)VQCfI%V\%)lSP\ZS.
* In soft SUSY breaking case, ms ~ O(1

Te\/). predict TeV scale new physics:
light Higgs bosons, SUSY partners...

imply a (possible) grand desert in
Msysy — Mgy, and unification

radiative EWSB:

m%d—m%u tan? g3 5
tan? g—1 e
* SUSY dark matter with R-parity conserva

126

M3/2 =




_________________________

In Little Hl%?s Models,
Most interesting of all, The top Fermionic

partner T:

A2 4 A2
Be o Tl o T

mr

2T PoD. 2
P ; s LA1A2 {1+U_! f’U
'- ~. .~ VA + X

(HTH)T!Tr + h.c.

3 p2

f2
Mr = —f\/X3+ X3 [1+ 0/ f?)].

g

=> The quadratic divergence is then cancelled at

Then the logarithneieéllgoamvebution to the Higgs
mass sguare j2
mi ~ 6§\ﬁ%2 i A
8T ma
m, = 125 GeV 2> mT < 1TeV
(J Berger, J. Hubisz and M. Perelstein,

2012)




“Naturally speaking’:
- It should not ve a lonely particle;
has an “interactive friend circle’’:
and ¢, Wi, Z
partmers oW =7
_ If we do not see them at tb\e
LHC, they may reveal their

existence from Higgs coupling
deviations from the SM values

at a few percentage level.

An exciting journey ahead of us!
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Quantum correcticinsto the potential
o oINS~ —— Ken Wilson,

Tree-level SM Higgs pjbzc‘:]ea%al:
o0 )\o)

4
Ol =D =2 — i~ R0 CGeN

l
-
Coleman-Weinberg (Erick) potential:
Vow(h) = 3 3 o~ [ 25 og (¢ mih)  6u? = & Vow,
CW 22 9k (27 g k S Sp2 =l
: d : : 3y2
Leading contribution from y;:  op* = — A’
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Recollection:

| B A — -
Seee The Breaking

‘ QED ] ~ Spontaneous Symmetry
——r——— breaking in particle physics

Yang -Mills
Theory —
EW unification tlf\eorgﬂ = "edwt‘o"} of tb@ existence
of massive Higgs boson
QCD: IR & UV

R ——

un'nn(' lAA/)/\’AAIA :'f'lnn ! \A/ 1 /\/’h IRV :p:nn-l-:nm

v lTjij—v—vvwv—rvrr-ﬁ,.-‘ ' —v : -
theory
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