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* The Higgs....
— We found it!
— Or did we?
— What's next?

The questions you should be asking....



Plan:

* Introduction to Electroweak Symmetry Breaking
— Review of the SU(2) x U(1) electroweak theory
— Constraints from precision measurements
— How do we look for a Higgs like particle?

— How do we know it's the Higgs?
— What's next?

» Theoretical problems with the Standard Model
— Why there might be more than the Standard Model



What we know

The photon and gluon appear to be
massless

The W and Z gauge bosons are heavy
- M,,=80.385 + 0.015 GeV

- Mz=91.1875 = 0.0021 GeV

There are 6 quarks

— M=173.2 £0.9 GeV

— M; >> all the other quark masses

There appear to be 3 distinct neutrinos
with small but non-zero masses

The pattern of fermions appears to
replicate itself 3 times

ELEMENTARY
PARTICLES




The 4t of July!
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Multiple Channels in both CMS & ATLAS
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Higgs Candidate looks SM-like
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Higgs Candidate looks SM-like

* SM hypothesis u=1
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Higgs Candidate looks SM-Like
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Higgs Candidate looks SM-Like
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What We Know

 There is something with many of the right properties to be a
Higgs boson with mass ~125 GeV!

Both CMS and ATLAS see something that quacks like a Higgs
in the yy and ZZ channels

Combined significance roughly 50 for each experiment




Why Do We Need a Higgs?

Why are the W and Z boson masses non-zero?
U(1) gauge theory with single spin-1 gauge field, A,
L=—1FWFW
4
F,=0,4,-0,4,
U(1) local gauge invariance:
A,(x) = A4,(x)-9,n(x)

Mass term for A would look like:

L= —%FW F* 4 %mZAHA“

Mass term violates local gauge invariance
We understand why Mpa =0

I Gauge invariance is guiding principle
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Abelian Higgs Model

« Add complex scalar field, ¢, with charge —e:
1 o 2
L==2 FF +|D, ¢ -V ()

 Where D, =9, -ied, F,=0d,4,-9,4,
V)=l + alof |

« Lis invariant under local U(1) transformations:

A () > A (00 1ix Cubic term
u( ) ﬂ( ) “77( ) would violate

p(x) — e " p(x) this symmetry
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Abelian Higgs Model

« Case1:u?2>0 L=—%FWF“V+‘DM¢‘2—V(¢)
— QED with Mx=0 and
m(p:M D/j = a‘u —ieA‘u

— Unique minimum at ¢=0

V(p)=u’lg] + AQM

V(o)
By convention, A >0
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Abelian Higgs Model

Vip)
« Case2:u?2<0 \ /
V@) -uclof + 2l | TN

* INi <@ >= —‘u—zsl
Minimum energy state at <¢ ,/ G

« Physical particle has minimum energy state at O:
P =¢-<¢>

IVacuum breaks U(1) symmetry I

Aside: What fixes sign (u?)?

v is termed vacuum expectation value (VEV)
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Abelian Higgs Model

1 i

Rewrite =—-¢ v(v+h) |xandhare the 2 degrees of
2 freedom of the complex Higgs field

h has minimum at 0
L becomes:

2. 2
1 ev

1 . .
+ > d,x0 “ 2+ (h, ) interactions)

L= _ZF,UVF#V —eVAﬂaﬂX'FTAﬂAﬂ +%

(0, ,h0“h + 2ﬂ2h2)|

Theory now has:
— Photon of mass Ma=ev

— Scalar field h with mass-squared —2u? > 0
— Massless scalar field ¢ (Goldstone Boson)
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Abelian Higgs Model

« What about mixed x-A propagator? |
— Remove by gauge transformation 4. =4, —;é’ﬂx
— « field disappears
— We say that it has been eaten to give the photon mass
— v field called Goldstone boson
— This is Abelian Higgs Mechanism
— This gauge (unitary) contains only physical particles

| Y v 1
L=—ZF/“/F“ +TA”AM+E(8Mh8”h)—V(h)
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Higgs Mechanism summarized

Spontaneous breaking of a gauge theory by a non-zero
VEV of a scalar field results in the disappearance of a
Goldstone boson and its transformation into the
longitudinal component of a massive gauge boson

Consequence: Physical Higgs patrticle

Aside:
Massless y has 2 transverse degrees of freedom

Massive gauge boson has 2 transverse and 1 longitudinal
degree of freedom

17



Standard Model Synopsis
Group: SU(3) x SU(2) x U(1)
) XU x U

QCD Electroweak

Gauge bosons:

- SU@): G,,i=1...8

- SU2): W,,i=1,2,3

- U(1): B,

Gauge couplings: g, g, g’
Complex SU(2) Higgs doublet: @

18



SM Higgs Mechanism

Standard Model includes complex Higgs SU(2)
doublet . )
b = L ¢ +ip, _(¥
J2 P, +ig, @’
With SU(2) x U(1) invariant scalar potential
V=u'®"®+A(DP*®)* Invariant under &— - @
If u? < 0, then spontaneous symmetry breaking

Minimum of potential at: <®>=L(0) @_}e,wa.(,a,v( . ]
V2 (v 72

— Choice of minimum breaks gauge symmetry
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More on SM Higgs Mechanism

* Couple @ to SU(2) x U(1) gauge bosons (W, i=1,2,3; B%)
Ly =(D,®)" (D"®) -V (D)

D, =9, -i%a"W"ﬂ —i‘%B

u

« (Gauge boson mass terms from:

+ 1 a __a 4 ! O
(D, @) DD — ...+ g(O,v)(gWMO + gBM)(ng“ab + gB”)(V) +...

. %(g%W;f + W) +(~gW +g'B,) )+ ..
| ] | |
I I

Masses vanish Charged gauge Neutral gauge
when v=0 boson masses boson masses

20



More on SM Higgs Mechanism

 Massive gauge bosons:

/W1$W2
= u u
W Tw M, =25
s |8 -8B, M, =g’
H /

\\/g2+g2

« QOrthogonal combination to Z is massless photon

11173
0 =gWﬂ+gBM
M 2 12
Jei+g




More on SM Higgs Mechanism

« Weak mixing angle defined :

Z = - sin 6,,B + cos6,,W?
A= cos 6,B + sing,W?

COS@W - Zg 12 S QW - Zg 12
Je'+g Jgi+g
‘ Natural Relationship: ‘ Mw=Mz cos Ow ‘
o= Mw * Corrections from
M, cosb, top quark/Higgs

MasSses 22



Recap of SM Higgs Mechanism

« Generate mass for W,Z using Higgs mechanism
— Higgs VEV breaks SU(2) x U(1)
— Single Higgs doublet is minimal case
« Before spontaneous symmetry breaking:
— Massless W;, B, Complex ®
« After spontaneous symmetry breaking:
— Massive W=Z, massless vy, physical Higgs boson h

Very economical model!
Easy to add more scalars, etc
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W, Z, Higgs Couplings

Lagrangian in terms of massive gauge bosons and
Higgs boson:

M, Z"Z h
cosb,,
Higgs couples to gauge boson mass

Spontaneous symmetry breaking gives W/Z mass =
longitudinal polarization

L=gM, W"W,_ h+-—=—*

No free parameters in couplings!

24



What about Fermions?

Current-current interaction of 4 fermions
Logray = 232G, J3J"
Consider just leptonic current

_ - _ 1-
Jf”’=veyp( 2y5)e+vﬂyp( 2}/5)/1+hc

Only left-handed fermions feel charged current weak
interactions

This induces muon decay This structure known
since Fermi

W e
< o | Ge=1.16637 x 105 Gev?

25



Fermion Multiplet Structure

« Left-handed fermions couple to W=* (cf Fermi theory)
— Put in SU(2) doublets

« Right-handed fermions don’ t couple to W=
— Put in SU(2) singlets

* Fix weak hypercharge to get correct couplings to
photon

| Put this in by hand
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Leptons

* Include an SU(2) doublet of left-handed leptons
Las,w
VL—2(1 Ys)

e, = (1-75)e
* Right-handed electron is SU(2) singlet, er=(1+y5)e/2
— No right-handed neutrino
« Define weak hypercharge, Y, such that Qem=(T3+Y)/2
B YeL='1
= Yer=2

Y =

} To make charge come out right

*Standard Model has massless neutrinos—discovery of non-zero neutrino mass
evidence for physics beyond the SM
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Fermions come In generations

Except for masses, the

C |4 > generations are identical
CR ) SR, 9 ﬂR
L L

=1$7’5

1%
( ) tR? bR, ( » Tp Yir 7
b L T/, /

Y




Muon decay

« Consider v, e—u ve

 Fermi Theory:

« EW Theory:
Vu W Vu g
W
e A Ve

1- 1-
‘—iZ\/EGFgWT/_l#}’ﬂ( 2}/5) Vo v )/ ( ys) e

2

. 2
ig 1 — uf1=7s
u — U

2 kz—Mng”V ‘“y( 2 )

i, y

v 1_}/5 u,
2

|For |k|<<Mw, 2V2Ge=g?2My? |
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liggs Parameters

* Gr measured precisely
G, _ g2 _ 1
J28Mm,? 2

« Higgs potential has 2 free parameters, u?, A

V2 = (v2G, )" = (246Ger )|

V=udod+(DD)
* Trade u?, A for v2, My?

2

2 U

M2 M2 M2 Vo=

V = h h2+ h h3+ h2 h4 22
2v 8V M, =2v’A

— Large My, —strong Higgs self-coupling
— A priori, Higgs mass can be anything
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What about fermion masses?

Fermion mass term: Forbidden by

L=-mPW =—m(T, W, +T W) - SU(2)xU(1) gauge
Left-handed fermions are SU(2) doublets  invariance

Scalar couplings to fermions:

Ld ——A.dQL(I)dR+h.C. 0, =(Z,)

Effective Higgs-fermlon coupllnog

L, =-A,— f (i, ,d )( h)dR +he.
Mass term for down quark:
M2

1%

A, =

31



Fermion Masses

M, from ®.=ic,d* (not allowed in SUSY)

(¢
(DC_(-W) M2

u

v

L=-10,® u, +hc

* For 3 generations, o, p=1,2,3 (flavor indices)

(V+h off —a aff ja
L=--7 );ﬂ(/lfuL u? +XPd<d’ )+ he.




Fermion masses

« Unitary matrices diagonalize mass matrices

u, = U“ﬁufﬁ d; = Ug’/”a’f/”

u

Uy = V“ﬁu}’;ﬁ d, = Vd“/’)dgﬁ

u

— Yukawa couplings are diagonal in mass basis
— No flavor changing effects in Higgs sector

— Not necessarily true in models with extended
Higgs sectors

Fermion masses NOT

a prediction of SM UV*=CKM matrix
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Review of Higgs Couplings

« Higgs couples to fermion mass
— Largest coupling is to heaviest fermion

m, - m, (- _
L= _Tﬁ(h = _T(foR +fRfL)h
— Top-Higgs coupling plays special role?
— No Higgs coupling to neutrinos
» Higgs couples to gauge boson masses
aM

cosf,
* Only free parameter is Higgs mass!

L=gM, W"*W, h+

Z Z'Zh+ ...

34



Model Makes Predictions!

* Four free parameters in gauge-Higgs sector (g, g’, u, A)
— Conventionally chosen to be
« a=1/137.0359895(61)
« Gr=1.16637(1) x 10° GeV 2
« Mz=91.1875 + 0.0021 GeV
¢ M
— Express everything else in terms of these parameters
G, g o
J2 o 8M} 2(1_M§Z
MZ

= Predicts My

35



Inadequacy of Tree Level Calculations
— Predict My,

5 a 4
My =2 o ( \/ J2G, M

— Plug in numbers:
* M,y predicted =80.939 GeV
* M,y experimental =80.385 = 0.015 GeV

— Need to calculate beyond tree level

36



Modification of tree level relations

G, =

T 1

J2M2 sin? 6, (1-Ar)

« Ar is a physical quantity which incorporates 1-
loop corrections

 Contributions to Ar from top quark and Higgs loops

A 3G,.m’ (cos’ 6,
8\/5212 sin’ 0,
A h _

11G. M, ( M;
In

ING =

W

:

Extreme sensitivity of precision
measurements to m,

If we removed the Higgs, these
formulas would be infinite
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My VS m

* Logarithmic dependence on M

. ‘80.46 f_|:| Not excluded at 95% C.L. by direct searches
Direct measurement o ¢ F-woosammmomon
of W and top masses 3 wad o

E 80.40" Ny
Masses inferred = oo
from precision —
measurements .
80.321-

soso: SRR R A

165 170 175 1”0 1R 1an

M,(GeV)
Higgs boson wants to be light ‘




Global Fit
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