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Anyone unfamiliar with electroweak theory?

Electroweak Symmetry Breaking in Historical Perspective

Chris Quigg*
Theoretical Physics Department
Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510 USA
The discovery of the Higgs boson is a major milestone in our progress toward understanding the
natural world. A particular aim of this article is to show how diverse ideas came together in the
conception of electroweak symmetry breaking that led up to the discovery. I will also survey what

we know that we did not know before, what properties of the Higgs boson remain to be established,
and what new questions we may now hope to address.

For a short course, see my five lectures, “The Standard
Model—Its Magic and Its Shortcomings,” at the Sao
Paulo school, Particle Physics in the LHC Era, April 2013.
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http://arxiv.org/abs/1503.01756
http://www.ictp-saifr.org/?page_id=2365

The whole story . ..

Gauge Tﬁeories of the Strong, Weak,
and Electroma_gnetic Interactions
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http://chrisquigg.com/gauge-theories/

Our Picture of Matter
Pointlike constituents (r < 1071% m)

SU3). ® SU(2)L ® U(1)y,— SU(3)c ® U(1)em
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Unbroken SU(3). ® SU(2)L ® U(1), Theory:

As in QED, massless gauge bosons

but weak interaction is short-range
In contrast to QED, massless fermions

Mass term L, = —m.8e = —m,(Ere. + € €r)

violates local gauge invariance

LHC Physics ...



Massive Gauge Boson?  Hiding Symmetry

Recall | 2| miracles of superconductivity:
@ No resistance ... ...Meissner effect (exclusion of B)

Ginzburg-Landau Phenomenology (not a theory from first principles)

normal, resistive charge carriers ... ...+ superconducting charge carriers

T>Te

Free Energy

Order Parameter

B=0: Gsuper(o) = Gnormal(o) + « |¢|2 + B |¢|4
T>Te: a>0 ([0 =0

LHC Physics ...



Massive Gauge Boson?  Hiding Symmetry

Recall | 2| miracles of superconductivity:
@ No resistance ... ...Meissner effect (exclusion of B)

Ginzburg-Landau Phenomenology (not a theory from first principles)

normal, resistive charge carriers ... ...+ superconducting charge carriers

T<Tg

Free Energy

| | Order Parameter

B =0: Gsuper(o) = Gnormal(o) + a |¢|2 + |¢|4

T<Te: a<0 (9?0
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In a nonzero magnetic field . ..

Gsuper(B) = G. (0)+Bz+ 1
super — Ysuper 8 om*

2

*

iRV — %Aw

et = -2 . .
- of superconducting carriers

Weak, slowly varying field: 1 =g #0, Vi =0

Variational analysis ~»

A7re*2

m*c?

V2A — lbo|> A =0

wave equation of a massive photon

Photon — gauge boson — acquires mass within superconductor

origin of Meissner effect

In gauge theory: Brout, Englert, Higgs, Guralnik, Hagen, Kibble



Hide EW Symmetry in Analogy to Ginzburg—Landau

o Electromagnetism is mediated by a massless photon,
coupled to the electric charge;

o Mediator of charged-current weak interaction acquires
a mass M2, = ma/ Gev/2sin? Oy,

o Mediator of (new!) neutral-current weak interaction
acquires mass M2 = M3, /cos® Oy;

o Massive neutral scalar particle, the Higgs boson,
appears, but its mass is not predicted;

e Fermions can acquire mass—values not predicted.

Determine sin” Oy to predict My, My

LHC Physics ...



A theory of leptons

L—(e)L R_eR

weak hypercharges Y| = -1, Y = -2
Gell-Mann—Nishijima connection, Q = 3+ 3 Y

SU(2)L ® U(1)y gauge group = gauge fields:

@ weak isovector B“, coupling g bﬁ = bﬁ - sjkgafbﬁ —(1/g)0 0"

@ weak isoscalar A, coupling g’/2 Ay — Ay — 0

Field-strength tensors
Fl, = 0,b, — 0,b,, + gejebl, bl ,SU(2),

f/,LV == aVAM - a[.LAl/ 5 U(l)Y

LHC Physics ...



Interaction Lagrangian

L= £gauge + £Ieptons

_ 1t pluv 1 v
Leauge = =7 Fu FH — 3w M,

/
Lieptons = Rin" (au n ig—AM Y) R
+ Liy# (8 +/—A Y—i—/% B“)L

Mass term L. = —me(ereL + € er) = —meé€e violates local gauge inv.

Theory: 4 massless gauge bosons (A, b}, b7, b;); Nature: 1 (v)

LHC Physics ...



Hiding EW Symmetry

Higgs mechanism: relativistic generalization of Ginzburg-Landau
superconducting phase transition

@ Introduce a complex doublet of scalar fields

+
(;55(?0) Y¢:—|—1

e Add to L (gauge-invariant) terms for interaction and propagation of
the scalars,

»Cscalar - (D“(ﬁ)T(DM(b) - V(¢T¢)7

where D, = 8, + i A,Y + i&7 - b, and

V(6'0) = 12(679) + Al (67¢)?
e Add a Yukawa interaction Lyykawa = —Ce [R(¢'L) + (L§)R]

LHC Physics ...



Unique and degenerate vacuum states

() (b)

LHC Physics ...



Origin of Fermion Masses

By decree, Weinberg & Salam add
interactions between fermions and scalars
that give rise to quark and lepton masses.

Ce [(BL®)er + Br(PTeL)] ~ me = Cev/V2

(e Is picked to give right mass, not predicted

Fermion mass implies physics beyond standard model

Highly economical, but is it true?

LHC Physics ...



Charged Lepton and Quark Masses

100 t A s
; O charged leptons A ]
A A up quarks
o 10 - V down quarks 3
© , | v b ]
n 10~ F T E
x : <4 8 v
) I A T
1028 | =
=17 ng Vs
B o | v ]
g107 ¥ E
[ vd ]
10° Y4 .
v
e A
106 8

Running mass m(m) ... m(U)
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Electroweak theory tests: tree level

HERATIand II
E T T T TT T T T T

F¢ H1e*p 1994-2007 (preliminary)
A H1ep 1994-2007 (preliminary)
O ZEUS e*p 2006 -07 (preliminary) |
O ZEUSep2005-06
T~ SMe~p (HERAPDF 0.1) =
T SMe*p (HERAPDF 0.1)

do/dQ? (pb GeV?)

* H1e*p2003-04 (preliminary)
A H1ep 2005 (preliminary)

® ZEUS e*p 2006 - 07 (preliminary)

® ZEUSep2004-06

[ " SMep (HERAPDF 0.1) y<09
" SMe*p (HERAPDF 0.1) =

\\\\\\‘ 1 \\\\\\‘
10 10*

Q*(GeV?)
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Electroweak theory tests: tree level (no RHCC)

HERA Charged Current e’p Scattering

S 120 T T T T { T T T T { T T T T { T T T T
g e'p - X ]
8 e H1HERAI .
© 100 o H1 HERA Il (prel.) —
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Electroweak theory tests: loop level
240
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http://lutece.fnal.gov/TTS/

Why a Higgs boson "must” exist (first look)

S-matrix analysis of ete™ — WTW~

(@) (b) (@
w- Wt

Individual J = 1 partial-wave amplitudes M(Vl), M(Zl),
MY have unacceptable high-energy behavior (o< s)

LHC Physics ...



.. but sum is well-behaved (LEPEWWG)

~ 3071 ' T - —
g LEP
E
20 .
. —t . I A I
A
101 .
YFSWW/RacoonWw
....N0 ZWW vertex (Gentle) 1
_;;.,4:4 44444 only v, exchange (Gentle)
0 T T T T
160 180 200
Vs (GeV)
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http://lepewwg.web.cern.ch/LEPEWWG/2/lep2rep.pdf
http://lepewwg.web.cern.ch/LEPEWWG/2/4f_wwxsec_nocouplings_2008.eps

“Gauge cancellation” is not the final word

J = 0 amplitude exists because electrons have mass, and
can be found in “wrong” helicity state

MO s? : unacceptable HE behavior

kLL:—J;:J k+

§

ql/\ 7,

e

This divergence is canceled by
the Higgs-boson contribution

H

LHC Physics ...



= Heée coupling must be o< m,,

because “wrong-helicity” amplitudes oc m,

—lZf —imf —igmf )
--------- H C I TR (G
z v o, 7 (G2)

If the Higgs boson did not exist, something else
would have to cure divergent behavior

LHC Physics ...



If gauge symmetry were unbroken . ..

e no Higgs boson; no longitudinal gauge bosons
e no extreme divergences; no wrong-helicity amplitudes
...and no viable low-energy phenomenology
In spontaneously broken theory ...

e gauge structure of couplings eliminates the most
severe divergences

o lesser—but potentially fatal—divergence arises
because the electron has mass ... due to SSB

e SSB provides its own cure—the Higgs boson

Similar interplay and compensation must exist in any
acceptable theory
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Electroweak theory tests: Higgs influence

lo

/ 1
40 60 80 100 120 140 160 180 200 220 240
M, [GeV]
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http://project-gfitter.web.cern.ch/project-gfitter/Standard_Model/2012_05_03_index.html

The importance of the 1-TeV scale ...
EW theory does not predict Higgs-boson mass

> Conditional upper bound from Unitarity
Compute amplitudes M for gauge boson scattering at
high energies, make a partial-wave decomposition

M(s, t) =167 Y (2J + 1)ay(s)P,(cos )

Most channels decouple — pw amplitudes are small at
“all” energies — VY My.

Four interesting channels:
W w; z°Z°/\2 HH/V2 HZP
L: longitudinal, 1/\/5 for identical particles

LHC Physics ...



The importance of the 1-TeV scale ...

w- w

w- W

LHC Physics ...



The importance of the 1-TeV scale . .
In HE limit, s-wave amplitudes oc GgM?,

1 1/v/8 1/v/8 0

i (a)_>—GFME,. 1/v/8 3/4 1/4 0

ssMp 0 a2 | 1/VB 1/4 0 3/4 0
0 0 0 1/2

Require that largest eigenvalue respect partial-wave
unitarity condition |ag| <1

1/2
2
— My < (87“/_) ~ 1 TeV

3Gr

condition for perturbative unitarity


http://prd.aps.org/abstract/PRD/v16/i5/p1519_1

The importance of the 1-TeV scale . . .

If the bound is respected
e weak interactions remain weak at all energies

e perturbation theory is everywhere reliable

If the bound is violated
e perturbation theory breaks down

e weak interactions among w#*, 7z H
become strong on 1-TeV scale

New phenomena are to be found in the EW interactions
at energies not much larger than 1 TeV

LHC Physics ...



Heavy Higgs Signature: ZZ — pp—p*p~

CMS Experiment at LHC, CERN
Data recorded: Fri Sep 24 02:29:58 2010 CEST
Run/Event: 146511 / 504867308

LHC Physics ...



What the Higgs Field Accomplishes

Hides the electroweak symmetry

Gives masses to W and Z
(provides longitudinal components)

Generates fermion masses and mixings
through mysterious Yukawa terms

Makes electroweak theory behave at high energies

LHC Physics ...



Search for the Standard-Model Higgs Boson

2 2\ 3/2
F(H — £F) = SEMEMH ( 4mf>

47r\/2 M2
o My in the limit of large Higgs mass; o< 3° for scalar
oy = CEME e 2\ an2 R
r(H—W"W™) = (1 —x)""(4—4x+3x") x=4My, /Mg

3272

GeM?,

NH— z°2% = —*H
( ) 647/2

(1- X')1/2(4 —4x + 3x'2) X' =4M3 /M3

asymptotically oc M7, and M7, respectively

2x2 and 2x? terms < decays into transverse gauge bosons
Dominant decays for large My: pairs of longitudinal weak bosons



Exercise 6

Compute the decay rate for the Higgs boson into fermion
pairs given on the previous page,

477\/5

using the Feynman rule given above.

2 2\ 3/2
(- ) = S (1= )

LHC Physics ...



SM Higgs Boson Branching Fractions

8 1 g
N

= 18

g
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€ 41
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Total width of the standard-model Higgs boson
FH(I\/IH = 125.09 GeV) = 4.08 MeV

'—1032\ T §§
C 1¢

102 i
E / iR
104% /

102§

100 200 300 500 1000
M, [GeV]

Below W W~ threshold, 'y <1 GeV
Far above W W™ threshold, 'y Mﬁ,

LHC Physics ...



A few words on Higgs production . ..

ete” — H: hopelessly small
pp — H: scaled by (m,/m.)? ~ 40000
ete” — HZ: prime channel LEP ~ My 2 114.4 GeV

Hadron coIIideirs:
gg — H — bb: background 7!
gg — H — 771,~v7: rate 7!

gg — H — WTW™: best Tevatron sensitivity
pp — H(W, Z): prime Tevatron channel for light Higgs

At the LHC:
Many channels accessible, search sensitive up to 1 TeV

LHC Physics ...



Higgs search in e"e™ collisions

o(ete™ — H — all) is minute, oc m?
Even narrowness of low-mass H is not enough to make it
visible . .. Sets aside a traditional strength of ete™

machines—pole physics

Most promising:
associated production ete™ — HZ
(has no small couplings)

_me® K(K?+3M2)[1+ (1 — 4xw)?]
T2 (- M2 (- xw)

K: c.m. momentum of H xy = sin? Oy

o

LHC Physics ...
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Higgs-boson production at the LHC: 8 TeV

10° g1 - — 3
T Ns=8Tev 7
T 1ok N
T 10F e
T ]
o | .
=
° 1= =

10 =

10-25— 1 1 1 1 1 1

8 400 1000
M, [GeV]
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Higgs-boson production and decay: 8 TeV

a 10; T T T T T E g
‘;& E o \s=8TeV ¢
ﬂg 1= WW — Fvgg - é
5 EVBF A — X e
A WW = ¥ N\
10'F E
27 —I'Tqq E
10—2 = 77 — |+|-VV -
’ \ zz I .
3L A
107 E/WHA — Fvbb) | = \1Y l=e,n 3
L DA\ '...“ v = Ve’\/wvr ]
F/ZH—TTbb| \ ™. q = udscb T
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ATLAS ~~ signal evolution

Ys=7TeV | Ldt=0.02fb " Apr 18,2011
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CMS 4y signal evolution

CMS Preliminary
T

> 30F ' e
Ok t Data VE=7TeV:L=00m"
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Evolution of evidence at the LHC (4 Tevatron)

Evidence is developing as it would for

‘standard-model”

Higgs boson

Unstable neutral partlcle MH = 125. 09 + 0.24 GeV

3 T T
C - ATLASH 7
C ATLAS and CMS . ATLAS HZQLM ]
+ LHCRun1 CMS H—yy i
25+ v CMS H—ZZ—41
— r e=mm=- ~. —— All combined ]
‘E C l' . X Bestfit ]
5 2r: . — 68%C.L -

c '
s [ DT .
® LN X N 7
s 15 .
] N i
2 r Sl X ]
@ r freeees X ]
1— I - ~
0.5'..|....|....|....|....|....|...'
124 1245 125 1255 126 1265 127
m,, (GeV)
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.114.191803
http://t.co/W3dapnaGNv

Calculated Branching Fractions, My = 125.1 GeV

bb 0.575
W+w- 0.216
gg 0.0856
T 0.0630
cc 0.0290

VA4 0.0267
vy 228 x 1073
vZ% 155 x 1073
sS 2.46 x 1074

prpm 219 x 1074

LHC Higgs Cross Section Working Group

LHC Physics ...


http://j.mp/1OrjQL0

Evolution of evidence at the LHC

Signal established in vy, WTW~—, Z°Z0
W+W~—, Z°Z° rates establish role in EWSB

> ET T T T T T 3
8 SOOi ATLAS -4 Data2011+2012 3
S E (s=7Tev [Ldt=46 " %% Towlsig:+bkg. 3
% 7O0E s=gTev fLd=207 M Il s Higgs boson
z GOOi . . m,=125Gev 3
L%g E H-WwW ﬂhng: 0/1 jets o ww E
500 et O -

= [ other v E

4005 [ single Top E
300 [ wHets -

E zly* B

200— 2y E
1005 =

% 130? -4 Bkg. subtracted data E
' 6 D SM Higgs boson m = 125 Ge\
g 4 3
o 2 +' E
“* e =

205 + -3

60 80 100 120 140 160 180 200 220 240 26
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m; [GeV]

Events / 10 GeV

=
o
o
o

500

WHiets

CcMS 4.9 fb (7 TeV) + 19.4 fb* (8 TeV)
o data top m,, = 125 GeV
— H-ww [l DY+jets epOjet |

B wz+zz+vwv

ww

Paris - May 2015

107 / 122


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-02/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13023PubTWiki

Distinguishing SM, bosogamous Higgs bosons

g ‘ |
D’:& - \s =7TeV FermiophObiCE g
a Ll WW (SM) £l
x 105 e I
I ih
L ]

11 lHHM

+
o
-----

2 -
K B
K

= &
L
10 =~
= .

o
..............

1 llHHM

'''''
.....
0

102

11 lHHM

0
ST,
0 N
.
0

‘e
0
i

-3 i L
10”100 150 200 250

LHC Physics ...



Evidence for 777, bb, tt

ATLAS 7":5‘“5““‘”[" ) Total uncertainty|
_ I—a(syst. excl. theory}
m,=12536Gev | 0o +loonp

o3
0a |83
H -1t H=14530 H}y;
| - i
Boosted H=2155008 | »—ﬁ—< i

VBF pu=12%

cMs o oma

Vs= 7TeV,L=50fb? B vH

(s = 8TeV,L=189fb" [ Background

pp — VH; H - bb VH(bb) 125 GeV
22 Background uncert.

fecenad

Entries / 0.25

b4
7 TeV (Combined) i = 0.9 '}1
8 TeV (Combined)pl = 1.5 55

H - Tl n=2053)"

Boosted p=307%9[1
VBF w=r7se] | : 107

H — Tt 1=1.0%5] 03

I
X*/dof =0.98

Boosted u=097%

VBF pu=10%

H = Toaglhas =2

X’/dof =0.64

Boosted

VBF

Vs=7TeV,45fb™

Vs=8Tev, 203 fb! Signal strength (u)

-0.5 0
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-32/
http://dx.doi.org/10.1103/PhysRevD.89.012003
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.052014

Gluon fusion & vector-boson fusion . ..

5 19.7 fb™ (8 Tev) + 5.1 fb* (7 Tev)
T T T T ‘ T T T T ‘ H = yy tagged

CMS H - ZZ tagged
i H - WW tagged I
H - 11 tagged [
H - bb tagged
SM Higgs

lJ.VBF,VH

© < b

-1 0 1 2 3
ggH,ttH
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http://arxiv.org/abs/1412.8662

Quantum Numbers
vy ~ C = + (assuming CPT)
If a single state, vy rules out J

JP = 0" overwhelmingly favored

The Standard Model JP = 0+ hypothesis for the Higgs boson
has been compared to alternative spin-parity hypotheses using
/5=8TeV (20.7 fb~') and 7 TeV (4.6 fb~') proton-proton colli-
sion data collected by the ATLAS experiment at the LHC. The Higgs
boson decays H — yy, H— ZZ* — 4¢ and H — WW* — vty
have been used to test several specific alternative models, includ-
ing JP=0-,1%,1~ and a graviton-inspired JP =2* model with
minimal couplings to SM particles. The data favour the Standard
Model quantum numbers of J? =0%. The 0~ hypothesis is re-
jected at 97.8% CL by using the H — ZZ* — 4¢ decay alone. The
1% and 1~ hypotheses are rejected with a CL of at least 99.7% by
combining the H — ZZ* — 4¢ and H - WW* — £v£v channels.
Finally, the JP = 2% model is rejected at more than 99.9% CL by
combining all three bosonic channels, H — yy, H — ZZ* — 4¢
and H - WW* — ¢v(v, independent of the assumed admixture
of gluon-fusion and quark-antiquark production. All allemanve

The study of the spin-parity and tensor structure of the interactions of the recently
discovered Higgs boson is performed using the H — ZZ,Zv*,v*y* — 4(, H —
WW — fvfy, and H — 77 decay modes. The full dataset recorded by the CMS
experiment durmg the LHC Run 1 is used, corresponding to an i

ity of up to 5.1fb™ ! at a center-of-mass energy of 7 TeV and up to 19.7 fb™" at 8 TeV.
A wide range of spin-two models is excluded at a 99% confidence level or higher,
or at a 99.87% confidence level for the minimal gravity-like couplings, regardless of
whether assumptions are made on the production mechanism. Any mixed-parity
spin-one state is excluded in the ZZ and WW modes at a greater than 99.999% confi-
dence level. Under the hypothesis that the is a spi boson, the tensor
structure of the interactions of the Higgs boson with two vector bosons ZZ, Z1, 17,
and WW is investigated and limits on eleven anomalous contributions are set. Tighter
constraints on anomalous HVV interactions are obtained by combining the HZZ and
All observations are consistent with the expectations for the

models studied in this Letter are excluded without
on the strength of the couplings of the Higgs boson to SM parti-

CDF+DO rule against JF =

HWW
standard model Higgs boson with the quantum numbers J7C = 0++.

0-, 2"

Compare KTeV determination of 70 parity in ete~ete™

LHC Physics


http://dx.doi.org/10.1016/j.physletb.2013.08.026
http://arxiv.org/abs/1411.3441
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.151802
http://prl.aps.org/abstract/PRL/v100/i18/e182001

Consistency with Standard-Model Higgs

ATLAS twiki

ATLAS Preliminary
m, = 125.36 GeV

Total uncertainty
+loonu

Phys. Rev. D 90, 112015 (2014)
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CMS twiki
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009PaperTwiki

Testing Consistency: Direct vs. Indirect Measures
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