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Calorimeter

The dashed tracks
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the detector
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Exercise b

Explain the response of the ATLAS detector to different
particle species, as shown in the graphic on the preceding

page.

An interactive slice through the CMS detector animates
the response to five particle types.

LHC Physics ...


https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=4172&version=2&filename=CMS_Slice_elab.swf

Coupling-constant Unification
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Coupling-constant Unification
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Can LHC See Change in Evolution?

Sensitive to new colored particles

(sharp threshold illustrated) ... also for sin® Hy

LHC Physics ...



Anyone unfamiliar with electroweak theory?

See my five lectures, “The Standard Model—Its Magic
and Its Shortcomings,” at the S3o Paulo school, Particle
Physics in the LHC Era, April 2013.

LHC Physics ...


http://www.ictp-saifr.org/?page_id=2365

Coming soon ...

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

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

B =0: Gsuper(o) - Gnormal(o) + |1/)|2 + B |¢|4
T<Te: a<0 (9?0

LHC Physics ...



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/ Gpv/2sin? Oy,

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

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’ 6, to predict My, Mz

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

Running mass m(m) ... m(U)



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?)

LHC Physic:




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.) —
F A ZEUS 06-07 1
L A ZEUSHERAI ]
80— ep - vX =
r ® H1HERAI §
r o H1 HERA Il (prel.) |
6ol A ZEUS 98-06 1
- —HERAPDF 1.0 1
a0 —
201~ Q%> 400 GeV? 7
F y<0.9 8
ok 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 J
-1 0.5 0 0.5 1

Chris Quigg (FNAL) Invisibles - 10-15.7.2013 79 /122



Electroweak theory tests: tree level

o, (pb)

LHC Physics ...

30

20—

No ZWW vertex
Only u, exchange

10—
e LEPdata
— Standard model
| | | | 02/17/2005
0
180 200
Vs (GeV)




Electroweak theory tests: loop level
240

o Eiﬁﬂ#]i“% JpL s

120 H

Top Mass (GeV)

80 |-

4of ° ]

| | | | | | | | | | | | |
1990 1995 2000
Year

P TR R N T AN SO R S
2005 2010 2015

LHC Physics ...



Why a Higgs boson must exist

S-matrix analysis of ete™ — WTW~

(b;

e et — +
(a) )
w- wt
w- w LLL'Y(;
Iy
v |
e et e /\e+
o

©

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

LHC Physics ...



... but sum is well-behaved

“Gauge cancellation” observed at LEP2 (Tevatron)

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

MO s? : unacceptable HE behavior

(no contributions from ~ and Z)

This divergence is canceled by the Higgs-boson
contribution

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]

LHC Physics ...



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-  wt
W— W+ ZO)72H
w-  w+
w- wt
w-  wt
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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

O) = O

£

€ 41

c 10

S

m

102

500 1000
M, [GeV]

100 200 300

LHC Physics ...



Total width of the standard-model Higgs boson
FH(I\/IH =126 GeV) = 4.2 MeV

'—102\

EH
]

E §§
E / 13
10k / E

1§ /
104% /
10_2§

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

Hadron coIIideirs:
gg — H — bb: background 7!
gg — H — 77,7y 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 ...



00— = X ...

LHC Physics ...



Higgs-boson production at the LHC: 8 TeV

10— —— 3
Z F \s=8Tev :
X ok B
T 10 ek
Tk ]
Q. L .
g
© 1 E

10 =

10-25_ 1 1 1 1 1

8 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
10_4 | I I I I
100 200 300 400
M, [GeV]

LHC Physics ...



LHC Physics



ATLAS ~~ signal evolution

Ys=7TeV | Ldt=0.02fb " Apr 18,2011

4500

4000

Events / GeV

3500 -
+Dala ATLAS Preliminary

3000 H—yy channel

— Background-only
2500
2000
1500

1000

Data - Fit

LHC Physics ...



CMS 4y signal evolution

CMS Preliminary
T

> 30F ' e
Ok t Data VE=7TeV:L=00m"
- [Im.=126 GeV ]
L] S i P2 7 3
® B z+X ]
@ 20F 3
> o .
w o ]
15 =
10F 3
5F 3
b . ]

80 100 200 300 400 600 800

m,, [GeV]

LHC Physics ...



Evolution of evidence at the LHC

Evidence is developing as it would for
a “standard-model” Higgs boson

Unstable neutral particle near 126 GeV

decays to vy, WTW~—, 2Z
likely (dominantly) spin-parity 0"
evidence for 7777, bb

LHC Physics ...



Consistency with Standard-Model Higgs

ATLAS twiki CMS twiki

- -1 - -1
ATLAS Prelim. fcis‘ag)) Total uncertainty Vs=7TeV,L<5.1f" \s=8TeV,L<19.6fb
— o(sys]
m=1255GeV | 0% s ioonu Combined CMS Preliminary m, = 125.7 GeV
+0.23 w=080-014| p_ =0.65
H—yy -022 L
+0.17 .
-013 H—bb
u=1550%1 017 -
-0.28t0_12 - u=1.15+0.62
+0.35
Hozz -4 |02 -1 Ho oo
+ 0.
-0.13 T u=110+0.41
w= 1-433:32 +0.17 -
-0.10 ‘
+0.20 — H—yy
H— WW* - viv 'gg w=0.77+027
+0..
-0.19 1
1w=0997%0, .15 Hes WW
|- 0.09 I )
=0.68+0.20
Combined tg:}i —_ "
H—yy, 22 WW* g 47 e
-0.18
= 13307 H— 2z
ors[+012 . w=0.92+0.28
— : L1 [IPRPRPRIN PR B
(5=7TeV fLdt = 4.6-4.8 b 0.5 1 1.5 2 0 0.5 1 1.5 2 25
(5= 8TeV Lot =207 1" Signal strength () Best fit o/oy,,

LHC Physics


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://indico.cern.ch/getFile.py/access?contribId=4&sessionId=2&resId=0&materialId=slides&confId=242095
https://indico.cern.ch/getFile.py/access?contribId=5&sessionId=2&resId=1&materialId=slides&confId=242095

Why Electroweak Symmetry Breaking Matters

What would the world be like, without a (Higgs)
mechanism to hide electroweak symmetry and give
masses to the quarks and leptons?

(No EWSB agent at v ~ 246 GeV)

Consider effects of all SM interactions!
SU(3). ® SU(2)L ® U(1),

LHC Physics ...


http://dx.doi.org/10.1103/PhysRevD.79.096002
http://dx.doi.org/10.1103/PhysRevD.79.096002
http://dx.doi.org/10.1103/PhysRevD.79.096002
http://dx.doi.org/10.1103/PhysRevD.79.096002
http://dx.doi.org/10.1103/PhysRevD.79.096002

Without a Higgs Mechanism . ..

Electron and quarks would have no mass

QCD would confine quarks into protons, etc.
Nucleon mass little changed

Surprise: QCD would hide EW symmetry,
give tiny masses to W, Z

Massless electron: atoms lose integrity

No atoms means no chemistry, no stable composite
structures like liquids, solids, ...

LHC Physics ...



LHC: Multiple looks at the new boson

3 production mechanisms, > 5 decay modes

vy, WW*, ZZ* bb, 7" 1=, Z~(?)

LHC Physics ...



Questions for ATLAS and CMS

Fully accounts for EWSB (W, Z couplings)?
Couples to fermions?

Top from production, need direct observation for b, 7
Accounts for fermion masses?

Fermion couplings o< masses?

Are there others?

Quantum numbers?

SM branching fractions to gauge bosons?
Decays to new particles? via new forces?
All production modes as expected?
Implications of My ~ 126 GeV?

Any sign of new strong dynamics?
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Standard-model shortcomings

o No explanation of Higgs potential

o No prediction for My

e Doesn't predict fermion masses & mixings
e My unstable to quantum corrections

o No explanation of charge quantization

e Doesn't account for three generations

e Vacuum energy problem

o Beyond scope: dark matter, matter asymmetry, etc.

~> imagine more complete, predictive extensions

LHC Physics ...



Beyond the Standard Model
More physics on the TeV scale?

Partial-wave unitarity analysis of WW scattering argues
for new physics on the TeV scale.

In SM: a Higgs boson or strongly interacting gauge sector
In general, something new on the TeV scale

At the level of suggestion, rather than theorem ...

o The hierarchy problem: if light H, new physics
implicated on the TeV scale

o WIMPs as dark matter: reproduce relic density for
masses 0.1—1 TeV
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The Hierarchy Problem

How to keep the distant scales from mixing in the face of
quantum corrections? OR

How to stabilize the mass of the Higgs boson on the
electroweak scale? OR

Why is the electroweak scale small?

LHC Physics ...



The Hierarchy Problem
Possible paths

e Fine tuning

o A new symmetry (supersymmetry)
fermion, boson loops contribute with opposite sign

o Composite “Higgs boson” (technicolor . ..)
form factor damps integrand

o Little Higgs models, etc.

o Low-scale gravity (shortens range of integration)

All but first require new physics near the TeV scale

LHC Physics ...



But Where is the New Physics?

The unreasonable effectiveness
of the Standard Model

LHC Physics ...



More Electroweak Questions for the LHC

e What is the agent that hides electroweak symmetry?

o Is the “Higgs boson” elementary or composite? How
does the Higgs boson interact with itself? What
triggers electroweak symmetry breaking?

o New physics in pattern of Higgs-boson decays?

o Will (unexpected or rare) decays of H reveal new
kinds of matter?

o What would discovery of > 1 Higgs boson imply?

o What stabilizes My below 1 TeV?

e How can a light H coexist with absence of new
phenomena?

o Is EWSB related to gravity via extra dimensions?
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More Electroweak Questions for the LHCP'

o Is EWSB emergent, connected with strong dynamics?

o If new strong dynamics, how can we diagnose? What
takes place of H?

o Does the Higgs boson give mass to fermions, or only

to the weak bosons? What sets the masses and
mixings of the quarks and leptons?

o Does the different behavior of left-handed and
right-handed fermions with respect to charged-current
weak interactions reflect a fundamental asymmetry in
the laws of nature?
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More Electroweak Questions for the LHC™"

o What will be the next symmetry recognized in Nature?
Is Nature supersymmetric? Is the electroweak theory
part of some larger edifice?

o Are there additional generations of quarks and
leptons?

e What resolves the vacuum energy problem?

o What lessons does electroweak symmetry breaking
hold for unified theories of the strong, weak, and
electromagnetic interactions?
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Thanks and good luck!




Why is empty space so nearly massless?
Natural to neglect gravity in particle physics ...

Gravitational ep interaction ~ 10~*'x EM

hc

GN ewton

1
2
GNewton Small <= Mpjanek = < ) ~ 1.22 x 10* GeV large

300 years after Newton: Why is gravity weak?

LHC Physics ...



But gravity is not always negligible . ..

The vacuum energy problem

Higgs potential V(') = 1(0T¢) + [A] (¢T¢)?
At the minimum,

2.2 4
V(ighae) = 0 = A g

Identify MZ, = —242

V £ 0 contributes position-independent vacuum energy density

M2 2
= gv > 108 GeV*| ~10* gcm™

Adding vacuum energy density 0,.c < adding cosmological constant
A to Einstein's equation

81 Gy 87 Gy
R;w - %Rg;w - C4 T;w + /\g;w /\ C4 —2 Ovac

LHC Physics ...



Observed pyac < 10740 GeV*

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)
T T

1.5

Union 08
SN Ia
compilation

QA
05t
[OX0) I o
0.0 0.5 10
Qm

on =108 GeV*: mismatch by 10°*

A chronic dull headache for thirty years ...
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