Fall 2014

Elementary Particles 11

3 — The Higgs Particle at the LHC

Predictions, Strategies, Machines, Detectors, Data,
Measurements, Tests of SM
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SSB - 1

Field theory: Real scalar field

1 2
L_E(aﬂ¢) —V({D) p2>0.k>0

Vio)

V(p)= %ﬂ2¢2 +%/12¢4,/1 >0
Reflection symmetric: V (@) =V (-¢)
V Minima:

wW>0:0=0

[ 02 3
2 c0:p=y =t |-
Yz @ P

V Minima: Defining vacuum state («— Cannot have less energy )

1° >0: Vacuum (non degenerate) = Zero field

1> <0:Vacuum (degenerate!) = v # Zero field !!
v = Vacuum Expectation Value (VEV) of ¢

Vio)

p"<0.7t>0

Fall 2016
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SSB - 11

Choose vacuum state:

Fall 2016

<¢(x)>0 =v  Spontaneous Symmetry Breaking
Define: ¢(x)=v+7n(x)

-5 L= l(aﬂn)z —l(vznz _W73 _1774j — {l(aﬂn)z —/11/2772} _/1‘/773 _1/1774
2 4 2 4
L= %(8/177)2 —Av’n® +hi of 77 E"T‘!IY ’

: : I
— Free Klein-Gordon equation ‘ |

— Scalar quantum field

|

|

|
m* =2Av> s> m=+-2u" >0 Jlﬁ‘

v

\ | 4
| Observe:1* < 0 — Imaginary mass in original L!| | "h}. .ﬂnﬂﬂ"mmmlnmﬂﬂ

'?—v—-b

KO: L(n)# L(-n)
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Reflection symmetry spontaneously broken




SSB - 111

Field theory: Complex scalar field
1 , 1 :
¢=$(¢1 +ig, ), ¢ zﬁ(ﬂ —ig,)

L=(2,0)(0"9) -V (9)

%k %k 2
V(g)=’¢'p+A(4'¢) ,A>0,47 <0
U (1) symmetric: ¢ — ¢'=e"*
Observe: U (1) continuous symmetry

V Minima:
2

(<0:g+gi == E

— Vacuum infinitely degenerate

Choose vacuum = (v,0)

— U (1) symmetry spontaneously broken

Fall 2016
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SSB - IV

Define:

()= [v+ () +in(2)]
L=21(0,6) +(3,7) |+ ' FHigherpowersal 7

Free Klein-Gordon equations for (¢,77)
But: "Kinetic energy" terms for both £,77; Mass term only for 77

n field excitations: massive scalar particles

¢ field excitations: massless scalar particles, aka Goldstone Bosons

y v

Fall 2016
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SSB -V

SSB of a continuous, global (+— non local) symmetry

Fall 2016

— OO degener ate vacuum states

Symmetry generators transform any vacuum state into another one

Indeed, for a non-degenerate vacuum:

<q§> , Invariant under G :

¢ 6), = (1+aG)(6), = (6), < G(6), =0
— G does annihilate a non-degenerate vacuum
For a degenerate vacuum:

(¢), Non-invariant under G :

— Goldstone Theorem:

n generators not annihilating the vacuum — Appearance of n massless scalars
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Also called Goldstone bosons




SSB - VI

Example from condensed matter physics: Ferromagnet

<
=
o
(QV

©
Lo

Interaction rotationally invariant

But, below Curie temperature

— Spontaneous magnetization in a random orientation
— Rotational symmetry lost

— Degenerate vacuum

—, Goldstones Non-relativistic version of massless
. / . . . . . .
Spin waves = Zero energy-gap quasi - particles (i.e. lattice excitation)
(o]
a Ground A A A A A A A A A A £
state ':—5
______ e - g
b Excited A A A A A A A A A g
state 5
High energy v %
___________________ z
. ©
=
L

C T T T N N M I A LT T ST

H +- ~ - - \_1_ \_1__ ~ o AN WIS - T_l\ 1}_1
Excited Side I I I I I | I I
state view \| | I | | |
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Higgs Mechanism - |

Fall 2016

Goldstone theorem would seem to definitely destroy
our hint of a Standard Model:

341 massless gauge bosons, only one observed

4 massless scalar bosons, none observed

Local gauge invariance + SSB:
Higgs mechanism

evading Goldstone's theorem

Simple, yet subtle way of giving mass to gauge bosons

without spoiling gauge invariance (and renormalizability)
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Higgs Mechanism - 11

Fall 2014

Example by Higgs :

U (1) gauge group, require local symmetry:

Gauge vector boson A, to be introduced, coupling to some current as usual

Now: Add "sombrero" potential for a complex, scalar field ¢ = ¢, +i¢,

L= [(au —ieA,) ¢*] (0" +ieA") gb} - i F, F" —11%¢"¢—\ (¢*¢)2 — L
L EM interaction of (charged) ¢ interaction etc

/ Current-field

As found before:

Degenerate vacuum state — SSB' picks as vacuum state (v,0)
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Higgs Mechanism - 111

— Q@ =v+mn +in,

Fall 2016

L written in terms of 7,7, :

Upon quantization, 2 scalar particles — m, =~/2\v*,m, =0
Plugging ¢ =v+mn, +in, into L:

L= %(mnl)(c‘?“nl ) —%ﬁnf +%(8un2)(0“nz)

175 1

—|—§(ev)2 A"A, _ZFWFW +evA"d m, +...

—Y 7
Massive vector!

Attempting to understand L:

Massive vector field A"+ Massive scalar field 7,+ Massless scalar field 7,

Troubling term coupling A" and 7,
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Higgs Mechanism - 1V

Use gauge invariance:

¢ N ¢y — e—ie@(x)¢
A A" =A" 10,0

Fall 2016

Choose 0 to make ¢ real: Then n, =0 (% Unitary gauge)

My

1 } 1oy 20 17 3, 1 w
—>L:§(8,ﬂ71)<8 771)—52)\1/ ; +§(ev) A AN_ZFMVF + ...

Massive; vector!
Massive vector field A"+ Massive scalar field 7,
Counting degrees of freedom:
2+1+1=3+1 OK
& —— & v

A,u ¢ A,u h

Standard picture:
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By effect of a smart gauge transformation,

the massless vector field A, has eaten the Goldstone boson 7,

—h
—h

to become massive




Higgs Mechanism - V

Fall 2016

Attempting to dissipate some misunderstandings likely to sneak in:

Mostly related to our naive perception of what is really a 'particle’

1) Where is the mass?
To identify mass terms in L: Not necessarily a trivial task
Key point: Particle content only meaningful in perturbative expansion
* * % 2
Example: L= (8@)(8%) —(—,uqu qb)—)\(qb qb) A>0,0°>0
— > — Imaginary mass — Nonsense — 777
But: To use this form of L to extract Feynman rules, should expand around ‘qb‘ =0
Unstable extremum — Can't make it

: : 1 2 -
Rewrite by expanding around n =0:L = 5(@/7) — vt 4
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Stable extremum — OK

— Particle content should be identified in this form

—
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Higgs Mechanism - VI

Fall 2016

2)What's so special in unitary gauge?

Nothing: L invariant under local gauge transformations,

including the one to unitary gauge:

— L describe the same physics before and after the gauge transofrmation

But: Particle content much easier to extract in the unitary gauge
3) Disappearing Goldstones !?
Indeed: And re-appearing as extra degrees of freedom for massive gauge bosons

See comment above on the tricky business of defining what is a particle...

4)What decides which vacuum is selected among the many?

Not really relevant: Any choice yields identical results

5) Could we make it with the SM without SSB and all that complicated
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swapping of degrees of freedom?

Actually no: SSB is an intrinsic feature of certain quantum systems

—
w

(with an infinite number of degrees of freedom)




SM Reminder - I

Extend Abelian Higgs model to non-Abelian gauge symmetry:
Gauge group=SU(2), QU (1),

Fall 2014

To add SSB to the Standard Model :
Add a doublet of complex, scalar fields:

=)
0|¢" (x)|=+1

Assuming y=1— |Q[¢° <x)} 0
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SM Reminder - 11

Fall 2014

SU(2), ®U (1), Gauge transformation of doublet:

lo

¢—>gb':exp{i %a(x)-rnLg?'y@(x)l

SU(2), ®U(1), Covariant derivative:

D' =0" +i %T-W“—F%yB”

— Additional term to EW lagrangian:

_ t 2 4 S
Ly =D,¢'D"¢—’¢'¢—\(¢'0)
Take ,u2 <0, A>0:

2 2 2

of B
i 22 2 A
Pick ground state (= vacuum) as

0
<¢>0 =| y |— SSB of Electroweak gauge symmetry

NG

v =246 GeV
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SM Reminder - 111

Introduce field deviation from vacuum:

1
NG

After properly 'rotating' to Unitary Gauge:
1 massive scalar: 7, Jm =y = V2\? < The Higgs

Fall 2014

4

o, +io A 2
b2 —>V:—Z—)\+)\v27712+)\v771 (012+0§+?712+?7§)+2(012+U§+7712+7722>

v+mn, +in,

2

2 massive, charged vectors: W=, m,, = £ B

2 A
2 12
N (8" +2") G
2 A
— Relating model parameters to independently measured constants e,G,.,sin 0,,:

2 2
M
M, —\/ﬁg —\/ V2 g GeV, M,=-—Y_~884 GeV

. 0
1 massive, neutral vector: Z ,m,

8G, 8G, sin’ 0, cos

_¥_

GF

M, 779

o
£
o
|_
ho]
©
=
wn
S
o
=
C
-
1
=
()
<
O
C
(o)
=
L




SM Reminder - IV

Fall 2014

Gauge terms of L in the unitary gauge, in terms of the physical fields:

L,+L,

— —iFW (x)F" (x) Photon

—%FWW (x)F" T (x)+%mv2VWJW“ W= boson

_%zw (x) 2" () —i—%mﬁZuZ” Z° boson

—i—(@ua)(@“a) —%m,zl,a2 H Higgs boson

+Lyy + Ly + L Gauge-Higgs, Higgs self-, Gauge self-interactions
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SM Reminder - V

Fermion masses: Yukawa (scalar) coupling

Fall 2014

Describing interaction between Dirac and scalar fields:

Example: Single lepton family

Ly, =—8 [\TJJL(I)%R + %RCI)T\IJIL] - 8y

——
=0 for massless neutrino

TIOYS + |, &=

!

In the unitary gauge:

I — I -
LHL — _;mlwl ¢l O_Cmyl¢y1¢yla

Lepton masses in terms of model parameters:

y
m =25 = &y (: 0 in the Minimal Standard Model)

NG NG

g, individual constant
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SM Reminder - VI

v
—
o
9\

@©
L

Higgs vertexes:

v h
\\
LY
LY
\
A
N\ h
,- _________
’
I”
f F
’h
h NS 2 5 aBypr+tp—t o TV L b af 7t 71 )
_________ 2MEN2G, g W' W 'h  2iMIN\N2G,g*Z}Z}h _3im? N2G, hih
(@]
Z Z =
W*u w‘ (] i 5
g i \h 2 h |_
f ‘\‘ " -6
\\\ "" :(E
. a7 i B
_”17]. JEGF ‘f‘f "' \“ "' \\‘ "” ‘\“ q>)
'l \\ " \‘ “' \“ .E
"l \‘\ "l \\‘ ’ \h D
“h “h “h “h =
-3 £2 r+iyr7—-1 . + - 2 ©
MG, g hhW W' 2iM2G, gz Z},  ~3im:N2G hhhi 5
[}
=
LLl

Observe: Amplitude ~ mass(fermions), mass?(bosons)




About the Higgs Field - 1

Fall 2014

Universal, constant field

Lorentz scalar — Same value in any frame, rotation invariant

Non-standard feature:

Vacuum expectation value v = 0

Usual analogy: Spontaneously magnetized ferromagnet:

M =0 below Curie temperature

— Pick up a direction

Ground state rotationally not symmetric, in spite of H being symmetric
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About the Higgs Field - 11

Better analogy: Superconductor
Energy difference between normal and s.c. state at two different temperatures

AE =a (T)|¢|2 + %b(T)|¢|4 +...  Landau theory of phase transitions

w is the Cooper pair ‘wave function” — |yf* ~ density of Cooper pairs

-

Tt T>T,

T<T,

Ny

Vo

Below T, the minimum energy state (‘vacuum’) occurs for i = ¥, # 0, phase undefined
—U(1) QED gauge invariance spontaneously broken

— Photon becomes ‘massive’ — B =0 inside

Fall 2014
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About the Higgs Field - 111

Fall 2014

v ‘Higgs field’ of superconductivity: <y>£0 <« Permanent supercurrents

Superconductive state:
‘Higgs field’ = “Wave function’ of Cooper pairs

—Not a fundamental field
—’Composite’ field of fundamentals fermions (electrons)

Why there is the composite?
e-e effective interaction: Attractive (!) due to e — lattice interaction
Is the ‘real’ Higgs field a genuine, fundamental field or a composite?

Good question..No answer (yet):
Take it as a fundamental field
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About the Higgs Field - IV

A couple of questions:
1) What about the nonzero VEV of the Higgs field?

Fall 2014

Higgs: Unique field whose VEV = 0

Similar to magnetization M = 0 in a ferromagnet
But:

In a vacuum — Not related to many body effects

Lorentz scalar — No preferred direction, reference frame
2) Does it involve a new force? 'Giving mass to = all the fundamental constituents' ??

« Part of the standard EW interaction, often as a negligible contribution:

Higgs particle exchange diagrams between Fermion lines normally strongly suppressed
by m, / m,, factors as compared to y, Z°, W™ exchange (Not true for ¢ quark!)

3— & 4—boson diagrams with and without H similar
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« Crucial role as 'Background' interaction:

For most particles Higgs field coupling translates into inertial mass !




About the Higgs Field - V

Fall 2014

Apparently contributing to vacuum energy density:

Beware: Take potential energy V(qﬁ)

1. 1. . :
Vmin = V(v) = 5;131'2 + E}Lt"l use p° = — Ao’
1
= ——A\! use m; = 2\v°
= —1rrzgfrg
8 "

Constant term: Usually not considered
Does not enter field equations, where only energy differences count
But: Taken into account by gravity

— Cosmological term ?
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Cosmological constant : Possibly additional term in Einstein's field equations
May yield long range attraction/repulsion, according to sign

Invented by Einstein in order to guarantee static universes

E.Menichetti -

Rejected by Einstein at the time of discovery of expansion of the Universe

Recently resurrected following the discovery of accelerated expansion




About the Higgs Field - VI

Fall 2014

|

Zero point energy = — 3 mv? ~ P Higgs
| P 4 -1\~ E .
Indeed:|——m,v" |= E" =F (E ) — —  Energy density
8 Cov L

Priges ~1.210° GeV*

By assuming p to be a cosmological term, compare:

Posserved ~ 10777 GeV* !

= Phiges 22 Orders of magnitude too big

(and with the wrong sign...)

Quick fix: V (v) can be set = 0 by adding a constant to V (gb)

Constant apparently unrelated to m, ,v...

...to be chosen to an accuracy of 1 part out of 10> !

Fine tuning problem, still essentially unsolved
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Something missing?




About the Higgs Field - VII

Fall 2014

Higgs boson: Quantum excitation of the field, mass m,, not given by the field
Further issue:

V(gb) appearing in L: Classical potential

— Must be quantized

— Will be used perturbatively

— Radiative corrections will modify the classical V (gb)

Similar to vacuum polarization corrections to Coulomb potential in QED
(Uheling potential & Lamb shift)
Standard effect:

Running constants, including A
2
L, =D,'D"¢— ¢ p—A(60)
A=X(q")
— m,, modified by radiative corrections

Upon taking ;> <0, )\(0) >0
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— X evolution depending on 3 — functions




About the Higgs Field - VIII
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Running couplings and (3 — functions:

dgz 2 4 6 H H H H
=4x =bg*+0(g°)+ . )
e =)=l
d . oop \:(,, \\ t I,
8 2 4 ’ ‘\
— L :47T . . Zb . 4 \
dnQ’ 6’(&) 18 H. 'H t t
For the EW interaction: \ ,’I
,\\ ,/ t \\
__L . 41 ’,’, ‘\\ ’f \\
¢ 616’ 6167 1248 Ty I7d ‘o o
Higgs couplings: S
d\ 1| 3 2 ©
= 24(N 41 —h*)=3\(3g% 4+ g" —(2 ‘i (gt +g" ) Self ©
dnQ® 32 (N +h —h')=3\(3g° + ¢ )+8 g'+(g+g") | Se z
. (O]
dh 1 9 17 g
= O’ —h |8g>+=g° +— '2] Top (Yukawa 5
dinQ® 27| [ SVEIRRTE P ) -
12 @
.Q
227 0(140 GeV), A ~m,,,, ~1.210" GeV S
— My <|—| ~ =
A 0(650 GeV), A ~1TeV n

3G, In—
v




About the Higgs Field - IX

q.
A
o
(Q\]

@
LL

2
X =~ 3)\2 Neglect smaller contributions at large A
dInQ 47
2
@Nidl 0> —— ! + 1 ~ 321nQ2
A 4r? )\(Qz) )\(yz) A7° v

(3]

2
k)
©
N\ @ -
o
>
3 Q2 27’ 227 =
A—o00as —5 A — 1 Diverging at 'Landau pole' =vexp|——|=vexp| —— -]
47 ( *Jin v Sihe pole” Cuy p[3)\(y2)] P3G, m2 5
1/2 é
2 2 S
— New physics required at scale A < Q,, — lnA < 2\/_4 — my < iﬂA E
3Gy 3G, In "




About the Higgs Field - X

Fall 2014

d\ 3K
dinQ> 41

4
—d\ ~ —itzdan2
41

Neglect smaller contributions at small A

@) ()- T 2

47 v

A must stay + ve in order to keep vacuum stable (!):
Don't like a too quick End of the World

4 2 2 4 2
—>)\(y2)> 3h an —>GFmH > 3h’2 an2 for some Q ~ A

4r*  V? \/5 47 1
12
S B
" \/ET(‘ZGF v
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About the Higgs Field - XI

Running couplings:

Fall 2014

SM couplings

Dog Bowl: 4<0
End of the World
(sometime)

Sombrero: A>0
Relax

; 1
0.0

| | | | 1 | gl | |
| |

10 10* 105 10% 10'¢ 10' 10 106 108 103
I
RGE scale ¢ in GeV
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About the Higgs Field - XI

Fall 2014

Radiative corrections leading to major changes in the effective Higgs potential at large ¢ values:
Details tied to m,, ,m,

Might induce vacuum instability/metastability through fast/slow tunneling

Vv Classical
A Higgs potential

/ Metastable vacuum
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E.Menichetti -

\ Unstable vacuum
\




About the Higgs Field - XII

Fall 2014

Theoretical upper & lower bounds on m,, :

; 3m 0 T L] I T T L |' ] T L] 'l Li T ¥ '|' L ¥ 'I LI L Li '|' 1] T L] 'I T |
é. i — Perturbativity bound .
f - Stability bound -
300 [~ s [] Finite-T metastability bound
= B Zero-T metastability bound
™ A=R Shown are = arror bands, we theorelical crrors u
250 [ _—
i : o
200 N . !%
- - ©
B = =
: Tevatron sxclusion at 2857 CL _| g
=
150 Is the Universe metastable??7] =
— _ E LEP sxchusic i -
my = 126 GeV=| S S =
e 6 8 10 12 14 16 18 5
L

log (A7 GeV)




Hunting the Higgs

Fall 2014

Try to sketch some guidelines:

(1) Production modes — Machines

(11) Decay modes — Detectors

Both related to couplings

Compare rates, backgrounds

— Sensitivity
— Further observables (Spin/Parity, Width, Branching Ratios,..)
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Higgs Production - 1

Fall 2014

Start from H coupling to Fermions:

| H
|
| —-ig,m
/\ 2My
Qs Qr
Compare to coupling to Z°
Z;_, :
e ?’"(Vr—ﬁs'?’u} °
2cosfy =
ay Qs ':V.-'T':-Eﬂ.-si.nlﬂ., A,I-T‘:j %;
g
C
5

m
— H coupling down by a factor ~—L_ as compared to Z°
My,

1
=
()
<
Q
c
()
=
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Higgs Production - 11

Fall 2014

First mode:

s-channel formation:

~-—-h

f

Ideal for lineshape scan, provided cross-section is big enough

Lepton colliders:

Tough requirements on luminosity, energy resolution
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Higgs Production - 111

Fall 2014

Second mode:
H radiation from quarks, sizeable contribution from Top:

ft signature might be useful to tag
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E.Menichetti -




Higgs Production - IV

Shift to gauge bosons:

Exclude massless photon, gluon at tree level

[Photon, gluon loop contribution to be taken into account: See later]

More promising: W,Z mass very large

\,"ll
12
. H= My
I
\'Al
\;"u B H
-~ . M2
s s T} V. 41V
S v 'U2 .(/
v N H

Fall 2014
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Higgs Production - V

Fall 2014

Best modes:
'Higgsstrahlung', 'Gauge boson fusion'

— ) e e .
f +H f ’—--.3,--——- . S e
i We z
AN 3 = H
Lz, Wsg Zs
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Higgs Production - VI

Fall 2014

Beyond tree level: Very Important Loops
Lepton machines:

Interesting diagrams, also quite relevant to detection

Wit

Parton machines:

Dominant diagram at LHC

g GOOGO0T t

—_—— H
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Higgs Decays - 1

q.
h
o
9\

@
LL

f(pa, ra)
H(p) - ~ 1 m?2 Am?
_____ I'(H — = No——L M (1 — ——L)3/2
f(p3. r3)
A(ps, 1) g
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Higgs Decays - 11
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g(pa,19,a)
& g(p3,r3,b)
M3 a2
“"H 8 2 )2
D(H — g9) = 25 (?) n?|D(n)|
M q\pa, 19, a) s ' o
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Higgs Decays - 111

W= (i, )

2 1'7[;
D(H - Wib) =Ne-L; ”“ - Vesl? fauzs S
(s34 — My ]?

t(73, 13)

3-body phase space factor

b(py, 1)

W \17-‘3. ra)
g° 3Mn
T(H = Wfufa) =556 5 Mu 5(2)
Ju(P3, 73)
3-body phase space factor
- Jfal(Pa, r4)
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Higgs Decays - 1V
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Higgs Decays - V

H decays entirely determined by Higgs mass:

1000 ¢

10

['(H) (GeV)

0.1

0.01¢

100

ey

0.001

150 200 300 500 700
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Higgs Decays - VI
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H branching ratios:
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Lepton Collider - 1

Fall 2014

Leptons: Easier to handle
Taking lifetime into account: Restrict to electron, muon (7)

Linear vs. Circular

s — channel formation:

Not feasible at e e” colliders:
m2
Factor —%-~ 4 10~"" — Tiny cross section

2
w

Better chance fora p p" collider
2

m
L ~1.610°

2
w

Other channels more promising
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Lepton Collider - 11

Fall 2014

Electron collider: Tree level contributing diagrams

]-[]35 T T T T T g et
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Electron collider: ow energy' option

Unpolarized cross sections

= | i S , 1
€ P 1
5250 I 1 ~=Total |
5 (S . | —h
% (I ; | —HZ,Z> nl nu
2 (I ; | —wwH !
o 200 /_\\_ — 77 >H !

M~
=

150

100

E.Menichetti - Universita' di Torino
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Lepton Collider - IV

Electron collider: 'High energy' option
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Lepton Collider - V

m,, dependence:

LY ‘ |

. e olete” — HZ) [ft ,]§
FV/E =000 GeV _
0EFS T -;
LEVE =3 Te _E
0.1 ) I | | | | A
100 ]

1

| | | | I |
1010 E__ ...... Vs =3 Te\ o
10k o ot .
E VS 1 Tel E
t o(e*e™ — Hup) [b]
1 3 "\‘.v"'.: = 200 Ge\ 3
C I'l..
0.1 1 1 1 1 \ 1 1
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Lepton Collider - VI

Fall 2014

vs (GeV) <|, >(ab-1/year)* “T:::::;m Years Statistics
90 56 2104 1 210" Z decays
160 16 25 1-2 2 10" W pairs
240 05 3 5 5 10° HZ events
350 0.13 1 5 2 10° ttbar

* each mlerachon pont

< Precise measurement (0.1% to 1% ) of the
Higgs Couplings

¢ Improve precision (statistics x 10° ) on the
measurements of the Z parameters [ Mz, 'z,
Re, Rb, Re, Asymmetries & weak mixing
angle]. Z rare decays.

¢ Scan W threshold ( aiming at 0.5 MeV
precision). W rear decays

¥ Scan ttbar threshold (aiming at 10 MeV)
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Lepton Collider - VII

Fall 2014

Circular collider: Two main issues, among many
Bending field: Must keep the beam on orbit

Orbit radius: R = % m,GeV,T

First look:
Either low B, large R or high B, small R

RF power: Must provide energy to beam up to max. energy

(also compensating for synchrotron radiation loss)

Ex: LEP I

B= 3.3 43 ~0.034T

128 2 m cavities
Typical cavity max field: 1.5 MV /' m
Typical beam current: 6+6 mA
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— Max. energy gain ~ 128*%3 ~ 375MeV / turn; RF max power ~ 125 kW / cavity




Lepton Collider - VIII

Another crucial point: Minimize synchrotron radiation 1oss

Process related to EM interaction of ultrarelativistic charged particles moving in a B field:

Similar to Bremsstrahlung

External 1
B field 49~

N

N Y

Critical energy:
€. = 3hey? /(2R)

e.(keV) = 2.218 E3(GeV) /R(m)

Ex: LEP I
E =104 GeV — ¢, ~ 580 keV

Energy loss per particle, per turn:

2_4

AE(KeV)=1 .

3e,R

Power loss by a beam current /,, to be restored by RF:

4
P(kW)= ;JR I, =
0

E(GeV)'
88.5————— Electrons
R(m)
4
6.03M Protons
R(m)
E(GeV)4
88.5————1,(A) Electrons
R(m)
E(TeV)'
6.03————1,(A) Protons
R(m)

— Pointing to large R — low B

Fall 2014
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Lepton Collider - IX
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Electron collider: Linear

International Linear Collider (Japan?)

Electrons Detectors Electron source
Undulator E e

ILC viiisiiiinn.. Beam delivery system

Main Linac Damping Rings Main Linac

1375 kv 16 EIT) ooty R |~ 10 kg

* Superconducting RF cavities

e Gradient 32 MV/m

« s<500 GeV (1 TeV upgrade option)

* L~210*cm?s!

* Focus on <500 GeV, physics studies also for 1 TeV
* Length ~ 31 km (500 GeV)
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Lepton Collider - X

Electron collider: Linear
Compact LInear Collider (CERN?)

Man e
54 buaches of ¢ 90° o*e »
F RO MAR BLAM 9 Cavie
GENERATION COMFLEX

A = .

FINAL o' MAN LNAC
FOCUS 11

& NAN|LINAL 130 SHE - 15 MV FINAL
FOCLUS

. {
‘ - - : -~ |
DRIVE BEAM DECELE RATOR ’ FROM DRNE BEANS _ N wan 0 POWER SELTIONS
@24 m GENERATION COMPLEX RF power 2 3 GHe

CLIC

» Copper RF cavities

e Gradient 150 MV/m (!)

e Vs=3TeV
 L~610%cm?Zs!
 Length ~ 41 km (500 GeV)
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Lepton Collider - XI
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Lepton Collider - XI1

Muon collider: Overall layout

FRONT END MUON SOURCE 6D COOLING ACCELERATION RING
DD
T = 0.2-2000 GeV  __
=2
T+~
Proton Source %E %< T % 4
98 S0 ER
o5 §3 —° ~ 4 km
@3

Critical points:

— Proton LINAC+Booster (4 MW)

16 GeV x1.5 10° pps =16 GeV x 2501A = 4MW
— Cooling (fast, large)

lonization: dE / dx reducing both p, and p

RF restoring p, — PL teduced

D

Fall 2014
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Lepton Collider - XIII

Fall 2014

Muon collider

Pros:
Large H cross section in the s-channel (aw ~4 104066)E

Best energy resolution ('Beamstmhlung ' strongly suppressed)
— Unique feature: Can perform full scan of lineshape

Main requirements:
mH

E=—"2>~63 GeV
Energy resolution: 2 v L Rr=2 <510”

o, <I', =42 MeV
Feasible, but L ~ 10 cm s ™!
— 1y data taking ~ 10 cm”> =100 pb™"
— N, ~2000y""
— 0, ~100keV 0, ~200keV ,o
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to 3% in 1 year

1 coupling
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Breit-Wigner/Gaussian convolution:
4713 Br(h = ptp~)Br(h — X)
(§ — mj)? + im;j '

Oe(8) = /d\/; dl;(\‘//;)a(p“Lp_ —-h- X)

{ IPB/[(s—mi)? +Timil] (A<T}),
¢ — (s — ] 2 h 2
Bexp[~ T2 |(h) /m? (A > Th).

optpy~ -2h-X)=

50r i Breit—Wigner

~ i —h R=0.003 %
210 Thsm=4.21 MeV /
'\ I’
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Photon Collider - 1
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General idea: Compton back-scattering of intense laser beam by the e beam
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Photon Collider - 11
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Virtual+Virtual photons Virtual+Real photons

e(e"

(@]

Most important loop diagrams for the 'blob": Dominated by largest mass fermions, gauge bosons |§

5

W, t -

o

i S~ =

- H =

N FI e L 5

T~ .1’{ @

Making for a particularly clean study of H self-coupling />- --= E
g g “h




Photon Collider - 111
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radiative corrections to m,

Higgs self-couplings: Very important for { _ )
signs of new physics

Origin of 3- and 4-linear self-couplings: h
Re-writing L upon introducing shifted field, 1D example ‘\\
\“ h
N 1 Fomm
Kinetic term: Ly,(n) = 3(0’1(17 +v)0*(n+v)) ",’
e e h
= 5@m@n) o
—3im>\|N2G, hhh kS
=
. , \ 1 9 2 1 “h +h [
Potential term: V() = +3p“(n +v)" + 1/\(1) +v)? . pa ’g
& . P (¢b]
2 92 1 :’“‘: 2
— /\U"]]" + —/\‘l_\“:: ',l \‘ :C)
4 "' ‘\‘ -L
,'h ‘\h %
e
) S
—3im*~2G,hhhh g
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Parton Collider - 1
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Dominant diagrams for H production:

Gluon-Gluon fusion Vector Boson fusion

q q

9
q

Higgsstrahlung

q 9 TOOO0)

g poooo—— [

4
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Parton Collider - 11
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Basic ingredient: PDFs

Quarks: Look for heavy ones

Tree diagrams: Best bet is with b
2

m, 3 :
-~ 310" encouraging

w

Factor

But: No b-quark beams, must rely on bb sea inside the nucleon

b-quark partonic density small...

Taking H production at small rapidity y ~ 0, with a 7 TeV beam x ~10*

— Incident flux of sea b-quarks very small

Gluons: Main contribution

Loop diagrams, dominated by ¢ quark
PDF somewhat dependent on Q°
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SM Higgs production

I. LI L I L L | L L L | T T 1T T T ] | L L L
11l e B TeVII
of] f | :
=3 qq — Wh -
1
10 " . - =
C - : 2
o - =
: - E
-~ bb—h < e
e g
(2]
10 B qq — Zh = E‘;
- - =
B N [
& ] D
- g2.qq —= tth . =
I : iz
TeV4LHC Higgs working group — O
1 [T T SN N SN T A U N TN TN TN TN N T TN SN HNAN SN NN A Y S AN M |-7‘|”1'-L_‘|-_’r'-+ L1 1 CICJ
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m, [GeV]




Parton Collider- 1V

q.
h
o
9\

@
LL

s SM Higgs production
I I I I ] I I I

= T T T T 3
E LHCHA
o[fb] [ .
0% S ;
N 1 2
103§ . 5
2N : =
o | =
K ] =
L i [
2 oo qq — tth 02)
07k E 5
C gb — qth -~ i E
- | | qq = Zh™~0 e G
TeV4LHC Higgs working group ~— ~—— c
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Parton densities:
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3F E 16} ﬁ,l =
2.5 i 14 "\ .
2F = 12 2
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Parton Collider - VI

xf(x,Q)

12

10}

=== CT10 - gluons (x 20)
B CT10 - up quarks d
-------- MSTWos

NNPDF2.1 :
B CT10 - strange quarks '

Q=M;
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Parton Collider - VII
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Expected cross sections for parton colliders:

103 1 I LI lll I 1 1 UL II I 1010
| |
2 { g X
10 : | o(tot) 10 'Y
10l | : 108 o
0  Tevatron  LHC -
= 10 , ) 107 g
. o
B 1071 g olets) : pr>30 Gev —o 108 i
Pyy>0.01E o | .
- 102 yi<2 10° & .
1 1073 104 .E <
L 104 108 °
o} [¢) =
1079 102 & 5
10~6 10l § 5
10~7 T 100 @ 5
— Zeg-h_— _—. -1 H 2
1078 8221~k (120 Gev) W 1071 © 5
-9 ] |m/ L1 111111 1 —2 & i
10 0 1 5 10 L
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Results for LHC cross sections

Uiy oy % R B I -0 P A I [ JEL N e Sy R
10 2 o(pp = H + X) [pb]
S Vs = 14 TeV
e oo — H (NNLO)

10 % by NLO /NNLO i

1k b - 2
\ - :
N i =
53 = 3 SRS |§
10 b "% qq — Hqq s =
. } N
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Cross-sections for a 126 GeV Higgs
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Direct searches at LEP I:
Higgsstrahlung

Z off-shell detected by lepton decay 0~ -
(=} 3 -
AN SR
o ] | ] >
2 |\ .2
£ 3] N {104 S«
. 10 - T : 25
c I’ vV CE \\\ 1
- N | ‘E’
4 4 s -4 \\ = 10 ® a.-)
- { ] ‘ H \ : ; o
~ \ — E
h . 5 \\ E‘ 10 2 '9
N 10 1 - ] 5
+ I[ b E \‘_ J., 'm
E | \i z
‘i | | | aJ 10 2
].0 LN T LN B A } LANNL AL BN B L AL AN RN NN LA L | d | A v A’ 5
0 10 20 30 40 50 60 70 ,
my (Ge\'}cl) =
(0]
Final LEP I result: S
C
(O]
m, <65 GeV excluded at 95% CL =
LLl
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Direct searches at LEP II:
Higgsstrahlung
7. on-shell detected by lepton decay

2
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91 L A | T LI B L S S LI B B
5 = ]
& bb ]
o
c
H
[&]
=
o
@
g10 r i e
o —
ag |
10°: ww o .
[ Iy 27 -
60 70 80 90 100 110 120
m,, [GeV]

Best channel:

H — bb

Z—qq

BR(%) Higgs Z boson
115 GeV

aq 70
bb 74 15
ce 4 12
ag 6 0
e 10
T 7 3
4% 20
WW- 8
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HZ event topologies:

. o N&_’ 25 LEP 5= 200209 Gev Loose
Four jets, 60% Missing energy, 18% > I
_ i ) -4 Data
H — bb. Z 4 qa H — bb . Z — Vv &) 20 + [l Background
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b b P
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Likelihood ratio test

L
Q — 'sign+bckg _ _21n Q ~ sz

‘bckg

Final LEP II result:
m, >114.4 GeV at 95% CL

— 50 [

o

E 40 —

bll 3o
0 C _g
o
10 [t
b ©

0! A
o
-10 g
- ——— Observed K . >
P Bt e SO =
xpected for signa ,P us background )
_30‘.J..| ...... TR I NI Y N A BT A B L
106 108 110 112 114 116 118 120 =
2 <
. m, (GeV/c

A false alarm: n ) =
)
'Signal' = Best fit =
L

But: Excess at 115 GeV expected in 9% of cases from pure background
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Tevatron direct searches:

Two large experiments, CDF & DO

Among tens of channels investigated, main results from:

qq — WH — lubb
gg — H—-WW — vl

Rather complex topologies, heavy use of neural networks
Sophisticated, parallel logic networks capable of handling

many parameters in order to select candidate events

Can be 'trained’ by tuning selection criteria across Montecarlo samples

of signal and background
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H Searches - VII

Fall 2014

CDF :
qq — WH — lubb
Neural Network tagging
LEP 'indication' at 115 GeV: Expect 4.8 events, observe 5.6
WH (m = 113 Gev) (« 10)
CDF Run Il Preliminary, L=2.7 fo -
8 = W<CT, W+cC
= W+
S 10° b
- T 115 GeV
10 Higgs signal

‘l‘l‘ x10
SRy,
1 1_‘_... L

102

103

[
UOHAPaL 0) pazieLuon

o
£
o
|_
o
©
=
n
S
)
=
C
)
1
=
()
e
O
C
()
=
L

lllllllll lllll llll lllll lllll llll.ll]

0 010203040500070809 1
NN Output




H Searches - VIII

Fall 2014

CDF :
H—WW — lviv
Neural Network tagging

Consistent with 7z background

CDF Run Il Preliminary J L=381%"
o ’
S [ 050Jets, High S/B -
- M, = 165 GeV/c’ i
)] 107 :\;z
% oY
Z gt

10

T llilln'l T TTTm
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e e i B e S e e IS e e 15 B R I

-1 08 -0.6 -D4 -D2 0 22 04 06 D8 1
NN Output




H Searches - 1X

Fall 2014

Main Tevatron result : "Brazilian Flag" plot

Continuous line : Upper limit of (Higgs+SM Background) observed

1 ATLAS+CMS

: Vs. m
Dashed line: SM Background ( £log , £20 ) expected H
Green band  Yellow band
Unit: Expected SM Higgs signal as a function of m,,
Tevatron Run Il Preliminary, L <10 fb™
= L epcicd | [ ATLAS:CUS
g ——  Observed Exclusion o
E 10 _ W 10 Expected <
— -2 [ | +2cExpected S
3 - =
Q ©
2 =
b B
- )
=
=
)
5
e
(G
=
()
=
L

[} -
Exclusion
2 February 27, 2012

100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)




H Searches - X

Fall 2014

Indirect searches:

Radiative corrections to many EW observables receiving contributions o Inm,, ,m’

Ex: my,

March 2008
T

L) T L] ] Ll T L]

{1 —LEP2 and Tevatron (prel.)
80.51 - LEP1 and SLD

68% CL
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H Searches - XI

Global fitto ~ 20 EW observables:

Best indirect estimate of m,,

m, [GeV]
I, [GeV]
at,, [nb]

R

!
Al
AP)
Rb
RC

0.b
0

A%C
A,

A,
A(SLD)

sin“0. (Q.,)

m,, [GeV]
I, [GeV]
m, [GeV]

Maz 2000

Measurement Fit

91.1875 +0.0021 91.1874
2.4952 + 0.0023 2.4959
41.540 = 0.037 41.478
20.767 £ 0.025 20.742

001714 + 0.00095 0.01643
0.1465 + 0.0032 0.1480

0.21629 + 0.00066 0.21579
0.1721 =0.0030 0.1723
0.0992 =« 0.0016 0.1038

00707 £ 00035 0.0742

0.923 + 0.020 0.935
0.670 = 0.027 0.668
0.1513+0.0021  0.1480
0.2324 = 0.0 1_ 0.2314
80.399 = 0.025 80.378
2.098 + 0.048 2.092
173113 173.2

|0msas_of1”0moas

01 2

o 1 2

A[SLD)
sin“8lQ,,)
mw‘
.

Q,,(Cs)
sinaﬂm(e @)
$in” B, {vN)
g.(vN)
grivN)

March 2009

“preliminary

10 10° 10
M, [GeV]

Fall 2014
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H Searches - XII

v
¥
o
Al

©
L

x> minimization:

B —azh 2000 My = 163 GeV
(5) _ |
5- : Aaha)d— |
. i —0.027580.00035
% % = 0.027490.00012
4 - % iees incl. low Q? data =
NX 3 |
< | o
=
= - =
=
8
E n 2
()
| i ! =
0 Excluded W Preliminary 5
30 100 300 =
m,, [GeV] S
H ©
=
36 .
m, =907 GeV, 68% CL Ui




LHC: Machine - 1

Fall 2014

Collisions That Changed The World

/ & 05y B
N4 w4 {‘\‘t Y -)"{l-“;'r:;’ e
AN (2 ',.'.-‘,'-;? (i _"-“ s 2

T Ikl Hold Trtbwe
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LHC: Machine - 11

LHC dipole field
(HERA/Tevatron

LHC pp

(Tevatron pp
(SppbarS pp

83T
~4 T) &

IR5:CMS

~ 1034 Cm-2 S-1

IR4: RF + Beam
instrumentation

3x10%2 cm2s1)
6x103° cm=2 s1)

IR3: Momentum
collimation (normal
conducting magnets)

Beam dump
blocks

IR6: Beam
dumping system

IR7: Betatron

LHC Layout

0 8 arcs.

0 8 straight sections (LSS),
~ 700 m long.

0 The beams exchange their

positions (inside/outside) in 4 IR2:ALICE

points to ensure that both
rings have the same
circumference !

Injection ring 1

N

IR1: ATLAS

collimation (normal
conducting magnets)

IR8: LHC-B

/] Injection ring 2

Fall 2014
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LHC: Machine - 111

q.
A
o
(Q\]

@
LL

R = Lo Rate, Luminosity,Cross-Section
k 2
L=NT
dro o
X7y
k = number of bunches = 2808
N = no. protons per bunch = 1.15x10!!

f =revolution frequency = 11.25 kHz
G*,,0%, = beam sizes at collision point (hor./vert.) = 16 mm

High L: High beam “brilliance” N/& .g
Many bunches (k) (particles per phase space volume) 2
Many protons per bunch (V) —> Injector chain performance z
11 1 (5

sl beamsie = ' R
£

[ : Beam envelope (optics) } Optics property ';:
£ : Phase space volume occupied %é
()

by the beam (constant along the ring) Beam property E




LHC: Machine - 1V

Fall 2014

mv p
B = — = —
f e e

LHC: p = 2.8 km given by LEP tunnel

To reach p =7 TeV/c given a bending radius of p = 2805 m:
Bending field : B=8.33T

—Superconducting magnets

[wo rings anti-particles

'/

collision
point

collision
regions
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LHC: Machine - V

Fall 2014

Two-in-one magnet design
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v10¢ Iled

nducting coils:

Superco

LHC: Machine - VI



LHC: Machine - VII

LHC main dipole:

Two magnets in a single module

Fall 2014

Ferromagnetic iron

Non-magnetic collars

Superconducting coil

Beam tube

Steel cylinder for
Helium

Insulation vacuum

Vacuum tank

Weight (magnet + cryostat) ~ 30 tons, length 15 m
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LHC: Machine - VIII

q.
A
o
(Q\]

@
LL

RF system:

4 + 4 Superconducting RF cavities
400 MHz

~ 0.5 MeV/turn

20 minutes for 450 GeV — 7 TeV

N\
T Et
(@)
> ® Synchrotron %
> radiation loss !%
» LHC @ 3.5 TeV 0.42 keV/turn _:%
X " LHC @ 7 TeV 6.7 keV /turn s
g -)
—_ S LEP @ 104 GeV ~3 GeV /turn %
<
()
—— 2
LLi




LHC: Machine - IX

Fall 2014

Superconducting cavity

SUPERCONDUCTING CAVITY WITH ITS CRYOSTAT
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H-1

Fall 2014

Selecting best decay channels for detection:
Strongly dependent on (unknown) M ,,
By taking M ,, <2M,,

bb: Large BR > 50 % , good signature (secondary vertexes), lots of QCD backgro
: Large BR ~ 7 %,somewhat harder than bb (neutrinos)

Tiny BR ~ 2 10, small background, experimentally challenging

Large BR ~ 35 %, 2 jets, lots of QCD background

! Small BR ~ 3 %,small background in the 4 leptons mode

: Large BR ~ 20 %, sizeable QCD background in the 4 jets mode, harder than ZZ

in leptonic modes (neutrinos)
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H-11

Fall 2014

Total integrated luminosity:

~30 /b~ / experiment

Data inc __ __ o R
- L I T [ T [ [ [ [ ] .-.25 T T T T 25
— . . . — =1
o 35 ATLAS Online Luminosity 1= m— 2010, 7 TeV, 44.2 pb
. = — — -1
2 400 2010ppNE= 7 Tev E 2 2011, 7 TeV, 6.1 1 ]
@ 2011 pp\E =7 TeV 1 >20 m— 2012, 8 TeV, 23.3 120
£ T 2012 ppVs=8TeV 1w
E 25— — g
= L J R
=4 r 4 € 15} 115
g 20— -1 3
R 1%
© 15 - * 10} 110
o ¢ 12
r 1o
1o ER:
- 1 = s) 13
S 1 ®
L |
— ik
0 \! \ \ 0‘ N ‘\l \J ) Q '(_‘ 4‘ c_l o
) 0\ g & e C o e
330 e W oc \'p.? “1\ AN 4N AP L9 40 ,&\i A9

Month in Year Date (UTC)

Phenomenal performance:
¢ Record luminosity (> 5 x 1033) obtained soon after startup in 2012
e Sustained data collection rate of > 1.0 fb-! /wk
e Delivered/recorded @ 8 TeV =[23.3/21.3 (ATLAS), 21.8 (CMS) ] fb’!
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H - 111

q.
Ao
o
Al

@©
LL

4 leptons:
~70 observation

CMS (s=7TeV,L=5.11b";Vs=8TeV, L=19.7 it
> s 77 - paa 3
o 35 : [Jm,=126 GeV -
o - Czy*,z2z T o~ _:
< 30 B z+x I A WY .
wn N ]
..CIEJ 25 [ H M -]

- ____ . 1 o

> N ! — ] =

L 20 " <] — T, S S

n ) I N —

B - ©

q ‘ 15 > | — I

- . &

N ] G>J

10 — =

- ] =

° ? ! 'Ilil!:iiﬂ'!!!i ‘!\I e \l ‘ u l _E g

0 ]| [ Iil:lilII ‘:TIEI-TI.!_ L] GEJ

80 100 200 300 400 600 80 =

LLi

m,, (GeV)




H-1V

Fall 2014

27’s:
. 1 A
> u
© _ b CMS S/(S+B) weighted sum
O S FHoyy
~ C ¢ Data
(2] 3 M@
'E C — S4B fits (weighted sum)
(O] Food e B component
25
> s B 110
§®) o Teg .. T 20
) C
S 15F
e ik g
T 5 = 1.140% o)
a M =118 03 =
+ 051 m,=124.70£0.34 GeV S
- ©
g/ 0 C 11 1 | I | I I - I 1 11 1 I 11 1 1 I 1 11 1 I 11 1 1 I | I I - I 11 1 | :'é
CD T T T T I L | T T 1T I T 17T T I T T 1T | T 17T T I L | T T T T q')
200 - - >
B component subtracted <
i D
100 =
©
0 S
5
-100 S
11 1 1 | 111 1 | | N I I 11 1 | I | N I | | 111 | | 111 1 | 11 1 1 LIJ-

110 115 120 125 130 135 140 145 150

m,, (GeV)




H-V

<
¥
o
(QV

(Qv]
LL

Signal strength:

ATLAS | ATLAS | CMS | CMS

(expected) (observed) (expected) (observed)
h —yy 4.1 5.2
h 77 4.4 6.7 g
h = WW 3.7 5.8 g
h — 171 3.2 3.6 :%
h = bb 1.6 2.1 %
>




H-VI

Fall 2014

Combined mass: All modes

m, (ATLAS) =125.36 £0.37 (stat) =0.18 (syst)

m,, (CMS) =125.03"25 (stat) 12 (syst)

Many more results on spin/parity, couplings, width...

....Next time!
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Future Collider Comparison - I

v
—
o
9\

@
L

Comparison of different colliders:
Best Fit Predictions

15 -10 =5 0 5 10 15
(BR—BRgy)/BRgy(%)

| S
:
h—ZZt _!. l_ == HL-LHC
I —  |=-=|LC350
, B
[ |=TLEP350
h—WWt 1_.J:| ' i
: B
| e SR :
ol TEE— | g
I - =
| — a—
. ; S
* CMSSM high mass N I
® CMSSM low mass 0 [z
A NUHM1 ) o
B HC — HL-LHC : One experiment only :E)
BN HL-LHC HZZ HWW Hbb  Hee  Hgg  Hrt  Hyy o~
. ILC £
EEE TLEP 2
[ SMunc. Higgs WG 'GE)
=
L




Future Collider Comparison - 11

Accelerator = LHC HL-LHC ILC Full ILC - LEP3, 41IP TLEP, 41IP
300 fb fexpt | 3000 fb fexpt | 250 GeV 250+350+ - e acly | 240 GeV 240 GeV
) . ey r 350 GeV (300 b ) SR -1 - -
Phjmial Quantity 250 fiy 1000 GeV 14 TeV (1.5ab 7)) 2ab7 (%) 10 ab™ 5 yrs (*)
5 yrs 5yrs each - 5 yrs 350 GeV
A 142b7 5 yrs (%)
7 10° ZH 7.5%10° ZH s 2% 10°ZH
] 2 5 ; e a

A el L7x10° | 6X10ZH | 1 410Hw | 47x16Hw | X102 | 355 10'Hw
mg (MeV) 100 50 35 35 100 26 7
AT/ Tx - e 10% 3% ongoing 4% 1.3%

) Indirect Indirect - : i i
Al / Ty (30%?7) (10% 7) 1.5% 1.0% Ongoimng 035% 0.15%
APy | Bay 65— 51% 54-15% - 5% ongoing 3.4% 1.4%
AZrizs | Btz 11— 5.7% 75— 27% 45% 7.5% = 3% 2.2% 0.7%
- 57-27% 45-1.0% 43% 1% ~1% 1.5% 0.25%
Agirz | Sz 57-27% 45-1.0% 13% 1.5% ~1% 0.65% 02%
— <30% — ~22%

S & (2 expts) = e (~11% at 3 TeV) = &

APty | B <30% < 10% - — 10% 14% %
Ague | S 85-51% 5.4—2.0% 3.5% 2.5% <3% 1.5% 0.4%
Agricc | grec - = 3.7% 2% 2% 2.0% 0.65%
A | S 15-6.9% 11—2.7% 1.4% 1% 1% 0.7% 0.22%
Agwt/ gon 14-8.7% 80-3.9% - 5% 3% - 30%

Fall 2014
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