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Electro-Weak Symmetry Breaking (EWSB)

Why are the masses of the fundamental particles not equal to zero
= Electroweak Symmetry breaking
- EWSB mechanism requires (at least) one new particle

- energy scale of EWSB must be ~ TeV fo preserve unitarity of V-V (V=W, Z)
scattering matrix

Current wisdom: SB mechanism generates Goldstone bosons — longitudinal degrees of
freedom for W & Z

- But underlying nature of dynamics not known — traditionally:two possibilities:
weakly-coupled and strongly-coupled dynamics

Weakly-coupled: self-interacting scalar s: E.g the BEH (Higgs) field
- Self-interaction — non-vanishing vacuum expectation value
- Then: interactions with bosons/fermions — gives mass to them
- Must stabilize mass of the field — some additonal mechanism (SUSY?)
* New ideas: whole new "world": extra space dimensions
Strongly-coupled: new strong interaction at ~TeV scale
- Fermion-antifermion pair condensates
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The BEH Mechanism!(*

(*)Brout-Englert-Higgs

z=—2¢(ntx+yty}+[xax+ycy}n2

=AY least one BEH particle,
called "Higgs" from now on..
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"""The SM Higgs @ the LHC .
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2008: First Higgs observed in CMS & ATLAS
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SM Higgs Search Channels .

Low mass My s 200 GeV
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Events/500 MeV for 100 fb~1

Low My < 140 GeV/c?
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Higgs Searches —
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Assume O(10) fb! or more



SM Higgs @ LHC: prospects ~ 2006
;

ATLAS updates on

the lollowing slides m
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ATLAS 2003 VBF, H-1t VBF, H-WW* | VBF, H-HWW
incl., Hoyy incl.,, H>ZZ
CMS incl., H-Yyy incl.,, H->ZZ* | incl., H-WW

CMS has to extended the VBF qg—qqH, H—=tt and WW?* inclusive channel



Combining experiments.. ...

Possible observation (:
part of parameter space
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Note: ATLAS+CMS combination at an early stage is taken very seriously
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Higgs —yy —
Still a main search channel. Summary in the PTDR (2006)

* More complete study of the backgrounds, K factors
* Optimized analysis (Neural Network)

-
e
-

ECAL TDR plots, L=1034cm™s™"
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a) my, (GeV) b) my, (GeV)
g q was not in ECAL TDR
Isol. brem
ECAL TDR K factors current K factors: DIPHOX(NLO) / PYTHIA
born 1 1.50 , uncertainty 10-20 %
box 1.85 1.20, uncertainty 10-20 % (Dixon et al)
isolated brem 1 1.72, uncertainty 20-30 %
Y+, j—>1t0 not simulated 1.00, uncertainty 30-40 %
i+, jj=>2n’ not simulated unknown; work in progress
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CMS H—yy Analysis ...
Optimized analysis

Use event kinematics, event classification etc..
= Improve sensitivity by factor 1.4-2

Use !Vlass and a Neural Net MH 120 GeV, L= 7.7 pb]
[ NN inputs: E;4/Myy, E1,/Myy,

n: —nal, P, (pair), Isol. of ]~ 210°> []Background {f Signal% | LLR %
NoF B Signal Cat.0 [| 278 | 480
to separate signal from ; | Signal Cat. 1 [ 161 | 248
the backgrounds 2402 Bl Signal Cat.2 | 217 | 119
s SignalCat. 3 |f 166 | 97
Plot each event versus: Ml Signal Cat. 4 [| 90 | 41
Ln (s/b) = Ln(s/bya.es X S/bkin) 10 Signal Cat. 5 88 15

for the background and each

of 6 signal categories:

: R9 > 0.948 Barrel 1
: 0.948 > R9 > 0.9 Barrel

: 0.9 > R9 Barrel

Contribution
of each category
to signal & LLR

0.948 >R9>0.9,1inECap 0% |} ;
0.9>R9,1in ECap -4 -3 -2 -1 0 1 2

Log(s/b)
Jet and n° bckgds. tend to See CMS NOTE-2006/112
go into lower R9 categories
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Discovery Significance (No)

T —

Discovery potential for Higgs—yy -
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Higgs —=ZZ—puuu,upee, eeee —

o Golden mode: allows to fully reconstruct the Higgs
2 f L=9.21b"
10— I Higgs
oF Ezz
- Lt eeup
s 1Zbb
- cMSs
2[- at 50 discoy.
Oy 50 100 150 200 250

No. of events at 50 discovery luminosity

4 lepton invariant mass (GeV)

Background: ++->WbWb->llvvbb,
ZZ->41, llbb ("Zbb")

Selections :

- lepton isolation in tracker and calo
- lepton impact parameter, uu, ee vertex

- mass windows Mz, M,

14



=120GeV L= 30fb" 22 3
9 TTTTE——ot 200__....",?'.’..,....,.ﬁ.,....,....,....,....,: g 2 ATLAS
g ATLAS 5 e 2008 -
G180 2008 Y I\ N — o e E
------ 160 B ttH - - 1j2§_ w— constrained mass fit 3
H g (Jttbb (QCD) : £ m, = 120 GeV 3
140E Cltbb (EW) 7 08E L = 30 fbt E
120F E=p] r 0.6E 3
- ] 0.4 e
100 ’,:j r o_zE -
- E Bissatusestsiastoaaatensstnealoneelisnstonsstonsd
801 3 00 005 0.1 0.15 02 025 03 0.35 04 045 05
60:_ 3 \B8B
: : @
4o | E e W CMS 2006
% e - 8 . L=60 fb!
0 50 100 150 200 250 300 350 400 §, 5 15\% ttH, H—>bb
bb) [Ge =
m(bb) [GeV] )
1
. Early projections: might be observable already at L=30 fb"'
current dB
. CMS-2006 analysis: estimate of
— systematic error control at a percent level is needed—not feasible... background
. uncertainties
. jet energy scale (3-10%)
. ATLAS-2008 anaIyS|s: jet energy resoiution (10%)
— same conclusions  bic-tag efficiency (4%)

Perhaps ttH with H—yy will be observable but with O(100) fb-1 “"™"**
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So is H—bb Hopeless? Maybe not...

*  New idea from Butterworth et al. arXiv:0802.2470
- Use high P+ associated WH production
* Use subjet analysis techniques & recover WH for O(30 fb!)

b b Ry Ry
g _ _—
mass drop filter
- o =
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>120¢ — VaHigas S e _o- a00cev R=07Eff = 60% 2% STUAiesS needed
3 ag 2
«© i
~
) SE
o
ap-
: +Exclusive
3r v .
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CMS 2006

NLO cross sections
Systematic errors included

—_
o

- H—yy cuts

T e
1%___\‘[___ —— HoZZ—4

Luminosity for 5¢ discovery, fb

—»— H-WW-212v

, 3
300 400 500 600
M, GeV/c

Benchmark luminosities:
- 0.1 b exclusion limits will start carving
- 1 b discoveries become possible if M

CMS Reach Summarz —

CMS and ATLAS different at low mass

region, ~agree elsewhere

Most important channels

into SM Higgs cross section
y~160-170 GeV

— 10 fb': SM Higgs is discovered (or excluded) including low mass range (CMS)



Wcs in 2010
=30-50 pb-! at 7 TeV ?
200 pbt at 10 TeV 2.

First, we have to “re-discover" the Standard Model

to be prepared for Higgs discovery:
QCD jets, W/Z(+jets), tt~, WW, ZZ, ..

Zbb,Zcc, Wbb, Wcc, WIZ+n, Z to tau decays...
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Early data: H - ZZ — leptons ...

14 TeV

-1
my (GeV/ C2) ?\Zﬁ:ts at 11Vf:) Slgmflcance Rgs% C.L.
120 0.52 0.19 0.13 10.3
130 1.56 0.29 1.32 2.79
140 2.85 0.42 222 1.55
150 3.52 047 2.64 1.29
160 1.98 047 1.36 2.53
170 1.34 0.61 0.50 5.35
180 3.16 1.38 1.09 2.64
190 9.24 2.74 292 0.89
200 10.6 3.52 2.87 0.89
250 8.02 2.66 2.49 1.06

*Cuts optimized for startup luminosity
*Assume 1 fb-!
* 95% CL limits probe SM region

Significance

Ratio TgscL / Ogyy

- —
L ----no syslemaluc errors - 4
|- — o~ with systematic errors H=-2Z~4/ e
| Significance de-rating due to the L=1fb’
| “look-elsewhere” effect is not included
1L 4
2 -
1 4
N | IR | P | | PR R U . | P
100 120 140 160 180 200 220 240 280
2
m (GeV/c")
CMS Preliminary
15 T
------ bkgd-only: mean H=2Z~4]
bkgd-only: 68% probability band _ P
bkgd-only: 95% probability band L=1fb
systematic errors |
included
W0F .
{
5k f -
0 1 1 1 " 1 1 PR PR |

220 240 260

m,, (GeV/c?)



Early data: H-WW

CMS Preliminary

Significance with 1fb™'
S
|

2l

1

Cut Based Analysis

1
120

TR B
140

P PR B EES S
160 180 200
Higgs mass, GeVi/c

Significance with 1fb™"

*Cuts optimized for startup luminosity

*Assume 1 fb!

* 95% CL limits probe SM region

CMS Preliminary

E - Multivariate Analysis
7
6f ;.
: A 14 TeV
51
af
- ; .
3 ; )
: ]
2 g "-..
C - Tm
1~ o
-
P PR B T B TR ST BT SRS N
120 140 160 180 200 _
Higgs mass, GeV/c
CMS Preliminary L =1fb’
- =  Multivariate Analysis
s |
| '
o I
& . f
o : v :
E 1 . : I "
i : i SR T
g2 r ’ : : '
5t 5 o
.o
10" :
i M 1 — i 1 i " " | . i " | A M i 1 M
120 140 160 180 200

m, [GeV]
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Early Data: VBF with H—tx .

- 25 —
- T T T 1 L N B P - PR (3] i CMS Prellmlnary
& 9[- CMS Preliminary Zjets,Z = ee, jet > L [
- F Ztjets, Z — ee, e —> 1 o | det=1fb'1
ﬁsi_det=1fb" = 20—
8F EEEE] T, WW - all 2 r
S 2E T wajets,W —Iv o ¢
d F 7777) QCD PYTHIA 15
2 6:— ) Z4jets,Z2 >t N
- —— H -1t (135 GeV/c?) x 10 10~
5 = .
14 Tev - ————L___ . : —#— Without systematics
aF- = 5
3;_ _E E H— 1t — vy +Thad\’ —e— With systematics
: 0 T T I T T B T RN 7T R 7 T
2 m,, [GeV/c?]
fl | | e R é 6:30:— CMS Preliminary
00 50 100 150 200 250 5 F p
M(xr) [GeV/c?] > 25 f Ldt=11b
=) »
~ -
@] 20_—
*Cuts optimized for startup luminosity :
15—
*Assume 1 fb-! ’°:E _______________________
° ° ° . - o
* 95% CL limits probe SM region oF N
C Ho 1t = Ivw+T,4Vv -~ expected o/ o,
C L 1 1 1 I L L 1 1 l 1 1 L L l 1 1 L 1 l 1 1 L L l 1 1 1 1
115 120 125 130 135 140 135

m,, [GeV/c?]
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arly Searches/Reduced Energy . .

CMS Preliminary
L l L Ll v l L L v l L L Ll ‘ L L L ‘ L |
—A— HZZ+HWW (6 TeV) 1
—a— HZZ+HWW (10 TeV)
—e— HZZ+HWW (14 TeV)

.
o
b |

4
R

Luminosity needed
for 95% CL exclusion

- At 6 TeV you need 7
: times more data than
at 14 TeV

g
—
T
1

Luminosity for 95% CL exclusion (fb™')

120 140 160 180 200

m,, (GeV/c?)

2010 will not be "the Year of the Higgs" for LHC...
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ml‘ning properties oi “

Very High Luminosity

23



Higgs Mass Measurements

Using the golden channels into yy and ZZ
Statistical error

S ' i onl
= CMS, 30 fb" ] Y
= |
\I /
= 1} Stat. error onl .
<] i _
107" |- =
—— Hoyy .
—o- H>ZZ -4l |
1 0'2 | | | | l | | |
100 200 300 400 500 65)0

M,,GeV/c
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Ratios of couplings

How to learn something on the
Couplings of the Higss to the
Bosons and fermions?

This is important o establish that
We are really looking at the Higgs

Coupling ~ mass of the particle!
LHC solution: measure ratios

Example

_ oxBR(H=WW*) _ iy __ Ty

oxBR(H=ZZ¥) — Tz T,

oxBR(H=yy) _ Tgly Tw

 oxBR(HSZZF) — T, 7 T,

AT /T T, IT,)

AT /TH(T,IT)

N

4
1
- ] /T (direct) 99/g9
B B0 T/, (ind.;+10% syst.) gg/9g
0.8 A A T, (direct;+10% syst.) VBF/gg
I o
0-6__ ‘ 10—30 A) ‘ ATLAS + CMS
- J. L dt=300 &' per experiment
04—
0.2— : %
i | 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1
100 120 140 160 180
m,, (GeV)
1
- v I, /T, (direct) VBF/VBF
: ® 0O T,/T (ind.;+10% syst.) WH/gg
0.8 A A T, (ind.;+10% syst.)  WH/gg
- WO T,/T, (ind.;+10% syst.)  ttH/ttH
0.6 B ATLAS + CMS
- _[ L dt=300 5" per experiment
04—
0.2—

100 120 140 160 180
m,, (GeV)
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HX

Particle couplings to the Higgs boson: g

. Coupling Mass Relation ...

Coupling Mass Relation

LHC 1 I

llll]ll

|

T T T
im
- N
]

e

0.1

IIIITII
! lll[

Coupling constant to Higgs boson

0.01 001 ¢ T

rou
| llllll

1 IIIYIII

llll 1 1 111111] 1 i B! [AN KAl b2 | 1 | 1 L 1
1 10 100 1 10 100

Mass [GeV] Mass (GeV)

NB before the ttH "disappeared” Gianotti, Ellis, ADR et al.
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Spin/CP information on the Higgs . .
In ZZ decays (if Higgs heavy ie > 200 GeV)

In VBF ->WW decays

9 0.07FH>WW Iy o 0.06 :_ Hot' ' Il + 4v
5 E m, = 160 GeV 5 Iy CP+O m, =120 GeV
3 0.06[ 3 005 L Y
T ol cPO 5 | P ™
c 0.05[ 4 - r
L |_+_ 0.04 L 1
=) F HT + + 1 ° b+ 4 4 v+
o 0.04[ + lr ° [+ ++Li SM +
® E + T © 0.03[ R 5 +
0‘: 0 1 H : - + +_._‘_
0.03 Ed ‘ ’} +_.,,_ - 3‘? . e - _,'_F-A— T B ' ++_" 8¢
e + 0.02 o o Tt
ot o +y i k. E k.4
- + — P
0.01F .+ ‘ L 0.01F et
9 s +"‘44 i P o -
n ecays To TGUS. 0’..A.1.. 1 FRY VR I T T ey 0 W D (o, 17 Wy W o'...,[, | s Litaal o IR B e
0 0.5 1 1.5 2 2.5 3 0 0.5 1 15 2 2.5 3
Ad; Ady

Exclusive production?
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Central Exclusive Higgs Production . .

Central Exclusive Higgs production pp—~pHp : 2-10 fb (SM)

~10-100 fb (MSSM)

-] E.g. V. Khoze et dl
b Jet ADR et al.

/ M. Boonekamp et al.

a a B. Cox et al.
84p s4p V. Petrov et al...

) p %/\(I_{/ﬂi gl Brodsky eft al.

AM = O(1.0 - 2.0) GeV
beam

A way to get information

Gt B w spin of the Higgs

o N\ FP420 R&D Project
roman pots roman pots http://www.fp420.com
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N events (3 years at 2x1 O”cm"s")

T

Exclusive Higgs: H—bb

Central exclusive production

-3
x 10

Br(h/H/A—bb) ¢ (fb) . :2nM2dLum,;dM2avdq> ($*=1. y=0)
MSSM RDMS oo E 0 (i)
> 5
oo 2nMdLum./dMdydo (§*=1. y=0)
ﬂlz"“-.__'Standard Model Khoze et GI., 0.075 ;,O(zﬂat) _________________________________________________
hep-ph/0307064 i
D015 o e ———
A T ;_ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ MRST99
: : MRST99 (Q> 1.3 GeV) moamwwmes
1005 a CTEQGM -=--=-==--
o S T I S T B S B MR B
6 & 0 0.5 1 1.5 2 2.5
M .. (GeV) ¢

h/H/A

60 fbT o=201b ] Azimuthal correlation
Invariant mass between the tagged protons

calculated with Differentiate O* from O-
the two protons

X T

NII

IIIIIIIIIIT

L T ++ A way to get information
++ ~L+ on the spin of the Higgs
L I 1% i o o =ADDED VALUE TO LHC

0 | - | L
100 110 120 130 140 150

T1

‘Ll
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Beyond the Standard Model

Usually more that one Higgs
E.g. Supersymmetry:

Mass spectra for Mg qy=1TeV
The good news: M, <135 GeV/c?

5 physical Higgs bosons

2 charged : H" and H”
2 CPevenneutral : H and h

1 CP odd neutral : A

Two-loop / RGE-improved radiative corrections included

300 T T T T T T T 1 T T T T T T T 1 300
No stop mixing Maximal stop mixing _
- — | _ H, tan =2
250 - Mgyey=1 TeV ) Msysy= 1 GeV 250
H, tan p= 20
200 |- _ = .2 — 200
H* tan p=20 H.tanp=2 H%, tan B= 20
150 H- tanB=2 H5 tanB=2 N\ _ e 150
RN h, tan = 20
__________ - h, tan B= 20 e 2 S
: 100
- 50
7 ) | l L1 | | | l

0 25 50 75 100 125 150 175 200 225 2500 25 50 75 100 125 150 175 200 225 250

M, (GeV/c?)

tanf = v1/v2 vl vacuum expectation of first higgs, v2 of the other

M, (GeV/c?)
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Heavy Neutral Higgs . ...

— given the H/A mass degeneracy, they are often referred to as ®
— production in association with bb (especially good at large tanf)

— Decays (large tanp): ¢ TEEET——
* bb-decay mode (~90%) is overwhelmed with QCD background |
« 1t-decay mode (~10%) is the best bet e
* pu-decays (~0.03%) aiiow for direct measurement of T’ 9 T ;
bb®, ®—bb bb®, -1t bb®, d—up
E """""" ";””””””””"'; - TrTTYTTTIIrTrTIrTYY [rrrTrrTYY IRARRS AARRI RRARE RAR A t\b v e e rrrf.toppairs
5000 N . ] Q 2007
8 cMS, 80fbT | S @  cms - =
c % my-max 1 - m,-max scenario 0 2000 —’-l . Drell-Y
4 * tanB=50 % tan = 20 2 __signal
1 >
3000 L [ VR 1500 CMS, 30 o
© " bb®,®sbb | O SRS ol >
- m
2000 1 $ 1000 M™ scenario
r L = M, = 150 GeV/c!
\ g fani= 40
1000 ) /s;gnm T
06.‘. : 'W"—# ..;\ 39200 ] = S T o W
200 400 600 800 1000 12001400 % 50 100 150200250 300 350400 450 500 W GV
my, (GeV m,. (GeV/c?) e
Guenakh Mitscuian |cl?t\)n£u uai 2 PRVIVE] J1
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CMS Reach

%50__' €_80;.I T — —
I : CMS, 30 fb” .
g < 701 =
40 60 - pp — tbH*, H" — v, 1
i 3 m, = 175 GeV/c® E
- 4 _ - ’
: cms, 30" - 30-60 fb! 3 E
Sl pp — bbd, ¢ = h,H,A | : e p— :
N mmax scenario ] 30 — : Mgy = 1 TeV/c? ]
i Myysy =1 TeV/c® i} N M, = 200 GeV/c® !
- M, = 200 GeV/c* . 201§ W =200 GeV/c® ]
10~ i = 200 GeV/c? N E ] \ t— Wb —jjb | Mo =800Gevic® | -
- Mo = 800 GeV/c i 10 < Stop mix: X, = 2M —
- O — 1T —e+jet Stogpla mix: X, = 2 MSUSY 1 A t->Wb— b == ]
B 111 TR BT [ B ] e b b e by s
100 200 300 400 500 600 700 85)0 100 200 300 400 500 6?0
M,,GeV/c M,,GeV/c
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EWSB: What if no Higgs exists?

—

Vector Boson scattering amplitudes violate unitarity for s~ 1TeV
New physics must enter to cure this problem

w wow woow W

"'\-\.U_,.r"’ Resonant WZ scattering

- at1.2& 1.5 TeV

W
+ |
+ m£+je‘cs

7z z Z z Z 7

1600 1800

Events/100 GeV
|||||||||||||||||||

1000 1200 1400

Examples =300 fb1
- Strongly interacting vector bosons '

= =
»+ Study WW WZ,ZZ scattering s S Edfim +$ aN
- Technicolor 2% B P
. . . e 1000 1200 1400 1600 1800
* New particles (Techni-p, techni-x,...) = m | {GeV)

# Mantra: LHC will either discover Higgs or find new dynamics ~ 1 TeV
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fine tunning "problems"
@ Higgs creates a vacuum energy density

pn = m2,v2/8 > 108GeV* (GR cosmological constant).

Observation suggests that py.c < 1046 GeV* |

@ EW theory might be just a "low energy" effective theory.
(In superconductivity Ginzburg-Landau potential is derived

from fundamental BCS theory)

No Higgs...

@ EW theory uses an AD HOC minimal Higgs sector ...
@ Higgs mass has quadratic divergences = naturalness and

s
CMS note 2007/05
Will need a lot of luminosity
(> 60 fb1)
Perhaps even SLHC

ATLAS: 50-300 fb! needed
depending on the process

=z

o Higgs / M(H) = 500 GeV for different subprocesses (NNM>0.58)

ONoHiggs’ OMHS00

~

w

W-W- & C.C.
— W+W- J

1800 2000 2200
M(VW)_ [GeV]

1400 1600
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Summary: What can the LHC do?

LHC will discover the SM Higgs in the full region up to 1 TeV or exclude
its existence (1-10 fb!). If no Higgs, other new phenomena in VV —VV
should be observed around 1 TeV, but may need high luminosity

The LHC will measure with full luminosity (=100 fb-1)

- The Higgs mass with 0.1-1% precision

- The Higgs width, for m, > 200 GeV, with ~5-8% precision

- Cross sections x branching ratios with 5-20% precision

- Ratios of couplings with 10-30% precision

- Absolute couplings only with additional assumptions

- Spin information in the ZZ channel for m ;200 GeV and VBF—WW
- CP information from exclusive central production: pp—pHp

- However: no information on the Higgs potential

.=Wwill get a pretty good picture of the Higgs @ LHC

More detailed information from a Linear Collider
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