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Search for the Higgs Boson




The Search for the Higgs Boson

%———K Kreis der Minima

» ,Revealing the physical mechanism that is responsible for the breaking
of electroweak symmetry is one of the key problems in particle physics”

* ,Anew collider, such as the LHC must have the potential to detect
this particle, should it exist.”




Why do we need the Higgs Boson?

The Higgs boson enters the Standard Model to solve two fundamental

problems:

Masses of the vector bosons W and Z:

M,, = 80.399

Experimental results: + 0.023 GeV/c?
M,=91.1875 =+

0.0021 GeV/c?
A local gauge invariant theory requires massless gauge fields

Divergences in the theory (scattering of W bosons)
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Solution to both problems:
- create mass via spontaneous breaking of electroweak symmetry

- introduce a scalar particle that regulates the WW scattering
amplitude

= Higgs Mechanism



The structure of the Standard Model

Fundamental principle: Local gauge invariance

Prototype: Quantum Electrodynamics (QED)
Free Dirac equation: i}/“auw —miy=0

Lagrangian formalism: L= i?/_J)/MauT,U— my

Local gauge transformation:  ¥(x) = ¢““p(x)

(derivative: 0 — e +ie i a

0,0 term breaks the invariance of L)

Invariance of L under local gauge transformations can be accomplished by
introducing a gauge field A , which transforms as:
1

A a7 A 00 where e = g /4x = coupling strength
e

w!

Can be formally achieved by the construction of a “modified” derivative

0 Dl =eA, (covariant derivative)



- Lagrangian of QED:

L=iyy“o y-myy +eypy“Ay —% P

inferaction term

where F , is the usual field strength tensor: Fﬂv = %Aw — aVAﬂ

Note:
(i) Imposing local gauge invariance leads to the interacting field theory of QED

(i) A mass term ( %mzAﬂA" ) for the gauge field A, would violate gauge invariance



Similar for the Standard Model interactions:

Quantum Chromodynamics (QCD): 9 - a
D,=d,+19T.G,

SU(3) transformations, 8 gauge fields, . iy

8 massless gluons, gluon self-coupling Gﬂ g Gﬂ - aﬂaa =1

-T,(@a=1,..., 8) generators of the SU(3) group g

(independent traceless 3x3 matrices)
- G, gluon fields
- g = coupling constant

Electroweak Interaction (Glashow, Salam, Weinberg):
SU(2), x U(1)y transformations,
4 gauge fields, (W“1, sz, W“3, B,)

. ‘ %+ 1 13- 2
Physical states: ~ W} = ﬁ(\Nﬂ FIW, )
Z,=-siné,B,+cosg,W,

A, = cosd,B, +sing,W,;

abc

C
a, G .



The Higgs mechanism

Spontaneous breaking of the SU(2) x U(1) gauge symmetry

» Scalar fields are introduced ¢=— 4+, ¢0 B
\/7 ¢3 + |¢4 ¢ ? :,f" 7
CE e
' [l 7
Potential : V(p) = ,ﬁ((p )+ A * ¢)2 S | o
@
« Lagrangian for the scalar fields: : Y 2
g, g = SU(2), U(1) gauge couplings L,=id,-gT W, -¢g EBM ¢ -V(9)

e Foru?<0,A>0,
minimum of potential:

« Perturbation theory around

1 0
ground state: ¢0 (X) 7 ﬁ (V + h(X) )=>



Masses of the gauge bosons:

2
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Particle content and masses

- Mass terms for the W= bosons:

- Remaining terms off-diagonal in WM3 and B

2

1 -gg'\(W>*) 1 ,
sl S (G |- avlow-ve]

—ggasey ~ \Bf
+O[g'Wﬂ3 £l gBﬂ]2
1 3
- Massless photon: A, = gW, + 95, with
,gz 1 g|2
W3 -qg'B
- Massive neutral vector boson: Zﬂ = I, ~9 B, with

M

W:

1

2




Important relations in the Glashow-Salam-Weinberg model:

g
« Relation between the gauge couplings: E =tan 4,
” : . : M,,
—> Important prediction of the GSW with a Higgs doublet: I\/I— = COSH,
Z
M 2
or expressed in terms of the p parameter: 2= W2 =1
M cos® 6,

* From the M,, relation the value of the vacuum expectation value
of the Higgs field can be calculated:

1 82 G

3 2 — =246 GeV
v 8M: A2 ’ ‘

where G = Fermi constant, know from low energy experiments (muon decay)



Masses of the Fermions:

» The same Higgs doublet which generates W* and Z masses is sufficient to give

masses to the fermions (leptons and quarks):
e.g. for electrons: use an arbitrary coupling G,

ot ) e (Ve
(ve,e)L( 0)€R + ep(¢9 .9 )( ) }
¢ €z

« Spontaneous symmetry breaking:

L)

Gy _ i G# 2
L, = —ﬁ(eLeR +eze,) — T;(eLeR +eze,)h

interaction term with

AzSISIm the Higgs field

( 0
¥ z(v+h(x))

 Important relation: coupling of the Higgs boson to fermions is proportional

to their mass
ex (T=0,Y=-2)

o \\

v




and finally...... a massive scalar with self-coupling, the Higgs boson:

2 2
« Mass: m, = 2V°A

(since A is not predicted by theory, the mass of the Higgs boson is unknown)

. Self-coupling:  — Avh® — %lh‘l

» The additional diagram, with Higgs boson exchange, regulates the divergences
in the longitudinal WW scattering



The Higgs boson as a UV regulator

Scattering of longitudinally polarized W bosons

Wi, Wi,

W Wi, Wi, Wy, -

- Irﬁ iw V. Z s
= Y SiM(W'W~— W'W)~—  for

1 s S mZ,
wry, wr, Wi, Wy - -

Higgs boson guarantees unitarity (if its mass is < ~1 TeV)

W, W, 3 2 Wi, Wi,
Wi, Wi Wi Wi :L ; Wi WL (O
L = z_, 1 ‘“L : IH (e
Lk o e H
"2 A ;
J‘IiL l—l L |
Y i S 5 h ey
Wi, Wi, Wi, Wy, Iy WL W =
Wi, Wy Wi, Wi,

~iMW*'W~— W'W") ~m;, for



8.2 Higgs boson properties
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Properties of the Higgs Boson

The decay properties of the Higgs boson

are fixed, if the mass is known:
WS Z8 -t ayer it et g,y
H
W Z gt Bcas® b e g,y
'H— ff)=N imZ(MZ)M
© 4\/E f H H
I'H—=VV)=0 Ge M3(1—4x+12x2)/3v
16427 "
where: &, =16, =2, x=M/ /M, p=velocity
2 2 7N
F(H%gg)=GFaa(MH)ME‘ 1+ P MNia,
36+/27° 4 6 )&
Ge a 4 :
(=g ) = — = [ N.€’ 7]
128+ 27

BR (H)

A. Djouadl, J. Kallnowskl, M. Splra
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The Higgs boson couples to
particles proportional to their mass

— decays preferentially in the
heaviest particles kinematically

allowed




What do we know about the Higgs Boson today?
* Mass not predicted by theory, except that m, < ~1000 GeV

e my>114.4 GeV from direct searches at LEP
m,, <158 GeV .or. m, > 173 GeV from direct searches at the Tevatron

Tevatron Run II Preliminary, L < 8.2 fb!
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M, [GeV]

What do we know about the Higgs Boson today? (cont.)

 Indirect limits from electroweak precision measurements
(LEP, Tevatron and other experiments....)

T T T T | T T T T I T T T T I T T T T | T T T T _ij
80.70 | experimental errors: LEP2/Tevatron (today) ]
l 68% CL ]
| —95% CL i
80.60 — P
- —qgmeunt]|
80.50 MSSM| -
80.40
80.30 o
: SM i :
MSSM )
80.20F both models E ]

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '09 7
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m, [GeV]

6 August 2009 my i = 157 GeV
1 (5)

5 - S Allyeg = -

* i —0.02758+0.00035

I % % =0.02749£0.00012

4 i e+ incl. low Q° data —

(\.l?.< 3 |
<

2 -] -]

1 -] —]

0 Excluded o S+ Preliminary
30 100 300

m,, [GeV]

m, = 89 (+35) (-26) GeVi/c?
m, < 158 GeV/c2 (95 % CL)

—> Higgs boson could be around the corner !



Addendum:

to convince you that quantum corrections exist and are
measurable in the experiments



Example |

(i1) Indirekte Grenzen (aus Prazisionsmessungen): el weak corr

 Im Standardmodell sind alle Wechselwirkungen der Teilchen untereinander
(Kopplungsstarken) exakt festgelegt

* In der Quantenfeldtheorie missen auch Quantenkorrekturen in der
Berechnung von Streuprozessen, Massen, .... etc. berlicksichtigt werden.
Hierbei treten Beitrage von sog. virtuellen Teilchen auf, d.h. Teilchen machen
sich bereits weit unterhalb ihrer Energie/Massenskala bemerkbar.

Beispiel: Einfluss des Top-Quarks auf die Z°-Masse (LEP, 1990er Jahre)

t H T

200+ -
20 20 20 20 m 20 ] J
______ + ...+ - _ - + _ _ _ _ _ 1 _
O L - HH;: 2
t Z° S 150- .

Q . ¢ Tevatron
9 1 [0 SM constraint -

N 1 68% CL
m2=m2(0)-(1 + A(m,m,,...)) = 100 :
2P b A 3 HP | :

: Direct search lower limit (35% CL)

A=..+Cm+..+C,-Inm, +.... 190 1998 | 2000 2005

Year



Electroweak radiative corrections

H
t 5. Y H
W :b W ZW ZW  ZIWW ZW
Standard Model relations Relations including
(lowest order) radiative corrections
m2 i
p:m%co\;\;Gw:l p—l-I-Ap
D .2
2 sin“ O.g = (1 + Ak)sin® 6
sin? fy = 1 — 2% A g g
m%\/ = TQ [ ( 1
3 . Ta ~ V2sin? 0w G 1-Ar)
Wi V2 sin? Ow G R
o el e (U]
(0) a(myz) = ™A

Ao = Adlepl + Atiop 1+ Aagd

Ap, Ak, Ar = f(m?,log(my),...)



Forward-backward asymmetries and fermion couplings

Asymmetry at the Z pole
(no interference) is small

AfFB ~ 929\6/91{9{/

since g,/ is small
(in particular for leptons)

For off-resonance points, the

-0.032

Example Il

el.weak corr. 0.035 -

interference term dominates and

gives larger contributions

f s(s—M3)

(&
App ~ IAGA - (s—M2)2+M2T2

« A can be used for the determination

of the fermion couplings

) ) ) | 1 1 ) |
[ Im=178.0 = 4.3 GeV
m,,= 114...1000 GeV |

6% CL

' .0502 -0501 / -05

9l

LO Standard Model prediction:

Oa=T;
gy =T;—2Qsin? 0,




Example Il
-QCD corrections-

3.5
C W Tevatron (Run 2) Z (x10) 1
3.0 . _ % % % —
o) -0 ) T -
c - 4 NNLO_??[ . S+ -
- NLO -
m_' 2.5 _— | ()] ]
o - CDF(e,u) DOCle,w) ‘ -
B CDF(e,n) DO(e,u) 1
2.0 — LO T
[ MRST2004 CTEQS6.1 _

1.5

Predictions for the W and Z boson total cross sections at the Tevatron, using
the MRST2004 and CTEQ pdfs, compared with measurements from the CDF
and DO collaborations. The predictions are shown at LO, NLO, and NNLO. For
the NLO prediction the accompanying pdf uncertainties are shown as band.



Are you convinced now ?
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Higgs boson production at the LHC
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Higher order corrections: S

o(pp—H+X) [pb] Vs = 14 TeV

10

O . . .
— 10 - Spira, Djouadi, Graudenz, Zerwas (1991)
- Dawson (1991)

1 v o e by v b v by b by o by | ' B
100 120 140 160 180 200 220 240 260 280 300 - Harlander, Kilgore (2002)
M., [GeV] - Anastasiou, Melnikov (2002)
H - Ravindran, Smith, van Neerven (2003)

Independent variation of renormalization and factorization scales
(with 0.5 my < ug, ug <2 my)



Useful Higgs Boson Decays at Hadron Colliders

A. Djouad!, J. Kallnowskl, M. Splra
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at high mass:

Lepton final states
(viaH—>WW , Z2)

at low mass:
Lepton and Photon final states
(via H > WW*, ZZ*)

Tau final states

The dominant bb decay mode is only
useable in the associated production
mode (ttH, W/Z H)

(due to the huge QCD jet background,
leptons from W/Z or tt decays)



H— Z2Z0) — it

Signal: 6BR=57fb (m, =100 GeV) “Z/;\'/ﬁ'
L’;O = P.(1,2) > 20 GeV
w o P.(3,4)> 7 GeV
Background: Top production v In| <2.5
tt - Wb Wb — {v clv v clv Isolated leptons
o BR = 1300 fb
M) ~ M,
ML) ~ < M,

Associated production Z bb
Z bb — f clv clv

—h
N
T TT

f L=92fb"

-
o

o]
TT

Leptons from b-quark decays
— non isolated
— do not originate from primary
vertex
(B-meson lifetime: ~ 1.5 ps)

£
T T

N
TT TT

% 50 100 150 200 250
4 |lepton invariant mass (GeV)

No. of events at 5o discovery luminosity
(=2

Dominant background after isolation cuts: ZZ continuum

Discovery potential in mass range from ~130 to ~600 GeV/c?



Decay modes at low mass: H — yy

Main backgrounds:
vy irreducible background

| s
)

g

L I T T T T T T T T

2] Hllggs MH=44G GeV (x10) |
L1 Higgs M,=130 GeV (x10)

CMS [ Higgs M,=120 GeV (x10)

3 Higgs M,=115 GeV (x10)

[ ee Drell Yan

O jets py,, > 50 GeV

[ y+jets (1 prompt y + 1 fake)

[ y+jets (2 prompt v)

=

Events/GeV
S

B
5

300f —
200 f
v-jet and jet-jet (reducible) 1o ]
B, R R
q _FWMY %—r—”o T ito
g m%’,{ Y M, (GeV)
q r PR Signal expectation for 10 fb1
Oyjtjj ~ 10° o with large uncertainties I P
—need R;>10° fore ~ 80% to get 2 F YY®7i8jj theary error
p 2 25k JLdt=38 ob" y]@;\].thgo&error 1 d_:
0 ) - YY+Yj+jj+DY expected 7
YJ+JJ w 20:_ — — Yj+jj+DY expected 1
P |  ----- ji+DY expected R
15:_‘ ' —— DY expected 3
« Main exp. tools for background suppression: E E
- photon identification i e = S
- v | jet separation (calorimeter + tracker) 100 105 110 115 120 125 130 135 140 145 150
M,, [GeV]
Sensitivity in the low mass region, however, First look at the data: no evidence

higher integrated luminosities required for an excess, also not yet expected



H— WW — {v{v

 Large H - WW BR for m, ~ 160 GeV/c?
* Neutrinos — no mass peak,

— uSe transverse mass § 3 — Wets
e Large backgrounds: WW, Wt, tt = o |
2 40 WW
c C -
3 35 A, 7 it
« TWo main discriminants: 30 — Signal
o5F- —— Pseudodata
(i) Lepton angular correlation o0k
. ATLAS
H Wt + 3
o 4,..-4?{4-:-0----»“_-.2,-./[ 10f . J L di=10 fb
l W Vi 5F T
. A g AL . L b8,
(i) Jet veto: no jet activity % 100 200 300 400 500 600
Mr(GeV)

in central detector region

Channel with highest sensitivity !
Sensitive to a Standard Model Higgs boson already now, with 1 fb1,
First sensitive results expected at Summer Conferences 2011 !



First results from the CMS collaboration on the H - WW —
fv {v search:

S | T T T T T T T T T T T T | T T ]
Q35: CMS\F 7TeVL =36pb ] ~ 20 L 1\\\\
O ] Qo CMS,Ns=7TeV,L_ —36pb i
3 Hd60) - Ww - = 181 -
- EWW . S 160 E== o, BR(H— WW —212v),SM ]
T ?gg,s - % 16; s 0, BR(H = WW — 212v), SM4 |
r B di-boson ] 14 upper limit, observed —
C W+jets ] 1\ {1 upper limit, expected + 10 .
2k * 6 o o — g 128 eeeeeeee upper limit, expected = 20 —
1 55 ] = 10F -
F ] s .
1:— e 5 - ]
- ] gé or B
0.5F & 54
2
0 50 100 150 Q%0 200 300

A [degrees 400 500 6;)0

Higgs boson mass [GeV/c

* No evidence for a “Higgs-like” resonance in the first CMS data;
« Contributions form quarks of a possible 4" generation to the
Higgs production can be excluded in the mass range around 150 GeV



Vector Boson Fusion qq H

Motivation: Increase discovery potential at low mass

Improve and extend measurement of Higgs boson parameters
(couplings to bosons, fermions)

Established (low mass region) by D. Zeppenfeld et al. (1997/98)

Earlier studies: R.Kleiss W.J.Stirling, Phys. Lett. 200 (1988) 193;
Dokshitzer, Khoze, Troyan, Sov.J. Nucl. Phys. 46 (1987) 712,
Dokshitzer, Khoze, Sjostrand, Phys.Lett., B274 (1992) 116.

Distinctive Signature of: 9
- two high p; forward jets (tag jets)

HO
- little jet activity in the central region

(no colour flow)
= central jet Veto

O

WW, ZZ fusion > 9

Higgs decay
L products

Tag jets




evts /5 GeV

H—t<t decay modes visible for a SM Higgs boson
In vector boson fusion

Experimental challenge:

qqH — qgqtt
— qq fvv tvv « Identification of hadronic taus
— qq {vv hv _
» Good E;™ss resolution
(tt mass reconstruction in collinear
3 B LA e approximation,
l.e. assume that the neutrinos go in the
7 [ my=120 GeV direction of the visible decay products,
6 = ood approximation for highly boosted taus
—— : g PP ghly )
5 - .
4 —1 tE. WW EW 3 — Higgs mass can be reconstructed
3 . ‘ * Dominant background: Z — tt
2 =
1 = the shape of this background must be
0 E""*ﬁ- =5 controlled in the high mass region
80 100 120 140 160 180 — use data (Z — uu) to constrain it



LHC Higgs boson discovery potential for Vs = 14 TeV

2006

- CMS, 30 fb’

Significance

K factors included

i v \ —e— H—yy cuts

—a— H—yy opt
i H—>ZZ—>4
—a— H-WW-—-2I2v

== qH, H=>WW—hjj
—e— qqH, H—tt—l+jet

=== qqH, H—yy

| Y T
100 200 300 400 500600
M, (GeV/c®

)

Luminosity [fb™']

_
o

«©

ATLAS! 2008

H- vy
H— ZZ* — 4l
H—- 1t
H—- WW - evuy |

180 200 220 240 260 280 300

m, [GeV]

1 1 1 I 1
- N W B~ 00 O N 00 O

« Comparable performance in the two experiments
[at high mass: more channels (in WW and ZZ decay modes) available than shown here]

» Several channels and production processes available over most of the mass range

— calls for a separation of the information + global fit (see below)

[ U U
o =~ N W



95% CL limit on o/og,

Current status of the Higgs boson search at the LHC

(i) ATLAS exclusion limits based on 2010 data (35 pb1)
Combination of six different channels

ATLAS

T

ATLAS

LI

ILdt ~35pb” Ns=7 TeV 10°

—&— Observed, PCL

--------- Observed, before PCL

7
o]
B b —
102 5 E Ns=7TeV ... Expected, PCL §
E E E Ldt~35pb”" [+ e PCL i
B 3 B [ +26 PCL
- d B
10 g_ ) 32 10 = 3
- T n = =
= PCL limits @ - -
1 e T — = - i
Expectad  Chserved Expected Obmaned 3
E ----------- ——Hony  esmeaes —— HoZZ = 1E 1
------ —@— H— WW-s vh vy el Hey ZZ ligq - -_— =
L oeamei —o-HoWW oy P R ...l 1 72 | WP - 3
100 200 300 400 500 600 N ]
my, [GeV] 100 200 300 400 500 600
my [GeV]

« Combination of all search channels has been performed

* No evidence (yet) for any signal contribution (also no sensitivity yet)

« Highest sensitivity in the mass range around 165 GeV
Excluded cross section is ~2.3 ogy,



Sensitivity reached for production via 4™ generation:

(i) ATLAS exclusion limits based on 2010 data (35 pb1)
Combination of 7 different channels

ATLAS ' ' .

4" generation model
\'s=7 TeV
Ldt~35pb’

e
o

LI lllllll

Excluded

95% CL Limit on o/cy,

1 illllll

|

e (OIS el usion
Tevatron exclsian
1

200 300 400 500 600
my, [GeV]

107

ul

—
o
) llll

e Similar regions excluded by the Tevatron and CMS experiments



NNLO
SM

95% CL Upper Bound on ¢/c

LHC Higgs boson discovery prospects for Vs = 7 TeV

9 T T T T I T T T I T T T ] T T T
10 ;:;:!': §b(% 10
B C
C
o
° i
e 4 3 it
— . o =
- ] ) C
- - Q - —e— Ho Ww
B +:_>XYW B % - +:—:%2|z ibb T
—— H— w—tr— [ — P
101\s=7 TeV  ATLAS Preliminary ==tz b _ 3 10k Z-+ e ATLAS Preliminary _
- (Simulation) U - 3 S Vi ot (Simulation) ]
I~ —=— Hott - : . ine _‘
- J. L dt=1fb ==~ Combined ] @ (e \'s=7 TeV Projection I L dt=1 fb"]
I = ;26 | 2 e | | | | |
-2 oo e b e e e ey | 10 el e Lo Lo T - 1
10300 500 300 200 500 500 100 120 140 160 180 200

mH[G ev] mH[GeV]

The multiple of the cross section of the Standard Model Higgs boson which can be excluded using 1 fb! of data at
7 TeV. The results for the different channels are plotted in the mass range where they are used in the combination.
The plot on the right displays the results in the low mass region, below 200 GeV. The green and yellow bands
indicate the 1- and 2-c ranges in which the limit is expected to lie.

Expect interesting results (exclusion or first evidence) very soon !



Is it a Higgs Boson ?

-can the LHC measure its parameters ?-

e Mass

« Couplings to bosons and fermions
e Spinand CP

 Higgs self coupling

Motivation:

» After a discovery of a “Higgs-like” resonance at the LHC one has to measure its
parameters and consolidate the evidence for a Higgs boson

e As many parameters as possible have to be measured in as many different
production and decay channels as possible ! (global fit, see later)

e Discriminate between: SM Higgs boson,
MSSM like Higgs boson,
Composite Higgs boson, ....



Summary: Is it a Higgs Boson ?

1. Mass

Higgs boson mass can be measured with high precision < 1% over a large mass
range (130 - ~450 GeV) using yy and ZZ— 4f resonances

2. Couplings to bosons and fermions

- Ratios of major couplings can be measured with reasonable (~20-30%) precision;
- Absolute coupling measurements need further theory assumptions

(Methods established, exp. updates are needed, in particular for VBF channels

at high luminosity)

3. Spin and CP

Angular correlations in H — ZZ(*) — 4 £ and A¢; in VBF events are sensitive to spin
and CP (achievable precision is statistics limited, requires high luminosity)

4. Higgs self coupling

No measurement possible at the LHC;
Very difficult at the sLHC, there might be sensitivity in HH —- WW WW for m,, ~ 160 GeV
Situation needs to be re-assessed with more realistic simulations




