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» Properties of the Higgs boson
»Higgs production at the Tevatron and LHC

Discovery vs spectroscopy



Collider Physics Timeline

First collisions in Spring, 2009

Tevatron LHC LHC L Upgrade ILC

2007 2008 2015

ete- @ 500 GeV, earliest
possible date, 202x

15+ billion $'s

Internati(_‘:;:;{l-...___ Linear Collider

Planned shut-down in 2010



Large Hadron Collider (LHC)

e proton-proton collider at
CERN (2008)

e 14 TeV energy

— 7 mph slower than the
speed of light

— cf. 2 TeV @ Fermilab
( 307 mph slower than the
speed of light)
o Typical energy of quarks
and gluons 1-2 TeV




Detectors of Unprecedented Scale

* Two large multi-
purpose detectors

o CMS is 12,000 tons
L (2 x's ATLAS)

8 . ATLAS has 8 times
the volume of CMS




Standard Model Synopsis

e Group: SU(3) x SU(2) x U(1)
—
QCD Electroweak

e Gauge bosons:

— SU(3): G,,i=1...8
— SU(2): W, i=1,2,3
- U(1): B,

» Gauge couplings: g, 9, ¢’
* SU(2) Higgs doublet: @

Gauge symmetry forbids gauge boson masses




The Problem of Mass

 Why are the W and Z boson masses non-zero?
* U(1) gauge theory with spin-1gauge field, A,
1 y
L=—2F,F
F,=0,A, -0 A

 U(1) local gauge invariance:

A, (X) > A, (X)—0 ,n(X)



The Problem of Masses

e Mass term for A would look like:

L=—Lp Pl A, A"

4 2

« Mass term violates local gauge invariance
 We understand why Ma =0

Gauge invariance is guiding principle




SM Higgs Mechanism

o Standard Model includes complex Higgs
SU(2) doublet

o :L£¢1 T i¢2j _ [(fj
\/5 ¢3+i¢4 §90
« With SU(2) x U(1) invariant scalar potential
V =10 O + A(OF D)’

e u2>0, boring..... (Minimum at ®=0, gauge
bosons stay massless)



SM Higgs Mechanism

e If u2< 0, then spontaneous symmetry

breaking . s
V=ud d+A(D D)

e Minimum of potential at:
— Choice of minimum breaks gauge symmetry
— Why is n2< 0?

o - L [0
< >‘ﬁ@



More on SM Higgs Mechanism

 Couple @ to SU(2) x U(1) gauge bosons
(W, 1=1,2,3; BY)
L, =(D“®)"(D*®)-V (D) | m

_ g i <0
Dﬂ_éﬂ_IEGW ﬂ_I?Bﬂ

 Gauge boson mass terms from:

+ 1 a__a ' r 0
(D, @) D“(D—>...+§(O,V)(gWﬂa +9'B,)(gW™ 5 +g B”)EV]+...

v’ :
- ...+§(g2(vv;)2 +9° (W) +(—gW, +g Bﬂ)2)+...

Higgs mechanism gives gauge bosons mass




More on SM Higgs Mechanism

e Massive gauge bosons: Mw=gVv/2
Mz=V(g2+g'2)v/2

£ = (WA WANZ
Z,0=(gW,2-gB )/ (g>+g"?)

« Orthogonal combination to Z is massless photon

A 0= (g' W,3+gB )/ V(g>+g™?)



More on SM Higgs Mechanism

 Weak mixing angle defined

9
Jg2+ga
e Z=-sin6,B + cosb,,W?
« A= cos 6,B + sinb, W3

4

g
Jg2+ga

cos b, = sin@,, =

Mw=Mz> cos Ow

Natural relationship in SM—Provides stringent
restriction on Beyond the SM models



Recap

e Generate mass for W,Z using Higgs mechanism
— Higgs VEV breaks SU(2) x U(1)—>U(1)em
— Single Higgs doublet is minimal case

» Before spontaneous symmetry breaking:
— Massless W;, B, Complex ©

o After spontaneous symmetry breaking:

— Massive W*Z; massless v; physical Higgs
boson H

Exercise: Count degrees of freedom




Muon decay

e Consider v, e—u ve

 Fermi Theory: « EW Theory:
Vi H Vu T
w
C ‘ » Ve
C Ve

G~=1.16637 x 10> GeV~?




Higgs Parameters

 Gr measured precisely
G: ¢ 1
J28M,7 2V
* Higgs potential has 2 free parameters, p?, A

V =100+ (D D)’

Vi = (126G, ) = (246GeV )?

* Trade pu2, A for v2, M2 oo M
24

_MH2 2 MH2 3 I\/|H2 4
Ve e My* =2v’4

— Large My —strong Higgs self-coupling
— A priori, Higgs mass can be anything



What about Fermion Masses?

| _ Forbidden by
Fermion mass term: SU(2)xU(1) gauge

L=m¥¥ =m(¥, ¥, +¢R\PL). invariance
Left-handed fermions are SU(2) doublets

2o

Scalar coublings to fermions:
L, =-1,Q,®d, +h.c.
Effective Higgs-fermion coupling

1 _ - 0
Ld :_)"d \/E(UL,dL)(V—I—H]dR + h.c. A, :_md\/a

Mass term for down quark



Fermion Masses, 2

e My from ®=ic2®* (not allowed in SUSY)

L =—

A1Q,®.u,+hc o

5] e

e For 3 generations, a, 3=1,2,3 (flavor indices)

L, =

(V+H)

V2

Y (aeus +27d d2 )+ he
a,p




Fermion masses, 3
« Unitary matrices diagonalize mass matrices

u’ =uZu™ df=ud™
a _\Jjaf,,mg a _\jafAmp
Uz =V, "Ug dR =V, dR

— Yukawa couplings are diagonal in mass basis
— Neutral currents remain flavor diagonal

— Not necessarily true in models with extended
Higgs sectors

Exercise: Prove this!




Review of Higgs Couplings

Higgs couples to fermion mass
— Largest coupling is to heaviest fermion

L= = (F 4 f f,H
Vv Vv LR R'L

— Top-Higgs coupling plays special role?
— No Higgs coupling to neutrinos
Higgs couples to gauge boson masses

gM,

L= gM W W, H +—==2
W

Z“Z H+...

Only free parameter is Higgs mass!
Everything is calculable....testable theory



Review of Higgs Boson Feynman Rules

e Couplings to EW gauge bosons (V=W,Z): H|ggs COUp'es to
N v H

e 2™ g o M2 heavy particles |
v * No tree level coupling

o to photons (y) or

e Couplings to fermions (f =1,q):

: gluons (Q)

>____H= _im o My’=2v2A=large My
- Is strong coupling
regime

e Self-couplings:

H\ H\ /,H

“}“_- H— _3{5%% \:X:/ _ _32_3_:2%1

e
rd s
Fd

H” H” “H



Higgs Decays

10°

» H—ff proportional to mg

. BR(H »bb) _ (m,
BR(H—>7'z7)  ‘(m’

* |dentifying b quarks
Important for Higgs |
searches

-
D-

Higgs Branching Ratios

For My<2Mw, decays to bb most important




—

Higgs Decays to Gluons

wooe () e TOp quark contribution most important

d*k 1

(k+m)’ m

*Doesn’t decouple for large my

9999999, g

*Decoupling theorem doesn’t apply to
particles which couple to mass (ie

Higgs!)

*Decay sensitive to extra generations

2 3
a;a M}

I'H—> ~
(A= 00)~ rg m2




Higgs Decays to Photons

e Dominant contribution is W loops
e Contribution from top is small

3 3 2
a M 16
I'(H - )= — |7 ——+..
2567°s, M, 9
W top
""" o —t-5 & 2L [
L-;-I-TIF'“':; oy vﬁnﬁ k | T N



Higgs Decays to W/Z

* Tree level decay H
Ay — o M:' 3 > M2
F(H>WW7 =518 1/1—xw(1—xw +waj Ky =4

 Below threshold, H-WW?* with
pranching ratio W* —ff' implied
 Final state has both transverse and

ongitudinal polarizations Vg\fj<f'
W-

W+



Higgs Decays to W* W-, ZZ

The action Is with longitudinal gauge bosons
(since they come from the EWSB)

py =(E,,0,0,p,) 1 4. /

V 1V(01+'V0) " =M—va\,o,o, &)= |\|3|V

gT — = \Y 9—'9 v v
V2

Cross sections involving longitudinal gauge
bosons grow with energy

H-W_ "W *

o M
AH->W'W )=gM,¢e ¢ =g .
M,

As Higgs gets heavy, decays are longitudinal

F(H->VV;) X _4|\/|V2V
I(H-oVV) 2-x w = M2

Exercise: Prove this




Higgs decays to gauge bosons

Higgs Branching Ratios to Gauge Boson Pairs

e H >W*W- —ffff has g 1
sharp threshold at 2 E |
Mw, but large branching 5|
ratio even for My=130 @[ /-
GeV Tl Z in

For any given My, not all decay modes accessible




SM Higgs Branching Ratio

Status of Theory for Higgs BRs

e Bands show theory errors

e Largest source of
uncertainty is b quark
mass

Data points are e*e- at Vs=350 GeV with L=500 fb-!



Total Higgs Width

Higgs Boson Decay Width

« Small My, Higgs is

narrower than detector ="
resolution =
* As My becomes large, s
width also increases 2
— No clear resonance ° | |
- FOI’ MH ~14 TeV, 10_35(:;.0 ' 100.0 : 150.0 ' 200.0
M. (GeV)
['tot ~MH :
rH >ww)y~—2% M

16sin* g, M,,’

3
~ 330GeV M.,
1TeV




Higgs Searches at LEP2

LEP2 searched for ete-——ZH

Rate turns on rapidly after threshold, peaks just
above threshold, c~B3/s

Measure recoil mass of Higgs;

— Pe.=Vs/2(1,0,0,1)
—-P_,=Vs/2(1,0,0,-1)

— Pz=(Ez, p2) Z
Momentum conservation: ) ‘*\\H

— (Pe+Pes-P2)2=P12=M2
— S-2 \/S Ez+|\/|22: |\/||-|2




Higgs Limits From LEP2

ete- —-/ZH

"2 M,=70,80,90,100,110 GeV

0

0 a 1 . L a 2 a
160.0 170.0 180.0 190.0 200.0 210.0

Ecw (GeV)

LEP2 limit, My > 114.1 GeV



Higgs production at Hadron Colliders

 Many possible production mechanisms;
Importance depends on:
— Size of production cross section
— Size of branching ratios to observable channels

— Size of background
e |Importance varies with Higgs mass

 Need to see more than one channel to
establish Higgs properties and verify that it Is
a Higgs boson



Production Mechanisms in Hadron Colliders

e Gluon fusion
— Largest rate for all My at LHC and Tevatron
— Gluon-gluon Initial state
— Sensitive to top quark Yukawa A

g 666660
h“ Largest contribution is top loop

g 99999999

In SM, b-quark loops unimportant




Gluon Fusion

e |owest order cross section:
— 1q=4M?/My?
— Light Quarks: F1/2—>(I\/Ib/I\/IH)2Iog(I\/Ib/I\/IH)
— Heavy Quarks: F12 —-4/3 E

(ILIR

S(M, :
10247 (My”=9)

0,(09 > H)=

Z Fl/z(T )

e Rapid approach to heavy quark limit: Counts
number of heavy fermions

* NLO/NNLO corrections calculated in heavy top limit




Gluon fusion, continued

* Integrate parton level cross

section with gluon parton
distribution functions

pp->H

(Lowest Order)

100

10

. _rdx z
oy(Pp > H) = 602[ —=9(%, 46)9 (- )

o (pb)

— z=Mu?4/S, S is hadronic
center of mass energy

e Rate depends on ug, Ur

0 Il 1 'l 1
0.0 200.0 400.0 600.0 800.0 1000.0

M, (GeV)



3] K(pp—H+X)

2.5

2

NNLO, gg—H

I F

0.5F

|||||||||||||||||||||||||||||||||||||||

- - ——

1.2

M, [GeV]

Rates depend on
renormalization scale, as(ur),
and factorization scale, g(ur)

Bands show .5M, < u< 2 M,

LO and NLO p dependence
bands don’t overlap

u dependence used as estimate
of theoretical uncertainty

Higher order corrections
computed in large M; limit




Vector Boson Fusion

. dL
e W*W- X is areal process: o, . x(5)= f dz— Oy —x (Z9)

pp/WW

* Rate increases at large s: o~(1/ Mw? )log(s/Mw?)

* Integral of cross section over final state phase space
has contribution from W boson propagator:

J‘ do z_[ do 3 1
K—M,2  J QEE'(I-cosf)+ M)’ Peaks at small 6

e Qutgoing jets are mostly forward and can be tagged

-~

7w T k=W,Z momentum



Vector Boson Fusion

* Idea: Tag 2 high-p+ jets with large rapidity
gap in between

* No color flow between tagged jets —
suppressed hadronic activity in central region

O E

N




W(Z)-strahlung

« W(Z)-strahlung (qq—WH, ZH) important at
Tevatron q .

— Same couplings as vector boson fusion ZW
— Rate proportional to weak coupling g “H
* Theoretically very clean channel

— NNLO QCD corrections: Kocpx1.3-1.4
— Electroweak corrections known (-5%)

Improved scale dependence at NNLO °

0’%00 120 140 160 180 200




Producing the Higgs at the Tevatron

pp lEvatron

| | |
10 £ gg —+ h ——

Aside: Tevatron
analyses now
based on 3 fb-!

0.01 —.

0.001 -

100 120 140 160 180 200
Mh [GeV]
NNLO or NLO rates

Mu/2 < n < Mu/4



Higgs at the Tevatron

e Largest rate, gg—H, H —bb, is overwhelmed by
background

1

Total inelastic
10°
- mb
107
10° - 1Lb
w | o(gg—H)~1 pb << o(bb)
400
nb Z
.|0—1O
tt @
1612\
14
10 Higgs (ZH + WH)
716-fb
10

100 120 140 160 180 200
Higgs mass (GeV)/c?



Cross section (pb)

Looking for the Higgs at the Tevatron

1 T

]

Production

9g—H

Branching ratio

01 ¢¢

10°2f

| Excluded by LER

g:'TH{iQEi by LEP

~}
4
F

10°3¥ NN L

1 A L | L L i
100 120 140 160 180 200
100 120 140 160 180 200 m (Gevic

e High mass: Look for H>WW-—Ivlv
Large gg—H production rate

e Low Mass: H-—bb, Huge QCD bb background
Use associated production with W or Z

Analyses use more than 70 channels



SM Higgs Searches at Tevatron

Tevatron Run 11 Preliminary, L=3 !

S L L I B L NN BRI LA
% ..... EKpEﬂEd
g Observed
s +lo
dlﬂ 2 2o g
155
T
o
1
155 160 165 170 175 180 185 190 1195 200

m,(GeV/c)

95% CL exclusion of SM Higgs at 170 GeV




SM Higgs Searches at Tevatron

Tevatron Run 11 Preliminary, L=1.0-2.4 b

102[*'.*.’.-.“'"".'"."'!""!'""""""'!""!""
c EP Limit: LI Tevatron Expected
4; ' ' Tevarron Observed
Qe CDF Exp;

05% CL Limit/SM
[
=

AN E
LAA K
oy
1 b=
T
L

b i i i i i i | April 9, 2008 E
110 120 130 140 150 160 170 180 190 200
m,(GeV/c’)

Expected sensitivity of CDF/D@ combined with 3 fb-1:
< 3.0xSM @ 115 GeV



Production Mechanisms at LHC

LHC, /5 = 14TeV, My/2 < p < 2M;,

... NLO, qg= Zh, ' ! ' I |
1000 -. NLO, gg,4qq — tth o-(pp - h L X) [pb] 2
SO NNLO, gg — h i
S NLO, qq — qqh -
ol S s NLO, g7 = Wh .
0.1 ;—-..::;;::::::::::::::::::::::::::1:5_'@5 _______ .
T — NLO, gg, qg — bbh
o ;---v-»-u--.ﬁ...,‘::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::?P»-Pﬁg ............. L
I I I | I | i | ..............

120 130 140 150 160 170 180 190 200

Mh [GGV]

Bands show scale
dependence

All important
channels calculated
to NLO or NNLO




Search Channels at the LHC

gg—H—bb has huge QCD background: Must
use rare decay modes of H

* gg—>H-yy
— Small BR (103 — 104)
— Only measurable for My < 140 GeV

e Largest Background: QCD continuum
production of yy

Also from y-jet production, with jet faking vy, or
fragmenting to =°

Fit background from data




H—yy

Mp=120 GeV; L=100 fb-!

7
[==]
S
l

Events {Jz GeV
g

1000
17500

L
(=]
=

15000

Signal-background, events / 2 GeV

12500

=

10000

1 1
105 120 135 105 120 135

m, (GeV) m,, (GeV)

ISWB=2810430c




Golden Channel: H—-ZZ—4 leptons

 Need excellent lepton ID

.,,m—,lf‘,ﬂlls [,5{: ,EDDSH ATLAS selection eff.
- Preliminary]
— H& 4 }.l ' I

=" m,=180GeV

i mrieay 1 £

a 10fbt

Bolootion ERfaloncy |95)

Selection efficiency
including Z mass window cut

1 o
M4} (G 150 160 170 100 190 00 M0 PP0 ¥ MO 120 130 10 150 160 170 TED 190 200
B[] () Higgs Mass (G3aV)

 Below My ~130 GeV, rate Is too small for discovery



H—ZZ—(4 leptons)

CMS:

-
K3
TTTrT

d
=
L L

Ba ) ¥ =]
TT[Irr [ TTrT

'fr1| L]

50 150 200 250
4 |lepton invariant mass (Ge\)

No. of events at 5o discovery luminosity

Possible discovery with < 10 fb-1



Heavy Higgs in 4-lepton Mode

200 GeV < My < 600 GeV: H—ZZ - I 1M
- Discovery in H — ZZ — I*I- Il E A

E S B
Background smaller than signal
Higgs width larger than /Hﬁﬁ ﬁ ﬂ +
experimental resolution (M, > o =TT T T
300 GeV) m,, (GeV)

Confirmation in H — ZZ — I*- jj




Heavy Higgs

Mp > 600 GeV:

4 lepton channel statistically limited
Look for:

H > ZZ = Il vv
H > ZZ — '
H > WW — | vj]

-150 times larger BR than 4 lepton channel



Vector Boson Fusion

e QOutgoing jets are mostly forward and can be
tagged
— Little jet activity in central rapidity region
 |dea: Look for different H decay channels in
Vector boson fusion
— Ratio will have smaller errors than total rate



Vector Boson Fusion for light Higgs

% | fLdt=101b" ATLAS
Vector boson Sl moxmas GJH — qqrT
fusion effective for > A qqH — qqWW
measuring Higgs [ All channels
couplings =

10
5 ______________
1

100 120 140 160 180 200,
mHiggs (GeV)



Higgs Discovery Reach at LHC

eImprovement in yy channel from earlier studies

"0
= !
) 1'| £ CMS
E || II| llI,r
|
i1 i II-"
E W] /
- 10E U‘al [ { ; =
| .f'll ]
lE ”\1 I"I |'T|' y /
O A
= | e
= ”‘”ﬂ [
g | 1lI s Hayyculs
= Ii | —=— H—yy opt
E 1k 1 e H 774l .
=l 1 & —a— H—=WWW =212y
| | ! I I ]
100 200 300 400 500 69
M, GeV/ic

Discovery with ~1 fb~!



—
o
(%)

Signal Significance

-t
o

Early Higgs Physics

—— VBF H-> WW
—&— VBFH— 11
H—y (inclusive + VBF)
H— ZZ— 4l (with K-factors)
t H— ZZ— 4l (no K-factors)
A—— ttH,H— bb
—A— H->WW-= lviv
—46— H—> ZZ- llbb

i .[ L dt=10 fb" - B3 -- VBF Ho> 27 llgq

—G— Combined

I

400 500
M,,(GeV)

ATLAS



Higgs Discovery at ATLAS

—a— qgH- qqWW

] —— (qH- qare
E’w — Working plots with updated statistical methods L
o F orking plots with updated stafistical methoda. o HaZZod)
& [ ttH Ho b
2 —t— Hs WW= vy
2 t —g— Combined
k=

2
S0
-4

10
1 | | ] | | | | | | | ] | | 4 i | | ] | | | |

100 120 140 160 180 200
M,(GeV)

ATLAS



If we find a “Higgs-like” object, what then?

e We need to:

— Measure Higgs couplings to fermions & gauge
bosons

— Measure Higgs spin/parity
— Reconstruct Higgs potential
— Is it the SM Higgs?

 Reminder: Many models have other
sighatures:
— New gauge bosons (little Higgs)
— Other new resonances (Extra D)
— Scalar triplets (little Higgs, NMSSM)
— Colored scalars (MSSM)



Is It a Higgs?

How do we know what we've found?

Measure couplings to fermions & gauge bosons

I'(H — bb) ~3mb2

I'H—o>7't) - mT2

Measure spin/parity

J PC :O++

Measure self interactions

V =

M.,
2

M.,
2V

H+ H’ +

M.,
8v*

H4




Absolute Measurements of Higgs Couplings

 Ratios of couplings more precisely measured than
absolute couplings

* 10-40% measurements of most couplings

== 2 o 1
=HE g"(H.Z) / g"(H,W) = =t 0 | g?(H.Z)
) " 1 - P = E C — H W
N> | e g?(H,7) / g°(H,W) o089/ : g L)
< 5 | ~ - c  F 7 g2(H,'r)
= - o*(H,b) / g (H,W) - —— g?(H,b)
e ag( g ) 0.8 :
<! To.8- B r
i - . 0.7 f L,
L without syst. uncertainty - T S =
i i A z 0.6 -
0.6— i ) E ;"F 2 Experiments
- s -1 C -, T -1
I ‘ L di=300 fb o5 I L dt=2*300 fb
{ Eos WBF: 2*100 fb
0.4 - & . 5 "\\»
D -3 :_ ".T:..- '.‘.-.- -,
0.2— 0.2 3
e 0.1
u 111 li 111 | 1111 | Lial | 1111 | 111 | 1111 | 1111 | 1Liil | 111 E f | | I | I . | 7--|7.7 --.:l
ulll pr e e da g rtppepsppngirprrippppioerytrpreieng
110 120 130 140 150 160 170 13"? [132\"] 110 120 130 140 150 160 170 180 190
H

my [GeV]



Can we reconstruct the Higgs potential?

M 2
V= 2” H? +AVvH’ +
M 2
SM : 4= 4, == 1

« Fundamental test of model!

14

4

H4

b

V(o)

—

0,

 \We have no idea how to measure i4



Reconstructing the Higgs potential

e A3 requires 2 Higgs production
¢ My<140 GeV, H—bbbb
 Overwhelming QCD background

Can determine whether A,=0 at 95% cl
with 300 fb-! for 150 <My <200 GeV



If a SM Higgs exists,
the LHC will find it

But there will still be
guestions.....
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