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Experimental Methods and Measurements

Higgs Physics and Other

Essentials
[Lecture 22, April 29, 2009]



Organization

Next week lectures:
 Monday 2pm and Tuesday 9:30am (which room?)

Project 3
* remember, due May 2

Conference Schedule
 worked out
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A Physms and EAPSJomt Colloqumm B

ril 30 at 4:15 pm in room 34-101

Michael Brown

California Institute of Technology

"The Dwarf Planets of the Outer Solar System’

For a full listing of this semester’s colloquia,
please visit our website at web.mit.edu/physics



Outline

Higgs Search and Other Essentials

* the fundamental question

* state-of-the-art

* Higgs boson production and decay @ LHC

* closer look at specific channels

* beyond the Standard Model (BSM)

* in 5 years from now - Higgs Boson Properties
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The Fundamental Question

What is the origin of elementary
particle masses?
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The Fundamental Question

What is around us?

ol Frees Hydrogen
ired M luigm:
45
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proton mass:
m, = 938 MeV

quark masses:
m_ =1.5-4.5 MeV

m, = 5.0-8.5 MeV

rest mass:
Kinetic energy &
QCD effects



The Fundamental Question

How are we effected by
elementary particle mass?

electron mass (105 MeV) (Bohr radius r=1/o__m_): massless electrons
would result in no atomic binding

u, d quark mass (~1-10MeV): massless quark or m =m_
would result in proton decays, different nucleosynthesis, ...

W mass: massless or small mass
would result in rapid fusion in stars

mass values for electron, u quark, d quark, W boson are fine tuned for the
creation of the universe and life on our planet.

principle of mass creation: Higgs mechanism (our best guess)
origin of elementary particle mass: completely unknown
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The Fundamental Question

Electroweak Symmetry Breaking (hep-ph/9803257):

- consistent description of nature seems to be based gauge symmetries
- problem: SU(2), x U(1), gauge symmetry —» no masses for W/ Z boson

- ad hoc mass terms spoil theory

- incorporated in the Standard Model using a complex scalar field (4 components)
- self interaction creates potential
- vacuum break symmetry spontaneously

Re(d)

- three components absorbed by Z/W bosons.
- one scalar field component is not absorbed resulting in physical particle:
Higgs Boson
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The Fundamental Question

- interaction of particles with Higgs generates mass
- couplings are proportional to masses
v ~ 246 GeV (vacuum expectation value)

Fermions (Yukawa coupling):

Higgs boson (self coupling):

~ 2 = Y \2
m.~g,v | M k¥"gg /
Higgs S <«
: f | \//
~ \
! gtop 1 ’/ \\
fermion )
W/Z bosons (gauge coupling):

M~ gv

Higgs, xV
\ / g gauge
\ /
Ny
\¢

W/Z boson
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The Fundamental Question

W and Z masses result from couplings to the Higgs field

Gluon and photon have no such couplings — massless

Quark and lepton masses are determined by the strength of
their coupling to the Higgs field

What about neutrinos? Do they have the same nature?
Couplings determine quark mixing, CP violation, ...
Is the Higgs field responsible for matter dominance?

We have no understanding of the origin of those couplings
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State-Of-The-Art

What do we know about the Standard Model Higgs Boson?

theory: unitarity in WW scattering requires M, <1 TeV
direct searches at LEP: M, < 114.4 GeV excluded with 95%CL
(talk by itself: ALEPH candidate events; end of LEP data taking in 2000)

T T T T T T T T T
1 —LEP1 and SLD

. . . e . 80.51 -~ LEP2 and Tevatron (prel.)
indirect prediction in SM: | gL

M, > 144 GeV excluded with 95% CL >

S, 804

M, (Phys) = M, (Born) + . -
W‘WW(::)W 80.3- -
150 175 200

.. m? + ...In(M) m, [GeV]
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State-Of-The-Art, 2007

What do we know about the Standard Model Higgs Boson?

= 40 Tevatron Run Il Preliminary
£ a5/ 1
£ B¥E ... D@ Expected J. Ldt=0.3-1.0 fb
- F B ..... ;
30 @ CDF Expected .
O - mmn Tevatron Expected
EE frurrs
0 25 “L_IIJ% mmm= Tevatron Observed

>

1
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180

190 200
m,, (GeVic?)

2007 sensitivity:

4-12 time SM cross
section.

1fb' analyzed by CDF
400pb-' analyzed by DO
< 50% of available data.

~ 8fb' needed to exclude
SM ~ 160GeV
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State-Of-The-Art, 2008

What do we know about the Standard Model Higgs Boson?

- - - ’ -1
evatron Run II Preliminary, L=3 tb

E T | T T T L I L T 1 1 L 1 L T T T I T L T 1 ] 1 1 1 1 I T L T L
o August 2008 -====  Expected
= m— ()bserved
— Bl tic
'_] = —|—’3 =
S . +2c
S 10 : ]
LME -
- £ " e
S -
|
SM
I 1 | | I | | I]U|l.\'-|‘:1.l." l“'“lﬂhf [ |

e L ST I B I B ! !
155 160 165 170 175 180 185 190 195 200

~ p
Mass (GeV/c7)

Winter 2008 first
tangible results on
the Higgs from the
Tevatron

Dedicated effort combines CDF and DO and finds first new
exclusion 'point' since the LEP2 experiments (finished 2001).
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State-Of-The-Art, 2009

What do we know about the Standard Model Higgs Boson?
Tevatron Run Il Preliminary, L=0.9-4.2 fb™

Il|||| I|IIII}1IIJIIIII!IIII|IIII Winter2009
E O] LEPmet b devatran...... ”
= e . . . Exclusion brought exciting
= =r=r=  Expecte : s : ; ;
510 oo 3b§%mcted'"::iﬁfffffffifff;ifffffffﬁ{fffffff;fffifffffffffgﬁfffffiff new results
1 PAXXN Ny |:] —Q{} Expec;ed ..... —— TITLEI00Y, SIS SN — 7
32
n
(o))

1
| | | | | i Mar||:h5 200?
100 110 120 130 140 150 160 170 180 190 200
mH(GeV/c)

Dedicated effort combines CDF and DO and finds first new
exclusion area since the LEP2 experiments (finished 2001).
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Higgs Boson Production and Decay

Job Description ( for experimentalist ):

Discover the Higgs Boson and explore its properties.

In more Detall:

Does the Higgs Boson exist? One or more?
Is the Higgs Boson a scalar boson?

Does the Higgs Boson generate the masses of gauge
bosons and fermions?

Does the Higgs Boson couple to itself?
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Higgs Boson Production and Decay

Proton Proton

LHC:
pp collisions
@ 14 TeV

C.Paus, LHC Physics: Higgs Physics and Other Essentials
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Higgs Boson Production and Decay

SM Higgs production

g al
g 71
t T fusion
W.Z W,z K 14 . 33— WH NNLO
D .h.""-.\_.\‘.. ""\-\. ~ .-
g " 10 ° SN
W, Z bremsstrahlung S~

TeVALHC Higgs w mkmg group

o K~1.1 100 200 300 400 500
m, [GeV]

WW., ZZ fusion @

K= O nynLo / O
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Higgs Boson Production and Decay

Some more words on K-factors -K=0 ., ,/0,,
Leading Order O(o):
g9 — H AG ~ 4-15% + A ~ 5-15% from PDF
g "oEETn G(pp—>H+X) [pbl] Vs = 14 TeV
E..ﬁ\-----u f f
-~ " ]
g wno00)” el
10 ¢ ‘ |
L NNLO e E
Next to Leading Order O(o° ): : NLO T ]
gg N H L . LO i
g9 —gH, 99— qH, ... 1100120 140 160 180 200 220 240 260 280 300
M,, [GeV]
"“ﬁﬁ"*“ﬁ"ﬁ“‘.‘ﬁﬁ'ﬁ?’ﬁ o4 iq w c1: 1
fﬁr‘a}’ﬁﬂ[ i 3
Rt R« |>
L B ) g 0000
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Higgs Boson Production and Decay

114 GeVic* My

(LEP2 Iimitﬁ]fl

-~ I . g : -
- : i T — s mH < 135 GeV:
Eﬂ : NS WTWS S 7 :
E bb, Tt dominant
> - mH > 135 GeV:
E | | WW, ZZ dominant
ol ;
E 5 10
4= E g ~ 3
z ] F? mH
z 1 5
N L ‘x 1 i 10
o \\ P :
) 200 00 400 500 1000 &
' e, :
Higgs Mass (GeV) 2 -
~m 2
L m; 10
~m 4
Ly ~m, 0" .

5 .
10 10
SM Higgs Mass [GeV/c]
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Higgs Boson Production and Decay

Branching fraction reminder:

W boson decays: T decays:
in ev, uv, tv, 3*ud, 3*sc in evv, uvv, hadronic+v
BR(Iv) ~11% BR(Ivv) ~18 %
BR(hadrons) ~ 68% BR(hadrons) ~ 64 %

Z boson decays:
In ee, uu, tt, vv, hadronic
BR(Il) ~ 3.3%
BR(vv) ~ 20 %
BR(hadrons) ~70 %
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Higgs Boson Production and Decay

o LHC  s=14TeY L=10%cm?s™ rate
barn g1 T 1 B LD S
e S ielasiio] 1 Input ————3 "
mb - E
max w&-inpui‘———”

rriax L‘ﬁl 0utpu1 —

50 100 200 'sdn"

565 2000' 5000
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=qu
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w7

10 '®
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10 ™
10 M

10 12

C.Paus, LHC Physics: Higgs Physics and Other Essentials

m_ = 150 GeV: S/B ~ 10

trigger: 107 reduction,
on leptons, photons
and missing ET

no track trigger @ L1

Considerations for discovery
channel:

- sufficient signal rate

- efficient trigger

- Higgs mass reconstruction

- control of background o



A Closer Look at Specific Channels

H—-1yy: c,=442pb BR(H—-vyv)=0.0022 (mH=120GeV)

N ~100 evts/fb
signal: 2 isolated high pT photons

background:irreducible pp—vyvy+ X
reducible pp—7yj+ X, +X

exp. challenge:  mass resolution c,, /M~ 0.7%

] 8000 :&"L.l
vertex constraint ] H— YY
photon conversions
n¥ rejection
background estimation

7000 |

6000 Higgs signal

5000

Events/500 MeV for 100 fb~1

w000 CMS 100fb™
T R T R TV R—Y T}
M.ﬂ, (GeV)
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A Closer Look at Specific Channels

H— ZZ*: c,=21.6pb BR(H— ZZ)=0.058 (mH=180GeV)
BR(ZZ —41) = 0.005 NN

signal: 4 isolated leptons

background:irreducible pp — ZZ - 4l
reducible tt, Zbb

exp. challenge: ~ mass resoluton o, /M <1% sl HoZZ*— 44"
e ducible p background estimation E 8:
reduc % |
N ¥ 5 | CMS
. : U ap 100fb!

120 140 160 180
| Mys* (GeV)
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A Closer Look at Specific Channels

H— WW* 6 =266pb BR(H-WW)=09 (mH=160GeV)

BR(WW — 21 2v)=0.05 33w — mmﬁm ATLAS
u ~1200 evts / fb 30fb-"

0

Events / 5 Ge
]

signal: 2 isolated leptons,
missing transverse energy .
Nno mass peak

'— use transverse mass

mr = v’/j PTMET (1 — cos Ayp) : m. (Geviﬂ
E_ T+ A T 1

~ 4.,-0‘:'—':—5;————1;{———}&—1;,#*’#3—'_ TS full smuation, L= 1 Iil:r:'-:—-'

e W= Vi’ i B

20f EH

background: WW, WZ, tt, QCD o | |[ :
1'::"{[ | .ﬂlEEE'dJEH‘ICLtE_E
exp. challenge:  missing energy resolution I {] CMS |
tt (or jet) — veto 1"

% 20 40 60 80 100 120 140 180 180
1]
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A Closer Look at Specific Channels
tagging jet rapidity

Vector Boson Fusion: pp — qgqH

_ﬁ
[
m

- — Higge signal my=160 Cevi o’
- —- 1t background by

ity

. ‘ILI ++

."'.I’tlit!_?rf,' Anitz

signature: ¥ 2 forward jets with
large rapidity gap
X only Higgs decay

Hproducts in central det.

E
I

- L=

LI M

I'\—-I-—I—-LI LI

|||||||||_1""1-4._||
] 2 1 B =) 1C

o, n

WW, 2Z fusion ¢ | ~ rapidity gap
for\ﬁard {ets £ —Hags cignal my=180 Gen/?
e E"u.:m :_ -- tt background + a)
o -

/e T

4 L
= r 1
B J
0l B r|: I'l..
3 o 1, ]
P r CedmT o Ly o Lo IR 2T

// ’];l 4 r 1 i 4 .
Higgs decay products
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A Closer Look at Specific Channels

qu — QqQTT c,=4.5pb BR(H - 11)=0.069 (MH=120GeV)
w ~180 evts/fb

77 decay mode | BR
0l v 12 %
l1et v 46 %

P jot jet v 42 % 4

signal: VBF signature
high pT lepton, hadronic , missing er
or two high pT leptons, missing ener

background: pp — Z — 1t ( EWK, QCD )
tt, WW, bbjj

exp. challenge: missing Et resolution (Higgs mass) q _—a

central jet veto s 4
forward jet tagging %ﬁ@ CD)Z """""

all detector components involved
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A Closer Look at Specific Channels

Hadronic t reconstruction:

* ¢cT U= 87um,
m.=1.78 Gev/c?

* Leptonical decays
T T>e(M)V VI ~352%

* Identification done through
the final lepton

* Hadronical decays
~ 1 prong

*T =V, + 1" + n(mr) : 49.
5 %

-~ 3 prongs

© T = V. 43 + n(1) : 15
2 %

“T —jet” is produced
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A Closer Look at Specific Channels

Higgs mass reconstruction: g
> S My ;
- BESIRSEERALE: I ' SALSER AT SERERSERERE= £
2 5l 1 12 F g 3 I
e R N Ll £ :
- ibooas 4 o8t HHE - 4
j B I N
WV e A e gt T - o= L E .
4 S E 4 o02F | i 4
H = I 1 e P R e W R 1]
» 05 0 05 1 15 05 0 05 1 L5 §0 100 120 140 160 180
\ r X, X, m_ (GeV)
B = e g F ARG
J2 2 ocnnnc NP mmnma |
B agpsroas sand  GalEes. tEeecasscsiand :9;7: | CMS
: Gpiiocizivend gl CoitampEeresnos
Sl limEsiiiliiid gg i -iimmpmsasiiiid 4 | QCD+EW Z+2J
S L ol ST S 56
[T opgde 20 s
e e e e e e s e = Q | ‘i
04 B Slitinn ] e Eni i) O 8 H=21T 2240t
0.5 0 0.5 1 L5 0.5 0 0.5 1 L5 = | = v f
x, “ 84 M= 135 GeV
p(l) = x * p(t) , collinear approximation 3: ; ;
| 0,=11.3 GeV
po(H) = py(T1) + p(12) = py(€) + py() +/6,
i |
2 = m2 * €0 8 100 120 140 160 180 200
m T m ey / (X‘ce Xtu ) M . GeV

i

C.Paus, LHC Physics: Higgs Physics and Other Essentials 28



A Closer Look at Specific Channels

other SM Higgs channels of interest:

H —- WW* — lvjj
ttH — tt bb

WH — v bb
qqH — qq WW*
qqH —[jqq vy

qqH —[jaq ZZ* —[qq llvv

C.Paus, LHC Physics: Higgs Physics and Other Essentials
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A Closer Look at Specific Channels

How much luminosity do we need to find the Higgs?

SM Hiqggs = ogH— cgWW e S
10° I gg —— qqH— ogrr -~ -
I% ; Working plotgwith updated statstica methods. —a— ::}}-‘g’z—} i'” a'\ CMS -
5 F " ttH,Ho» bb 0
= ~ —— H—= WW—= v v o /
A S A —e— Combined O
£ kLI .L 0
E102L _J \‘3\ © 10} / =
- - [ l
- g’\: \ / / \ J L dt=30fb" 8 / ]
I, WSS (i, Sy, T S _ S, SIS JUN . S, U —— E
(Y . 3 s N
10 3 "E'-‘
S % / g —o— H—o>yy cuts
E E<J £ —=— Hovy opt
I g 1k e HoZZo4 .
1 [ — - —— H%WW—)EIE\' -
Ll I B EEEEN ! I
100 200 300 400 500 6?0
M,,.GeV/c
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A Closer Look at Specific Channels

Why are the discovery potential plots so different?

ATLAS: K=1andLO MC for signal and background
CMS: K-factors for gluon fusion and estimates for
background

Both: instrumental backgrounds are not fully considered

Result: X More signal for CMS
X More background for CMS
X Imbalance between GF and VBF channels

How do we have to read those plots?
- very carefully!
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A Closer Look at Specific Channels

Sensitivity with 30 fb™':

a | (1) T T ] T
= fLat=30m" . oY O 1
= i (no K-factors) A Eﬂfﬁibb:}_) 41 % ] CMS, 30 fb
| =] — ) i
B ATLAS H — WW — Ivlv 5 :
- 10 = qqH — qq WW"” E \q___f__.—.__a
s r s qqH — qqr = e
) 5
wn i — Total significance 9‘) ‘I 0 ?_ \ 5
—e— H—yy cuts
a: | —=— Hyy opt
L —— H-ZZ-4l
B —s— H-WW-=2|2y
| —— qqH, HoWW-svij| |
I . | é 2y —e— qqH, H-tt—l+jet
N N DR R S TS T SRR B —— qqH, H-yy
100 120 140 160 180 200 % | i - | I 1 I
m,, (GeV/c?) 00 200 300 400 500600

M, GeV/c”
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Beyond the Standard Model

Why do we want to go beyond the Standard Model?
- hierachy problem: why v = 246 GeV << Mpl =10"GeV
- origin of all this new couplings Particles k|

- dark matter and baryon asymmetry A \

SUSY might be a solution but
has large problems itself:

- it is broken & 105 new parameters o ‘ '

Study constrained models: \
- MSSM with 5 (6) additional parameter | i—-Supersynunetnc |
Very rich phenomenology: e "shadow " particles

- minimal Higgs sector has 5 physical boson h, H, A, H+, H-
- Higgs bosons can decay into particles and sparticles

More on (Higgs-) physics beyond the Standard Model in the
following lectures
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In 5 Years from Now

These could be the topics of your thesis!!

ATLAS and CMS have datasets of ~100 fb"’

The Higgs Boson was discovered 2010, confirmed by both

experiments and in different channels (topic of your thesis if you
come here right away!!)

Nothing else but the Higgs Boson was discovered so far

Obvious three interesting topics
- measure Higgs Boson properties
- other SM precision measurements
- keep searching for new physics

C.Paus, LHC Physics: Higgs Physics and Other Essentials
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Higgs Boson Properties

Higgs Boson mass:

® H, WH, ttH (H —y)
: I A WH, ttH (H —bb)
direct mass peaks from: | BH—> 77 >4

0 E VH->WW—Ivly
H-yy, H-bb, H—tt, H—>ZZ—4] . u-'H}—pwww}—:wm v

i A A all channels
L ]. all channels

AM, /M |,

(scale known to 0.02%)

indirect from fits to transverse mass 0>

spectrum: _ ‘vj
H-WW-Ivlv, WH-WWW-Ivivilv

]ﬂ -
uncertainties:
a) statistical : ATLAS
b) absolute energy scale 0L 300 fb™’
c) background F—. e
10° 10°
M, (GeV)

estimated precision:
AM/M: 0.1-1.0 %
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Higgs Boson Properties

Higgs Boson couplings:
production:

—_ *
o, =const™I'

decay:
BR(H-yy) =T, /T,

event rate:
. *BR =const * I * 1“Hy/1“tot

coupling:
1_‘Hz = g Hz2

challenge:
disentangle contributions from
production and decay

C.Paus, LHC Physics: Higgs Physics and Other Essentials

gg->H->yy v My < 150 GeV
TN Y H i o o
i «  ~Tg(T,/T)=Y,
gg->H->ZZ->4lept My > 120 GeV
DN <-—rg(rz/r)-¥z
gg->H->WW->2lept My > 120 GeV
™. H J_IJJ
A t‘ nf"_ik ~ ( le P ) ZYW
qq- >qu H->yy My < 150 GeV
W% """""" < ~Tw (I,/T)=X,
qg->qqH, H->1t 100 < My < 150 GeV
W ZTH} --------------- < Tw(I/T")=X;
qq->qqH, H->WW->2lept My > 120 GeV

W
W’?} """ : < ~Tw(Tw/T) =Xw
W
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a)H— ZZ" — 4l
b) H > WW* — Ivlv
c) qgH — qqWW* — jet jet vlv

Goal 1:
How much luminosity to you need as a function of m,, (two point)

to discover the Higgs boson.
Goal 2:
Measure the relative fraction of Higgs production cross section in

vector boson fusion.

Details are on the twiki. Feel free to ask questions!
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Conclusion

Fundamental question
What is the origin of elementary particle mass?

Principal of mass creation
Higgs mechanism

LHC experiments will find the SM Higgs boson with 1-10fb-1.

Able to measure or at least constrain Higgs Boson properties

C.Paus, LHC Physics: Higgs Physics and Other Essentials
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Next Lecture
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