The Search for the Higgs Boson
- An Opening to New Physics

Dr. Andy Haas
Columbia University
DD/ ATLAS

-
o
L

SUSY/Higgs Workshop -

_ | ('98-"99)
Higgs Sensitivity

Study ('03) ‘
.f : 2009
A 2006

90 discovery

University of Washington
. . 30 evid
PhYSICS CO”OQUlum gfsﬂzv{_l';Leg:;u5|gn

January 22, 2007 80 100 120 140 160 180 200
my (GeV)

integrated luminosity (fb-1)
S I =

G_ﬂ) (COLUMBIA [NIVERSITY

IM THE CITY OF NEW YORE




Outline

* What is the Higgs?

* Current searches for Higgs
- Standard Higgs

- Extra Higgses from supersymmetry

* Is something else going on?
- Looking for some new things

* The big deal in Switzerland
- A new way to see Higgses over there
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The Standard Model

* 3 families of matter
- quarks, leptons
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* 3 forces
- EM, Weak, Strong forces

- photon, W/Z, gluons

- "gauge symmeftries".
U(1) x SU2) x SU(3)
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* (oh, and there's gravity)
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The Weak Force is Weird!

* Experiments in the 1950's showed
that the Weak force is /eft-handed -

based on the spin direction

* You can tell the real world from the
world in a mirror!

- particles go in a preferred direction g}

decay
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That "L" Makes a Big Difference

* Relativity: physics looks the same
no matter how you are moving

* In a spaceship going faster than
the electrons, you'd see them going
down

* That violates our rulel

- It must not be possible to go faster
than an electron!
-> The electron must be massless!

» SU(2), gauge invariance
-> All particles must be massless!
* How do we give particles mass?

muon

R
decay

Go fast in
spaceship

muon

electron

QQ@X

electron
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The Higgs Boson

* Gives masses to the quarks
and leptons, and W/Z bosons

- but leaves the photon alone
(thankfully)

* The Higgs field costs /ess i @hes S AL
than nothing to have around - - 48 '8 & ML
like a helpful friend! N/ SeE

- Empty space prefers a non-
zero Higgs density

* Particles get effective mass L L
by interacting with the Higgs g g} decay
field of empty space NS
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Searching for the Higgs

* Sounds good, but how do we

/ . iji;ﬁgmnl_m:ﬁ
know it's true?  WANTED
+ Excite the Higgs field AR

- make Higgs particles |l ]

* Need to collide particles
with enough energy to create |

the mass of the Higgs ' rﬁm e

- E=mc’ B
Y st N

* Indirect evidence, Higgs
mass is about 10-1000 GeV

- Build a big accelerator!

il
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LEP @ CERN in 2000

* Circular e* e collider E
* Energy was 200-210 GeV fuf

- mmm hZ Sigmal
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* Look for e e -> h(->bb)+Z ‘o
* Slight excess around 115 GeV?
* Higgs mass > 114.4 GeV o
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The Tevatron at Fermilab

* Running (again) since ~2003
* proton on anti-proton

* 1 km radius

* Each (anti)proton has E =1 TeV
* 1000x the rest mass!

e 2.5 million collisions / sec.

* Can look for very rare processes

(like Higgs)

time
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What the Higgs "Looks Like"

140 GeV

* The Higgs has a | e
short life 5

* What it decays
to depends on its
mass

BR for SM Higgs

* Main focus at the L. /1 /™ i
Tevatron is: Higes Mass  (GeV)
- bb (low mass)

- WW (high mass)

1000
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Higgs Analyses at DG

* Wh->enubb

* Wh->munubb

* Wh->taunubb

* Zh->nunubb

* Zh ->e+e-bb
*Zh -> mu+ mu-b b

* h->WW ->e+nue-nu

* h->WW -> mu+ nu mu- nu

* h->WW ->e+- nhu mu-+ nu

* Wh -> WWW ->e+- e+- +hu's + X

* Wh -> WWW -> mu+- mu+- +nu's + X
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The Zh -> mu* mu b b Search

[ Look for. h+Z final STaTe ET scale: 18 GeV
- Z decays to muons

- Higgs decays to bb

* Easy to observe Z decay -
- reduces backgrounds

¢ b'S for'm b'J@TS | Tmnsverse view
* can identify and separate o
from other jets (gluon, u,d,s) mut

- reduces backgrounds
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The DG Detector

mu-+

e e A R T A T RN EETIEE '“".‘.:'.ﬂr"'i'::t".i'=?I'l.-'u-5'1"i-‘='|‘-="=|~""~f.';:‘r -

[F W Hig |

R

S0OUTH

b T Bl
B R R R

COLUMBIA [JNIVERSITY

s [N THE CITY OF NEW YORE

Andy Haas — Jan. 22, 2007
UW Physics Colloquium

Slide 13




b-Jet Tagging

* How do we know when a
jet isab-jet?

- B hadrons are "long”-lived \ .-
(a picosecond is forever...) T
- - Jr E“"*3IIIIIIM \

(Signed) Track 8 -.
* Reconstruct charged Impact Parameter (dca) - /7 Decay

particles tracks Beam ) Lengh (L)

* Tdentify jets with

- large impact parameter
significance tracks

- large decay length s
significance vertices =
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b-Jet Tagging Reality

Run 21006033 Evt B 24—]]30%%@5

/

[/ B

_{...Fibér tracker

e,
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Yiew 1, Front(X-¥)
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NN b-Jet Tagging

* Combine properties of
the reconstructed
vertex and tracks

- NN b-jet taggmg | oup

using an artificial

70_,,.al,gg.1:1.th,m ,,,,,,,,,,,,,,,,,,, N
Neural Network S

b-Jet Efficiency (%)

* Increases S/sqri(B) _ lllllllllllllllllllllll = L
by ~30% per b-jet ~r /L/

* Like having 2.5x as
mUCh datal 30: |§ | P, >:1Sar;d All-n

_IIIIiIIII:EIIIItIIIIEII | IIIIIIiIIIIiIIIIiII
0O 05 1 15 2 2.5 3 35 4 45

Fake Rate (%)
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The Zh -> mu* mu b b Search

* Let's look at the datal
* And apply the b-tagging technique

ET scale: 18 GeV
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Z + 2 jets Data

* First, select

. > sl b . . 1 :Data
events WITh aZ 8 10° D@ Preliminary (920 pb") QCD
o -
, @ 10°F
* Main background = R
is Z+(non-b-)jets & i

|

* b-jet tagging will
help reduce this 10!

T
E

-2 | | | 1 | Ll ! |
10 50 100 150 200 250
Invariant Mass of Muons (GeV)
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Z + 2 b-jets Data

* Require at least 2

. —*Data
of the jets to have E " D@ Preliminary (840-920 pb") =gcp
NN b-TGgS © 10— ! == Z+bb

: T = i
- Z+(non-b-)jets PR mzz
background greatly | & | vz
reduced a5 E I ]
* Look for bump i
from Hi995->bb 107 = i
.2— | IR N B [ =y .jf—li
107 50 100 150 200 250 300 350
Mjj (GeV)
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Zh -> " I-b b Limits

* Combine with
Zh->e e bb
channel

* Set an upper limit
on the rate of Zh
production

* We need a factor
of ~60x more
sensitivity to see
the Higgs in this
channel alone
(at 115 GeV)

Standard Model

________ ~70 fb

- -
=
= -
-
LT
- -
-
=

o) i . —

s [ZH- I I bb

o Dg Prel. (0.36 fb”
T e Y N CCELCCU LT E T EPPP PP
L CDF Prel (1.00 ") TR, -
m 1 3 DO PI‘E|II'I‘III‘IEII“_,! (0.88 fb™)
X B 95% C.L. upper limit
f - 50 (=== expected limit)
N |

T1o1f "o !

[}

2

©

PR I TR TR T S N S S
110 120

T o
130 140 150
Higgs Mass (GeV)
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Combining the Channels

* Fortunately, DO Run II Preliminary

there are many < 10°¢
h | 2 " e

C Gnne S E N P
s |
. . = -

* Afactorof ~15 T |#ELs Lo B

< [ ezttt I DO: 378 pb

away from the & |77 -
= I o by

Higgs (115 GeV) 10

1-[—>WW““’—>MY
D0: 930-950 pb_

?\

- DO combined
260-390 pb’’
i 1 5 N DO combined
- with HSWW: 930-950 pb™'
* Wh->enubb L
* Wh->munubb |

November 2, 2006
NNLO cross sections
I B ! Ll L R I 11 ! N B | ! Lo

110 120 130 140 150 160 170 180 190
m,, (GeV)

* Wh->taunubb

* Zh->nunubb

* Zh->e+e-bb
*Zh ->mu+ mu-bb

* h->WW ->e+nue-nu
* h->WW ->mu+ nu mu- nu
* h->WW ->e+- numu-+ nu
* Wh-> WWW -5 e+- e+- +nu's + X
* Wh -> WWW -> mu+- mu+- +nu's + X
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Combining the Experiments

* And there's another
experiment at the

Tevatron (CDF)

5 - Tevatron Run Il Preliminary
E 352 ----- --- D@ Expected J Ldt=0.3-1.0 fb-1*:
* Onlyafactor of ~7 gw & oo .
GWGY fI"OI’\'\ Seeing % 25_—5% mmmm Tevatron Observed
the Higgs (115 GeV)

e (i B | A | | I I | | L1 L1 | I I | | I | | I | | I I |
Poo 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)
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Improving Sensitivity

* Now: 7.0
* More data (2/fb per exp. by this year) : 5.0
* NN b-tagging for all analyses: 3.2

Andy Haas — Jan. 22, 2007 ,
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Neural Net Event Welgh‘rmg

* Train an artificial Neural Net
to discriminate between
Higgs-like and background-like .
event kinematics R

* Variables:
- bb invariant mass

— mu’mu-invariant mass
- pT's of b-jets
- Angle between muons

- Angle between jets N3

- Boost between jets o
- Missing ET ::
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Improving Sensitivity

* Now: 7.0
* More data (2/fb per exp. by this year) : 5.0
* NN b-tagging for all analyses: 3.2
* NN event weighting: 2.0

Small, difficult
* Better Higgs mass resolution: 1.6 & improvements
* Use forward electrons in WH: 1.45
* Add tau channels: 1.32
* Better calibrations, reduced systematics: 1.2
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Layer O of Silicon Tracker

* Silicon detectors mounted
just outside the beampipe

* Installed last Fall

* Better track impact-
parameter resolution
-> Better b-jet tagging

umk,
g

b
g

{um
L
S

E OB R
=
g
3

T % % B
z

Layer 0 being inserted into the silicon tracker

IP Resolution (um)
g

2 -
isof. &
d s — Effect of Layer 0
smETE ( in recent data
{.5. o AA A
' pT (GeV)
Qt? COLUMBIA UNIVERsITY ~ /ndy Haas—Jan. 22, 2007 Slide 26
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Improving Sensitivity

* Now: 7.0
* More data (2/fb per exp. by this year) : 5.0
* NN b-tagging for all analyses: 3.2
* NN event weighting: 2.0

Small, difficult
* Better Higgs mass resolution: 1.6 & improvements
* Use forward electrons in WH: 1.45
* Add tau channels: 1.32
* Better calibrations, reduced systematics: 1.2
* Added Layer O silicon: 1.0

We'll get there! But it's a lot of hard work.
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Why is the Higgs so Light?

* Where does the Higgs get its mass from?

* The Higgs mass is unstable

- Large radiative corrections L bmE e N
(it's a scalar - spin 0) BRI
10% 10" 10'®

* A delicate balance between many large forces
* Hierarchy problem

Forces Merge at High Energies

0.1b6 | |

=
el
=
I

Strength of Force
=
=

1 | 1 1 1
1018  1p2°

D'}D L 1 1 | 1 1 1 | 1 1 1 | 1
10 10% 108 1p!2
Energy in GeV
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Why is the Higgs so Light?

* We wouldn't be here if it wasn't?
- A small Higgs mass seems necessary for lifel

* Same reason for a small cosmological constant?
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Why is the Higgs so Light?

* New Physics! Supersymmetry? fermion =
- Particles come in fermion-boson pairs spin 1/2, 3/2, ...
- Corrections to Higgs mass nearly cancel
if boson and feer%gn masses areysimilar" boson =
spin 0, 1, ...
O »~ boson l .~ fermion
gauge
{:::ﬁ ~~ boson  Eaugino
COLUMBIA [ JNIVERSITY Andy Haas —Jan. 22, 2007 Slide 30
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Higgses in Supersymmetry

* Requires two Higgs (doublet) fields, 5 Higgs bosons:
- h -> like the standard Higgs boson

- H, A -> heavier, neutral also
- H*, H -> heavier, charged

* tanB -> ratio of Higgs fields' VEVs
* H/A +bb production proportional to tan’B

* Should be able to see H/A + bb at high tanB...

* H/A decays to bb 90% of the time (the rest to tau's)
- Look for: H/A + bb -> bb bb

, Andy Haas — Jan. 22, 2007 ,
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D@ Search for H/A + bb -> bb bb

* Look for bump in bb
invariant mass spectrum
in events with at least 3
b-jets

- Background determined
from 2 b-jet data

* No excess observed for

Events / 10 GeV

oL o
o o
1 I 1 1 1 I 1 1

o]
o
I 1 1

100

DO

. Data

Total bkgd.
---M,= 120 GeV

200 300 400 500
Di-jet mass (GeV)

100} | MSSM Higgs bosons DO
any H/A mass s Bo 5] DB e=h KA
o, 60 —g
¢ InTer'pr'eT GS ||m|TS |n The - 40 ;*% MND mf:x{ng
Higgs mass vs. tanB plane | 2o & Baa
* PRL 95, 151801 (2005) 80 100 120 140
m, (GeV)
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H/A Sensitivity at the Tevatron
* Combine with the

100 —_—

H/A -> TC(U TC(U 90 ebl3” | | |J"°:'L!| o

decay channel 80 mine ]

° ' N 70 [Pz} | CDF:H-tr "
Combine with CDF _ i

« 60 -

T g 50 1 fb'lexp, H-1t

* Sensitive downto = 4

tanB=40 soon for 30 = B! —

H/A masses up to 20 .

~200 GeV 10 LER. 2 mp no mixing .

- A nice explanation 0 ™00 120 140 160 180 200 220 240

for the t/b mass m, (GeV/c?)

ratio?
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Trouble with Minimal Supersymmetry?

* We should have N —
found the Higgs 80.70
already?!

- Supersymmetry 8060

predicts a light
Higgs

experimental errors 68% CL:
LEP2/Tevatron (today)

80.50 MS SN

M, [GeV]

- Comparisons of
the W and top 80.40
masses point to
a light Higgs

-12-:-.||III|IIII|IIII|IIII|II

80.30 O
* But searches at I

LEP exclude a 80.20 both models T |
. o : Hainemeyer, Hollik, Stockinger, Waber, Weiglain '08:
light Higgs! T - [ M
m, [GeV]
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Trouble with Minimal Supersymmetry?
* CDF just N,

measured the gn_m:_experimental orrors 68% CL: _:
W mass ] LEP2/Tevatron (today) :
. lude thei 80.60 |- E
Include their : N
= B

=

8040 oo R

average and...

l'ﬂH = 3{}‘-‘“"_% GeV BD_SU f I —
MSSME=T=3

both models s

80.20

Heinemeyer, Hollik, Stockingsr, Weber, Weiglkein 067
[N TN T N N AN WA TR N N NN NN SN S NNNN TN SNNN SN N N N BN RN

160 165 170 175 180 185

m, [GeV]
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A Hint of Something New?

* LEP didn't really exclude a light Higgs
* They only excluded a standard light Higgs!

* What if it decays to some new particles?
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Higgs Decays to Intermediate Particles

* New light scalar particle: "a"
- favored in many models e ~mu

* a decays to 2 taus
* h->aa->tau tau tau tau

* ais light, so tfau's are
close to each other

- Hard to identify!
- Not excluded by LEP

* Analysis in progress... gy
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Higgs Decays to Long-lived Particles

* New long-lived particle: "P"
* P decays to 2 b-jets RW%-MM%\

* h->PP->bb bb 6

* No one's ever looked for
long-lived particles
decaying to b-jets

- Not excluded by LEP

* Analysis in progress...
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The LHC at CERN

® proton on proton
* 4.3 km radius Tevatron

* Each proton has 7x LHC
the Tevatron energy

collisions/sec. f :
as the Tevatron

* Starts in 2008! £ 4
(low-energy test run EaeE=
this year)
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The ATLAS Detector

2 T Solenoid Hadronic Tile Muon
calorimeter spectrometer

| Toroid
< Mmagnets

P
7 TeV
p ——
7 TeVv
, calorimeter
2migaNy Sgereo/ ! Endcap
- calorimeter
Inner Detectors Electromagnetic barrel calorimeter
= 46 m g
Total mass ~ 7000 tonnes
COLUMBIA UNIVERsITY ~ AAndy Haas —Jan. 22, 2007 Slide 40
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ATLAS is Real

* Full central calorimeter tested
with cosmic rays, in final position

* All subsystems should be ready
for beam in September!

B 1,..*“ } —r! 4y i

gm0 1T

& -‘ﬂm‘:\ .‘"li%] q:
- i =

-~

I — | E— —
LN RN ==————"L NI I .

o
s b I NI
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The ATLAS Control Room

s
-

i _"“-—______
- -'- -
-
g

S——— -
'\\\\H k—— _:L_:
— T
—— _I._. -

e 1.—'_.-__. ._- -____ = = : I. I
e -'T_%ﬁ-:?##‘; — W

- e T
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* The light Higgs will

be found
(if it exists)

b=l
mﬂ.___.dn... in =t

* H/A and H" may
also be seen

830

P e P B
S Al

R
L R e
OO AN

T :
T R T T mldri‘i‘!i;#ﬁ;

* But these

e WA 55
QRS A2

- 3 years for 30/fb
- 5 years for 300/fb

discoveries won't
be easy or quick!

400 500 600 700 800 900 1000

200 300

)
, A z
WS

M, (GeV)
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The Higgs in Supersymmetry Decays

* Look for Higgs bosons in the decays of
supersymmetric particles

- A possible shortcut to Higgs discovery

* Require lots of missing transverse energy
- Backgrounds are greatly reduced...

R B SM background (top)
bk Susy background
- Susy Higgs signal

10° &
I 10% £

10

BR X,->X h = 19% v 1der b bt L A
Missing E_ (GeV)
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The Higgs in Supersymmetry Decays

* Remaining background is mostly supersymmetric!
* Look for bump from H->bb decays

Mhb
100 —e— All Data
B Total BG
— H — tthar BG
80—
- — SUSY BG
L LJ B Signal (using MC)
60—
40— "
C 30/tb =
20—
I}_ _!.I=-_Ii‘ P | e e | oo o g
0 100 200 300 400 500 600 700 800 900 1000

bb Invariant Mass (GeV)
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Conclusions

* We'll soon find some kind of Higgs(es), /f they exist
- Possibly at the Tevatron, certainly at the LHC

* Maybe justa plain-old Higgs
- Nothing to stabilize its mass?

* Maybe more interesting Higgs(es), with new physics
- Supersymmetry?

* Maybe a Higgs connected to stranger new physics
- Extended supersymmetry?, Long-lived particles?, ...

* Maybe we rule out the Higgs completely
- Certainly new physics!
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Conclusions

A very exciting time ahead!

We have little idea what's right around the corner...
Keep our minds open and look in all places!
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