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Standard Model of Particle Physics

Three Generations
of Matter (Fermions)
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Mass puzzle

Why is the photon massless,

and W/Z massive ?

Why do the fermions have
mass 7

How do they acquire the
mass ?



SM Higgs mechanism

> Our universe 1s filled with a quantum field, called the Higgs field
> All elementary particles are massless

> They interact with the “Higgs fluid” and thus appear to be massive
> The quanta of this Higgs field 1s the Higgs boson

> Higgs boson 1s the only unobserved SM particle
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* Major production mechanisms

1. Gluon fusion (gg->h)

g

g
2. Associated production

with a vector boson

(qq=>W/Zh)
q H -
wiz

q 74

q q
Wiz %———HO————

q q
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SM Higgs at Tevatron

SM Higgs production

production
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TeV4LHC Higgs working group
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SM Higgs at Tevatron

135 GeV decay
* Major decay channels +
H->bb @ Mu<135 GeV & - /\ M= T
H->WW @ Mu>135 GeV = o
7
o |r|.'1-: I.
. - : A
* Current results (limits @95% CL) 7y
* SM LEP direct search: Mu>114.4 P af S
S [ {hC) 2D S0H) (VAN
GeV __ Higps Mass  (GeV)
* SM indirect constraint + LEP direct
search: Mu<185 GeV
Tevatron 1s sensitive over the whole “interesting’” mass range.
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Tevatron SM Higgs combination

Tevatron Run Il Preliminary, L=2.0-5.4 fb™
I ! ‘ 1 LI ‘ N

T T e e
i LEP Exclusion ... Tevatron |
. Exclusion

* Combination of 75 (CDF: 23,

sene Expected

D@: 52) mutually exclusive =
channels. fite e

95% CL Limit/SM
=
3

* SM Higgs excluded for
163<MH<166 GeV @ 95%

CL
* Expected limits < 3xSM for e N N B _ S B
Mu<?2 V A L T NevemberB 300
00 Ge 100 110 120 130 140 150 160 170 180 190 200
m,(GeV/c’)
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Why searching for H-» yy at Tevatron
* Within SM, the BR (H- YY) is small (~0.2%)

> Current direct experimental search + indirect constraint prefer to a light
Higgs boson.

> Contribute to the Tevatron SM Higgs combination, especially in the
difficult intermediate mass region around 125 GeV.

> Golden channel for the discovery of SM Higgs at LHC.

* Beyond SM, the BR (H- YY) "

arXiv:hep-ph/0001226
could be significantly large ]

hf :suppressed couplings to all fermions. |

hew :suppressed couplings to top and
bottom quarks.

hu :suppressed couplings to only down-
type fermions.
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DO detector

tracking > |

calofimeter e e Electrons: [n|<3.0

 Muons: |<2.0

END CALORIMETER
Outer Hadronic
(Coarse)

Micdle Hadroric
{Fine & Coarsa)

* Silicon tracking: n|<3.0
« Calorimetry: |n|<4.2
CENTRAL * High data taking efficiency

CALORIMETER

7 Electromagnetic s 90%
Inner Hadronic Fine Hadronic

(Fine & Coarse) = i Coarse Hadronic
» Well-understood detectors

and mature analysis tools
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)

- CALORIMETER
Electromagnetic

= ‘}'L*“= CENTRAL

D@ detector

e
T, g , ..
- 5 5 B 1\‘-\._
; , N
y % u
iy = .
. _ .
5 i ",
- R h S,

"""

Liquid Argon active medium
uranium and Fe,Cu absorber
46K readout channel
4EM layers with ~20 X0
EM transverse segmentation:
AnxA®=0.1x0.1

— except in EM3, where it is 0.05x0.05
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* Model-independent approach:

%> Examine the inclusive di-

photon dataset (Yy+X) to

search for the high mass
resonances

H- vy

> SM Higgs 1s used as a possible

model:

> Gluon fusion (ggH)

> Associated production
(VH)

g _
t H° AV Y
g ‘ !
q o ]
W/Z AW
q W/Z
q q
g HO FAWWWAA-Y
W/Z &
AN
q q

> Vector boson fusion (VBF)
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Photon identification

Tracking Electromagnetic Hadron Muon
__chamber _ calorimeter EiEEr chamber

photons {i | |

"

¥

et

IMUONS

M e

Innermost Layer... se———3p . Cutermost La}re
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Reconstruct EM cluster

> Central photons (-1.1<n<1.1) 0 Centerof Grasty
are selected from EM clusters . [Oredaial Clstr

\ ~* & A

(reconstructed within R=0.2 cone): a:mm\'-w —

( 1.Most energy in EM [ |
calorimeter: EM energy \ / FH+CH
fraction > 97%. \ -

(7 2.Isolated in the calorimeter:
€ ~ J0A < i50<0.07. =

EsaTot =W \ [ |
3.lsolated in the tracker: L H\ ey EM
track P il
ZO.OS<dR<O.4 pr <2 GeV EisoCore = |7 CP(;

\ 4.Shower width in the third-EM . [ — e
layer is consistent with the Ll '-’/ ) \[_—theinteraction point
EM.

> Difference between data and
MC simulation is calibrated
with using Z—ee events.
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Separate y and jet

>To suppress the jets mis-identified as photons

01/2010

> Training samples: Y and jet MC
> Testing samples: / — eedata&MC,
Z—-ll+y(l=e, u)data
> Input variables:
> # of EMI cells in R<0.2
> # of EMI cells in 0.2<R<0.4
> Tracker isolation
> # of CPS clusters in R<0.1

> Energy-squared-weighted width
of the energy deposited in CPS
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Ewvents/0.05

0.4

... D@, 4.21b" preliminary
035 !
03 |
- s Zoll+y {l = e,n}data
ozsf y{1=en) + [
i — direct yy MC
02— i
= jet MC
015/ |
0|
oosE- ]
:|+_|_b\ I_*_l11--l-------.-l--l-l---.-l--ll: |-| 1111 | 1111 | 111 | 1 |E
% o071 02 03 04 05 06 07 08 09 1

ONNS

Photon candidatess:

~98% efficiency for photons.
~50% reduction for jets
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Separate y and electron

*To suppress the electrons mis-
identified as photons

* No-spatially well-matched
e ~ 90% track;

* No pattern of hits in the tracker
in a road around the EM cluster
consistent with electron.

e Difference between data and
Monte Carlo simulation is
calibrated with using

Z-ll+y(l=e,
eve—n)ts. y( c “)
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M,, [GeV]

102:
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>Select two photons with pT>25 GeV

Event selection

>Di-photon mass Myy>60 GeV

>Trigger efficiency: ~100%

>Signal efficiency (~20%) 1s dominant by the

| w15 calorimeter only di-em trigge

r CC-CC efficiency |~

F]==

0.995

0.99

0.985

0.8

v15 trigger efficiency

0.975

gy

preliminary

geometrical acceptance, and independent of production

80 80 100

| 1 1
120 140

di-em invariant mass (GeV)

mechanism.

T00 Gev | 110 GeVv | 120 GeV 130 GeV 110 GoV 50 Gov
el (2o H) 0.195+0.001 |0.200£0.001 |0.207£0.001 |0.213=L0.001 [0.216=L0.001 |0.219+0.001
ot (V) 0.18510.001 |0.19510.001 |0.203+0.001 |0.209+L0.001 |0.218+0.001 |0.219+L0.001
el (VBE)  |0.108L0.001[0.211E0.001|0.218+0.001 |0.226L£0.001 [0.233L0.001 |0.238+0.001
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Backgrounds

* Reducible background

1.7Z/y* = ee, both electrons
are misidentified as photons,
estimated with Geant MC.

2.Non-yy (YHjet,jet+jet),
when the jet(s) 1s(are)
misidentified as photon(s),
estimated from data.

* Irreducible background —
direct YY

estimated from data
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Z/y*
q Y
]
g |
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4 X4 Matrix Method

Using ONN=0.75 as a boundary to separate the
events to 4 categories:

~Npp: both pass the ONN>0.75
~Npf: first passes, second failes
-Nfp: vice-versa

g M;.-ﬂ D@, 4.2 15" preliminary
-Nff: both fail e |
OZ‘:_ : s Zoll+y{l=epjdata + T
— direct yy MC
Bl e jet MC
A5
01
05—
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EjI ) Ej2 are jet ONN>0.75 efficiencies.
Eyl , Eyzare photon ONN>0.75 efficiencies.

\ 4 \

((1 —61)(1 —€j2) (1 —€1)(1 —6y2) (I —61)(1 —€52) (1 —e)(1 - E'\ﬁ))

(1 —€j1)€42 (1 — Ejljf.}.:q (1 — €y1)€j2 (1-— E.}.ljf.}.:q
Ej](l — Ejgj €41 (1 — Er}.gj Er}.l(]_ — Ej;g) E.}.l(l — E-}.QJ
€j1€52 €j1€42 €E~1€52 €~41€~42

Total 7939
Total - Npy 7722.7
N-~ 4538.8 + 144.7| == Includes potential signal.
Nyj 4+ Nj, |2189.0 £ 170.3
N 994.9 + 106.6
non--y-y 3183.9 £ 200.9

The quoted uncertainties are statistical only.
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Events/s GeV

Non-YYy (Y+jet, jet+jet) background

1. Shape from reversing the ONN cut (0.1) for one photon candidate.
2. Normalization to the number of events from 4X4 matrix method.

25_
= PN - DO, 4.2 b preliminary
10* D@, 4.2 fb' preliminary o 4+ 4 matix - )
g 2or-
- T - n
e —=—anti O cut B
_ e NN S5 | 2/ ndf = 22.09 / 32
10 :g %
$%ft$¢ g: C
ﬂq}i% 4 : i [ |Prob 0.905
RatIO EE1i2.'l_—
10F -+ ﬁ} - ﬁfé}ﬂ C | p0 0.9823 +0.0471 1
: T i st + *
1 { e 1l
1 o= o Fr T
i I T RTINS NI SNIN NNT A VIR IS A BRI A EaIIIBIOIH'l(!.IOIII'lzldII1-’!|0III1EIOHI1AOHII:‘(!.OIII25|*.‘OHI2£IIOI
80 80 100 120 140 160 180 200

M, (GeV)
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Direct YY production (DDP) — irreducible

background

* Challenge to model by
theoretical prediction so far, each
generator has its own deficit

* Pythia
e Resbos
* Diphox

* In the high mass region

(Myy>50GeV), Myy spectrum
agrees reasonably very well
between diphox and resbos.
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Direct Yy production (DDP) — irreducible
background

e DDP baCkground IS estimated 1°3§_ orelimiary ¥2indi=11.13/17
from data with using side-band \ o suttsssmmec
fitting _after subtraction of the 3 % e sawos
reducible background o +
* avoid ~20% uncertainty on the g
theory cross section L
* Fitting range: [70,200]GeV, 5.5.0. IS NI I |

with excluding the £15GeV M,, (GeV)
signal regions.

2/ ndf =38.27 /23
pre”mi ary Prob 0.0238

P 9.342e-05 + 1.013e-05

* Validate the shape from the full
pythia MC after reweighting to .
diphox at generator level. e

2

pl -0.05389 + 0.00268

9.36+ 017

10—
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systematic uncertainties

source uncertainty
luminosity 6.1% [15]

trigger 0.1%

PDF for hy — ~v acceptance 0.6% - 1.0%
electron misidentification efficiency 19.0%
Z./v*(ee) cross section 3.9%
photon identification efficiency 6.8%

background subtraction shape (10%-15%) F==="> dominant one
photon energy scale shape (0.6%)
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Event yield

* Good agreement between data and SM background prediction:

100 GeV 110 GeV 120 GeV 130 GeV 140 GeV 150 GeV
Ly — ee 1 34427 H53x12 17x5 043 Hx2 32
~i+1] 7121102 4554165 299143 202129 140120 10014
QCD ~~ 1080196 TH4+62 H39+41 40428 258019 207x14
total backeround| 1926435 1272421 855414 615410 42547 310+5
data 2029 1259 261 567 412 295
signal 2531018 2531018 235017 | 2.01x0.14 1.45+0.10 0.87+0.06
mg D@, 4.2 {5 preliminary **" b@, 4.2 fb' preliminary - D@, 4.2 ft5" preliminary
mo%f —+ data 100— ——data 50; = data
50— > backgroun C o backgroun o ¢ background
E g —i_ f ..... :ignlfmso {:AH=100GeV} E 80_4%% ..... :ign?kso (:J‘IH:130GeV) E . N signabS0 (M, =150GeV)
@ 00F- _+_—i— 9 o 5 % 2 o o + D
£ sof E - [ g -
S B s + + S o ++ ++$ :
w 100~ + a 4$7 T 47 o o w F %—%
. e T
%;I I AQLJJ 1'3-5“'-“:“-::‘;;0' ----- ‘; :IJ-S- ----- 1';0A I-115 '\41:5 1;0I --------- 1 -;25I I1;0 = 13|5I ----- 1£lF01 B 145 '\;5 1-‘"|0I --------- 1 -L-S‘ I1;0I I15‘5I :““I-‘I-;)-r"\- ----- 165
M,, (GeV) M, (GeV) M, (GeV)
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Results: SM Higgs

e 95% C.L. Limits

* Use diphoton mass spectrum.

* Almost mass independent.

* Contributes ~5% for 115<Mn<130 GeV in the D@ SM Higgs combination.

* Improved ~20% by comparison with the 2.7fb_1 published results (PRL 102

o x BR(yy)
SM value

95% CL

80

70

50

40

30

20

10

01/2010

231801 (2009))

DO, 4.2 f5' preliminary

— Observed Limit
----- Expected Limit
[ |Expected Limit+ 10
[ Expected Limit + 2 6

. HSDII .

M0 120 940
SM Higgs mass (GeV)

HDDII .

150

220
200
180
160
140
120
100
80
60
40
20

95% CL o x BR(yy) (fb)
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D@, 4.2 fb! preliminary

— Observed Limit
----- Expected Limit
[ |Expected Limit+1¢

L
*r
s
L1
a
L1
Haa
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Results: Fermiophobic Higgs

* No Higgs couplings to all fermions

* no gluon fusion contribution
* Using the same technique as SM Higgs search, except

Yy
pPr" = 35GeV
1; DG, 4.2 f5' preliminary oL D@D, 4.2 16" preliminary + data
o data [Cldirect vy
* da

-
)

__VH(M_=110GeV)
_____ VBF (M_=110GeV)

Evenis/5 GeV
3

Events/s GeV
o)

-t
o.
Ly

B jy+ij
[ 1Z/y*->ee

4 | I T | II-I 1
1o 350 400 60
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Results: Fermiophobic Higgs

@, 4.2 f6" preliminary’

£

™" == Observed Limit
i --e=- Expected Limit
— NLO prediction
[ 1Expected Limit + 16
= Expected Limit £ 2 ¢
=+ D@, 1.1 fb’

v | EP

&0 80 100 110 120 130 140 150

M, (GeV)
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Results: Fermiophobic Higgs

Compare with LEP results

ALEPH  1046GeV
DELPHI  1051GeV
LEP exp.

OPAL 104.9 GeV

combined 109.0 GeV

Tevatron exp. DB 1.1 b 100.0 GeV

D@ 4.2 /' pre. 107.5 GeV

01/2010 Xuebing Bu
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Conclusion

= SM Higgs search
. 2.7fb_1results has been published in PRL 102 231801 (2009).

= 42 fb_l preliminary results contributes significantly to the D@ SM Higgs
combination in the intermediate mass region ( 115 < MH < 130 GeV).

= Almost mass independent.
= Fermiophobic Higgs search

= Set world's most stringent limits on the branching ratio (H- yy) of a
fermiophobic Higgs.

= Achieve the same sensitivity as a single LEP experiment.
= Provide access to MH > 125GeV region which is inaccessible by LEP

= The combination of CDF and D@ results could potentially exceed LEP
results.
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back-up
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Work in progress

Currently working on the direct Yy cross section measurement (paper in
preparation)

The direct yy is the largest and irreducible background for the H= yy
search, and just di-photon invariant mass used for the final limits setting.

Better understand the direct Yy generator, then use multivariate technical
method to bring in some other information, for instance, the azimuthal

angel between the two photons, to improve the sensitivity for the H- yy
search (as well as other di-photon involved new phenomena searches).
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Tevatron Accelerator

Current status
Peak instantaneous luminosity:
3.5%10%cm *s”"

Integrated lumi/week: >70 pb_l 2X
Run | dataset in 2 weeks

End of FY11:~ 12—13 /b

Tevatron

p source - Hainlnject::'r

» & Recycler
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Hits in the road

EM

CFT

SM'T
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CL Limits calculation

o d;!
Qz’ - e—bf’-bf"‘
d;!
5y
= ¢ (1+E)d= (7.15)

where s; and b; are the numbers of signal and background events per bin of invariant
mass distribution; and d; is the number of selected events per bin in data. Poisson
sampling is performed for d; in each bin with the poisson mean set to b; and s; + b;
respectively for the “background-only” and “signal+ background” hypotheses. And the
likelihood ratio is computed as

e= 1] @ (7.16)

all bins

Probability distribution function (p.d.f) of the -2In(Q) variable under the background-
only and signal+background hypotheses can be obtained from the Poisson sampling.
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. — S+BLLR

 — B-OnlyLLR

o =]
o e o
] =) @
(X @ A

. — Observed LLR

Probability Density

0.02 I — | | | — _— —
0.015E=- S — —
0.01 _ — —

0.005 g ............... 1 S .....................

where the two histograms are the p.d.f of the -2In(Q) statistic under background-only
hypothesis and signal+background hypothesis and the vertical line stands for the value
of data. The integral of the signal+background (background-only) p.d.f from the vertical
data line to +oco is called C'Lsyp (C'Ly). If C'Lsyy, <0.05, exclusion can be claimed at
95% C.L. A more conservative exclusion estimator is defined in place of C'L,.; as

. CLs+b
CLs = oL
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BSM

New Heavy resonances

Phys. Rev. D 63, 015006 (2000),
Cascade decay of heavy new particles

Phys. Lett. B 672,45 (2009),
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Primary vertex: highest track-

multiplicity

signal sample | reco vertex | new vertex
geH (1.7620.001 | 0.937=0.001
VH (L931=0.007 (10,954 =000
VBF L9550 0.001 | 0.960= 0,001
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tag EM
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probe EM
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