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‘ Today’s Presentation I

 [ntroduction

« The Higgs mechanism in a nutshell
« Experimental indications in the pre-hadron collider era
« Search strategies at hadron colliders

« Standard Model Higgs boson searches at the Tevatron

« Summary and outlook



‘ The Case for the Higgs Boson I

Massive weak gauge bosons and fermions
implies that there must exist an outside sector
of interactions that break the electroweak
(EW) symmetry: the “Higgs sector”.

There is no preferred model of the Higgs
sector, we just have theories of it.

Simplest realization in the Standard Model:
« Single scalar doublet field

« Self interacting; non-zero vacuum
expectation value breaks EW symmetry

=» gives mass to W/Z bosons
=> gives mass to fermions (through Yukawa Pl
interactions) X )J i_J _J\Lg
=» a physical scalar particle remains: é PT S N N/
. AN AT
the Higgs boson , fﬁ\ﬁﬁ' rr‘r\v< N
ST e kN
. . \\\%‘& ' r"é' L7
Its mass is not predicted, though! N g,!gg :%



‘ Stalking the Higgs Boson I

Indirect constraints

* Precision electroweak observables are .
sensitive to the Higgs boson mass via

gquantum corrections.

Direct searches at LEP

6 March 2012

M imit = 152 G?V

Some hints (~1.70) of a SM-like Higgs
boson with m~115 GeV:
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Combining indirect and LEP direct constraints

m,< 152 GeV (95% CL)

m.> 114.4 GeV (95% CL)

This is precisely the range
where the Tevatron is sensitive!

114.4 < m,< 171 GeV (95% CL)




‘ The Hadron Collider Era I

« Fermilab’s Tevatron Collider: 10-year long Run Il ended Sept. 30, 2011.
« proton-antiproton collisions at 1.96 TeV.
=>» expected to be sensitive to a SM Higgs boson in the EW-preferred mass region.
« CERN’s Large Hadron Collider (LHC): only hadron collider in operation today.
» proton-proton collisions at 8 TeV (for now).
=» should be able to discover a SM Higgs boson up to at least m,;~600 GeV.
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‘ Tevatron Experiments I

« Excellent performance by the Tevatron accelerator
and CDF and DQ detectors.

« Almost 12 fb-' delivered
« Up to 10 fb-1 in analysis
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SM Higgs Production at Hadron Colliders

g q/ Wiz g q 8 t
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J N 9 H q a 8 i
Main production mechanism
~__ Tevatron (op @ 1.96 TeV) LHC (pp @7 TeV)
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SM Higgs Production at Hadron Colliders
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Next most important production mechanism
~__ Tevatron (op @ 1.96 TeV) LHC (pp @7 TeV)
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Branching ratios
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‘ SM Higgs Decay Modes I

m,<135 GeV: H>bb dominates

my>135 GeV: H>WW dominates
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‘ SM Higgs Decay Modes I

m_ =135 GeV
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m,<135 GeV: H->bb dominates

my>135 GeV: H>WW dominates

— Main mode

Supporting mode

LHC

= Many decay modes being explored to increase the sensitivity of the
search to the SM Higgs boson, but also to a non-SM one!

10



‘ SM Higgs Decay Modes I

m_ =135 GeV
ﬁ# 2\ _ -
2 1g b))~ A\ 33 m, <135 GeV: H->bb dominates
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= Many decay modes being explored to increase the sensitivity of the
search to the SM Higgs boson, but also to a non-SM one!
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‘ The Stairway to the Higgs I

Higgs boson searches at the Tevatron are background-dominated.

Tevatron Run Il pp at s = 1.96 TeV

: April 2011
i —=— DO Run |I .
u » i 1
i * CDF Run I
= o= Theory
| | - °
g L
B n
i [ 2
E + ,—-s\
o (\ ‘_'I'
W Z Wy Zy WW t WzZ t ZZH-WW
m, = 165 GeV

Instrumental backgrounds: measured
directly from data

« QCD multijet production with
mismeasured jets leadings to missing
transverse energy or jets misidentified
as leptons.

Physics backgrounds: estimated using
simulation and state-of-art theoretical
predictions, and further calibrated to data
whenever possible

» W/Z+jets production (w/ real or
misidentified heavy flavor jets)

» Diboson production
* Double and single top quark production

Experiments have established a solid foundation to search for the

Higgs boson through precise measurements of SM processes.
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H-bb

H-TT

H-yy

H->WW
H-Z7Z

‘ Search Strategies I

« Defined by a combination of theoretical and experimental considerations
(large oxB but experimentally feasible: trigger, backgrounds....).
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Tevatron Per-Experiment Events Produced in 1 fb ™
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~600-1200 Higgs events produced at the Tevatron
in the main search channels with 10 fb~"!
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‘ Searching for H->bb I

« Highest sensitivity channel at the Tevatron for m, <130 GeV.

« Identify events consistent with leptonic W/Z decays in association with jets
- Trigger on high p; electrons, muons or missing transverse energy ( £,)
* W-Iv:eorpand high .
« Z->ll: ee or uu consistent with Z resonance
« Z->vv: no charged leptons; two acoplanar jets and ET
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‘ Heavy Flavor ldentification I

Critical for searches involving H—bb.
B-tagging exploits information on:
« Lifetime: displaced tracks and/or vertices
* Mass: secondary vertex mass

Both experiments use multivariate techniques
for improved performance:

* b-to-light discrimination: continuous tagger

(multiple operating points)
* b-to-c discrimination

Typical performance:
« B-tagging efficiency: ~50-80%
» Mistag rate: ~0.5-10%
« Calibrated in data control samples.

Winter 2012: major progress at CDF by using
new NN b-tagger.
E.g. £,~39%>54% @ 1.4% fake rate

38% increase in per-jet b-tagging efficiency!
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Displaced tracks
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‘ Searching for H->bb: After B-Tagging I

B-tagging brings significant improvement to S:B

A0° V(=Nh)+2 jets

Nﬁ 18- D@ Runll, Preliminary ;aml‘:t WH—Ivbb Dijet invariant mass
5 L =7.51b" ue : . .
‘3: L ma = single most discriminant variable
-~ +
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‘ Signal-to-Background Discrimination I

Most Higgs analyses use multivariate

analysis (MVA) techniques:
* Used against:

* Instrumental backgrounds: increase
signal acceptance in event selection

» Physics backgrounds: as final
discriminant. Typical sensitivity gain

CDF Run Il Preliminary 9.45/fb

compared to single variable ~15-20%. -

=>» Typically achieve S/B of ~1/1-1/25

S/B ~1/100 for dijet mass alone

Increase sensitivity by splitting analysis

into subchannels with different S:B

(e.g. by lepton quality, number of jets,..)

and combine at the end.

C 3
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network output

<05 |
8
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i
<0.5
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Final Discriminant
<0.5
>0.5
>0.5 diboson expert network
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WH+jets-enriched

‘ Control Regions I

Validate background modeling in signal depleted “side-bands”

Example: £,+2 b-jets

X

- T°P

I VihfaVV
V+lf.

B Multijet

Events / 10 GeV
N
(4]
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‘ Validation of H>bb Search Techniques I

Validate search strategy by looking for a known SM signal with similar signature

d

-

. " o 4! ;
p VS )
i N 0 q “ - ’
For (W/Z)H with mH = 115 GeV: For (W/2)Z:
WH—> Ivbb:  27fb (I=e) WZ — Ivbb: 105 fb (I=e,p)
ZH — libb: 5fb (ll=ee,pp) ZZ —libb: 24 b (ll=ee,up)
ZH — vvbb: 15fb ZZ —vvbb: 73 fb

Total: 46 b Total: 202 fb

» Differences:
» Cross section for diboson production is x4.5 larger than for W/ZH.
* There is relatively more signal contribution from Z->cc than from H->cc.

+ Diboson signal sits at low mass where there is a significant peaking
background from WW->lvcs and systematic uncertainties are larger.
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‘ Validation of H>bb Search Techniques I

« Combination of CDF and D@ searches for WZ/ZZ in lvbb, lIbb, vvbb
» Exact copies of the corresponding Higgs analysis.
* Global fit to the final discriminant distributions in all subchannels.

- Tevatron Preliminary, L. < 9.5 fo
“Giaoool- Tevatron Preliminary, L. < 9.5 fb™ 5 600F T dJ int
> - 1+2 b-Tagged Jets " g r 1+2 b-Tagged Jets
(312000; —+ Data e 400—
40000 B wz 2 I
5 = [ 1zz O
‘S 8000|— [T Bkgd @® 200
2 - m
W 6000/ =
4000 L-o(% 0
2000/ ECL) 200 -+- Data - Bkgd
%™ 50 100 150 200 250 300 350400 8 — Bkgd Uncert.
Dijet Mass [GeV/c?] 8 400 vz
*\l\\|\\\J\ll\\l\\l\\|\\\‘J\||‘l|\l‘||\\|\
2 1200~ Tevatron Preliminary, L <95fb" MVA ordered by s/b
5 1000/ 1+2 b-Tagged Jets
_\407 800: —— Data - Bkgd
= — Bkgd Uncert. . .
8 oo mwe Measured cross section in good agreement
= Lo Iz with the SM:
L C
b7 r
8 200 —
© E
A 2005 o Obs. significance of 4.6 s.d (4.8 s.d. exp.).
0 50 100 150 200 250 300 350 400

Dijet Mass [GeV/c?]
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‘ Summary of H->bb Results I

95% CL Limits at my = 115 GeV

Channel Exp/obs Limit
(o/SM)
| WH>Ivbb (9.4 fort) 2.0/3.1
ZH>vvbb (9.4 fb) 2.712.7
|| ZH->1*Ibb (9.4 fb ) 2.6/4.7
| WH>Ibb (9.7 1) 3.2/4.0
ZH->vvbb (9.5 fbT) 3.0/2.5
| ZH>I*I'bb (9.7 fb?) 4.2/3.7
| VHVBFjjbb (9.4 fb-) 8.3/7.2
ttH->+jets (9.4 tb) 10.1/14.5
| ttH>jets (5.7 fb) 20.2/28.1

See talk by Elisabetta Pianori
at Higgs Parallel Session

95% C.L. Limit/SM

CDF Run Il Preliminary 9.4 fb-1
va—> Ilvbb. AIII chaqnels cpmbingd

103 ettt bt et b i St bt ettt
- —— Observed Limit S et e
[ Expected Limit B A

Pseudo-Exper.+1c  _____i i _|
Pseudo-Exper.+ 2¢
102 :::‘,2::::::::::':::::::::::':Z::::::::.;:::::::::';::::::::::’,:::::::::;:::::

?:'T‘ llllll T R ‘Trrr"‘lil“l“."ri"rzlf
90 100 110 120 130 140 150
Higgs Mass (GeV/c?)

Limits from individual VH, H=>bb channels
at ~2-3xSM at m,=115 GeV and quickly
degrading towards high mass.

Important to consider additional channels
with different mass dependence.

21



Entries

10°
10
10°
102

10

10"

102

‘ Searching for H>WW-=>Ivlv I

Highest sensitivity channel in m ~130-200 GeV range.

Clean dilepton+£ ;. signature.

Main backgrounds after £, cut: WW, W/Z+jets.
After final selection expect (m,=165 GeV):

~7 signal events/fb-'/experiment with S:B~1:50-1:100

Exploit spin correlation between dibosons.
=» Small angular separation between leptons

Before MET cut
.

[ees

| [

[ e

e

Signal x 1
- (M, = 165 GeV)

R I A I LR
D@ Preliminary
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ee + MET
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300— mzz

- DY
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‘ Searching for H>WW=Ivlv I

To increase the sensitivity:

Build multivariate discriminants
combining several variables

Split samples with different S:B and
combine at the end:

* by lepton flavor (D@) or quality (CDF)
* by jet multiplicity

Add additional requirements for
particular subsamples:
* Suppress Z/y*>e*e,u*u by cutting
on dedicated MVA variable (DQ)

» Suppress top quark pairs by vetoing
b-tag in 2-jet events (CDF)

Events

Events / 0.05

10?

10

1

10-1 -

w B (44 2]
o o o o
-‘IIIIlIII_I_M_l_Il!IlllllllIIII

N
o

-
o

1 ©

et

T T T T
D@ Preliminary _

| 1 ——data
L=9.7fb _
= el + MET 3 Z+jets
- . Diboson
= — [ ] W+jets
C 1] Multijet
— — ttbar
E E —— Sig Tot
] M, = 165 GeV

E L L PR R T I | I | 1 3

0 0.2 04 0.6 0.8 1

Final Discriminant

CDF Run Il Preliminary [L=s2m"
- OS 1 Jet, High S/B =
- it

- M, = 165 GeV/c?

1-jet

Signal x10

-0.2

0

0.2

0.4

06 0.8 1
NN Output
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‘ Low Mass Results from H2>WW,tt,yy I

95% CL Limits at m,; = 115 GeV

Channel Exp/obs Limit
(o/SM)
H>WW->Ivlv (9.7 fb1) 7.1/11.5
H>WW->Ivlv (9.7 fb ) 7.7111.8
H+X->tt+jets (8.3 fbT) 12.6/12.2
VH->tl(l) (6.2 fb ) 17.3/18.5
H+X->7tjj (6.2 fbT) 14.3/21.8
VH->ttu (7.0 fb') 14.2/10.7
H->vy (10.0 fb1) 10.6/12.7
H->vy (9.7 fb1) 11.5/8.4

=2 e 1 — Ob d

o DO Preliminary, L <9.7 fb SEEES
~ m_ _ == Expected

g 10 SM H—=WW Combination I Expected 1 s.d.
o
:E' |:| Expected +2 s.d.
£
—
@)
2
0
o

1F
._lllllllllllllllllIllllllllllllllllllllllll
120 130 140 150 160 170 180 190 200
Feb 24 2012 Higgs Boson Mass (GeV/c?)

Additional channels contribute useful sensitivity
at low/intermediate my;:

 H->WW-=Ivlv: improving towards high m,,.

o H+X->71jj, H>yy : ~flat vs m,,.

=» Combination of all contributing channels crucial 24



‘ Combined Limits on SM Higgs Production I

« Combination of multiple channels (and experiments!) yields the greatest sensitivity.

CDF Run Il Preliminary, L < 10.0 fb™

E lllllI’]I"ll ll'IVII'I'ITV'I]II!ll""]llil . . . .
g B ————  WH+ZH+VBF-jbb 9.45 fb"' Obs ———  WH+ZH--METbb 9.45b" Obs 7 Assumes SM predICtlon for ratlo Of
h— S R WH+ZH+VBF+jjbb 9456 Exp @ ====-= WH+ZH--METbb 9.45 fb™’ Exp . . .
E 4| LEP  emasnioe o WieMbaesnton production cross sections and branching
310 ._Excl ----- Hor83fb EBxp  =eee- WH-+lvbb 9.45 fb ™" Exp — .
d P T omuve e : ratios.
o ———  ttH MET+jets 5.7 fb”’ Obs ———  ttHl+jets 9.45fb” Obs
o\ ----- ttH MET+jets 5.7f " Exp @ = ===== ttH I+jets 9.45 fb™" Exp
3 ———  WZ+x621b" Obs ———  H-ZZ--419.7 b Obs

""" WZ+x621b Exp adeded H--ZZ--419.7 fb" Exp

T e e  More than 50 different sources of

Combined Obs

Combined exp - systematic uncertainties are considered

: (including correlations among channels
and experiments), and constrained in
sidebands.

» Use different techniques to cross check
calculations (Bayesian, modified
frequentist)

=> results agree within <5%.

February 27, 2012
LAl I Ll 1 I 1

Ll 1l I Ll 1 1 I Ll 1l I LA Ll I Ll 1 1 I LA 1 1 I LA L 1 I 1 |-
100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)
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95% CL Limit/SM

‘ CDF and DY Individual Results I

CDF Run Il Preliminary, L < 10 fb™

-
o

I | : |

+1g Expected
+20 Expected

T T
CDF
Exclusioni

=

- «———CDF Exclusion

February 27, 2012

100 120 140

160 180 200
m,, (GeV/c?)

At my =115 GeV:

Exp. limit: 1.16 x SM
Obs. limit: 2.25 x SM

At my =125 GeV:

Exp. limit: 1.39 x SM
Obs. limit: 2.89 x SM

95% CL exclusion: 147 <my <175 GeV

=
¢ | D@ Preliminary, L <9.7 fb’! = Observed
© SM Higgs Combination === Expected
S 10 [[] Expected+1 s.d.
E E |:| Expected +2 s.d.
3 L
-
) L
o\o = LR
Lo ."‘-- .....'.
(o] L anf” -
1E
- <=——LEP Exclusion
F D@ Exclusion
I | l | | | |

Feb 24 2011

Illllllll 111 1 1111 1111 1111 11 11 11 11 lIlIIIIII
100 110 120 130 140 150 160 170 180 190 200

Higgs Boson Mass (GeV/c?)

At my =115 GeV:

Exp. limit: 1.58 x SM
Obs. limit: 2.17 x SM

At my =125 GeV:

Exp. limit: 1.85 x SM
Obs. limit: 2.53 x SM

95% CL exclusion: 159 < m, < 166 GeV
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‘ Visualizing the Tevatron Data I

CEMCMUPCMXISOTRKPHX HobitTHobitT CDF Run Il Preliminary ( 9.4fb™ )

Tevatron Run II Preliminary, L <10.0 i1
T ' \ ‘ ]
* Tevatron Data]
"] Background
B Signal

Number of events
s

O

=1 Nonw QCD

£ WH (115 GeV) x 10
£ ZH (115 GeV) x 100

556 Data Events

E . ofz ofs o.'4 o.|5 ofe o.|7 o.ls 0.9 2 1
o - BNN output (MH =115 GeV/c")

”ZHﬁvIVPIBIII\naI sis sample (two b-tags

10 | T_N = 800F MJDT >00 | "' DO Preliminary (8.4 b™)
= E o —4— Data
B i m o — 0 Top
B i S .ﬂ B V+hfavv

V+lf.
B Multijet
C_JVvHx 10

1k L
10 E
2 i
10|
10 ! L | . | L ' -
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» Display all input histogram bins ordered according to S/B in one plot.
« The background model has been constrained by the data.
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‘ Visualizing the Tevatron Data I

Tevatron Run II Preliminary, L. < 10.0 bt
T T &
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» Display all input histogram bins ordered according to S/B in one plot. °810(5/P)

* The background model has been constrained by the data.
« Data consistent with the B-only hypothesis within the systematic uncertainties.



‘ Visualizing the Tevatron Data I

Tevatron Run II Preliminary, L. < 10.0 bt
T T =
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Tevatron Run II Preliminary, L. <10.0 i
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» Display all input histogram bins ordered according to S/B in one plot.
« The background model has been constrained by the data.
« Data consistent with the B-only hypothesis within the systematic uncertainties. 29



‘ Combined Tevatron Expected Limits I

Tevatron Run Il Preliminary, L <10 b’
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=
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95% CL Limit/SM

5 : : : Feb 272012
I I | I | 1 ooy 47

100 110 120 130 140 150 160 170 180 190 200
mH(GeV/c)

+ Expected exclusion: 100 < my <120 GeV, 141<m, < 184 GeV

* 95% CL limit at m;=125 GeV: 1.10xSM (expected)



‘ Combined Tevatron Observed Limits I

Tevatron Run Il Preliminary, L <10.0 b

E I!IIIIIIIIIlIIII!IIII!IIII!IIII!IIII!IIII
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P — Observed Tevatron : : g

E 10 fc'::::::::::!:::::?“_19__'_5_?!999??9:::::::::ﬁ::::::::::::::::E_):(__‘_::-:'i'?f_l_gﬂz::::::j::::::::::::::::E::::::::::::::::ﬁ:::::::::::::
: Z.’Qﬁ:ﬁﬁﬁﬁiﬁ[;}fiﬁf??‘_?’_‘???t?ﬂfZﬁiiiZiﬁfZﬁf:Ziiﬁﬁif:::::ﬁﬁﬁZf::::Zﬁﬁ::f:::::fiZﬁﬁZﬁﬁiiﬁiZﬁﬁﬁffii:fﬁff:
—

&

P

[g]

(o))

‘February %01 2
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+ Expected exclusion: 100 < my <120 GeV, 141<m, < 184 GeV
Observed exclusion: 100 <my < 106 GeV, 147 <my <179 GeV
* 95% CL limit at m;=125 GeV: 1.10xSM (expected), 2.22xSM (observed)
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‘ Visualizing the Excess I

Tevatron Run II Preliminary, L <10.0 i1
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» Display all input histogram bins ordered according to S/B in one plot.
« The background model has been constrained by the data.
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‘ Quantifying the Excess: p-values I

* Local p-value distribution for background-only hypothesis: Median expected

p-value for B-only

Q) [
= ~ Tevatron Runll Preliminary = AlTevchamnes hypothesis
CU 1 0 = snnnn Expectedif SM Higgs signal
? E SM HIggS, L S 100 fb-1 - Expected £1 s.d. /
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10 Median expected
—p-value for S+B
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------------------------------------ 46
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February 2012 Higgs Boson Mass (GeV/c?)

* Minimum local p-value: 2.7 standard deviations
« Minimum global p-value with look-elsewhere factor of 4: 2.2 standard deviations



Background p-value

‘ Quantifying the Excess: p-values I

* Local p-value distribution for background-only hypothesis:

H->bb channels H->WW channels
- 0
- Tevatron Runll Preliminary _l”t*:sf;‘MH' _ (_:; 10 L Tevatron Runll Preliminary S G
N L L L] xpected i iggssignaly (O IVE " anmn Expected if SM Higgs signal
10" SMHiggs, L <10.01b" [ by 150 - SMHiggs,L <10.0f" e
E ik |:] Expected +2 s.d. o) 1 n :] EXpOSiB £ 8.5,
1= g
= e M GShhhEREERELEELS 1o
10O  EH--- G -~~~ " c
10" 0810-2
2 RERICI TRV A 30
104 &
3 30 S 4o
10 5.1 | | |
100 105 110 115 120 125 130 135 140 145150 107 920130140950 160 170 180" 190200

February 2012 Higgs Boson Mass (GeV/c ) February 2012 Higgs Boson Mass (GeV/c )

* H->bb channels: main contribution to excess in 115<m_ <135 GeV region

* Minimum local p-value: 2.8 standard deviations

« Minimum global p-value with look-elsewhere factor of 2: 2.6 standard deviations
H->WW channels: no significant excess in 115<m_<135 GeV region 34



Best Fitc / o,

‘ Quantifying the Excess: Best Fit Signal Rate I

« Maximum likelihood fit to data with signal rate as free parameter.

C L Nx 4 —
3.5E Tevatron Runll Preliminary / 4 o
- L..<10.0fb"
3 —e— Best Fit 0
o5E [ ]+1sd. P
2F y
- -6
15 - N.\
- -8
1 - -10 ¢
0.5 ;— -12 ¢
T T s s o s sEER TR TT -14 |
100 110 120 130 140 150 160 170 180 190 200
February 2012 Higgs Boson Mass (GeV/C ) Higgs Boson Mass (GeV/c2)

« Ax? test with fixed signal prediction from SM theory agrees well with freely
floating signal rate estimation:

« Ax? minimum in 115 <my < 135 GeV range.
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‘ Summary and Outlook I

Tevatron program now analyzing full dataset
in most search channels.

Tevatron combination has reached SM
sensitivity over most of 100<m<185 GeV range.
Tantalizing excess in 115<my <135 GeV region
with global p-value of 2.2 s.d. (2.7 s.d. local) .

H->Dbb only: 2.6 s.d. global (2.8 s.d. local).

95% CL Limit/SM

Tevatron Run Il Preliminary, L <10.0 o™

..... Expected: . L
Observed: Tevatron
10 | +1c Expected - EXclusion i
[§ [ ] t2oExpected .
=
L35
c
e
'—
1
e e
100 110 120 130 140 150 160 170 180 190 200

m,, (GeV/c?)

36



‘ Summary and Outlook I

Tevatron program now analyzing full dataset
in most search channels.

Tevatron combination has reached SM
sensitivity over most of 100<m<185 GeV range.

Tantalizing excess in 115<my <135 GeV region
with global p-value of 2.2 s.d. (2.7 s.d. local) .

H->bb only: 2.6 s.d. global (2.8 s.d. local).

These are by no means the final Tevatron results!

Further improvements expected in the near
future, particularly in searches targeting the
115<m,<135 GeV region.

Tevatron and LHC are sensitively probing the
Higgs sector in complementary ways.

In particular, Tevatron currently provides a unique
window into the H->bb mode.

Looking forward to a LHC-Tevatron combination!
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MISSING PARTICLE :

Name : V/{”S boson

Age: 13.7 bllion years
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Higgs Physics Results

Preliminary, submitted or published Run || results of Higgs searches as well as SM and non-SM heavy flavor production in association of a W or Z
boson. Other search results can be found from the New Phenomena result page. Figures can be found in the same directory as the paper.
Please contact Conveners if you have questions.

WI:' (lt)MF Archival listings of all Preliminary Results & Submitted/Accepted Papers are also available
MAL -

CDF (the Collider Detector at Fermilab) is a multi- Prafiminary:

@ Combined CDF and DO Search for Standard Medel Higgs Boson Production with up to 10 fo-1 of Data 03/05/12, up to 10 fo-1 New
purpose experiment, which does an in depth study of @ Combined Search for the Standard Model Higgs Boson from the DO experiment in up to 9.7 fb-1 of Data 03/05/12, up to 9.7 fo-1 Hew
the forces, particles, and interactions of our universe. @ Combined CDF and DO measurment of WZ and ZZ production in final states with b-tagged jets 03/05/12, 7.5-6.5 fb-1 *ew

SIS g @ Search for Associated Higgs Boson Production VH --> e+- nu_e mu+- nu_mu with Like Charged Electron Muon pairs using 9.7 fb-1 of ppbar
CDF has 800 collaborators from 62 institutions in 12 Collisions at sart(s) = 1.96 TV 03/05/12, 9.7 fo-1 wew
countries. @ Search for Higgs boson production in dilepton plus missing transverse enerqy final states with 8.6-9.7 fb-1 of ppbar collisions at sgrt(s)=1.96
TeV 03/05/12, 8.6-6.7 fo-1 rew

@ Search for Higgs boson in final states with lepton, missing energy and at least two jets using b-et identification in 8.7 fb-1 of Tevatron data

The CDF Higgs group is a team of more than a 03/05/12, 9.7 fo-1 1ew

13/05/12, 8.7 fo-1 new

Tevat ro n N ew P he nomena & H I ggs workl ng G rou p 621’1‘221': |:J;0I I’:-a: 1?:?;;1’:ia?|§of:;1al:gwn(sl = 1.96 TeV 02/29/12, 7.0 fo-1
@ DL

ising transverse enerqy with 8.7 fb-1 of opbar collisions at sqrtis) = 1.96 TeV
Current Representatives:

itate using using 8.7 fb-1 of DO data 02/28/12, 9.7 fo-1 new

+ X final states at DO using 9.7 fb-1 data 02/28/12, 9.7 fo-1 Hew
djets 11/15/11, 7.5-8.4 fb-1 new
Production with up to 8.2 fb-1 of data 09/01/11, up to 8.2 fo-1

lints on the Higgs boson mass in fourth-generation fermion models with up to

CDF: Doug Benjamin, Matt Herndon, Eric James, Tom Junk, Nils Krumnack, Weiming Yao up to 8.2 fb-1 of data 07/21/11, up to 8.2 fo-1
D@: Gavin Davies, Jonathan Hays, Ex Officio: Wade Fisher, Joseph Haley, Aurelio Juste 1 3.7 fo-1 of DO data 03/14/11, 3.7 fo-1

»n in tau-tau final states with uo to 2.2 fb-1 of data 03/08/10, 1.8-2.2 fb-1

Theory: Stephen Mrenna an in tau-tau final states with up to 2.2 fb-1 of data |
Ibbar channel with 4.0 fb-1 of opbar collisions at sart(s)=1.96 TeV 11/16/08, 4.0

Send Mail to the TEVNPHWG mailing list bar)obibar) channel 03/13/08, 2.1 fb-1
.. Fiqures, 1/4/07, 830 pb-1
This working group combines CDF and D@ results on searches for New Pher and Higgs b on behalf of the 4

collaborations.

Most Recent SM Higgs Search Results

Winter 2012 Combined CDF and D@ Searches for Standard Mode! Higgs Boson Production, with Luminosities up to 10 o Preliminary
Results. 95% C.L. exclusion of 147 < my < 179 GeV/c?. A 2.20 excess is seen that might be interpreted as coming from a Higgs boson

with a mass in the region of 115 to 135 GeV. Searches for H—bb, H—W*W", and H—yy are combined.

Winter 2012 Combined CDF and D@ Measurement of WZ and ZZ Production in b-tagged Final States with up to 9.5 fb' of Data
Preliminary results. Validation of SM Higgs boson search techniques in the same datasets and analysis techniques.
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‘ 2010 Sakurai Prize for Theoretical Particle Physics I

"For elucidation of the properties of spontaneous symmetry
breaking in four-dimensional relativistic gauge theory and of the
mechanism for the consistent generation of vector boson masses”

| /fj
l\ ! i//
Robert Brout  Francois Englert Peter W. Higgs Gerald S. Guralnik  Carl R. Hagen T.W.B. Kibble
Universite Libre de Bruxelles Univ. of Edinburgh Brown University Univ. of Rochester Imperial College
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‘ Combined Tevatron Observed Limits I

Tevatron Run Il Preliminary, L <10.0 fb™!
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+ Expected exclusion: 100 < my <120 GeV, 141<m, < 184 GeV
Observed exclusion: 100 <my < 106 GeV, 147 <my <179 GeV

* 95% CL limit at m;=125 GeV: 1.10xSM (expected), 2.22xSM (observed)
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Lepton ldentification

Major effort to improve lepton acceptance:
« Electrons in inter-cryostat region (DQ): ~+10%

» Isolated tracks pointing to un-instrumented regions
in the muon system (CDF, DQ): ~+10%

* Not all these lepton categories fire the trigger!
=>» collect events through e.g. ET+jets trigger

(>+20% signal acceptance in CDF’s ZH->uubb) Toroid

¢ (ES ] v
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Searching for H(=>tt)+X

 H-—7t: second largest BR(~8%) at low mass.
« Many possible signal topologies to be explored! arXiv:1203.4443 [hep-ex]
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Searching for H(=>tt)+X

Many possible signal topologies to be explored!

----- WH inc 120GeV x50
=== ZH inc 120GeV x50
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Searching for H(=2>yy)+X

Tiny BR in SM (~0.2%) but large
enhancements possible in some beyond-SM
scenarios (e.g. fermiophobic Higgs).

Typical event selection:
2 photons with pr>25 GeV in central calorimeter
NN-based photon ID.

Main backgrounds estimated from data:
« Sideband fitting (CDF)
* Full background breakdown (DQ):

« Direct QCD yy (~50%): normalization
from data, shape from SHERPA MC

« vy+jand dijet (jet —y): both norm and
shape from data

Recent improvements:

» Additional categories (CDF): converted
central photon, central-forward, etc

« MVA analysis (DQ): 10 variables
= ~20% improvement in sensitivity
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Events / 0.05
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‘ Searching for VH, H>WW I

Additional sensitivity at intermediate/high mass
from VH production with H>WW.

Control backgrounds via:

« Same-sign leptons: main backgrounds are
instrumental (Z/y*->1*I- with charge
mismeasurement, multijet, W+jet/y)

« Trileptons: main backgrounds are WZ/ZZ
and Z+jets/y

Small signal rate but good S:B: ~1:15-1:70
depending on channel.

CDF Run Il Preliminary JL =9.7fb"
1 0 25— T T T T L T T T T T N .
- SS 1+ Jets w K i - |D2 Preliminary
- M, = 165 GeV/c? B £ JlL=9.71b"
C wz w 20—_ ] eep-l-ET
- 1; i 7 m, =145 GeV
ET1 : O i 2
: IH+21 jets R seutrMET |
K ] DDiboson
10:— —: DZ+jets
N + A DW+jets
, S 1 + . ttbar
o ' R | s { N ~ ~_|| |— Sig Totx 10
. —-_._.—‘ A = — NI ETEErE arerer e B . -
Y OB 04 02 6 0’; 0 : 0.8 1 1-08-06-04-02 0 0.2 04 06 08 1

NN Output Final BDT Discriminant




Log-Likelihood Ratio Distributions: Signal Injection

N
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3 s.d. Signal Injection Study

Tevatron Preliminary Higgs Projection
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m,, = 125 GeV Signal Injected my (GeV)

Question: is the global signature observed consistent with a SM Higgs signal?

Evaluate expected LLR after injecting a SM Higgs signal at my=125 GeV,; integrated
luminosity scaled so that excess is 3 s.d. above background expectation.

Expect broad excess over whole mass range.
Observed LLR consistent with what would be expected from signal+background.
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‘ Log-Likelihood Ratio Distributions I

» The log-likelihood ratio test-statistic helps to gauge the relative agreement of the
data with the background or signal-plus-background hypotheses.

« Pseudo-experiments are drawn according to both hypotheses taking into account
both statistical (Poisson fluctuations) and systematic uncertainties (Gaussian

fluctuations).
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95% CL Limit/SM

‘ Combined Tevatron Observed Limits I

H->bb channels

Tevatron Run Il Preliminary H—bb L <10.0 fb™

T
----- Expected

w—  Observed

[ 11 s.d. Expected

| +2 s.d. Expected

February 2012
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10

H->WW channels

Tevatron Run Il Preliminary H-WW L <10.0 fb™

LN L L B B I B B

----- Expected
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| +2 s.d. Expected

T LI B

February 2012

]
120 130 140 150 160 170 180 190 200

m,, (GeV/c?)

H->bb and H>WW channels have comparable sensitivity (<2xSM) at m;=130 GeV.
Excess most prominent in H>bb channels.
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Log-Likelihood Ratio

‘ Log-Likelihood Ratio Distributions I

» The log-likelihood ratio test-statistic helps to gauge the relative agreement of the
data with the background or signal-plus-background hypotheses.

« Pseudo-experiments are drawn according to both hypotheses taking into account
both statistical (Poisson fluctuations) and systematic uncertainties (Gaussian

fluctuations).

H->bb channels
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95% CL Limit / SM

CDF and DY Individual Results

Summer 2011
CDF Run Il Preliminary, L < 8.2 fb™
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Best Fit 6 / o,

‘ Quantifying the Excess: Best Fit Signal Strength I

« Maximum likelihood fit to data with signal strength as free parameter:

H->bb channels

5 Tevatron Runll Preliminary
[ SMH-bb, L <100

—e— Best Fit

| |+ sd
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o
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February 2012

Best Fit 6 / o,

N Wk, OO0 NN @

February 2012

H->WW channels
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95% CL Limit/SM
—
(=

‘ CDF Observed Limits I

H->bb channels

CDF Run Il Preliminary H—bb L=9.5 fb™!
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‘ D@ Observed Limits I

H->bb channels H->WW channels
G - D@ Preliminary, L <9.7 fb’! % - -1 = Observed
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5 10 [ Expected +1 s.d. .
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‘ H->vyy Combined Tevatron Observed Limits I

Tevatron Run Il Preliminary H—>yy L <10.0 fb'1

95% CL Limit/SM
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Log-Likelihood Ratio Distributions
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‘ Visualizing the Excess I

Simple overlay of H->bb signal prediction (m,;=120 GeV) on dijet mass spectrum.
» Use Tevatron low mass inputs for WZ/ZZ, Z->bb combination.

« Data not inconsistent with containing a signal.

< [ Tevatron Preliminary, L <9.5fb’

< 800~ int

3 Oneb-Tagged Jet

a - B Wz

= [ zz

£ 400 Higgs Signal

o i m,=120 GeV/c?

>

u 200_—
: t +

-200_—l I I I 1 1 | [ 1 11 | l | l | . ‘ | . ‘ 1 1 1 1 ‘ |

0 5 100 150 200 250 300 350 400

Dijet Mass [GeV/c?]
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IITIIII

Tevatron Preliminary, L <9.5 iy
Two b-Tagged Jets

-+- Data - Bkgd

B Wz

Iy
Higgs Signal
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1 1 | | 11 1 I | l | I - l | I
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LLR = -2In(Q)

‘ What's the Expected Mass Resolution? I

Tevatron Preliminary Higgs Projection
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50

LLR Minimum: m,=115 GeV Signal Pseudoexperiments

Mean = 118.3 GeV
RMS = 5.3 GeV

PR SR [N TR SR T S
140 150
m, (GeV)

P
130

Steeply falling cross section provides opportunity to determine mass with

Curvature of the observed LLR vs m,, is the most accurate estimate of such

Ensemble testing assuming signal at 3o level yields a mass resolution of
~5-6 GeV below m,~135 GeV. Resolution degrades at higher masses.
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Expected Limit/SM

‘ Tevatron SM Higgs Prospects I

2xCDF Preliminary Projection, m =115 GeV

—— Summer 2005 —— November 2009
Summer 2006 —— July 2010
| —— Summer 2007 —— July 2011
—— January 2008 @ —— February 2012
o ‘ December 2008 Sensitivity Goal
SM=1 \-0\

0 2 4 6 8 10 12

14

Integrated Luminosity/Experiment (fb“)

2xCDF Preliminary Projection, m =160 GeV

Summer 2004
Summer 2005
Summer 2007
January 2008
December 2008

March 2009
November 2009
July 2010

July 2011
February 2012

Expected Limit/SM

Sensitivity Goal

SM=1

2 4 6 8 10 12 14
Integrated Luminosity/Experiment (fb™')

Orange band: assumed analysis improvements wrt 2007 analysis (x1.5 and x2.25)

« Limits have improved faster than 1/vVL due to analysis improvements.
« Major effort underway to continue to improve intrinsic sensitivity:
« Optimized object identification/resolution
«  Optimized selections and signal-to-bckg discrimination

* Reduced systematic uncertainties

« Adding new channels...
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‘ SM Higgs Prospects I

* Median projected reach assuming improvements. These are “a-priori sensitivities” (i.e.
not taking into account current observed limits).

« There is a band of possibilities around these lines.

2xCDF Preliminary Projection

A

—
(4 )

End of 2011: 10 fb''/exp ==
>2.40 for my<185 GeV
3o for my~115 GeV

Analyzed Lumi/Exp. (fb™
P
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0100 110 120 130 140 150 160 170 180 190 200

With Projected Improvements mH (GeV/Cz)
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‘ Theoretical Uncertainties I

Progress in Higgs searches at the Tevatron has relied on advances in theory and
development of MC generators over the years.

« Since we combined searches in different production/decay modes:
» Cross section limits given relative to the SM prediction

Need to incorporate theoretical uncertainties for cross sections and branching
ratios.

» Following the prescriptions of the LHC Higgs cross section WG.

* Recent theoretical developments:

» Effect of splitting H>WW search in jet multiplicity bins (Berger at al.): currently
using BNL accord

* Interference between H>WW and non-resonant WW production: not implemented
yet.
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‘ Interpreting the Data I

ZH—>vvbb AnaI¥S|s samgle (two b- tags)

N T
+ 800F- ng Preliminary Run Il 8.4 fb”

* Use the final discriminant distribution to perform o S 70 Background Fit + Data
: : _ i Top 3
hypothesis testing (S+B vs B f)n!y). | 'g 500 —e g
» In absence of an excess, set limits using: & 500 Vilf. 3

B Multijet

« The CL{ method or
* A Bayesian method

CL. method
1. Compute the I.ikelihood ra}tio for S+.B Vs B- Y T TT 0504 0E 08
only hypothesis using Poisson statistics: Final Discriminant
v o by 4 b Sample LLR Dlstnbutlons
chan ™Y bins ij ,~\S+D); i > -
Q(gg B) _ (S + b)lj e bij e .Eo_osz_ S . ) i = S4B LLR
i=1 j=1 dlj! dl]' i:o'osf_ 1-CLb — B-Only LLR
LLR = —211’1Q - — Observed LLR
%o.oa} - -
. o - :CLs+b
2. Generate pseudo-experiments for S+B and 003l -
B-only hypotheses via Poisson trial. .

« Systematics are folded in via Gaussian .02}
marginalization - |
backgrounds of ] x

: _ 10 15
3. Define CL,: cr < o "

)
CL
b “Data excess” scenario



‘ Interpreting the Data I

Use the final discriminant distribution to perform o

hypothesis testing (S+B vs B-only).
« In absence of an excess, set limits using:

The CL, method or
A Bayesian method

CL. method

1. Compute the likelihood ratio for S+B vs B-
only hypothesis using Poisson statistics:

L N cran N pins (s + b)g_ij e‘(“b)ij bgije‘b
0(d55.5) - 7
i=1 j=1 dij' dij'
LLR =-2InQ

2. Generate pseudo-experiments for S+B and
B-only hypotheses via Poisson trial.

3. Define CLq:

Systematics are folded in via Gaussian
marginalization
Correlations held amongst signals and

backgrounds L
CLS — s+b
CL,

Background Fit ~+-Data
P 700 W Top :
g 600 BV+hf/VV 3
E 500 V+l.f. _;

o
=

N T
+ 800F- ng Preliminary Run Il 8.4 fb”

o
=3
o

E— " e S4B LLR
o 1_'CLb — B-Only LLR
E \ rqulL = Observed LLR

ZH—>vvbb Anal¥5|s samgle (two b- tags)

B Multijet

-1 -08 06 -04 02 0 02 04 06 08 1
Final Discriminant

Sample LLR Distributions

—Tbility Density

Signal cross sections for which CL,<0.05

0.02

are excluded at the =295% CL.

IIII'IIII]II
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“Data excess” scenario




‘ Interpreting the Data I

A ZH—vvbb

15

LLR

x g 2 E‘ 4 DO Prehmlna ,84fb4 LLRZSd
Data deficit 2: i d L "T’ - ry ..... A !_.!.-..':BB..?_;.?.-.Q;...
w @ O . T : : i i :
| <
T
N
S
S
0
-
Datq excess . -l
o N . ] o : .
L $ g Tz 53 ° 100 105 110 115 120 125 130 135 140 145 150
M-woolunmow

m,, (GeV)

* Dashed lines show S+B and B-only mean value.
« Shaded bands indicate 1 and 2o variation of B-only distribution
« Solid black line indicates data observation
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Events / 0.05

‘ Constraining Systematic Uncertainties I

LEP: small background, small systematic uncertainties
Tevatron: large background, large systematic uncertainties (particularly at low mass)

NEW wrt LEP: to counteract the degrading effects of systematic uncertainties, we use
a “profile likelihood”, obtained by fitting MC expectations to data for each outcome

(analogous to “side-band fitting”).

LLR =-2InQ = —21n(

L(datals+b; é)
L(data|b; 6)

« Capitalizes on shape and statistics of data to constrain background uncertainties.
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‘ Systematic Uncertainties I

Example: ZH->vvbb

Systematic Uncertainty |Signal (%) |Background (%)
Single Tag
Jet EC - Jet ER 1.0 2.5
Jet R&T 2.6 2.6
b Tagging 3.2 1.3
Trigger 2 1.9
Lepton Identification 1.1 0.8
Heavy Flavor Fractions - 4.1
Cross Sections 6 9.8
Luminosity 6.1 5.8
Multijet Normalilzation — 1.3
Total 9.8 12.3
Double Tag
Jet EC - Jet ER 0.7 2.3
Jet R&T 3.5 2.6
b Tagging 5.8 3.6
Trigger 2 1.9
Lepton Identification 1.1 1.0
Heavy Flavor Fractions 0 8.0
Cross Sections 6 9.8
Luminosity 6.1 5.8
Multijet Normalilzation - 1.1
Total 10.9 13.9

Systematic uncertainties
can affect both shape
and normalization of
signal and background.

=» Main systematic uncertainties from b-tagging and background modeling. 66



‘ Nature May Just Be More Complicated... I

= Probing multiple production and decay modes critical for model discrimination

Composite Higgs Models arXiv:1003.3251
1 E_l T T ] T T T T I T T T . 1 : T T T I T T T T T T T T T T L— T N
b WW ., ww ]
- BR(H) i BR(H) 7
[MCHMs =08  / \ . MCHMS =05 L. 1
10.‘ - + 10-| TP Y :. .
RS 2z; :
- Y
102 | wte ", E
: * Z-Y . .';.,‘\..e.. :
10'3 .............. s 10'3 1 ! l: l L L L L l L L L L l L La l L l L L L L
80 100 150 200 80 100 150 200
M, [GeV] M, [GeV]
m, =135 GeV m_ =135 GeV

Enhanced B(H—>bb)

Suppressed couplings to fermions
(also means no gg—>H production!)
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‘ The Stairway to the Higgs I

Higgs boson searches at the Tevatron are background-dominated.

Tevatron Run Il pp at s = 1.96 TeV

: April 2011
i —=— DO Run |I .
n i
i ~ CDF Run I
= = Theory
n o °
g L
B n
i R
= + ,"‘s\
o (\ ‘_'I'
W Z Wy Zy WW tf WZ t ZZH-ww
m, = 165 GeV

Instrumental backgrounds: measured directly
from data

« QCD multijet production with
mismeasured jets leadings to missing
transverse energy or jets misidentified
as leptons.

Physics backgrounds: estimated using
simulation and state-of-art theoretical
predictions, and further calibrated to data
whenever possible

» W/Z+jets production (w/ real or
misidentified heavy flavor jets)

» Diboson production
* Double and single top quark production

Experiments have established a solid foundation to search for the

Higgs boson through precise measurements of SM processes.



