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‘ Historical Perspective I

Before direct constraints from hadron colliders 6 —jzeny 2y 20U e
all we knew about the SM Higgs boson came E o
from: Sk —232?5;0.00033 N
« direct searches at LEP 0.02749+0.00010
m;>114.4 GeV @ 95% CL 4 -+ incl. low Q" data n
» indirect constraints from precision N |
electroweak observables (*) S 31 7
my<152 GeV @ 95% CL '
(*) using latest m, and M, measurements from the 2- ]
Tevatron 1
14 _
=> The Tevatron is expected to be sensitive 1 Excluded Y .
precisely in this mass range! o l=Xcuded . A .
=» Searches for the SM Higgs boson have 30 100 300
been a priority at the Tevatron. m,, [GeV]

Over the last decade the outstanding performance of the accelerator and CDF and DY
detectors, together with continuous improvements to the searches, allowed to start placing
direct limits beyond LEP and eventually reach SM sensitivity in the preferred mass range.



‘ Historical Perspective I

Over the last two years, the LHC has
excluded most of the remaining allowed
mass range and observed a new boson
with mass ~125 GeV, primarily in yy and
ZZ->4l final states.

The Tevatron experiments independently
reported evidence for a new particle
decaying into bb with compatible mass.

Since the observation, Higgs studies at
the Tevatron have focused on the
measurement of Higgs properties (rates in
different decay modes, couplings, JP).

In addition, Tevatron measurements of
key electroweak parameters (m, and M)
will play an increasingly important role to
help unravel the nature of the discovered
boson and point to potential new physics
effects.
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‘ Today’s Presentation I

Introduction

Direct constraints on the Higgs boson

=>» Here will just give a quick overview of SM Higgs boson searches.
For more details see talks by S. Shalhout and G. Davies.

=> Will not discuss BSM Higgs boson searches.
For an overview see talk by J. Hays.

Indirect constraints on the Higgs boson: m, and my,
=>» Main focus of this talk

Summary and outlook



Direct Constraints
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‘ Search Strategies I

« Defined by a combination of theoretical and experimental considerations
(large oxBR but experimentally feasible: trigger, backgrounds....).
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For my =125 GeV, ~1000 Higgs events
produced at the Tevatron in the main
search channels with 10 fb=!



‘ Tevatron Combined Results I

arXiv:1303.6346

s 10 -
w [ — Observed Tevatron Run Il, L, , <10 fb
= === Expected w/o Higgs SM Higgs combination
5 - [ Expected + 1 s.d.

- [ 7 Expected 2 s.d.

O +=:= Expected if m, =125 GeV/c

3

O

(o))

T00 120 140 160 180 200
m,, (GeV/c?)
* Expected exclusion: 90 < m,, <120 GeV, 140< m,, < 184 GeV
Observed exclusion: 90 < my < 109 GeV, 149 <m, <182 GeV
* 95% CL limit at m;=125 GeV: 1.06xSM (expected), 2.44xSM (observed)



‘ Quantifying the Excess: p-values I

Local p-value distribution for background-only hypothesis:

arXiv:1303.6346

) 3 -1
% 10 Tevatron Run ”, Lin’[ <10 fb = (Observed | Median expected
> 102 & SM Higgs Combination -==- Expected w/ Higgs|  p-value for B-only
_g— | Expected+ 1 s.d. hypothesis
2
% 10 - GH x 1.0 (mH=125 GeV/CZ) E EXpeC’[edi 2 s.d.
o === o, %x 1.5 (m =125 GeV/c")
o 1 H
% 1 E- i‘:\'-::m., ------------ : , ;:—'—" -------------- 16
g 10 SO\~ e S Median expected
(06 [ ~ SR — A WLy LT e GREEEEP Y - 22~ ----|26 p-value for S+B
107 ony __.v“ s L7 oy Rl hypothesis (for
N _t‘_ ______ Yy 2 ts:‘_ _______ R 36 m, =125 GeV)
\ S
1074 NS '
s _d 4\ Median expected
- S = U Y T °  p-value for S+B
1 O 1 | ] ] ] | ] 1 1 | 1 ] ] l ~| ] 1 | 1 1 ] hypotheSiS
100 120 140 160 180 200

my, (GeV/c®)

Minimum local p-value at m, =120 GeV: 3.10 (2.00 expected)

p-value at m =125 GeV: 3.00 (1.90 expected)
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‘ Quantifying the Excess: Best Fit Signal Rate I

arXiv:1303.6346

4r
- Tevatron Run ll, L, <10 fo! SM Higgs combination
L >
O == Observed é 081 Tevatron Run I, L, <10 fb™ )
[ 2 @ L in m,=125 GeV/c
- B t1sd.  --- o, x1.5(m,=125GeV/c?) ° [ H .
3F 5 > 06 — Combined
L[ +2s.d. == o, x 1.0 (m =125 GeV/c") % B[ e Hes BB
25F 8 _, -== Ho W'W
[ S 0.4
2 F S
X 2
B 8202
15} §°
1} O —2 4 6..8.'10 12 14
F (6 x Br)/SM
05Ff
0 L L T — A Tevatron Run II, L, <10 fo’!
100 120 140 160 180 200 2
5 m,=125 GeV/c
my, (GeV/c?) I Combined (68% C.L.)
. . . . . . —fl— Single channel M—
« Maximum likelihood fit to data with signal y L 43,99
rate as free parameter. RALEN " | 9975302
« Best-fit signal rate at m;=125 GeV: Ho W'wW 0.9470 %5
—1.447% ioe 1.68%1 58
H=15% 056 VH— Vbb | 1.59+0-69
Consistent with SM Higgs. L '
. 0 2 3 4 5 6 7 8 9 10
Reasonably consistent across channels. Best Fit (¢ x Br)/SM



‘ Probing Higgs Boson Couplings I

« Benchmark I:
* Probe SU(2), custodial symmetry by measuring the ratio A,,=k\/K.
Assume all fermion couplings are scaled by a common free parameter (ig).
« Benchmark li:

» Consider two independent multiplicative factors: common to all couplings to vector
bosons (k) and common to all couplings to fermions (k). Assume A,,=1.

« Measure k;and x,, simultaneously.
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e |ocal maxima A SM
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> L []95% C.L. K; floating - wz™
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Measurements consistent with the SM prediction 10



‘ Spin/Parity I

« LHC results in bosonic decay modes consistent with J°=0* hypothesis.
« Tevatron can check JP in VH(H—->bb) production (J. Ellis et al., JHEP 1211, 134 (2012)).

So far results from D@ on 0* vs 2* (graviton-like couplings). 0* vs 0- and Tevatron combination upcoming.

40 WH—lvbb, 2TT HP _ ZH—vvbb, TT HP 45 ZH-llbb, DT HP
£ F DO Preliminary, 9.7 fb” € 200t D@ Preliminary, 9.5 fb” g DG Preliminary, 9.7 fb”
o 35- * Data _ S 200F * Data o 40- * Data
w . I Multijet w 8 W Multijet (1] E Il Multijet
305 V+f 180 Vil 35¢ Valf
25F et 160 | Vahf 30- V+hf
-stingle t 140- tt 255 tt
20~ vV 120 A i WA/
c DO Signal 100E } [Jo* Signal 20 [Jo* Signal
150 12" Signal 80E 12" Signal 15E + []2* Signal
E (Slgnals x10) = (] (Signals x10) F (Signals x5)
10 60/ 10E +
- a0- 4 55
: | 200 IeSRm W o Sy
00 100 200 300 400 \ggo 600 00 100 200 300 400 QO 600 00 100 200 300 400 500 600
M:"" (GeV) MY°® (GeV) llbb Mass (GeV)
p1-3F 1-CL, Observed
3 - DO Preliminary, L <9.7 fb! = serve
-~ 120gMHse 0 1-CL, 0" Expected D@ Note 6387-CONF
1.1 :_02++60+=03M x1.23 [ | Expected +1 s.d.
1 [ | Expected+2 s.d. For u=1.23 (DY measured rate):
bR .
« Exclude 2* at 99.9% CL (in favor of 0*).

» Assuming the excess results from a
superposition of a 0* and 2* particle:

Exclude a 2* fraction f,,>0.42 at 95% CL

(in favor of pure 0%).
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Indirect Constraints

12



‘ Precision Electroweak Observables I

T, J— :
Experimental and theoretical precision [
achieved allow to test the electroweak 200 - ) ;
theory at the quantum level. S 1ol [lﬂf* g # }HJ ki1 4, _{}1
8 LT !
w L
m2 T g 1200 T ]
2 W\ _ N = -
My (1 T2 ) ~ /3G (1+ Ar) 8 ol L Early M, measurements |
Z F i allowed to infer m,
t t R 1
; 40 ]
W ™ Wz O\ e , r -
| VAVAVAVAVA [VAVAVAVAVY
\/ \/ ol o o
- - 1990 ?%s 2000 2005 2010
b 1 Year
3 cos2 O n'z? Top discovery
A'rtop - 7 - 4 5 6 v
167 sin Ow My, 4 Aol _
- had
h TN, S — 0.02750+0.0003%
3 ) i1 0.0275710.0001%
+ ANNANNASANNNNN 4 - -== incl. low Q7 data
‘ Nx |
11 m%{ = 37 S
ArHiges = +———— log 5 1
A8 sin” Oy miy 2
1 JeEPEW .
Precision EW observables, along with m,, / arxiv:1302.3415 \3-.
. . Excluded .
allow to infer M, (M,y is one of the most 0 - —

" 200
sensitive measurements)

my, [GeV]



‘ Precision Electroweak Observables I

Experimental and theoretical precision
achieved allow to test the electroweak
theory at the quantum level.

m, (1 — -mﬁ,-> = (1+ Ar)

my V2Gp |
t t
> >
b 7
A 3o cos? Oy n'z?
T'top — — A
P 167 sin? Oy m %‘
h
+ «AAAAKhAAKAAAmm
11a m2
487 sin” Oy, miy

m,, [GeV]

Status early in Run |l
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80.70 | experimental errors 68% CL. N
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i |
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i MSSM \
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Am~2 GeV (from early Tevatron Run Il meas.)
AM,,~30 MeV (dominated by LEP2)
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‘ Precision Electroweak Observables I

Experimental and theoretical precision
achieved allow to test the electroweak
theory at the quantum level.
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Higgs boson with M,=160 GeV discovered

at

Tevatron or LHC

Am~1 GeV (~ultimate Tevatron precision)

AM,,~15 MeV (dominated by Tevatron) 15
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‘ Precision Electroweak Observables I

Experimental and theoretical precision
achieved allow to test the electroweak
theory at the quantum level.
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‘ Precision Electroweak Observables I

Experimental and theoretical precision
achieved allow to test the electroweak
theory at the quantum level.
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Higgs boson with M,~125 GeV discovered
at LHC

Am~0.94 GeV (still improving)
AM,~15 MeV (still improving)
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‘ Precision Electroweak Observables I

Experimental and theoretical precision Actual Scenario in 2012
achieved allow to test the electroweak 80.60 —————————pdated from hep-ph/060414
theory at the quantum level. ~experimental errors 68% CL.: ]
LEP2/Tevatron: today MSSM|
m2 oy E HiggsBounds |
’”“121' 1 — ‘)1 = —= (1+ Ar) i allowed|
my Vv 2G o ' 80.50 — —
t t < _ _
77N\ TN 3
%% NN A% |,% YA AV yA Pt
\ N 2
= < =
b f 80.40
A 3o cos? Oy m?
T'top — — T :
P 167 sin* Oy M3,
/_l?\ I,’/ \\‘\ 80.30 _SM MH =1259+ 1.2 GeV MSSM. HB allowed |
\ + ’v\/\/vvvvvvvvvvvw - SM, MSSM L. '
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12
i I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 i
11 m2 168 170 172 174 176 178
-‘A"Higgs = +— . 9 . 10(9; f M [GeV]
AR SIn” 6w  Mmiv ;
487 sin” On W SUSY loops can contribute ~100 MeV to M,,!
Following the Higgs boson discovery, the
SM loops are determined and so can w W
effectively start constraining NP models. 18



Top Quark Mass
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‘ Top Quark Mass I

210

P Publications from Run | L Publications from Run Il
205 < > <
200 o
— 195
>
@ CDF
o, 190 DO
Lepton+jets
§ 185 Alljets
Dileptons
= 180 , I
= Ersjets
& 175 @ Decay length
= * Lepton+track
54 170 Lepton+jets + dilepton
8‘ Tevatron combination
= 165 ,
160
155 Tevatron Run | Tevatron Run Il
——————————» < >
150

-

2% 8

Publication Date

1993

3

1995
1996
1997
1998
1999
2000
2001
2003
2005

TR

2010
2011
2012

Precision on top quark mass measurements has improved by one order or
magnitude since Run I:

« Best single measurement in Run I: Am/m~7%
« Best single measurement in Run II: Am/m~0.7%

This has been possible, not only to the much large available statistics, but
also to the development of novel experimental techniques, most of which
have been adopted by LHC experiments.

IRl Noe
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‘ Handles for a Precise Measurement I

Jet Energy Scale (JES)

Top mass measurement requires precise
mapping between reconstructed jets and
original partons =» correct for detector, jet

algorithm and physics effects.
What's crucial is the relative energy calibration
between data and MC jets:
AE/Eje~1% = Am ~ 1 GeV
Handles:
— dijets, photon+jets, Z+jets

— W mass from W—jj in top quark decays
(in-situ calibration)

B-tagging: reduction of physics as well as

combinatorial background

Sophisticated mass extraction techniques:

maximize statistical sensitivity; minimize some
systematic uncertainties (e.g. JES)

Simulation: accurate detector modeling and state-

of-the-art theoretical knowledge (gluon
radiation, b-fragmentation, etc) required.

calorimeter jet

!

+ Data (8.7 fb™)
[ ] signal+Bkgd

| |Bkgd only

0 60

70

80 90 .100 110 120
m, (GeV/c?)
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‘ Mass Extraction Techniques: Template Methods I

- Identify kinematical variables strongly PRL 109, 152003 (2012)

correlated with m,. Compare data and 250 )
MC with different m, hypotheses. o * Data (8.7 fb)
« Example: reconstructed m, from 200 Signal+Bkgd
kinematic fit in lepton+jets channel. §150_ Bkgd only
i, fit i,meas\2 - fit romeas\2 =<
) - UE" —UE" @ Tagged
X°= Z (pT ZZ)T )_+_Z ( i - i ) E100 gg
i=l, jets 0; j=x,y 0; g
MMy (M= My)| (M=) (My,—m) “ 5o
Iy, Ty, I; I;
'POO 150 2290 25 300 350
Usually pick solution with lowest 2. g (Gevio
« Reduce JES systematic by using in-situ e 5 A R O

hadronic W mass in tt events: R S = Alog(l) =20

. . . 0.4 = o Alog(L) =45 -
simultaneous determination of m; and R -’ -
JES scaling factor from reconstructed m; ~ 02 .

O
and M, templates. e
< o . _
P 1 T N S N O M e ol N

| CDF Il Preliminary 8.7 fb”

0abdi b b b b i b daa il
1705 171 1715 172 1725 173 1735 174 1745 175 22
M, (GeV/c")



‘ Mass Extraction Techniques: Dynamic Methods I

Compute event-by-event probability as a function of m, making use of all reconstructed
objects in the events (integrate over unknowns). Maximize sensitivity by:

— summing over all permutations of jets and neutrino solutions
— allowing better measured events to contribute more.

Example: matrix element method
parton distribution functions

differential cross section (LO matrix element)

transfer function: mapping from

parton-level variables (y) to
reconstructed-level variables (x)

PRD 84, 032004 (2011)

E D@, 26707 _
signal signal signal background = | m, =176.0+1.3 GeV |
P P. P P E 1 .
sig : sig sig bkg |
ok e A— X S~ __ | T osf
m m m m 3
top top top top 0b—s—eal g
170 175 180
m, GeV

Also incorporate in-situ JES calibration.
23



I Tevatron Summary I

arXiv:1305.3929

m, = 173.20 £0.51(stat) £0.71(syst) GeV

X2/NDF = 8.5/11 (prob=67%)

Mass of the Top Quark
March 2013 (* preliminary)
CDF-I dilepton y 167.40 +11.41 (=10.30 = 4.90)
D@-| dilepton ¢ 168.40 +12.82 (=12.30 = 3.60)
CDF-Il dilepton B 170.56 +3.79 (:2.19 = 3.00)
D@-Il dilepton T 174004276 (:236- 1.44)
CDF-I lepton+jets ¢ 176.10 +7.36 (=5.10 = 5.30)
D@-I lepton+jets *T180.1045.31 (:390=350)
CDF-II lepton+jets | | 172.85+1.11 (=052=0.98)
D@-Il lepton+jets - 174.94 +1.49 (=083= 1.24)
CDF-I alljets 186?00 +11.51 (=10.00 = 5.70)
CDF-Il alljets n | 172.47 +2.07 (=143 = 1.49)
CDF-II track * 166.90 +9.46 (=9.00 = 2.90)
CDF-Il MET+Jets * I B 173.9521.85 (:135= 1.26)
Tevatron combination *  "* 173.20 +0.87 (0512 0.71)
¥ldof = 8.5/[: 1 IS(IG;‘;:S)II
I I I I
150 160 170 180 190 200
M, (GeV/c®)

0.5% overall precision! Statistical and
systematic uncertainties comparable.

Consistent measurement across decay

channels.

Mass of the Top Quark in Different Decay Channels

Lepton+jets

March 2013

Dilepton

(* preliminary)

173.18 +0.92 (+0.54+ 0.75)

171.02+2.06 (=1.72= 1.14)

Alljets

MET+Jets *

Tevatron
combination *

| | |

172.70+1.94 (=1.46+1.28)

|

|

|

173.76 1.79 (+1.30= 1.23)

173.20 =0.87 (+0.51+0.71)
(= stat = syst)

| | l |

168 169 170 171

172 173 174 175 176 177 178 179
M, (GeV/c?)
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‘ Tevatron Summary I

l In-situ JES 0.36 I m, = 173.20 £0.51(stat) £0.71(syst) GeV

Light-jet response (1) 0.16 X2/NDF = 8.5/11 (prob=67%)
Light-jet response (2) 0.15
Model of b jets 0.11 * 0.5% overall precision! Statistical and

systematic uncertainties comparable.

Response to b/g/g jets 0.09 : :
P ¥9)  Dominant systematics:

Out-of- ti 0.01 : .

— +  In-situ JES: scales like 1AL
Total JES 0.44 « Signal modeling
Signal model 0.52
Jet model 0.08 «  Prospects: D@ measurements being
Lepton model 0.05 updated to the full dataset:
Background data 0.13 * Increased statistics by x2 (dileptons),
Background MC 0.06 x3 (lepton+jets)
Multiple interactions 0.07 * Alljets measurement for first time.
Method calibration 0.06 *  Reduced systematics
Total systematic 0.71 o _
Statistical 0.51 . Tevqtrpn combination may reach ultimate

precision ~0.7-0.8 GeV.

Total 0.87

25



‘ LHC Summary I

July 2012 LHC Combination:

Latest results:

m, = 173.3 £0.5(stat) +1.3(syst) GeV
X2/NDF = 2.5/6 (prob=87%)

. Smtop

in-situ JES 0.38
rJES (CMS) 0.06
light-jet response (2) 0.07
model of b-jets 0.68 |
detector model 0.19
underlying event 0.47 I
radiation 0.69
color reconnection 0.55
MHI 0.25
lepton model 0.01
background data 0.16
background MC 0.01
method calibration 0.13
statistical 0.47 I
Total |.40

ATLAS-CONF-2012-095
CMS PAS TOP-12-001

ATLAS 2010, l+jets* |

ATLAS m ,, summary - May 2013, L =35 pb”- 4.7 fo " (*Preliminary)

Hets® - — 169.30 + 4.00 +£4.90
CONF-2011-033, Lm =35pb
;

ATLAS 2011, Hiets , —ri— 17453 +0.61+043 £297
Eur. Phys. J. C72 (2012) 2046, Lm =1.041b
ATLAS 2011, all jets*

S 201, al jets” 1 17490 +2.10 +3.80
CONF-2012-030, Lm| =205t
ATLAS 2011, dilepton ————1  175.20 + 1.60 £3.00
CONF-2012-082, LmI =471
ATLAS 2011, |+jets*

S 201, bjets’ 64— 172.31+ 023 + 027 + 0.67 +1.35
CONF-2013-046, LmI =471

matol N—

CMS Average Se 2012
1792 28 + ) 2R ‘ e stat. uncertainty
1 £3.30 V.00

stat. @ JSF @ bJSF uncertainty

revatron Average vay <019

177
179

I

N
LU

NMav 9012 total uncertainty

J ()_5‘17” 0. /777. ATLAS Pre“m'nary
| | | | | | | |

155

160 165 170 175 180 185 190 195
Myp [GEV]

LHC experiments are making fast progress and
starting to reach precision competitive with the
Tevatron.

Promising future owing to large available samples,
allowing for in-situ x-checks and reduction of
systematic uncertainties (e.g. via MC tuning).

Still, hard to imagine going below 0.5 GeV. 26




‘ What Top Quark Mass? I

What's really being measured is the top quark mass in whatever MC generator was
used to extract it. But different MCs include different radiative corrections!

Naively one expects it to be close to the pole mass.
It's important to know since there is a ~10 GeV shift between pole and MSbar mass!

40
a4
L] -
L

80,5 [~ LA B L B B I B BN B B | : LI L B ") v /T 1 ]
- [} 68% and 95% CL fit contours | my" Tevatron gverage = .
N w/o M,, and m, measurements 5 7
80.45 —  68%and 95% CL fit contours -]
L w/o M, m and M, measurements -
80.4 E M,y world average + 10 ki ;,
il |, /R B o
- 1 0
80.35 — "
N 1 & i
80.3 [ =
80.25 I~ s r
—";‘x L 1 1 1 1 l L 1 1 L I 1 L 1 1 7
150 150 . b 180 1% . 120 /122 124 126 128 130 132
m, [GeV] Mgy [GeV]

Tevatron average interpreted as MSbar mass o7



‘ A Partial Check I

« Compare measured tt cross section
o = 7.567 053 pb DO coll. arXiv:1105.5384

o = 7.50 7943 pb CDF coll. CDF-note-9913

to theoretical prediction (approx NNLO)
as a function of MSbar mass.

 Estimated MSbar mass:

mMS(m,) = 163.3 £ 2.7 GeV

translated to pole mass (conversion
known to 3-loops in QCD):

mP°® = 173.3 £ 2.8 GeV

=>» In good agreement with Tevatron
average for m/!

16

14

12

10

4 A A A 1 A A L A -1 -
140 145 150 155 160

arXiv:1207.0980

Tevatron
MSTW 2008 NNLO
B NLO

| — NNLOWM

165 170 175 180

m(m)

ABM11 \ JRO9 \ MSTWO08 | NN21

m, = 173.20 £ 0.51(stat) £ 0.71(syst) GeV | pot
X2/NDF = 8.5/11 (prob=67%)

=>» supports direct measurements close
to pole mass definition but comparison
only good to O(3 GeV).

7ny50n0

162023+

0.
0.
171.7 13415

1635755705

1733133103

16327535103

173.4 153103

+2.2 +0.8
164.4 —2.2 -0.2

1749733103

7
6
7
6
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W Boson Mass
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M,, [GeV]

‘ Motivation I

1000 FZ'Ghad‘RI’Rq(16) :II o - I’l e
Z pole asymmetries (10) ; 5 2 N +247
I et s . | A(LEP) |fiterl. 109*2
... s ~ < | T
300 m, (10) AI(SLD) —_— 40 +::
200 UNCONEEEEE 0 -7 o7 | S ——
@D Precision data (90%) Agé’ | —— 387f15:95
1003 3 : M, — 60:5;5
50 k
20 | LHC average “- 125.7 + 0.4
2008 | L PRSI | . b0l
| 6 10 20 102102  10°
bie''s 4 s 00 0ad vy M jvadi B e g it awsl v} Bihn \
10 145 150 155 160 165 170 175 180 185 I\,IH [GeV]

m, [GeV]

« Most sensitivity to M, comes from M,,, and sin?6 (via Z-pole asymmetries).
* For equal contribution to the Higgs mass uncertainty need: AM,,=0.006Am,
« Latest Tevatron combination: Am~0.9 GeV =» would need AM,,~5 MeV!
« Before Run Il had: AM,,~30 MeV (driven by LEP2 measurements).

=» Given current precision on m,, progress on AM,, would have the biggest impact on
precision EW fit.
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‘ Measurement: Basic Strategy I

In principle just need to:
* measure:
» charged lepton
* hadronic recoil

*  build from MC templates of sensitive
kinematic variables:

« W transverse mass
* lepton p;
* missing pr
« perform a binned likelihood fit to data
as a function of M,

d . 0000000°%

Y

q LA

qqg dominates (80%) v

e

O(50 GeV)

Er

Underlying
Event

Ha;_l—r«_mic Hﬂc;_'«_)il 0(5 GeV) 31




‘ Measurement: Basic Strategy I

s 0.08
In practice need to : § E o o |
o omf
measure: s - Black: Generator level
 0.06—
. . § E . :
« charged lepton to 0.01% precision & oosE- :pr" smearing
had . i <1 - § ) Red: Detector resolution
adronic recoill to b precision 2 oo smearing
understand in great detail energy flow in event, 2 onf
driven by multiple physics and instrumental 0.02E-
effects that affect each other 2oif.
employ state-of-art theoretical predictions 0,093 D W W o St
. 5 30 35 40 45 . 50
for W boson production and decay, p; (GeV)

including radiative effects O(50 GeV)

develop a parameterized fast MC
implementing all relevant effects
build from MC templates of sensitive
kinematic variables:

« W transverse mass Electron shower
- lepton p; leakage O(50 MeV)

| 0(100 MeV)
N In-cone FSR

N

Energy under the electron cone

Underlying event

\ O(200 MeV)

/

* missing pr 2 ! o |
perform a binned likelihood fit to data = y ol Recoil
. 5 /
as a function of M, 3 L_, T
Zero Bias

Hard Recoil O(5 GeV)
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‘ Measurement: Different Tactics I

« CDF and DY employ different tactics, especially in terms of fast MC simulation and
calibration, capitalizing on the strengths of their detectors.

END WALL
HADRON
CAL.

i
1.0 — N .. 2
5 g
5 5
g 3
.~ TR 9
0.5 — s 4T 2 af
I - =)
o = = = 3.0
. = &
- T T e b = - 3a
o I-IllII|I\II|IIII|IIII|I\\I|I
\w; 2.0 25 30 m
sSvX 1 INTERMEDIATE
5 LAYERS SILICON LAYERS

« Central tracking provides very good lepton
momentum measurement

*  Muon Ap;/p~3.2% at p;=45 GeV
» Detailed tracker model
 Focus on momentum scale calibration
* Using J/¥->uu, Y=2uu, Z2uu

 Use E/p peak from W->ev to calibrate EM
calorimeter

=>» Measurement on W->ev and W->uv events

events / 0.5 GeV

2-0.001

CDF Il

JL dt = 2.2 fb™

L 1 1 | 1

-0.0015— +

o— J/y—-up data (stat. only)

up data (stat. only)

combined A p/p (stat. © syst.) for W—-puv events

1 | 1 1 1

-0.002; 0.2 ! 0.4 0.6
<1lp:> (GeV")
CDFII ILdtez.Zfb"
{7
4000~ = (91180 12,,,) MeV , | ® Data
- 1 — Simulation
i x2Idof = 30 / 30 ‘
T M(up) 11
i W
M'..TF“. hd P L ‘M =
% 80 90 100 110

m,, (GeV)



‘ Measurement: Different Tactics I

« CDF and DY employ different tactics, especially in terms of fast MC simulation and
calibration, capitalizing on the strengths of their detectors.

Muon ? en&ral Calorimeter TMuon
N Tracking Tigger
Toroid [ System /[ Detectors )\ | e, SOUTH

1
S

0 meters 5

 EM calorimeter provides very good electron
energy measurement

* Muon AE/E~3.3% at E;=45 GeV
 Detailed calorimeter, E-flow model
« Focus on calorimeter energy scale calibration
« Using Z—>ee
= Measurement on W->ev events

REM(Etrue) =a- (Etrue - E‘true) + ﬁ + Etrue

—~ 03
% ' DO Run I, 4.3 b
0] I
= 0.225
s
& 0.15-
(@) [
C L<0.72
0.075 0.72<L<1.4
C 1.4<L<2.2
-L>2‘21 | TV W W W (N VNN AN W W SN W N W Y
0101 102 103 1S04 | 1.05
cale, o
E 18007 2 Do, 2.3 o Data
a —FAST MC
0 1500? ™ y2ldof = 153.3/1160
%' 1200 '
S g00f
m -
600:—
3000
> E(bf n I N | } o
20 itttk
0 i@r‘“'r‘ﬂf*“"wﬁ“y'”ﬁl“f”*”‘w‘w m}mm«ﬂm,W,mwmw,p

M, =91.193 £ 0.017 (stat) GeV

70 75 80 85 90 95 100 105 110

mg. (GeV)



‘ Systematic Uncertainties I

Breakdown of systematic uncertainties for m; measurement:

Source

CDF mr(p,v)

CDF mr(e,v)

D@ mr(e,v)

Experimental — Statistical power of the calibration sa

mple.

Lepton Energy Scale 7 10 16

Lepton Energy Resolution 1 4 2

Lepton Energy Non-Linearity 4

Lepton Energy Loss 4
Recoil Energy Scale 5 5
Recoil Energy Resolution 7 7
Lepton Removal 2 3

Recoil Model 5

Efficiency Model 1

Background 3 4 2

W production and decay model — Not statistically driven.

PDF 10 10 11

QED 4 4 7

Boson pr 3 3 2

W statistics 12 13

2.2 b 5.3 fb-!
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Events/0.5 GeV

‘ DO Results I

35000

a
3000000 AUN 11, 4.3 f o, OATA
25000 - : — FASTMC
-W->:\'
. \ N zZ->ee
15000 .
«Elt Begion N MJ
10000 ! z2/dof = 37.449 "-LHH
5000, .
%o . HI .. T ————
60 70 80 90 100
m,, GeV
4
T E__D.Q_Brn.l!, a3
2E
1-' T | 4| i
of L]
ok i . f. A2 L -
3f J{
ﬁ i A i 1 A A i i 1 A i A A 1 i 1 i | i A 1
60 70 80 90 1
ol

Evenls' 0.5 GeV

PRL 108, 151804 (2012)

= -1
60000 ;_DO Runll, 4.3 fb DATA
50000 F- ;ﬁﬁ ’ — FASTMC
= - B W
= LLLLH P Z-see
30000 - Fit Ragion 1 W
20000 Y/dof = 26.7/31
10000 =
g— i _h:*.h‘“ﬂ e ——
S 30 35 40 45 50 55 p?‘ Ge@
~ ‘ - 1
3 E_QQ.BIH.UJ@.ID‘. .............................................................................................
2F -
S |
0 z 1 -
-1 ;
-2 ?:‘t ...............................................................................................................
-3 5 |
15 30 35 40 45 50 55 pe‘ Gew

Method (4.3 fb~ 1)

Mw (MeV)

mr(e,v)

80371 + 13(stat)

rr(€)

80343 £ 14(stat)

-.1-/47'7"(6_)7 ’/)

80355 &£ 15(stat)

Combination m7 & pr (4.3 fh_l)

80367 £ 26(syst + stat)

Combination (5.3 fb~ ')

80375 + 23(syst + stat)
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events / 0.5 GeV

15000—

10000

5000

‘ CDF Results I

CDF Il _[L dt= 2.2 fb"

M,, = (80379 + 16_,_) MeV

stat

y2Idof = 58 / 48

N | " i 1 1 1 L
%o 70 80 90 100

my(uv) (GeV)

events / 0.5 GeV

PRL 108, 151803 (2012)

CDF Il JL dt = 2.2 fb™!

10000

5000

M,, = (80408 + 19_,_) MeV

stat

y2Idof = 52/ 48

%o e e T 100
my(ev) (GeV)

Method (2.2 fb~ ") Mw (MeV) Method (2.2 fb~ ") Mw (MeV)
mr (g, v) 80379 + 16(stat) mr(e,v) 80408 + 19(stat)
pr () 80348 + 18(stat) pr(e) 80393 + 21(stat)
Er(p,v) 80406 =+ 22(stat) FEr(e,v) 80431 +£ 25(stat)

Combination (2.2 fb= ')

80387 + 19 MeV (syst + stat)

Best single measurement! 37




‘ New World Average I

arXiv:1204.0042

arXiv:1302.3415

LEP W-Boson Mass

+°/DoF = 48.9/41

ALEPH —— 80.440 = 0.051
DELPH * 80.336 = 0.067
L3 —— 80.270 = 0.055
OPAL =—-— 80.415 + 0.052
LEP -o- 80.376 = 0.033
| 1 1 1 1 1 I 1 1 I 1 1 1 1 I
80.0 80.2 804 806 808 81.0
M, [GeV]

Mass of the W Boson

— LEI

Measurement M, [MeV]

CDF 1988-1995 (107 pb™) -——l——o—' 80432+ 79
DO 1992-1995 (95 pb™) o 80478 + 83
CDF 2002-2007 (2.2 fb™) -C—° 80387 + 19
DO 2002-2009 (1.0+4.3 fb") »—0:—- 80376 + 23
Tevatron 2012 &« 80387 + 16

—e— 80376 + 33
World Average .0- 80385+ 15

!
80200 80400 80600
My [MeV]

World average dominated by Tevatron combination.
PDF uncertainties are now the main limitation.
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M,, [GeV]

‘ Constraints on the Higgs Boson Mass I

arXiv:1209.2716

80-5 | T T T T I T T T T I T T T T | T . T ] T I T T l"') I T T T T H f‘l>< 5 :I LI | L | LI LI L | LI | LI L B | LI I:
- :ﬁ? and 95% CL fit contours | | my" Tevatron average % 1 Y 45E [smit fitter]. )t
r M,, and m, measurements 5 7 W E 4

80.45 - 68% and 95% CL fit contours . ’ ] 4 E_SMﬂtW/o Wmeasurement ----------------------------------------- —E 2
L w/o M,,, m and M,, measurements . £ - ATLAS measurement [arXiv:1207.7214] =
80.4 - M, world average + 16 . 3.5 E_ =l- CMS measurement [arXiv:1207.7235] _E
. o 3 3 ya
= - 25 -
80.35 — —] c =
B - 2F —
80.3 — ] 15 QDS ; =
| -] E MH - 94 22 Gev E

B ] L il bl | S —To
80.25 |— : — = =
- , el elftter.f | *°F ]
_";‘ L1 [ T B | —‘]" R Aall N PRI A TR TR T N A S S N N 0 Eooav o v by v v v vy L 1 I

140 150 160 170 180 190 200 60 70 80 90 100 110 120 130 140

m, [GeV] M, [GeV]

« Good consistency between direct and indirect measurements of M,, and m, (w/ and w/o
direct M,; measurement).

« Indirect M, determination consistent (1.30) with direct measurement at LHC (taken to
be M;=125.7£0.4 GeV).
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M,, [GeV]

‘ Constraints on the Higgs Boson Mass I

arXiv:1209.2716

80.45

80.4

M,, world average + 1c

Il 68% and 95% CL fit contours

w/o M,, and m, measurements

68% and 95% CL fit contours
w/o M,,, m and M,, measurements

{ | mkin Tevatron average =

LI IIII'J' I T T T

N \
I\III|I‘.III

80.35

80.3

80.25

LA

160 170

Indirect measurement

=80.3593 1(0 0056(m )\+O 0026(M ,) =0 0018(Aah )

=80.359

180 190
m, [GeV]

200

-9~ M, woNld average [arXiv:1204.0042]

III‘IIIIlIIIIlIIII|IIII:IIII|IIII|IIII

[ Jsm tw{o M,, measurement

l
SM flf w/o M,, and M, measurements
H

— SM fiflwith minimal input

. I

.
-~
oy
-

+O 0017((1 )=0.0002(M , )-.f() OO40(theo)\GeV

BeV

-— o -

0
80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 804

M, [GeV]

Good consistency between direct and indirect measurements of M, and m, (w/ and w/o
direct M,; measurement).

Conversely, the test can be “turned around” and use electroweak fit, together with
direct M; measurement, to determine M,,

Direct measurement:

M, =80.385 eV

Desirable to further improve it!
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‘ Future Prospects I

Main improvements expected:

« Use of full 10 fb-' dataset (so far 2.2 fb-!
used by CDF and 5.3 fb-! used by D).

 Reduction of PDF uncertainties:

* include in PDF fits measurements
at Tevatron and LHC that can
constrain PDF uncertainties:

W charge asymmetry, Z rapidity,...

« extend n coverage to end-cap
calorimeters (DQ): sensitivity to
PDF uncertainties introduced
through n acceptance cuts.

 Will also reduce correlation on
PDF uncertainty between CDF
and DQ.

New full dataset results coming soon!

W Charge Asymmetry

W Charge Asymmetry

Asymmetry
T

e
N
T

PRL 101, 211801 (2008)

D@, L=0.75 fb'
L ES>25 GeV
0.2 E'>25 GeV
B —— CTEQ6.6 central value
04 __ ----- MRST04NLO central value
I CTEQ6.6 uncertainty band
-0.6—....|....|....|....|....|...l.|
0 0.5 1 1.5 2 2.5
el
PRL 102, 181801 (2009)
0.8'_ T T T T —]
= — CDF 1 fb' data(stat. + syst.) ]
0.7 NLO Prediction(CTEQ6.1M) E
0.6/ (] PDF uncertainty(CTEQ6.1M) —
0.5 —
0.4} ]
0.3 -
0.2 —
0.1} E
- =
0.8F 1 L = 1 1 T s
F . CDF 1 fb™ data(stat. + syst.) 1
0-7__ NNLO Prediction(MRST2006NNLO) E
0.6 | PDF uncertainty(MRST2006NNLO)
0.5 —
0.4 =
0.3 -
0.2~ =
0.1F
% 05 1 15 2 25
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‘ Future Prospects I

Main improvements expected:

« Use of full 10 fb-" dataset (so far 2.2 fb-" 80.60
used by CDF and 5.3 fb-! used by D).

 Reduction of PDF uncertainties:
* include in PDF fits measurements

at Tevatron and LHC that can 20,50
constrain PDF uncertainties: <
W charge asymmetry, Z rapidity,... 3
2

« extend n coverage to end-cap = 0.4

calorimeters (DQ): sensitivity to
PDF uncertainties introduced
through n acceptance cuts.

*  Will also reduce correlation on

PDF uncertainty between CDF  gp30
and Dd.

Projected M, uncertainty:
- CDF:10 MeV
« D@: 15 MeV

. Combination: <10 MeV/

] T T T l T T T I T T T I T T T I T T T ] T

-

experimental errors 68% CL.:

LEP2/Tevatron: today

= LEP2/Tevatron/LHC: future (AM,=7 MeV, |

: Am=0.5 GeV) M, =123 .. 127 GeV, —

MSSM

|_SMIM, =127 GeV MSSM, M, = 123..127 GeV

SM, MSSM ki |
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12

-

- -

| I | | 1 | | | | I | | | I | | | I | | | | 1 |

168 170 172 174 176 178
m, [GeV]
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‘ Summary and Outlook I

Latest Tevatron results based on full Run i
dataset in most search channels.

Tevatron has achieved SM sensitivity over most
of the accessible mass range.

Excess in 115<m ;<140 GeV region with local
p-value at m ;=125 GeV corresponding to 3.00
significance. So far emerging picture consistent
with discovered boson at the LHC.

Early results on Higgs couplings and spin/parity
are consistent with a SM Higgs boson. Tevatron
combination on spin/parity tests upcoming.

Exciting prospects for precise measurements of
m, and M,y at the Tevatron, which will be key to
capitalizing on precision measurement in the
Higgs sector.

Stay tuned!

M,, [GeV]

-
o

—— Observed .
..... Expe;’ed wio Higgs Tevatron Run I, L, < 10.0 fb !
[ I 11 s.d. Expected SM Higgs Combination

| | +2s.d. Expected ) Preliminary
----- Expected if m, ;=125 GeV/c

95% CL Limit/SM

T T T T T T T T T T T T T

100 120 140 160 180

200

m,, (GeV/c?)

80.60 ] T T T l T T T I T T T l T T T I T T T l T
" experimental errors 68% CL:
LEP2/Tevatron: today

Am=0.5 GeV _
80.50 — t ) M, =123 .. 127 GeV,

80.40

80.30 |- SMIM,, = 127 GeV MSSM, M, = 123..127 GeV

SM, MSSM &

—I | 1 1 1 | 11 PR 11 | I | 1 1 1 |

| === | EP2/Tevatron/LHC: future (AM,,=7 MeV, |

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '12 ]

168 170 172 174 176 178

m, [GeV] 43
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‘ The Tevatron I

» Proton-antiproton collider at Vs=1.96 TeV Tevatron
 Tevatron accelerator: 6.5 km circumference

» Two general-purpose experiments: CDF and D@

« 10-year long Run Il ended Sept. 30, 2011

« Total integrated luminosity delivered in Run Il:
~12 b1 (per experiment)

12,000
11,000
10,000
9,000
8,000
7,000
6,000
5,000
4,000

3,000
2,000 /
1,000 /

0

-—

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Imegrated Luminosity (1/pb)

m Fiscal Year 11 o Fiscal Year 10 a Fiscal Year 09 «+ Fiscal Year 08 = Fiscal Year 07
v Flscal Year 06 « Fiscal Year 05 » Fiscal Year 04 » Fiscal vear 03 « Fiscal Year 02
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‘ CDF and D@ Detectors I

Multipurpose detectors:

« Central tracking system embedded * Include multi-level trigger systems to
in a solenoidal magnetic field: efficiently select events with topologies
« Silicon vertex detector of interest.
« Tracking chamber (CDF) _ -
Fiber tracker (DQ) « Data taking efficiency: ~90%.
«  Preshowers « Recorded up to 10 fb™! in Run Il.

* Electromagnetic and hadronic

calorimeters All main search channels used full dataset
* Muon system
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SM Higgs Production at Hadron Colliders

g q/ Wiz g q 8 t
-- H -- - H
g q H q q 8 r
U Tevatron (pp @ 1.96 TeV) LHC (pp @7 TeV)
10 g | T T T T T T T T T r T — T T T s
: o(pp — H +X) [pb] - = 13
/5 = 1.96 TeV 2 \Ns=7TeV 72
MSTW2008 =10 Ef
1L ss—H m =173.1 GeV + 33
F I -
T —
Q@—-WH g 1 —g
0.1k qq—Z H ._..-.:: ................. i © -
- qq—qqH ““h“::::.::::"'.:"!x.\:: ............. 3 :
AT .‘.::::—:{{E?:H:it?‘.'“\w 10-1 E_ —E
101 | _ - -
E pp—ttH B
102k
001 | | | | | | | | - | 1 1 1 1 1 1 1 1
114 120 130 140 150 160 170 180 190 200 100 200 300 400 500 1000
My [GeV] M,, [GeV]



‘ SM Higgs Decay Modes I

m_ =135 GeV
n 1c 5—#‘, < Y —T3: my<135 GeV: H>bb dominates
g o bb,’ o —— ‘AR’ I = §
© N f K/ \ 1z
> - b — & m,;>135 GeV: H>W*W- dominates
" — - J S - 5
T CA g
‘% 10-(‘ tt /89 L ]
A P 5
@ " — Main mode
i ] Supporting mode
107/ [\ LHC

DA

|
|
|
]

-~

17 |
_..(\ -‘1
100 200 300 500 100C
M, [GeV]

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

T
el

Tevatron

|

1073
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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

-
o
=

(7]

III

(pb)
(=]

T

N

—-—h
o
IIIII[

Cross Sectlon

-k
o

T TTTIT

- —=— DO Run |l * Instrumental backgrounds: measured
(=" ) ECDF 2un i directly from data
= om ETheory *  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

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

( \ Diboson production
1
\j_/ * Double and single top quark production

T
\

W Z Wy Zy WW t WzZ t ZZH-WW

m, = 165 GeV

Experiments have established a solid foundation to search for the
Higgs boson through precise measurements of SM processes. 49



‘ Searching for H>bb I

Highest sensitivity channel at the Tevatron for m;<130 GeV. P b T

|dentify events consistent with leptonic W/Z decays in
association with jets. Require b-tagging to significantly
improve the S/B ratio.

Main backgrounds: W+jets, tt

b

II—>

* Most important discriminant variable: dijet mass.
A8 Voh)e2ets L 0 Voh2jes, 1 brlag SARHEa LA
% 13;— D@ Runll, prenminaryl ;mﬁet % : D@ Runll, Preliminary'1 ; mﬁet N D@ Runll, P[ell-rr;il;afrg] .M: -
8 16;— le=7.5 fb. Vsl g 75_ Lint=7'5 fb Valf int” Valf
~ b DAY oL DAY W Vaht
o F o T
s f Top : Top o
1% mw o 5 mw mw
W yor . (] VH (x500) i [CJVH (x100) (CJVH (x50)
- . £l =
: % Before b-tagging|  * ; § =1 b-tag >2 b-tags
- o I
% 50 100 150 200 250 300 § 50 100 150 200 250 300 S 10 150 200 250 300
Dijet mass, GeV/c Di-jet mass, GeV/c? Di-jet mass, GeV/c
S:B ~ 1:4000 S:B ~1:400 S:B~1:75



‘ Searching for H>bb I

« Highest sensitivity channel at the Tevatron for m;<130 GeV. 7T

» Identify events consistent with leptonic W/Z decays in
association with jets. Require b-tagging to significantly
improve the S/B ratio.

- Main backgrounds: W+jets, tt .
* Most important discriminant variable: dijet mass.

* Improve sensitivity via sophisticated multivariate techniques.

See talk by XXX

 Validate search strategy by measuring WZ/ZZ (Z->bb).

CDF Run Il Preliminary 9.45/fb

5 [ o arXiv:1303.6346
= =200 | —_ E Z+If —
£ Z+ N I~ 5
Dok t ZH=>llbb | ;,;;’,:’ e Tevatron Run II, L <10 fo™
3 t zz vgool 1+2 b-Tagged Jets
100 + wzZ O L
s0 —++ + :v:v7 < B
b, - Cza (lzn;xsn %600 __ _+_ Data = Bkgd
00 ZH (01.20 GeV) Discriminant1 % E - WZ
<0.5 2 400 [ zz
g L - Higgs Signal
tt expert network g C m,=125 GeV/c?
output - 200
<0.5 N
505 0 025 05 075 | 0F
Final Discriminant C
If+charmexpert Coowa i o s o L i fyaailaiailsrseliiiilidiii
0 50 100 150 200 250 300 350 400

network output <05

Dijet Mass (GeV/c?)
>0.5

>0.5 diboson Zﬁ::ttnetwork [ Gmeas(vz) = (07 + 02) Og\ 1 51




‘ Summary of H>bb Results I

95% CL Limits at my = 125 GeV CDF WH- vbb (9.4 fb™!)
Channel Exp/obs Limit | o 10°F —e— Observed limit
( /SM ) C [ - Median expected

) ~ £ - Median expected +10
WH-Ivbb (9.4 fb1) 2.8/4.9 : i Median expected +20
ZH>vvbb (9.4 fb!) 3.3/3.1 e 0E

i ZH->I*I'bb (9.4 fb") 3.6/7.2 > -
WH-=>Ivbb (9.7 fb1) 4.7/5.2 N

* 7 h -1 ;
ZH->vvbb (9.5 fb) 3.9/4.3 ! - Standard model
+__ _ —llIlllllllllIllllllllllllllllllllll
L[| £H=>1"Tbb (97 fb1) 5.1/7.1 90 100 110 120 130 140 150

| VHVBFjibb (9.4 o) | 11.0/9.0 Higes mass [GeV/e’]

'- ttH-> 1 +jets (9.4 fb-") 12.4/17.6

. « Limits from individual VH, H>bb channels
|| ttH->jets (5.7 fb") 26.2/36.2 at ~2-3xSM at m_=125 GeV and quickly
degrading towards high mass.

* Important to consider additional channels
with different mass dependence.
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‘ 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, Wy

« 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 £, cut After [ cut

= 10°F ‘eData ' ® 220F
@ S 220 .
S 10° DQ 9 7 fb ee Englg_gta; 2 200- 0S Base (0 Jet, Ew:]ets
% 107 I:IDitlwoson S 180k high S/B Leptons ) WY
=] 6 w 2%E M, =165 GeV It
S 10 EW-+jets 5160F. mWz/zZ
4 - DMuItljet 2 160
T 10 w 140F []DY
10° -bkg syst. 120F [ JWW
10° = + —HWW x 10
102 100:_ - Data
80
10 60
1 -
‘s
102 =
0O 20 40 60 80 100120140160180200 0 Lol ol e 53
0 05 1 15 2 25 3 35 4 45 5

M... (GeV) ' ) Ao(ll) [rad]



‘ Searching for H>WW-=>Ivlv I

To increase the sensitivity:

Events/0.10

Consider all signal production modes.

Categorize events in channels with different
S:B (by jet multiplicity, lepton flavor/quality, etc)

and combine at the end.

Build multivariate discriminants against:

o ZN*>1I"I ((DQ): increase signal
acceptance in event selection.

« Remaining background: final discriminant.

10° a7 ! e 4

107
10°g.
10°
104
103
10?2

-1 -0.6 -0.2 0.2

—— ——
DO, 9.7 b, ee + E;

—Signal
CIZ+jets
CODiboson
EW+jets
[OMultijet

-bkg syst.

0.6 1

0-jet DY-BDT

Events/0.30

frrrrrrrrr T
1800 D@, 9.7 fb™', Il + E;

1600
1400
1200
1000
800
600
400
200

Signal composition

999

Mgg—H

I WH
ZH

| jet

[]
g VBF

22 jets

Background composition

ww
Drell Yan
tt

fakes

other

IIIIIIIlI

NS

B,

o

eData'

—Signalx20
CJZ+jets
[CODiboson
EW+jets
[JMultijet

-bkg syst.

15 1 05 54
log ; 0(s/b)



‘ Searching for H>WW=Ivlv I

1 141 1 . w |||||||||||||||||||||||| [TTIT [T rrrT
To mcreef\se the s.ensmwty. | 2 'S g . 7 fb‘ " i ET ]
» Consider all signal production modes. :>j 4001 _4— Data - Bkgd —

- [ Signal (WW) ]
300~ — *1 s.d. on Bkgd _

» Categorize events in channels with different
S:B (by jet multiplicity, lepton flavor/quality, etc)

and combine at the end. 200:

* Build multivariate discriminants against: 100}
o ZW*>I* (DY): increase signal 0f
acceptance in event selection. L

* Remaining background: final discriminant.

DD, 9.7 fb, Il + E;

* Include searches for same-sign dilepton and
trilepton final states. Sww —0—13.3+ 1.1 (stat) £ 1.1 (syst)

B ~ 11.1+ 0.6 (stat) = 0.6 (syst)
—f— 11.5 £ 0.9 (stat) + 0.7 (syst)

GH
geombined L 11,6+ 0.4 (stat) + 0.6 (syst)

Ww
ww
Validate search strategy by measuring WW-=Ivlv.
o2 o 11.3+0.7

Campbell and Ellis, PRD 60, 113006 (1 999)
I 1 1 1 1 l 1 1 1 1 I 1 L

5 10 15 20 25 30 55
Cross Section (pb)
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‘ Low Mass Results from H>WW, tt,yy I

95% CL Limits at m, = 125 GeV

Channel Exp/obs Limit
(o/SM)
H>WW->Ivlv (9.7 fb) 3.2/3.3
H>WW->Ivlv (9.7 fb 1) 3.4/4 1
H+X->tt+jets (8.3 fbT) 14.8/11.7
H+X->tjj (9.7 fb) 9.0/11.3
VH->tl(l) (6.2 fb1) 23.3/26.5
VH->7ttu (8.6 fb') 13.0/19.4
H->vy (10.0 fb1) 11.7/20.5
H->vy (9.7 fb1) 8.5/12.7

95% CL Limit/SM

L LI B B ) I L B B I LI B B ) I LI B B [ 1T I 1T I llllllllllll -
[ - mmEm Expected :
i = (Observed
. Expected +1 s.d.
i Exepcted +2 s.d.
10
1

110 120 130 140 150 160 170 180 190 200
m,, (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 56
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‘ Combined Limits on SM Higgs Production I

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

H =YY
VH—Vbb

140

Assumes SM prediction for ratio of
production cross sections and
branching ratios.

More than 200 different sources of
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%.
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95% CL Limit/SM
o

‘ CDF and DY Individual Results I

arXiv:1301.6668 arXiv:1303.0823
! | ! ! ! | ! ! ' ! ! ! | ! ! ! | ! ! !
----- Expected if no Higgs ==:=  Expected if m =125 GeV/c? bﬁ . DO, Lint <9.7 qu — Qbserved
- Ob d . i s mmmm: i
- serve 1 % SM Higgs Combination EE= o Higgs
: ] Expected +1 s.d. © 10 & : — — Expected w/M =125 GeV
) c [
, Expected +2 s.d. o = |:] Expected +1 s.d.
b
: £ i [ ] Expected +2 s.d.
“o“ ~ J =
- J A
.;-l""“ e, ‘e 0
e -~ -
d .
o 1

L | - - - | - - - l - —~ - | - - ~ I L L L 1 l 1 1 | 1 L l 1 1 [ 1 1 I 1
100 120 140 160 180 200 100 120 140 160 180

2 200
my (GeV/c?) M, (GeV)
Observed 95% CL exclusion: Observed 95% CL exclusion:
90 < my< 102 GeV, 152 < m,, < 172 GeV 90 <my< 101 GeV, 157 <m,; < 178 GeV
At my, =125 GeV: At my, =125 GeV:
Exp. limit: 1.5 x SM Exp. limit: 1.7 x SM
Obs. limit: 2.9 x SM Obs. limit: 2.9 x SM
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95% CL Limit/SM

‘ Results by Channel I

Tevatron Run Il Preliminary H-=WW, L < 10 fo™

-
o
I

3
=3
‘e

3
L2958
-
-
-
-
.
-
. .
‘.
.
-
-
‘e
5
-
-

T T LR PO B T
= Observed

----- Expected w/o Higgs

----- Expected if m ;=125 GeV/c? ]
[ +1 s.d. Expected ]
[ ] =+2s.d. Expected

-

‘e,
5,

- ]

-
L2
-
~a

| | | |

— — e n — — L — s o | —
110 120 130 140 150 160 170 180 190 200

m, (GeV/cz)

H->t*t" and H>vy:

Expected sensitivity at m;~125 GeV of ~6-7xSM.
No significant excess.

H->WW:

Expected sensitivity at m~125 GeV of ~2.1xSM.
Very broad excess, consistent with both B-only and S+B hypotheses (m, =125 GeV).
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95% C.L. Limit/SM

-
(@)

=L
(@)
N

Results by Channel

1

2
10
Tevatron Run I, L, , <10 fo! ---- Expected w/o Higgs 5 . Tevatron Run I, L, , <10 fo! ---- Expected w/o Higgs
SM H—t*t” combination — Observed E - SM H—syy combination — Observed
I Expected + 1 s.d. — I I Expected = 1 s.d.
H>t't | Expected £ 2 s.d. S H%yy .| Expected £ 2 s.d.
2
L0
@ 10 E

SM=1

1

SM=1

100 105 110 115 120 125

1 L L1 PR MR PRI B
130 135 140 145 150 100 105
m,, (GeV/c?)

H->t*t" and H>vy:

Expected sensitivity at m ~125 GeV of ~6-7xSM.
No significant excess.

P TR TR TR TR P PR P A B R R
110 115 120 125 130 135 140 145 150
m,, (GeV/c?)
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95% CL Limit/SM

-
o

PSSR SR SN SN T ST NN ST SO SN S AN SN ST ST S AN T SN S SN [T T SN TN S NN S TN TN S TSN ST S S AN ST S S PRI ST S IS ST SN T S NSNS ST ST T SO S ST SR NN ST ST S S ST SR ST S
110 120 130 140 150 160 170 180 190 200 90 100 110 120 130 140 150

‘ Results by Channel I

Tevatron Run Il Preliminary H>WW, L < 10 fb™ Tevatron Run Il Preliminary H—bb, L < 10 fb

T I T I LI B R I LI B B I T 1. 17T I LI B B | I T I T 1 I T 1 1.1 T T T | T T T T | T T | T T I T T I T T T T
= Observed % = Observed
..... Expegeg yfv/o Hi?gg cev/? E -+=+=  Expected w/o Higgs
- e xpected if m = eV/c -
3 [ | Z.d. ExpecFed 1 35 10 e Expected if m_ ;=125 GeV/c?
[ ] =+2s.d. Expected El) [ Expected +1 s.d.
Expected +2 s.d.
H>W*W- N N
S H>bb

m,, (GeV/c?) m,, (GeV/c?)

H->t*t" and H>vy:
« Expected sensitivity at my~125 GeV of ~6-7xSM.

* No significant excess.

H->WW:

« Expected sensitivity at my~125 GeV of ~2.1xSM.

« Very broad excess, consistent with both B-only and S+B hypotheses (m,=125 GeV).
H->bb:

« Expected sensitivity at m~125 GeV of ~1.4xSM.

« Broad excess, somewhat above S+B hypothesis (m,;=125 GeV). 61



‘ Probing Higgs Boson Couplings I

Several production and decay mechanisms contribute to signal rates per channel
=>» interpretation is difficult

A better option: measure deviations of couplings from the SM prediction (arXiv:1209.0040).
Basic assumptions:

« there is only one underlying state at m;~125 GeV,
* it has negligible width,

it is a CP-even scalar (only allow for modification of coupling strengths, leaving the
Lorentz structure of the interaction untouched).

Additional assumption made in this study:
* no additional invisible or undetected Higgs decay modes.

Under these assumptions all production cross sections and branching ratios can be

expressed in terms of a few common multiplicative factors to the SM Higgs couplings.
Examples:

2.2
gKW
KH

o(gg = H)BR(H —-WW)=0,,(¢¢g = H)BR,,(H—WW)

o(WH)BR(H — bb) = o, (WH)BR.,, (H — bb)~ Wf
KH
K,=f(K,.K,,M,)

KH=f'(Kt’Kb’K‘5’KW’KZ’MH) 62



‘ Probing Higgs Boson Couplings I

Benchmark I:
« Assume all fermion couplings are scaled by a common free parameter (k).
« Measure the parameters k,, and k, independently.
* Probe SU(2), custodial symmetry by measuring the ratio A,,=x\/k5.

3: Tevatron Run II, L_ < 10 fb’ .
| e Local maxima A SM D [ ----- Best Fit Tevatron Run I, L_<10fb
L P int
| [l 68% C.L. [ Jos%c.L. g 15-Mles%CL.
2+ K; floating = : [195% CL. Kt floating
: = [ — SM=n/4
I S 1
o]
- o -
1+ a i
_ 5
: g 05
o 2 [
! o L
1 i 0O 05 1 15
o 0
-1 wWZ
_ 0,, =tan" (1/A,,)
_2 | | | | .| I L1 11 I L1 11 I | | 234
0 05 1 15 2 25 Ay, =1.24750

K
w
Measurements consistent with the SM prediction
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‘ Probing Higgs Boson Couplings I

e Benchmark ll:

» Consider two independent multiplicative factors: common to all couplings to vector
bosons (k) and common to all couplings to fermions (x;). Assume A,,=1.

« Measure k;and x,, simultaneously.

~ 6l Tevatron Run I, L_ <10 fb”
e |ocal maxima A SM
B 68% C.L. [ ]os% c.L. % r Tevatron Run I, L <10 fo! .-..- Local maxima
4+ § 0.4 Bl 68% C.L.
[ Az =1 5 N [195%C.L.
i '5 03 —x.=1
2_— *g ' Kw=Kz
L (o L
i 02
0F C
I 01F
2T : /\¥
L 0 L 1 ! |
i -5 0 5
AL K;
1 1 1 1 I | 1 1 1 I | | | | | 1 1 1 |
0 0.5 1 1.5 2

Ky
Measurements consistent with the SM prediction 64



‘ What Top Quark Mass? I

« Parameters of Lagrangian have no unique physical interpretation.
Radiative corrections require definition of renormalization scheme.

Ex. Heavy-quark self-energy:

) A () _ 1
= Y #—mq — S(p,my)
 Pole Mass:  MSbar Mass:
« Based on (unphysical) concept of « Based on 1-loop minimal subtraction
top quark being a free parton. |
.. ) S5 (1) _ , %3(* 1_, In4
« Coincides with pole of propagator mg ' = mq —3CF | - —7E +Indr
at each order:  MSbar scheme induces scale
p—mq — X(p,myq) — pP— mSOle dependence: m(u)
=myg 9 a ) 0 | SN
(# 57 + Blac) aﬁ,g) () = ~(as)m(n)

» Definition of pole mass ambiguous
up to corrections O(Aqcp)-

Bound from lattice QCD:
Am=200 MeV

« Conversion between pole and MSbar schemes known to 3-loops in QCD.

Example: 1-loop QCD 5
mPee = m(p)< 1+ s (1) % + In _r +
| ¢ 47 \ 3 m(p)? o 65




‘ What Top Quark Mass? I

« What's really being measured is the top quark mass in whatever MC generator was
used to extract it. But different MCs include different radiative corrections!

PYTHIA




‘ What Top Quark Mass? I

« What's really being measured is the top quark mass in whatever MC generator was
used to extract it. But different MCs include different radiative corrections!

bl PS )

/ K
500V

kq

ALPGEN, MADGRAPH
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‘ What Top Quark Mass? I

« What's really being measured is the top quark mass in whatever MC generator was
used to extract it. But different MCs include different radiative corrections!

MC@NLO, POWHEG




‘ Systematic Uncertainties I

generator, hadronization model)
 Event modeling and

/
Theoretical: I'— P
« Signal simulation (PDFs, MC Vi ~--,-.-w.-..__: ______

Qo
i

environment (underlying event,

° 1 | —
color reconnection, QCD - 9] -} A ~~*
radiation, pileup) Ilees {40 1]

Experimental: Parton Procass ’ ’ />
] ] Distribution dynamics
« Physics objects and detector Function and envionment Hadronization ~ Detector interaction
modeling (jet reconstruction/ Reconstruction
resolution/scale, b-tagging, [ experiment
ETmiss ) theory M

« Background contamination

Can exploit data to verify proper
modeling and/or further constrain
size of systematic uncertainties.
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‘ Projected DI Uncertainty I

Source Public. 2009 Public. 2012 | Proj. Proj. Proj. 10 fb~!
(1.0 fb~1) (4.3 tb—1) 10 fb=* 10 fb~!|improv.| improv. +E_C|

Statistical 23 13 9 9 8

Experimental syst.

Electron energy scale 34 16 11 11 10

Electron energy resolution 2 2 2 2 2

EM shower model 4 4 4 2 2

Electron energy loss 41 1 4 2 2

Hadronic recoil 6 D 3 3 2

Electron ID efficiencv 5 1 1 1 1

Backgrounds 2 2 2 2 2

Subtotal experimental syst. 35 18 13 12 11

W production

and decay model

PDI 9 11 11 11 9

QED 7 7 7 3 3

boson pr 2 2 2 2 2

Subtotal W model 12 13 13 12 6

Total systematic uncert. 37 22 19 17 13

Total 44 26 21 19 15

combination; 23



‘ Projected CDF Uncertainty I

Source 0.2/tb MeV) | 2.2/fb(MeV) | 10/fb (MeYV)
Lepton energy scale 23 7 3
Lepton energy resolution - 2 ]
Recoil energy scale 8 B 2
Lepton removal 6 2 ]
Backgrounds 6 3 2
pT(W) model - 5 2
PDFs 11 10 5
QED radmation 10 4 4
Total syste matics 34 15 8
W statistics 34 12 6
Total 48 19 10




