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‘ Historical Perspective I

What was known about the Higgs boson at the beginning of Run 2:

LEP
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Measurement Pull

m,[GeV] 91.1875:0.0021 .04
r,[GeV]  2.4952:0.0023  -46
ob [Nb]  41.540+0.037  1.62
R, 20.767 £0.025  1.09
AY 0.01714 = 0.00095 .79
sin’g " 0.2322 +0.0010 .78
R, 0.21664 = 0.00068 1.32
R, 0.1729 + 0.0032 .20
A2’ 0.0982 + 0.0017  -3.20
AL 0.0689 + 0.0035 -1.48
A, 0.921 + 0.020 -68
A, 0.667 = 0.026 -.05
A 0.1513+0.0021  1.68
my [GeV]  80.452 + 0.062 95
m, [GeV] 174.3 5.1 -27
AT (m,) 0.02761 = 0.00036 -.36
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 Direct searches at LEP
m>114.4 GeV @ 95% CL

* Indirect constraints from precision
electroweak observables

m,<200 GeV @ 95% CL



‘ Historical Perspective I
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Over the years Higgs sensitivity
projections were produced with
increased degree of sophistication
and realism.
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The Tevatron was expected to be sensitive precisely in this mass range!



‘ Historical Perspective I

a > P5 Report, Oct 2010
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Exploit complementarity between Tevatron and LHC to gain further insight 4



‘ Historical Perspective I

a > P5 Report, Oct 2010
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Renewed efforts at Tevatron to try to leave the strongest possible legacy! 9



o(pp—H+X) [fb]

SM Higgs Production at Hadron Colliders
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o(pp—H+X) [fb]

SM Higgs Production at Hadron Colliders
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‘ SM Higgs Decay Modes I

| N N\ _
3 b, % m}<135 GeV: H->bb dominates
§ . ] 2
2 —§  m;>135GeV: H>W*W- dominates
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Many decay modes explored to increase the sensitivity of the
search to the SM Higgs boson, but also to a non-SM one! 3



‘ The Stairway to the Higgs I

Tevatron Run |l pp at \ls = 1.96 TeV
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Experiments established a solid foundation to search for the Higgs
boson through precise measurements of SM processes.



H->bb

H->t*t

‘ Search Strategies I

« Defined by a combination of theoretical and experimental considerations
(large oxBR but experimentally feasible: trigger, backgrounds....).
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For m;=125 GeV, ~1000 Higgs events
produced at the Tevatron in the main
search channels with 10 fb=!
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‘ Searching for H>WW-=>Ivlv I

« Highest sensitivity channel in m;~130-200 GeV range.
« Signature: opposite-sign dileptons+MET
« Main backgrounds after MET 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
» Aggressive program of improvements over the years
to improve sensitivity:
» Lepton ID/trigger, event selection optimization
« Multivariate techniques
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‘ Some H->WW Highlights I
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‘ Some H->WW Highlights I
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LHC

B Tev

TOPCITE = 100+

PRL Editors' Suggestion
PRL Cover

"Physics" Viewpoint article

4 years later....

CDF+DORunll =** Expected
L=48-54 " w—  Observed
B Expecied tlo
Expected 20

130 140 150 160 170 180 190 200
my( GeV)

The Tevatron brings new
information about the Higgs

First Higgs exclusion beyond LEP

13



LEP

B Tev
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‘ Some H->WW Highlights I

LHC
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Validation of H>WW search strategy by
measuring correct cross section for WW
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‘ Some H->WW Highlights I

LEP

B Tev

LHC
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Events /10 GeV

‘ Searching for H>bb I

Highest sensitivity channel at the Tevatron for

m,<130 GeV.
Signature: leptonic W/Z decays+jets

Main challenge: understand/suppress background
(eventually dominated by W/Z+heavy-flavor).

Key aspects:
* Lepton, jet, MET trigger/reconstruction
« B-tagging
* Dijet mass resolution
* Multivariate techniques
* Minimize background uncertainties

x10° ______ZH-vbb Analysis sample (Pre b-tag)
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| Some H->bb Highlights |
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(using JLIP b-tagger)
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1997
1998

LEP

| Some H->bb Highlights |

Multivariate b-tagging for the first
time at a hadron collider

LHC

B Tev
O ~N &
==

b-jet Efficiency (%)
O
o

10 1 N
Fake Rate (%)

Significant impact on H->bb search
Further improved over the years (MVA,,, MVA,*)
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LEP

| Some H->bb Highlights |
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| Some H->bb Highlights |

LEP

B Tev

LHC

TOPCITE = 100+
PRL Editors' Suggestion

1997 "Physics" Viewpoint article

1998

~4.5 years later....
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‘ July 4, 2012: "Higgsdependence Day” I

- " *
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‘ Final Tevatron Combined Results I
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Higgs Boson Studies at the Tevatron
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Fingerprinting X(125)
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‘ Production Rate I

N

% F Tevatron Run I, L, <10 fo'  SM Higgs combination
©3.5F = Observed
E B +1sd. --- o, x1.5(m,=125 GeV/c?)
3P +2sd. == o,x1.0(m=125GeV/c?)
25
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« Maximum likelihood fit to data with signal
rate as free parameter.

+ Best-fit signal rate at m; ;=125 GeV:

1 1
100 120

w=14477
I ———

Consistent with SM Higgs.
Reasonably consistent across channels.
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‘ Probing Higgs Boson Couplings I

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

» Under some assumptions, all production cross sections and branching ratios can be
expressed in terms of a few common multiplicative factors (k) to the SM Higgs couplings.

, Measure simultaneously coupling to
Probe SU(2), custodial symmetry fermions (k;) and to vector bosons (i)
(is Myz=Kpw/k,=17) -

~ - TevatronRunll,L_<10fb"

> 6 int
D [ --..- Best Fit Tevatron Run Il, L_ <10 fb | e Local maxima A SM
c L
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Measurements consistent with the SM prediction (but limited precision)
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‘ Spin/Parity I

JHEP 1211, 134 (2012)

- T
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Graviton-Like Many assumptions
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]
tensor, tensor, jto be maae,

| B
o7 psSeu do- de penaung o the
i | ~
§ §
tensor moael constructea

Main sensitivity at the LHC through angular
distributions of decay products in H>ZZ->4l,
H->yy and HO>WW=Ivlv.

Main sensitivity at the Tevatron from the threshold
behavior of the VH cross section:

* s-wave for 0*: o~p
« p-wave for 0 o~fp3

. - + ~y~R5
d-wave for 2*: o~f 26



‘ Spin/Parity I

Main discriminating variable:

mass of the V+X system (with X being JP=0*, 0, 2*)

Using publication results for VH, H->bb.

Alternative JP hypothesis rejected in favor of 0*:

Assuming u=1:
« Exclude JP=0- (vs. 0*) with 97.6% CL
« Exclude JP=2* (vs. 0*) with 99.2% CL

e - | -em—eyl

In addition, assume the observed X(125) is an
admixture of two JP eigenstates:
¢p=cosa H+sina A
CP-even CP-odd

Assuming u=1:
« Exclude f,>0.85 @ 95% CL
* Exclude f2+>0 71 @ 95% CL

pe—— - eyl

First exclusion in a fermionic decay channel of the

o 1.3¢

1-CL

=VCIILO

WH—Ivbb, 2TT HP

40¢
0; DQ Preliminary, 9.7 fb™
35 e Data__
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25- -tstingle t
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20~ “‘ JoF Signal
C ] (30 Signal
150 2% signal
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. __SM H—)bB ------ 1 CL Expected

E Go-+co+=csﬁ"" x 1.0 7] Expected +1 s.d.

- [ ] Expected +2 s.d.
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0 Fraction
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JP =0- and JP =2* hypotheses for X(125)



An Impressive Legacy

1997
1998

2007
2008

DO Luminosity (fb™') My (GeV) Reference
WH — fvbb 9.7 90-150  Phys. Rev. Lett. 109, 121804 (2012)
) and Phys. Rev. D 88, 052008 (2013)
ZH — €€bb 9.7 90-150  Phys. Rev. Lett. 109, 121803 (2012)
and Phys. Rev. D 88, 052010 (2013)
ZH — virbb 9.5 100-150 Phys. Lett. B 716, 285 (2012)
HaW'W™ s vl v 9.7 100-200 Phys. Rev. D 88, 052006 (2013)
H+ X 5 WW = p*rf+ < ljet 7.3 155-200 Phys. Lett. B 714, 237 (2012)
H->W'W™ = tugg 9.7 100-200 Phys. Rev. D 88, 052008 (2013)
VH — eep/ppe+ X 9.7 100-200 Phys. Rev. D 88, 052009 (2013)
VH — e*p*+ X 9.7 100-200 Phys. Rev. D 88, 052009 (2013)
VH — tvgd'qq'q 9.7 100-200 Phys. Rev. D 88, 052008 (2013)
VH = mamp + X 8.6 100-150 Phys. Rev. D 88, 052009 (2013)
H+ X = b1y57 9.7 105-150 Phys. Rev. D 88, 052005 (2013)
H — vy 9.7 100-150 Phys. Rev. D 88, 052007 (2013)
CDF
WH — £vbb 9.45 90-150  Phys. Rev. Lett. 109, 111804 (2012)
ZH — £bb 9.45 90-150  Phys. Rev. Lett. 109, 111803 (2012)
ZH — vibb 9.45 90-150  Phys. Rev. Lett. 109, 111805 (2012)
and Phys. Rev. D 87, 052008 (2013)
HoaWW- = ttvlv 9.7 110-200 Phys. Rev. D8S, 052012 (2013)
H— WW = emyum, 9.7 130-200 Phys. Rev. D88, 052012 (2013)
VH — eep/ppe+X 9.7 110-200 Phys. Rev. D88, 052012 (2013)
H—=T11 6.0 100-150  Phys. Rev. Lett. 108, 181804 (2012)
H— vy 10.0 100-150 Phys. Lett. B 717, 173 (2012)
H— ZZ =1l 9.7 120-200 Phys. Rev. D 86 072012 (2012)
ttH — WWbbbb 9.45 100-150  Phys. Rev. Lett. 109 181802 (2012)
VH — jjbb 9.45 100-150 JHEP 1302 004 (2013)
T — ———————

CDF Combinations

H->bb: PRL 109, 111802 (2012)

All channels: PRD 88, 052013 (2013)

D0 Combinations

H->bb:

: PRL 109, 121802 (2012)

All channels: PRD 88, 052011 (2013)



An Impressive Legacy
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2007
2008

DO Luminosity (fb™') My (GeV) Reference
WH — fvbb 9.7 90-150  Phys. Rev. Lett. 109, 121804 (2012)
) and Phys. Rev. D 88, 052008 (2013)
ZH — €€bb 9.7 90-150  Phys. Rev. Lett. 109, 121803 (2012)
and Phys. Rev. D 88, 052010 (2013)
ZH — virbb 9.5 100-150 Phys. Lett. B 716, 285 (2012)
HaW'W™ s vl v 9.7 100-200 Phys. Rev. D 88, 052006 (2013)
H+ X 5 WW = p*rf+ < ljet 7.3 155-200 Phys. Lett. B 714, 237 (2012)
H->W'W™ = tugg 9.7 100-200 Phys. Rev. D 88, 052008 (2013)
VH — eep/ppe+ X 9.7 100-200 Phys. Rev. D 88, 052009 (2013)
VH — e*p*+ X 9.7 100-200 Phys. Rev. D 88, 052009 (2013)
VH — tvgd'qq'q 9.7 100-200 Phys. Rev. D 88, 052008 (2013)
VH = mamp + X 8.6 100-150 Phys. Rev. D 88, 052009 (2013)
H+ X = b1y57 9.7 105-150 Phys. Rev. D 88, 052005 (2013)
H — vy 9.7 100-150 Phys. Rev. D 88, 052007 (2013)
CDF
WH — £vbb 9.45 90-150  Phys. Rev. Lett. 109, 111804 (2012)
ZH — £bb 9.45 90-150  Phys. Rev. Lett. 109, 111803 (2012)
ZH — vibb 9.45 90-150  Phys. Rev. Lett. 109, 111805 (2012)
and Phys. Rev. D 87, 052008 (2013)
HoaWW- = ttvlv 9.7 110-200 Phys. Rev. D8S, 052012 (2013)
H— WW = emyum, 9.7 130-200 Phys. Rev. D88, 052012 (2013)
VH — eep/ppe+X 9.7 110-200 Phys. Rev. D88, 052012 (2013)
H—=T11 6.0 100-150  Phys. Rev. Lett. 108, 181804 (2012)
H— vy 10.0 100-150 Phys. Lett. B 717, 173 (2012)
H— ZZ =1l 9.7 120-200 Phys. Rev. D 86 072012 (2012)
ttH — WWbbbb 9.45 100-150  Phys. Rev. Lett. 109 181802 (2012)
VH — jjbb 9.45 100-150 JHEP 1302 004 (2013)
T — ———————

Tevatron combination: PRD 88, 052014 (2013)
All latest papers are in a single issue of PRD
Publications on spin/parity upcoming 29



‘ Conclusions I

Delivering on a promise:

Higgs program published with the full dataset.

Achieved SM sensitivity over most of the
accessible mass range.

3o excess near my=125 GeV, compatible with
the LHC observation.

Valuable measurements of couplings.
Probing spin/CP quantum numbers.

The Higgs race at the Tevatron turned out to be
a marathon requiring everybody in the machine
and the experiments to run the extra mile to
make these results possible.
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‘ Conclusions I

Delivering on a promise:

Higgs program published with the full dataset.

Achieved SM sensitivity over most of the
accessible mass range.

3o excess near my=125 GeV, compatible with
the LHC observation.
Valuable measurements of couplings.

Probing spin/CP quantum numbers.

The Higgs race at the Tevatron turned out to be
a marathon requiring everybody in the machine
and the experiments to run the extra mile to
make these results possible.
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‘ Conclusions I

Delivering on a promise:

Higgs program published with the full dataset.

Achieved SM sensitivity over most of the
accessible mass range.

3o excess near my=125 GeV, compatible with
the LHC observation.
Valuable measurements of couplings.

Probing spin/CP quantum numbers.

The Higgs race at the Tevatron turned out to be
a marathon requiring everybody in the machine
and the experiments to run the extra mile to
make these results possible.

The Tevatron legacy will live onto the LHC Run 2:

Complementarity on physics capabilities.

Development of novel experimental techniques,
now in use at the LHC.

Training of generations of physicists that are
now helping materialize successes at the LHC.

2 10" Nme o T i ™ 111

<10fo"

Cint —
;ombination

THE
TATTLE
Collider

THAT
couLD/

1180 20(
m,, (GeV/c?)

A toast to the Tevatron!
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Log-Likelihood Ratio Distributions
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‘ Visualizing the Excess I

Tevatron Runll, L. <10fb"

' =int =

SM Higgs combination e Data

[ Background fit
B SM Higgs signal

m,=125 GeV/c?

-4 -3 -2 -1

0
log,,(s/b)

Display all input histogram bins ordered according to S/B in one plot.

0 250
S\
< 200
(2}

S 150
>

Tevatron Run Il, L. < 10 fb™

* =int

SM Higgs combination

Events/0.25

ey
o

—— Data — Bkgd

Bl SM Higgs Signal
— +1 s.d. on Bkgd
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n

The background model has been constrained by the data.
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95% CL Limit/SM
IS

‘ CDF and DY Individual Results I

E - —
s Expected ifno Higgs ==+ Expected if m,=125 GoV/c? ¢ | DO,L, <97fb” .
| —— Observed 1 "z SM Higgs Combination ="~ Expected w/o Higgs
. Expected 1 s.d ] o) 10 - — — Expected w/M, =125 GeV
) o c =
[ [ Expected +2 s.d. o - [ Expected +1 s.d.
i E B [ ] Expected +2 s.d.
= ;
-
&
R
o 1
D@ Exclusion
1 | L I L I 1 L. 1 1 | I L | L L 1 I (]I | 1 1 1 | I 1 1 | 1 1 1 | 1 1 1
100 120 140 160 180 200 100 120 140 160 180 200
m,, (GeV/c?) M, (GeV)
Observed 95% CL exclusion: Observed 95% CL exclusion:
90 < my< 102 GeV, 149 < m, < 172 GeV 90 <my< 101 GeV, 157 <my < 178 GeV
At my, =125 GeV: At my, =125 GeV:
Exp. limit: 1.46 x SM Exp. limit: 1.68 x SM
Obs. limit: 2.89 x SM Obs. limit: 2.92 x SM
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‘ Final Tevatron Combined Results I

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:

) 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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‘ Mass I

SHOPPING LIST

Mass?
Spl‘h 0.7
CP even?

4// proa’acffon rodes?
All decay modes?

Does it C',oap/e 2o SM
de‘Z‘/‘C/eS enth eXPeC,Z‘ea/
Sérergi/??

Does 1t coap/e Zo
itself enth expected

S irergi/r 7

* Mass has already been measured to better than 0.5%.

ATLAS: m, =125.5+0.2(stat.)+0.5/-0.6(syst) GeV
CMS: m, =125.3x0.4(stat.)=0.5(syst) GeV

Tevatron Runil Preliminary

SM Higgs, L <10 b’

L WA L ) 191 R O - Y A S . R SUN S .
\ : : : h :
i i i i |

TT
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TTTTTTT
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~~~~~ J-oi--f

14067910120 130 140 150 160 170 180 190 200
Preliminary Higgs Boson Mass (GeV/c?)

M =1262" GeV
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‘ 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,)

Ky =f'(Kt’Kb’Kr’KW’KZ’MH) 40



