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Higgs Boson Properties
at the Tevatron

* Recap: SM Higgs
boson search results
from Tevatron
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- signal significance
- coupling params

* Latest Spin/Parity

studies in the H-> bb
final state
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10 year program of data collection,

worlds highest energy pp collisions

~ 10 fb* events recorded / per
experiment
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Brief history of our SM Hi

MH=125 GeV
#VH, H->bb

SM expectation (all VH final states)

Various background expectations
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Extraordinarily challenging: need to
effectively suppress several orders of
magnitude of background, preserving

handful of signal events.
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History of searches

LEP (1989 — 2000): m,, > 114.4 GeV@95% CL

Tevatron Run Il (2002-2011):
- First post-LEP exclusion (2009)

- First evidence of Higgs-like particle decaying to a pair of b-quarks
Phys. Rev. Lett. 109, 071804 (2012) (July 2012)

LHC (2009 — 2012):
- Excluded wide mass range (~110-600 GeV, except window ~125 GeV)

- Discovery of new Higgs-like boson mainly through yy and ZZ decays
~ (July 2012)
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S Many details in following talks
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History of searches
LEP (1989 — 2000): m, > 114.4 GeV@95% CL

Tevatron Run Il (2002-2011):

- First post-LEP exclusion (2009)

- First evidence of Higgs-like particle decaying to a pair of b-quarks
Phys. Rev. Lett. 109, 071804 (2012) (July 2012)

LHC (2009 — 2012):

- Excluded wide mass range (~110-600 GeV, except window ~125 GeV)

- Discovery of new Higgs-like boson mainly through yy and ZZ decays

. . (July 2012)
Substantial LHC progress in each channel

- Higgs observation confirmed in bosonic channel
- Strong indications of fermionic decays at LHC (primarily Tt channel)

We have a Higgs boson:
I Firmly establish the fermionic decays and properties in all channels

Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 6




Beyond the SM Higgs

Big picture: test consistencx of SM

¢« Measure ALL Higgs boson properties / constrain possible anomalies
What's possible? Conservatively: Anything we haven't ruled out!
¢ Refine precision tests of EW sector

v t H
"y 4 <= famous “triple point” W o W W W
~ plot of EW observables b s
\/‘ff;\ Trg
7 With an improved world average around 10
g\‘é’ MeV dominated by the Tevatron e
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Beyond the SM Higgs

Big picture: test consistencx of SM

¢« Measure ALL Higgs boson properties / constrain possible anomalies
¢« What's possible? Conservatively: Anything we haven't ruled out!
¢ Refine precision tests of EW sector

; H
<= famous “triple point” b N e O W 3 3 W
~  plot of EW observables g aaa
Nomy
\,Cf’Q Sensitivity to SM
v With an improved world average around 10 (in)consistency
@x\ MeV dominated by the Tevatron with m, m__
=>we will have increasingly strong indirect 11 F . G
tests of Higgs mass values at > 2 sigma level

Significant anomaly could be detected with ,__ ;
improved precision, if central value drifts slightly ........................... Ao
apart EW fit. ‘
— o Lo
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)¢5 Higgs production and decay
at the Tevatrog

o) L2
a 1.0f =
"E' - | =3 bb
— S
o gg—H \—/.Il =
o s
E o ] 0.1 T
W />
Lj 0.1 & cC
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o 1020 Y
T:j =
b D
= Zy
100 120 140 160 180 200
5 107356 120 140 160 180 200
my (GeV/c?) my, (Gev/c?)

Complex phenomenology: various possibilities for production and decay
=> many search channels

Significantly larger phase space for extended models

Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 9



Dominant analysis channels

“High” mass (M, > 135 GeV) dominant decay:
H - ww"® gg -H - WW - tvl'V

Strength of

g t 4 2% Tevatron
; analyses
g . w

\
\

Low mass (M,, < 135 GeV) dominant decay: \

These are the main b jet

search channels, but ~ bb i WH - tvbb

there has been an > 7 . 0O
extensive programof  / Iepmn -
measurements in all wz's ZH - vvbb

Iepton
use associated production modes to get better S/B

channels to extend the
sensitivity to a SM Higgs

R

[ |
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Channels studie

Luminosity ~ my range
Channel (th™ 1) (GeV /e?)
AII papers nOW WH — (vbb 2-jet channels 4 X (5b-tag categories) 945 90-150
. WH — {’vbf; 3-jet channels 3 X (2b-tag categories) 945 90-150
p u b I IS h ed ZH — vibb (3b-tag categories) 945 90-150
ZH — ("€ bb 2-jet channels 2 X (4b-tag categories) H — bb 945 90-150
ZH — (" bb 3-jet channels 2 X (4b-tag categories) 9.45 90-150
WH + ZH — jjbb (2b-tag categories) 945 100-150
AII favored S M tTH — W*bW ™ bbb (4jets, 5 jets, = 6 jets) X (5h-tag categories) 9.45 100-150
H— W"W~ 2 x(0jets) +2 X (ljet) + 1 X (= 2jets) + 1 X (low-m ) 97 110-200
Chan neIS Searched H— W'W" (e-Tpaa) + (p-Thaa) 97 130-200
WH — WW'W™ (same-sign leptons) + (trileptons) H—W'W 9.7 110-200
WH — WW™ W (trileptons with 11,4) 97 130-200
ZH — ZW" W (trileptons with 1 jet, = 2 jets) 97 110-200
FuII Iuminosity used in H—7'7 (ljet) + (= 2jets) H—71t't 6.0 100-150
H— yy 1 X (0jet) + 1 X (= 1jet) + 3 X (all jets) H— yy 10.0 100-150
al Most al I Chan Nn els H — ZZ (four leptons) H—2ZZ 9.7 120-200
Channel Luminosity mpg range
.= . WH — fvbb (4 b-tag categories)x (2 jets, 3 jets) ~ 9.7 90-150
Divide and conquer ZH — viskh (2 b-tag categories) H —bb 9.5 100-150
ZH — £707bb (2 b-tag categories)x (4 lepton categories) 9.7 90-150
Stl’ategy_ H—-WTW- = £FufFr (0 jets,1 jet,>2 jets) 9.7 115200
H + X >WtW- — pFurt v 7.3 115-200
H—-WtW~ - fiujj (2 b-tag categories)x (2 jets, 3 jets) T 9.7 100200
VH - etpt + X H—Wwrw 9.7 100-200
VH — 0+ X 9.7 100-200
VH — tvjjjj (>4 jets) 9.7 100-200
VH — ThadThaatht + X + - 8.6 100-150
A A
H — vy 9.6 100-150
a““IE Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 11



Backgrounds

@ Model background processes w/ ALPGEN+PYTHON, PYTHIA, & COMPHEP
@ Normalized with highest order cross sections available (NLO or better)
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Tevatron Run Il, L _ <10 fo
SM Higgs Combination

= (Observed
===« Expected w/ Higgs

I Expected+ 1 s.d.

o e R (m =125 GeV/c?) [ ] Expected+ 2 s.d.

o, 1.5 (m =125 GeV/c?)

10°
= 10 ‘02
@ - Ef:::gwm Higgs Tevatron Runll, L, <10ft o F
E I Expected +1 s.d. SM Higgs combinatic § hi o
— Expected +2 s.d. o 1
d =ww=  Expected if my=125 GeVic® 'g 10"
2 S 107
=] [®))
e S
10
1 107
100
1 | ! 1 ! | 1 1 ! | 1 1 ! | ! ! ! I 1 ! !
100 120 140 160 180 200
my (GeV/c?)
Phys. Rev. D 88, 052014 (2013) H
Significant excess, = 3 sigma

‘ for 120-125 GeV

3l
|

Bob Hirosky, UNIVERSITY of VIRGINIA

140 160
m, (GeV/c?)

1 | 1
120

! Observed exclusion: !
! 90 < mH <107 GeV, !
i 149 < mH < 182 GeV
: : Expected exclusion:
90 < mH < 121 GeV,

140< mH < 184 GeV

La Thuile 28Feb, 2014
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% History of Tevatron Search Results

(LLR plots)
R

A Data of 2007; up to 2.4 fb-1 Data of 2008; up to 4.2 fb-1 Data of mid 2009; up to 5.4 fb-1
I I 5 [ Tevatron Run II Prchmlnary LLR, Y20 145 14 F EELIR, +lo
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I I Time
V
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= EELIR, 1o | T‘“’a‘m“R‘m“ Preliminary 25 £ Tevairon Runl] Preliminury ELLR, tia - LR, +1sd. Tevatron Runl L <10
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E Lis ]_,ELR+ Ry N E =s- LR, 80 LR, ww0,x 1.0 (m =125 GeV/c?)
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Quantifying the excess:
Best Fit Sighal Rate

= 4 - Tevatron Run II, L, <10fb"  SM Hi binati %' O'S_b) Tevatron Run I, L_ <10 b
@E evatron Run Il, L, , < iggs combination o 52 Lo< m, = 125 GeV/c?
3.5 | = Observed 0 A
[ e Expected if m =125 GeV/c? (o,x1.5) E - Combined
i - i‘I Sd ) o = 06_ e H—)tﬁ
3~ e Expected if m =125 GeV/c” (o, x1.0) Fo A
! +2 s.d. I : —-HsW'W
o |
s 0.4
o
)]
5 0.2
0
o
0

0 . il Tevatron Run II, L < 10 fb™
100 120 140 160 180 200 i my = 125 GeV/c?
Phys. Rev. D 88, 052014 (2013) m,, (GeV/c?) [ combined (68% C.L.)
5 5 o c — —l— Single channel
@ Max. likelihood fit to data, signal rate as free parm. ’
© Best-fit signal rate at mH=125 GeV: AnatiN ’ =
_ my (GeV/c?) 125
_ H— W'W Rt (SM) 1.44+0:59
[ O-ﬁf /O-SM - 1.44 i 0.59 } - Rﬁt(H—>W+W_} 0_94tg,.gg
H— 1t'1 )
- - . Ry (H — bb) 159705
Consistent with S:M Higgs. VHo VEE pg s graas
A5 | Consistent across channels IS R ortr) 16

!“"! 0 1 2 3 4 5 6 7 8 8 10
- ~  Bob Hirosky, UNIVERSITY of VIRGINIA Best Fit (o x Br)/SM 15



)¢5 Probing Higgs Boson
COUPINGS e

© Several production and decay mechanisms contribute to signal rates per channel
=> interpretation is difficult (arXiv:1209.0040)

@ A better option: measure deviations of couplings from the SM prediction
Basic assumptions
© only one underlying state at mH~125 GeV, with negligible width,

@ itis 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 added invisible Higgs decay modes

@ Under these assumptions all production cross sections and BRs can be expressed
In terms of a few common multiplicative factors to the SM Higgs couplings.

Examples 5 o 2
fig/iW Fb57 FCE7 F7—7—— 0.4 /if

o(gg — H)BR(H — WW) = osm(99 — H)BRsm(H — WW)——

N 2 2

K2 k2 F'ww x Rk, R=kyw /Ky
o(WH)BR(H — bb) = osy (WH)BRsy (H — bb) ,
Ky FZZ X Ry
kg = f#t; kp, Mp) Tyq o (0.95k 7 + 0.05ky)2

ki = f'(Ke, Kb, by kW, Kz, M) [y o (1.28ky — 0.28k5)*



Couplings
When both k,, and , vary independently -

- K. integrated over
- Best fit: (x,, k,) = (1.25,£0.90)

The point (k,,, k,) = (0, 0) corresponds to NO Higgs —®o;

boson production or decay in the most sensitive
search modes at the Tevatron and is not included
within the 95% C.L. region due to the significant
excess of events in the SM Higgs boson searches
@ 125 GeV

Probe SU(2)V custodial symmetry by measuring
the ratio A, =k, /,

Measure 8, , =tan’(x /x )=tan’(1/A, )

0, =0.68+02 o A =124+23%
N

0.42

Bob Hirosky, UNIVERSITY of VIRGINIA

Posterior probability density

Probing Higgs Boson

N [
e - Tevatron Run Il, L_ <10 fo
3__ e | ocal maxima A SM
L [ 68% C.L. | Jes%C.L.
e K; floating
1 A
1 8 L
_2_| L1 1 | L1 1 1 | 11 11 | L1 1 1 | 11 1 1
0 0.5 1 1.5 2 2.5
K
Phys. Rev. D 88, 052014 (2013) W
- === Best Fit Tevatron Run II, L <10 b
1.5 - Mles%cL
[ [JesecL K; floating
| — SM=n/4
1+
0.5}
0 I 1 L | |
0 0.5 1 1.5
Oz 17



PIOPEIES - COUDIINGS e

Measure simultaneously k, and k. (assuming now A, _=1).

¢ Asymmetry is from the excesses in the H — yy
o Two minima: (x,, k)=(1.05,-2.40) & (1.05, 2.30)

© Good agreement with SM predictions, in agreement

¥ ; " TevatronRunll,L_ <10 fo with ATLAS/CMS.
B 3 n I 4 ||||||||||||||||||||||||||||||||||||||||||
o losalmadme kM <L ATLAS Preiminay. uﬂ:ﬁn? il
i . 68% C.L. u 95% C.L. 3'_ 15=7TeY, hd 46481" 1 gHom écomblned CMS Preliminary Vs =7TeV,L<51 6" is=8TeV, L<19.6fb"
4r I ‘S=8Tev’hdt=13'20"”b' + M fBest Fit %" | & SMHiggs @ Fermiophobic @ Bkg. only
2 -
0 -
D+
Bt ... " -
06 07 08 09 1 11 12 13 14 15 16 ol . .
e 0 0.5 1 15
I Ky Ky
| | | Y [ | [ [ | \ A O _ - -
0 05 1 15 5 See most recent results in following talks
Phys. Rev. D 88, 052014 (2013) Ky GAVIRGINLS La Thuile 28Feb, 2014 18



Tevatron favored decays

Detalls: Low Mass Channels
————————
/ WH - Ivbb: MET+I+bb

Large production cross section
Higher backgrounds than in ZH - llbb

b

ZH - llbb: ll+bb
Low background
Fully constrained
Small Signal

©  ZH-vvbb: MET+bb

b Signal 3x larger than ZH-llIbb
" (4 contributions from WH)

| Difficult to model backgrounds
y b T

HI““E Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 19



Optimizing sensitivity in Low Mass
Higgs Searches

(1) Increase lepton
- e
reconstruction and

. L (2) Understand
selection efficiencies

background
Specific to low mass analyses:
b-tagging N
- : W: _.,.,“"':;,:,._ —=T" (3) Reduce the background
Displaced trackg RN 1 | —— s by tagging b-quark jets

=%

Decay lifetime

/%con vertex i . T \ .
Ly, < WPRaandLvoria oLt | i - DO VH analyses:

Primary vertex .~/

/ »
9\ / 40—
0

du‘\ ~ . 1 ' L I T [ | Ll "R T
0.2 0.4 0.6 0.8 1 1.2 1.4
Prompt tracks fake-rate (%)

s/b 1/7000 1/200

(4) Optimize dijet mass resolution

7
‘Q"CQ 45 EDouble T 1 e Data *g 3 1 e Data
(e.g. Talk by S. Shaw) & wf = D@97 =75 | § o Dot T2 \3@, 0.7 ' = 22
. . . [ E o = ! Z+bb
needs precise calibration and o3 /f = | =
resolution for gluon and quark jets s 20b Mol
20 ;_ E_ .......
separately b | I
S S 0 f
e sE ! =l St 5
: 0k L i 0 Bl
E““IE Bob Hirosky, UNIVERSITY of VIRC 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Dijet mass [GeV] Dijet mass (kinematic fit) [GeV]



@ To improve S/B -> utilize full
kinematic event information

Analysis

|

©  Multi Variate Analyses
@ Neural Networks

Boosted Decision Trees

o

(Or use Matrix Element Calculations to
determine probability for an event to be
signal- or background-like)

Approaches validated in 1% Single

Top observation @ DO o¢3co; sooe)
Combine these approaches
Visible gain obtained

(~25% In sensitivity)

Bob Hirosky, UNIVERSITY of VIRGINIA

From Dijet mass to MultiVariate

V(—lv)+2 jets, 2 b-tags

“©900
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2500
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300
200
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10°
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V(ohv)+2 jets, 2 b-t

—+ Data

Bl Multijet
V4If
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Top

vy

[JVH (x50)

gl
I ————— s

200 250 300
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s
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i
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o
IIIIIIIIIIII_!*T
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-0.8
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—+- Data
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w Benchmarks:
Dibosons to Heavx Flavor

CDF-DO0O combination on the same data set/techniques as for H->bb,
l.e. WZ, ZZ with Z->bb, same 3 final states, same b-tagging categorizations

cross-section: EE . TevatronRun I, L_ <10 fo'
Eggg__ 1+2 b-Tagged Jets
o L
3.0 +/-0.9 pb %ggg__ :Data—akgd
2] B WZ
(NLO: 4.4 +/- 0.3 pb) 8 400F [z
w B I Higgs Signal
200 N m,=125 GeV/c?
=> Sensitivity to -
SM-like H->bb o N
| ||||_{_I|| v v v v by v 1
20

0 250 300 350 400
Dijet Mass (GeV/c?)

UI 1 1 I5DI II‘IIUUIII"I150
AW S Phys.Rev. D 88, 052014 (2013)

R i,

("WAEE Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 22



% Combined Log-Likelihood Ratio

for H— bb

% 25 - Tevatron Run I, L <10 fo! PLLR, +1s.d.
~ 20 - SM H—bb Combination LLR, £2s.d.
g I LLR,
€ 5N e oy x 1.0 (m =125 GeV/c?) _..LLR,,
I -=-0, % 1.5 (m —125(35Wc] __
= 10
(@)
S

9

______ oh
B-only™™"  E T N\ e
-5 TR
:llllt 1 1 Il-ll-.-lll.l 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
90 100 110 120 130 140 150
Phys. Rev. D 88, 052014 (2013) my, (GeV/ CE)

Shape consistent with LLR expected in presence of 125

- ﬁi¥ Hlﬁﬁil Hrefers sllghtlx stronger strength than SM

e |
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Combined o x BR measurement

| e— - 1
€ 6oo [ TevatronRunll, L, <10 b = Measured
oy - SM H—bb combination I +1sd.
T o0 | B3 Predicted [ +2sd
= e Expected if m =125 GeV/c® (o,x1.5)
':5 400 = Expected if m,=125 GeVic® (o,x1.0)
—_ I B
. N I
=T 0
=0.19+0.09pb €& |
200 |
SM Higgs @ 125 GeV: 100 |
I S TN N TN TN N TN NN TN SN TN S (R N B
0.12 + 0.01 pb %0 100 110 120 130 140 150

Phys. Rev. D 88, 052014 (2013) m,, (GeV/ c?)

Tevatron: o(VH) = 1.6 £ 0.7 (stat. + syst.) x SM
CMS: o(VH) =1.0£0.5 (stat. + syst.) x SM

ATLAS: o(VH) =0.2 0.6 (stat. + syst.) x SM
A =

e |

!.I.I,I_I_!! Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 24



w Spin@DO
Starting from VH—VDbb Results

R
@ 3 Analyses: WH->lvbb, ZH->llbb, ZH->vvbb

© Same inputs as for final Tevatron and DO Higgs combination.
=> excess compatible with SM Higgs

© Best fit H->bb cross section: 1.23 +1lf;1 x SM
| DO, L_<9.7 fb

2 14fF DO, L <9.7 b [ILLR, +1s.d. i M, =125 Cj‘;eV
o 12 int [JLLR, +2s.d. [ ] Combined (68%)
o _F SMH-bb Combination ---LLR, o -#= Single Channel
8 10— -=-LLRg,,
% 8 — LLRoos Combined [~
ﬁ 6 H— vy =
o 4 _
L H— W'W -
0 H— 't _
o d U UUIT TL L H— bb
-4 oo b o b o o e by o b e | | | |
4 90 100 110 120 130 140 150 0 3 4 5 6
= M, (GeV) 6 xBl(oxB),
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Higgs Spin and Parity:
Introduction

SM predicts a spin J and parity P combination J° = O+
Other considerations are 2+ (graviton-like couplings) and 0- (pseudoscalar)
Spin 1 ruled out with observation of decay H- vy (Landau-Yang Theorem)

Events / 2 GeV

- - oW A
858888
R L L R R R A
——
——
—_el
——
S i
—e—
—o—
Ho—
> _
——
——
&
L . L
-'_
-
-
-
_._
e
vl v @ Lo P b |

Events - Fitted bkg

[ Data 2011+2012
SM Higgs boson mH:1 26.8 GeV (fit)

--------- Bkg (4th order polynomial)

H-yy

Yy

Vs=7TeV JLdt -48f0"

Vs=8TeV |Ldt=20.7fb"

Bob Hirosky, UNIVERSITY of VIRGINIA

Measurements using bosonic decay modes,
take advantage of angular correlations
and kinematics of Higgs decay products

At ATLAS and CMS, all measurements are
consistent with J° = 0+
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Spin and Parity at the Tevatron

For associated Higgs (VH, V=WI/Z), production processes are different
depending on JP assignment

For 0+, production is S-wave; ¢ ~p near threshold

For O-, production is P-wave; ¢ ~[32 near threshold
For 2+, mostly D-wave contribution for graviton-like couplings; ¢ ~[3°

At the Tevatron we expect the kinematic differences to come from
different behaviors at the production threshold

Details in

B = V/H 3-momentum, C.O.M. frame Ellis, Hwang, Sanz, You, JHEP 1211, 134 (2012)
cf. also

Miller, Choi, Eberle, Muhlleitner, and Zerwas, PLB 505, 149 (2001)

Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 27



w Testing Spin

and Parlty (ideal MC)

L — ) |
Visible mass of Vbb system very sensitive to ;
JP assignment £
Good separation from backgrounds for 2+ <

and O0- as well, much better than for SM
Higgs!

plots from Ellis, Hwang, Sanz, You, JHEP 1211, 134 [2012]

~ DO Cuts
- - — 0" ZH->Ilbb
n S Y 1)
; 2
3 |, —£+Db
> Lo L,
G [ l§E ;
= 1 - .
2 ] !
<t |1f B N
- - - | |
C By = -
I el | i = R e PO

ZH->1lbb
A®(LL,j5j)

Arbitrary units

=
—

100 300 500 700 900

nnnnn
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Generating signals

© Generate 0-, 2+ signal with MADGRAPHS5; interfaced to PYTHIA for
showering
© Use RS graviton model, initial normalization to SM ¢ x Br
Note: no generic Spin-2 model

© Only considering VH processes (no e.g. gg or VBF)
© MADGRAPH 0+ VH checked against PYTHIA VH; good agreement
© QObserve similar separation to that predicted w/o detailed simulation

~_ ZH—wvbb .~ WH—lvbb 0+ 0- 2+  + ZH—lbb
: 0+ 0- 2+ wb o . 0+ 0- 2+
9r DO MC 27 _ DOMC £r DO MC
% - - SFEL, =T = -
Pl Mtae s %_ - - e %_ -
© - v = - - = * -ty
L -z - Tz gL T - Rt 2 3y
RS T T P T s S I - :ﬁ -.-_._‘.-ﬁ. +"'[:h++m..|
100 300 500 700 \ixm, 100300 500 700y s m. 200 400 800 700 VixXm
' N
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Visible Mass In VH Channels

b - ZH-llbb, DT
o ZH—vvbb, TT . WH-slvbb, 2TT o 80F 5o P I_’ : 575
c 3501 Dz Prellmlnary, 9.5t |2 ¢ @ Preliminary, 9.7 fo' |~ ¢ reliminary, <.
~ - * Data ® 2500 * Data_ > 70F * Data
w 300 M Multijet | 3 - m Multijet | - Il Multijet
n V+If - + V+If 60 V+If
250 4 V+hf 200 1 \{+hf i V+hf
2003_ J0" Signal 1501 =vy, 402— i I:ID Signal
- g - I:Il] Signal -
150F K 010, Signal - b 00, Signal : 00, Signal
- ot 2" signal | q0o[ 2" Signal 30F ]2 Signal
100;— " (Signals x20) 4 t (Signals x20) 20k i (Signals x10)
50; 50__ * 105_
- - —+—
% 200 400 600 0 200 400 . 600 % 200 400 600
My (GeV) N M;™ (GeV) lIbb Mass (GeV)
© Tightest b-tag sub-channel shown (upper edge bins combined due to stats.)

© Good separation between different signals
© We can still do better on the backgrounds

Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 30



)¢5 Additional Discrimination

¢ Take advantage of known mass/event properties
- whbb, llbb => use dijet mass M, to define High/Low Purity (HP/LP) regions

- Ivbb => MVA output to make HP/LP regions

© Separate channels for statistical analysis

] ZH—vvbb, TT
£ 220F @ Preliminary, 9.5 fb"
S 200- * Data
W 180 . H Multijet
: | V+If
160 | : V+hf
140 L% tt
120 7 | : mvv
- + : -+-: 0" Signal
100F . [0, Signal
80 : —‘Ii [J2" Signal
601 i :_: ; (Signals x10)
40:_ | | ++
S S |
235. _fl . L : -#-‘-!I*.". aia]
0 100 ' 200 300 _ 400
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LP 1 HP I LP
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250
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150¢

100

0

50}

-' :T%%%ﬁ#ﬂ#*
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A

-1
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05 0 05 1
|
I
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* Data
m Multijet
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-'tstingle t
mvy
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02" Signal
(Signals x25)

MVA Output

P ' HP



Events
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| ]
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] ]
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40
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20 Jr EIO'.'VS_ignaI
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Bob Hirosky, UNIVERSITY of VIRGINIA

MY°? (GeV)

Events

45¢
40-
35¢
30:
25
20
15¢
10:

Large separation between SM/0+ and O- or 2+

ZH-lIbb, DT HP
D@ Preliminary, 9.7 fb”
* Data
Il Multijet
V+If
V+hf
] tt
vy
Jo. Signal
|:|ﬂ+SignaI
+ [J2" Signal
-L * (Signals x5)
¢
200 400 600

lIbb Mass (GeV)

Tightest, highest purity, b-tag channel shown for each analysis
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w Higgs Spin Results

@ Use CLs to quantify model preference, log-likelihood ratio (LLR) as test

statistic
LLR=-2log(L(H1)/L(H0))

H1: O- signal + Background or
HO: O+ signal + Background

2+ signal + Background

Compute for 2 different signal scale factors p on SM o(VH)xBr(bb)
1.00 (SM-like, shown) and 1.23 (DO measured rate)

7] ™ -f: - I -1 +
£ 300" Dg Preliminary, 9.7 b | & —o*Lr S 6000 |- D@ Freliminary, 9.7 fb O LLR
£ = 0*LLRt1c | E - 11=1.00 0°LLR 1o
= 2500 1u=1.00 ot LLR +20 = 5000 - 0 LLR 20
a - () LLR o - — 2" LLR
* = — d LLR ﬁ [~ == Observed LLR
g 2000 :_ Observe -g 4000 =
'g [ = | [
@ 1500 ] -
E ; DH: 3000 =
1000 2000
500 — A‘ 1000
_- - L. u —

-60 -40 -20 0

AuvE L raiviaaL =L LUy e s

20 40 ol
LR



w Higgs Spin Results

@ Use CLs to quantify model preference, log-likelihood ratio (LLR) as test

statistic
LLR=-2log(L(H1)/L(H0))

H1: O- signal + Background or 2+ signal + Background
HO: O+ signal + Background

Compute for 2 different signal scale factors p on SM o(VH)xBr(bb)
1.00 (SM-like, shown) and 1.23 (DO measured rate)

04 [ a - . . A .
£ 300" Dg Preliminary, 9.7 b | & —o*Lr S 6000 |- D@ Freliminary, 9.7 fb O LLR
£ = 0¥ LLR +15 E - 11=1.00 0°LLR 1o
E 2500 1u=1.00 n:l- LLR +26 = 5000 H l::l+ LLR 20
& - == LLR % — =2 LLR
— — N — b dLLR
g 2000 = Observed LLR E 4000 - serve
ERE S -
@ 15001 Data always prefer
g -
- +
1000 | =L/ cuvy
500 — ‘ 1000
: AL

-60 -40 -20 0 20 40 60

LLR

R ) e e e ——e e~ AuvE L raiviaaL =L LUy e s



% Higgs S/P Results

* CLs=CL_H1/CL_HO
*  CLx=P(LLR = LLRobs|x)

' Resul Result |
+ Interpret 1-CLs as C.L. for Resulfs | Resutin | Resufs | Result
exclusion of 0- or 2+
in favor of 0+ SM Signal strength
1—-CLsExp. 0.998 3.1 0.9992 3.2
For SM signal strength (1=1.00)
*  We exclude 0- model 1 — CLs Obs. 2.3
at > 97.9% C.L. (u=1.00)
*  Expected exclusion is .
3.1 s.d. (u=1.0) Best Fit Signal strength
1—-CLs Exp. 0.9997 3.5 0.9999 3.7
*  We exclude 2+ model (H=1.23)
at >99.2% C.L. 1 — CLs Obs. 2.5
* Expected exclusion is (u=1.23)
3.2 s.d. (1=1.0)

Single Tevatron experiment has sensitivity competitive with LHC
experiments
S
[t e |

~ A" Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 35
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Signal Admmmgg

* Allow possibility of both a 0- (or 2+) and 0+ signal in data
— Vary O0- (or 2+) FractionfxfromOto 1
— HI1: p X (o*Br(->bb))SM x [0- x fx + 0+ x (1 - fx)] + Background
— HO: p X (o*Br(->bb))SM x 0+ (i.e. pure 0+) + Background

*  Fix [ to observed (1.23xSM) or expected (1.00xSM), compute LLR, CLs

% [ DOPreliminary, L_<9.7 fb" = Opserved LLR % F Do Preliminary, L <9.7 fo = Observed LLR
-l - _ int mnnEmI G_ LLR = C L 0° LLR
4D B SM H_}hh EEEEEI IJ LLH 40 — 2+ LLR
= _ +=7eM . = _ SMudq492
2ol *0,+=0y" % 1.23 ] u: LLR +1 s.d. soF %7 % op" x1.23 I 0" LLR +1 s.d.
= [ 10" LLR +2 s.d. - 10" LLR+2s.d.
;— 20
— 10
: 0F
- 101
: :IIIIIIIIIIII|IIIIIIIII|I|II|IIIIIIIIIIIII1'1-IIII
01 02 03 04 05 0B 07 08 09 1 01 02 03 04 05 06 07 08 09 1
0" Fraction 2" Fraction

)
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Signal Admmmg;

* Allow possibility of both a 0- (or 2+) and 0+ signal in data
— Vary O0- (or 2+) FractionfxfromOto1l

— H1: p X (o*Br(->bb))SM x [0- x fx + 0+ X (1 - fx)] + Background
— HO: p X (o°Br(->bb))SM x 0+ (i.e. pure 0+) + Background
*  Fix J to observed (1.23xSM) or expected (1.00xSM), compute LLR, CLs

2+

0.6

0 1.3 13
3 [ DOPreliminary, L_<9.7fp" = 1-CLObserved | I ""F g prefiminary, L <97fp! = 1CL Observed
- 1.2 — SM H—sbb = 1-CL_Expected - 12 m 1-CL, Expected
11 f—Uo"“'Jn+=ﬁﬁM % 1.23 - Expected +1 s.d. 11 E—G +0, = Ufu“ % 1.23 - Expected +1 s.d.
- [ ]Expected+2s.d. o [ ]| Expected+2 s.d.
i3 1E
09 09F
0.8 0.8F
0.7F 07F

0555102 63 04 0808 0.7 08 05 R O T O - S R - VK- T |
0 Fraction 2" Fraction
Exclude fO- > 0.67 at 95% C.L. Exclude f2+ > 0.57 at 95% C.L.

Bt ™

!“ “! Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014
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Analysis: o, x BR(H -> invisible)
New from CDF

First Tevatron search for H-> invisible

oL JH — /X
» Exclude o, x BR(H -> invisible) undetected
> 90 b for MH=125 GeV at 95% CL >

» Exclude 100% BR (invisible), for

Ie ton

M, <120 at 95% CL wz*s_/ P

ZH — |l + invisible CDF Run Il Preliminary, L=9.7 fb ™' Iepto n
§~ [ Expoctod mit CDF Note 11068
? Zs.d.regio
3
A Details: See Young Scientist's Talk
E o by Christiana Principato
i 1 Errmsmmenem R Gypon X[ BUHS INV) =100% ]

115 120 125 130 135 140 145 150
m,, (GeV/¢2)
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http://www-cdf.fnal.gov/physics/exotic/r2a/20140206.higgsinv/cdf11068_Invisible_Higgs.pdf

Latest Tevatron results based on full Run I i B comoia
data set in all major search channels are all e | BN .
now published in PRD . 5 a8 052014 (2013) SAOEE

VH— Vbb [~ I'

Signal strengths in 4 decay channels I A I
(bb,tt,yy,WW), and results on Higgs couplings
to fermions, W, Z, are consistent with the SM

o [ Tevatron Runll, L _ <10 fb"
e Local maxima A SM

Published evidence for WH/ZH production with S
H- bb (7/2012), where H is consistent with a SM h
Higgs boson of 125 GeV. So far the only
evidence in a bb decay channel of the Higgs y
Phys. Rev. Lett. 109, 071804 (2012) IR R R

Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 39



Preliminary summary: 2

DO spin and parity tests (first in bb final
states) favor J*=0+; reject J"=0- and 2+
(graviton-like couplings) at 97.9% and 99.2%
C.L, assuming SM strength

Higgs signal at DO cannot contain (at 95%CL)
more than ~67% or 57% of 0- or 2+

Final publications on Higgs are approaching
for Tevatron: these results plus combination
with CDF, could effectively exclude J* O- and
2+ hypotheses in bb final states

Bob Hirosky, UNIVERSITY of VIRGINIA

H— vy [ ]

H— w'w —

A B
VH— Vbb [~

2000

Pseudoexperiments

Tevatron Run I, L, <10 fio
m, = 125 GeV/c?

] combined (s8% C.L.)
— —ill— Single channel

| | I | I | | 1 |
0 1 2 3 4 5 6 7 8 9 10
Best Fit (o x Br)/SM

© D@ Preliminary, 9.7 fb” — o LLR
C o= 0" LLR +16
- 1=1.00 0* LLR +20

==0 LLR
= Observed LLR

Cy
-60

LLR
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Outlook
I ——
Combining results in VH decays w/

o
= 1 o y
Improvements in measures of m,, Mo anf arxiv:1312.2695 S
Tevatron data continue to probe and  <osf
constrain physics of the EW sector o4k
m., .. 0.2:— CP—FOlde__c_i;.;,,...,f""*:‘;f; DOA.
W : I RESBOS CTEGE.6
= Significant improvements on PDF o  MOGNLO MSTWZ00NLO
constraints from W asymmetry L T S Lfl" \
. . oson rapidity (ly
=> dominant uncertainty W
© Further reductions, “going fwd” 3 R [
@ Calibrations scale w/ statistics s || E
© 10 MeV uncertainty not unreasonable o
@ First world-combination in progress! wal o g A il
@ More precise Tevatron measures to come soon EIMNIE e e

Bob Hirosky, UNIVERSITY of VIRGINIA La Thuile 28Feb, 2014 41


http://arxiv.org/abs/1312.2895

Thanks!

un E
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