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 Tevatron and LHC Complementarity

* Overview of H—bb analyses

e Tevatron cross section and coupling measurements
* DO spin and parity constraints in bb channels

18 Jul 2013 2



2& Tevatron-LHC Complementarity D&

2012 was a momentous year— Discovery of a new boson with mass

125 GeV at the LHC in 4 lepton and yy final states consistent with the
SM Higgs; 3o in bb final states at the Tevatron, compatible with LHC

The name of the game now: Probe new particle's properties
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Tevatron main modes: VH—V bb, H - WW*

LHC main modes: H — yy, H—»Z2Z, H-WW*

Tevatron can contribute to property measurements,
especially in fermionic decay modes

18 Jul 2013 3




4+ The Tevatron

 1.96 TeV pp collider

* Integrated Luminosities

up to 10 fb1/exp. —x
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VH— Vbb Analyses DS

e ZH - llbb —2 leptons + 2 b-jets
oFully reconstructed final state

o Modeling of the Z+jets background; rejection
of the tt background

ZH - llbb  ® |

e WH - Ivbb —1 lepton + MET + 2 b-jets
o Dominant backgrounds: W+jets, top

o Multijet backgrounds challenging

H

;WH — (vbb

e ZH = vvbb — MET + 2 b-jets (contributior
from WH also)
o Accurately model and reject multijet

q

b

- H

ZH - vvbb n
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2= Keys to Success in bb Searches [PEJ

_ Displaced Tracks
* b-tagging
— Pick out events with b-jets using tagger
— Improve s/b ratios from ~1/7000 to ~1/200

* Multivariate techniques - /%Qne

Jet

Displaced tra

Primary vertex _ =/

/ Decay
' ? - Vertex

Prompt tracks
Primary Collision
V(—lv)+2 jets, zero b-tags V(—Iv)+2 jets, one tight b-tag V(—Iv)+2 jets, two medium b-tags
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2= Keys to Success in bb Searches [EJ

* b-tagging
Multivariate techniques

— techniques to discriminate against single backgrounds or against all
— often chained together

ZH —)Wbb analy3|s sample (medlum b-tag

—
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Tevatron VH—bb Results w
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o — a r -
= 29[ Tevatron Run Il, L_ <10 fb” BELR, =1sd. | £ g [ TevatonRunll L, <10fb"  — Measured
g C _ int LLRb = r  SM H—bb combination Bl -1sd.
3 20 |- SM H--bb Combination T s == Predicted [ =2s.d.
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Measured (0, +0,,)xB(H—bb): 0.19 + 0.09 pb

SM prediction: 0.12 £ 0.01 pb

Tevatron + LHC Combination would provide best cross section
measurement, and firmly establish H—bb before 2015 LHC run
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Tevatron Combination

Combine all search channels from
DO and CDF

— 17 distinct analyses, over 100
subchannels (WW, ZZ, T, vy decays)

— Good agreement over many orders
of magnitude

Bayesian and CL, methods

BILLR, £1s.d. Tevatron Run II, L <10 fb”
. |LLR, £2s.d. SM Higgs Combination
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2= Tevatron Cross Section & p-Vaersw
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Combined
H- vy

H— W'W"
H— 1ttt

H— bb

CDF

ttH— ttbb
H— vy
H— W'W
H—t*t

VH— Vbb

CDf combined rate: 1.54 x SM
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Tevatron Cross Sections w

DO,L <9.7fb"’
int

M, = 125 GeV
] Combined (68%)

-& Single Channel+

m,, = 125 GeV/c?
[ ] combined (68% C.L.)
—l— Single channel

| | | |
7 8 9 10 11
Best Fit O/OSM

DO combined rate: 1.40 x SM

DO H—bb rate: 1.23 x SM

Tevatron Runll, L <10fb™

H— vy
H— W'W’
H— t't

H— bb

m,, = 125 GeV/c®
[ | Combined (68%)
—il— Single channel

b ] i
| | | | | | |
2 3 4 5 6 7 8 9 10
Best fit G/GSM
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Coupling Measurements €5 DED

Fix mass at 125, perform best fit to all x-secs/branching
fractions

Scale all fermion couplings by k; and all boson
couplings by K,
— Need to preserve unitarity in branching fractions

Also compare K, and K, (custodial sym.) \

2

Some examples: rbgvrcE’ rn XK, p B.s
_ iV
FWWOCRzK‘z,, R=xy, /K, Bi - B.s
- ) J7
4, XK, J
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I, (095k; +0.05k,)
I, o (1.28k, -0.28k,)’

12



het

1D Coupling Measurements
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[ e Best Fit Tevatron Run Il, Lint <10fb
I 68% C.L.
| 195% C.L.

| — SM=n/4

0.5 1

6,, =Tan™' (k,/Kk,)

K, /K,=1.24

+2.34
-0.42

Posterior density

I 68% C.L.
| 195% C.L.

----- Local maxima

K

K\, K7 = coupling ratios to SM for W and Z
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- o= KW VS. KZ
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4 Testing Spin and Parity

» Standard Model predicts J? = 0*; 2*, 0~ also possible

e LHC tests confirm O* at 3o level in combined bosonic final
states

 Tevatron has sensitivity in bb final states
— We need a consistent picture in all expected decay modes!

* Visible mass of Vbb system very sensitive to J® assighment
(e.g. Ellis, Hwang, Sanz, You, JHEP 1211, 134 [2012])
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Testing Spin and Parity

Standard Model predicts J? = 0*; 2+, 0" also possible
LHC tests confirm 0* at 30 level in combined bosonic final

states

Tevatron has sensitivity in bb final states
— We need a consistent picture in all expected decay modes!

Visible m
(e.g. Ellis,
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4 Generating signals DS

* Generate 2* signhal with MADGRAPHS5; interfaced to
PYTHIA for showering

— Use RS graviton model, initial normalization to SM xsec x Br
— Note: no generic Spin-2 model
— Only considering VH processes (no e.g. gg or VBF)

e MADGRAPH 0* VH checked against PYTHIA VH; good
agreement

* Observe similar separation to that predicted

—r
)
T
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+JF=0
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Events/40 GeV
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[X)
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Additional Discrimination

 Take advantage of known mass

— vvbb, llbb: create high/low purity regions using Mbb

* |vbb uses MVA output to make HP/LP regions

e Separate channels in statistical analysis
ZH—vvbb, TT

2 220 @ Preliminary, 9.5 fb™
o 200 » Data
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160} M
140~ t T
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ZH—vvbb, TT HP

Events
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0
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L,
4 Results w

* Use CL, to quantify model preference, LLR as test statistic
SHLI=2486 [ TR = 2log(L(H1)/ L(HO))
— HO: JP=0* + BG

* Compute for 2 different signal scale factors on SM o X Br (bb)
— 1.00 (SM)
— 1.23 (DO measured rate)
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L, 3
4 Results w

* Use CL, to quantify model preference, LLR as test statistic
- H1:J7=27+BG LLR=-2log(L(H1)/L(HO
— HO: JP=0*+ BG g( ( ) ( ))
* Compute for 2 different signal scale factors on SM o X Br (bb)

— 1.00 (SM; shown)
— 1.23 (DO measured rate)

VH-Vbb

4 F -y -1 —0"LLR
*5200?@ Preliminary, 9.7 fb —0* LLR +16
e [ 0*'LLR +20
1000 ('} —2'LLR
8 | § — Observed LLR
> 800 A
g SO0
T [
o 600—
[ L
o [

400

200}

0:| | | |

80 60 40 20 0 20 40 60 @0

+
18 10l 2013 Clear preference for O
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Results 2 X
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OO/ Chio
* CL=P(LLR > LLRbs|x)

1— CL, Exp. (u=1.00) 0.9995
* Interpret 1-CL, as C.L.
for exclusion of 2+ in el U U:992
favor of 0* 1- CL, Exp. (u=1.23) 0.9999
e Exclude 2* model at

1-CL, Obs. (u=1.23) 0.999

>99.2% C.L.

* Expected exclusion is
3.10 (u=1.0)
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Signal Admixtures

* Allow possibility of both a 2* and 0* signal in data
— Vary 2* fraction f,, from O to 1

— H1: u x (0*Br(->bb)).,, %

[2* xf,, + 0* x (1—f,,)] + Background

— HO: u x (o*Br(->bb)),, x 0* (i.e. pure 0*) + Background
* Fixuto1.00 or1.23, compute LLR, CLs, etc.

o 1.3

¢ SM H—bb

- D0 Preliminary, L <9 7 fb! = 1-CL, Observed
------ 1-CL, 0" Expected

[ Expected 1 s.d.
[ | Expected+2 s.d.

-~ G40 —GHM x1.0

\III|I|II|III|||II\|II|||II]I

IIIIIIIIIIIIIIIIIIIIIIII

01 02 03 04 05 06 07 08 09

2" Fraction

Exclude f,, >0.56 at 95% C.L.
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1.1
1
0.9
0.8
0.7
0.6
0.5

= DO Preliminary, L <9 7 fp’! = 1-CL, Observed
FSMH-bb e 1-CL, 0" Expected

- G40 —GHM x 1.23

"] Expected £1 s.d.
| | Expected 2 s.d.

IIII|IIII|IIII|IIIIIIIIIIIIII

0.1 02 03 04 05 06 07 08 09

2" Fraction

Exclude f,, >0.42 at 95% C.L.
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A broadly consistent Higgs boson
picture is forming; Tevatron
provides complementary info in
bb channels

All final Tevatron Higgs
combinations accepted in Phys.
Rev.D

Cross section and coupling
measurements consistent with
the SM predictions

DO spin and parity tests in bb final
states favor JP=0%; reject JP=2*
(graviton-like couplings) at
>99.2% C.L.

Exclude f,,>0.42 at 95% C.L.

Still to come: JP=0" tests,
combination with CDF

18 Jul 2013

Summary

Tevatron Run I, L <10 fb”
B m,, = 125 GeV/c?
[ ] combined (68%)
— - Single channel
H=vy - =
Ho W'W - i
Ho vt
H—bb [
| | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Best fit o/og,
VH-Vbb
9 't fi -1 —0"'LLR
*5200?@ Preliminary, 9.7 fb —0* LLR +1o
£ = 0'LLR +2¢
‘=000 — 2* LR
8 f — Observed LLR
s 800
g SO0
T
2 600
0w L
o
400
200 k
0:I.4L L | P T I
-80 -60 -40 -20 0 20 40 60 80
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Final Tevatron Publications

18 Jul 20135

DO Luminosity (fb~!) My (GeV) Reference
WH — fubb 0.7 90-150  Phys. Rev. Lett. 109, 121804 (2012)
and Acc by PRD arXiv:1301.6122
ZH — £0bb 9.7 90-150  Phys. Rev. Lett. 109, 121803 (2012)
and Acc by PRD arXiv:1303.3276
ZH — virh 9.5 100-150 Phys. Lett. B 716, 285 (2012)
HoWW- = vl o 9.7 100200 Acc by PRD arXiv:1301.1243
H+X - WW = g7+ < ljet 7.3 155-200 Phys. Lett. B 714, 237 (2012)
H— W+W- = lvgd'q 9.7 100-200 Acc by PRD arXiv:1301.6122
VH — eep/ppe+X 9.7 100-200 Acc by PRD arXiv:1302.5723
VH = e*p*+X 9.7 100-200 Acc by PRD arXiv:1302.5723
VH = lvqg'qq'q 9.7 100-200 Acc by PRD arXiv:1301.6122
VH - mymp+ X 8.6 100-150 Acc by PRD arXiv:1302.5723
H+ X — {n,35 9.7 105-150 Acc by PRD arXiv:1211.6993
H — ~~ 9.7 100-150 Acc by PRD, arXiv:1301.5358
CDF
WH — fvbb 9.45 90-150 Phys. Rev. Lett. 109, 111804 (2012)
ZH — (ibb 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)
H—-W*W- = {tvlv 9.7 110-200 Sub to PRD, arXiv: 1306.0023
H— WW — emum, 9.7 130-200 Sub to PRD, arXiv: 1306.0023
VH — eep/ppe+X 9.7 110-200 Sub to PRD, arXiv: 1306.0023
H— 77 6.0 100-150  Phys. Rev. Lett. 108, 181804 (2012)
H — ~~ 10.0 100-150 Phys. Lett. B 717, 173 (2012)
H—ZZ — 1l 9.7 120-200 Phys. Rev. D 86 (2012) 072012
ttH — WWbbbb 9.45 100-150 Phys. Rev. Lett. 109 (2012) 181802
VH — jjbb 9.45 100-150 JHEP 1302 (2013) 004
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Final Tevatron Publications

DO Combination:
Acc. by PRD arXiv:1303.0823

CDF Combination:

Acc. by PRD arXiv:1301.6668

Tevatron Combination:
Acc. by PRD arXiv:1303.6346
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Log-Likelihood Ratio

95% CL Limit on o, / o,
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Final DO SM Combination

= QObserved

| DG, L <9.7fb"
SM Higgs Combination

=mumm Expected w/o Higgs

- = EXpected wIMH=125 GeV

- Expected +1 s.d.
I:l Expected £2 s.d.

Y
o

@ Exclude 90 < M, < 101,
B 157 <M, <178 GeV

) C -1
= C [[JLLR, 1 s.d. DO, L  <9.7fb
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Exclusion——=>
1 1 I
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D@, L <9.7 fb"

M, = 125 GeV
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_ -&- Single Channel
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180
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H— bb
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Log-Likelihood Ratio

95% C.L. Limit/SM

Tevatron Sub- combmatlons w

het

- 10 ¢
- -LLR +1 s.d. Tevatron Run |, L <10 fb’ f ol Tevatron Run II LInt < 10 fb —_ Observed
40 MuR, 254 SM H—->WW comb|nat|on = SM H—>W"W’ combination +1s.d. :
- LLR LLR % °F w2sd :
30 = ===LLR, —LLRg, E Expected if 1
- === LRy —'LLRmH=125<3eV/c2 1:,_1 [ mHE125 GeV/c?]
= (6,X15) D g (0, x1.5) 1
C - - Expected if
- &5 m, =125 GeV/c?]
0 — 4 (cst1 0)
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E ...'~~‘ '4" 2
-10 — ., R
n " o" 1
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S
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95% C.L. Limit/SM

Tevatron Limits

Results shown from the Bayesian calculation (CDF method)

|
]
L]

L L L
Observed

Expected w/o Higgs
Expected +1 s.d.
Expected +2 s.d.
Expected if m =125 GeV/c?

Tevatron Run I, L, <10 fb”
SM Higgs combination

|

| | | | | | ! ! ! | ! ! ! | |
100 120 140 160

Exclusion regions:

90 <M, <107, 149 <M, <182 GeV

Expected exclusion: 90 < M,, <121, 140 < M, < 184 GeV

18 Jul 2013

| | | | |
180 200
m,, (GeV/c®)
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L, 3 . .
2& levatron Cross Section Posteriors w

TABLE VII: Measurements of the best-fit values of R = o x B/SM using the Bayesian method, for the combined SM,
H — W*W~, H— bb, H— ~v, and H — 777 searches, for 115 GeV/c?> < myu < 140 GeV/c?. The quoted uncertainties

Posterior probability density

o 0 o O o o

N W ~ O O N

T T[T IS T T[T TTT[ITTT]TT
N

o
o L

Tevatron Run Il, L <10 fb™

m,, = 125 GeVI/c?
— Combined

Ty Hﬁ b'B
—=H-> W'W

-
-
-
-
ane”
-
amn

bound the smallest interval containing 68% of the integral of the posterior probability densities.

115 120 125 130 135 140

R (SM) 0.8710-48 146705 1.4810-58 1.1219-62 1.0779:60 1.161027
Re(H — WHW™) 3.291+2:21 1.877133 0.8510-88 0.3310-78 0.5175:52 0.9270:29
R (H — bb) 0.73+0-46 1.29+9:59 1.567972 1.8470-96 2.61112L 3.2177°81
R (H — v7) 0.101313 5.037393 6.13%3-2 3.0572718 0.00%3-0 2.8073-3%
Rp(H — 7F717) 2.617353 2.8613 0 2.1213% 0+51° 0.9513 5 2.467319

18 Jul 2013
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JEt i *
2= More on coupling measurements [3E3

18 Jul 2013

From T. Junk:

Coupling Determination: Production Cross Sections

Scalings for:
WH: R2C2
ZH: C2

VBF: C,%(0.79R?+0.21) -- Coefficients gotten from the HAWK program,
turning on and off the W and Z contributions at Born level
These do not interfere as the initial and final states are different
for W and Z exchange.

ggH: (0.95C2+0.05C,C;) -- Coefficients from the mixture of 2-loop light-quark
T EW contribution — interferes constructively with
\ the triangle diagram. These 2-loop contributions are
| not included in VBF, even our NNLO calculations.

ttH: C?

All signal predictions: Scale by the production and decay scalings
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#Higgs searches in 4t" generation models w

. New heavy generation of quarks
ggH coupling is multiplied by 3 compared to SM
Production is enhanced by 9

. OS dilepton, Ivjj(jj) searches can be recycled
For these channels in SM gg — H is the dominant SM
signal
— No need for dedicated BDT training within 4" gen context

Extend mass range with D T
MC at 200 <M, <300 GeV ¢ DO, =07t bserved
= 4 i D 210 EXpected.
E - : ' : [ ]#2c Expected -
E EET o S s
o 3 ...... e R —4G(mgh)o
Today's DO exclusion: 5, o
observed 125<m <218 GeV
expected 122<m, <232 GeV 1y

Former publication: PRD 82, 011102 (2010), DO+CDF 4.8-5.2 fb-1:

131 <m_ <208 GeV excluded (125<m <227 GeV expected sensitivity)
18 Jul 2013 34



2= Fermiophobic Higgs searches

Models where H — ff couplings do not occur
. Also means no gg — H production

So we consider channels with H —yy , WW

H — vy (VH and VBF)
OS dilepton (VH and VBF)
SS dilepton (VH)
trilepton (VH)

Benefits from SM search refinements
Employ same subchannels and BDT techniques
Retrain BDTs in channels where aa — H

provides dominant signal in SM = -
. %102 = D@, L=9.7 fb - Observed Limit
m OS dilepton, H — yy 2 Expected Limit
= N N Expected 1 s.d.
d - Expected +2 s.d.
. R 10E
exclusion @95%CL 8
observed m <114 GeV -
expected mH<1 17 GeV 1 : Fermiophobic Model = 1.0

-1 I RN NN RN RN NN NN NN R
10500 110 120 130 140 150 160 170 180 190 200
18 Jul 2013 M, (GeV) 35
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10

6(gg—H)xBr(H->W W) (pb)

10

(low mass) Prediction

95% C.L. Limit/SM4

Tevatron BSM Results

- Tevatron Run Il,

T I T T T | T T T N T T T I T T T I T T T N T T T | T T T N T T T | T T T
L.<10 fb'1 """ EXp 95% C.L. Limit wio Higgs) |

int = L
SM4 Higgs combination Obs. 95% C.L. Limit
+1 s.d. Exp. Limit

B
[ 1 +2s.d. Exp. Limit
—_

SM4 (low mass)
SM4 (high mass)

120 140 160 180 200 220 240 260 280 300
m,, (GeV/c?)

| Tevatron Run I, L, <10 fb”

R cwes Expected wio Higgs
= Observed

[ +1s.d. Expected

[ ] #2s.d. Expected

SM4 Higgs combination

SM4(low mass)=1

120 140 160 180 200 220 240 260 280

300
m,, (GeV/c?)
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95% CL Limit/FHM

-
o

L L L B A B L B B DL
TevatronRun ll, L, ;<10 fol e Expected w/o Higgs
| Fermiophobic Higgs combination === Observed ]

[ Expected +1 s.d.
[ ] Expected +2s.d.

100 110 120 130 140 150 160 170 180 190 200
My, (GeV/c?)
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bb Diboson Combination &

200

% | TevatronRunll, L _ <10 fb

= 800~ 1+2 b-Tagged Jets

g - —+— Data - Bkgd

N 600_— - WZ

B - /7

‘qc'; 4001 I Higgs Signal

z i m, =125 GeV/c?

IIII|IIII|IIIIIIIIIIIIIIlIIIIlIIIl

0 20 100 150 200 250 300 350 400
Dijet Mass (GeV/c?)

Measured value: 3.0 +/- 0.6 (stat.) +/- 0.7 (syst.) pb

SM Value : 4.4 +/-0.3 pb
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het

5 - DO Preliminary, L  <9.7 fb’ i =—"bsarved LLR
g C 7 T it T T e 0* LLR
40 sm Hobb L SHILLE
- [ Jo*LLR+2 s.d.
20—
10—
or
10—
:IlllllllllllllllllIIIl|IIIIIIIIIIIIIIllIIIIIIII
01 02 03 04 05 06 07 08 0.9 1
2" Fraction
18 Jul 2013

LLR vs. 2+ Fraction

LLR

40

30

20

_SM H—>bb

|II\|IIII|||I\|I

III\|IIII

DO Preliminary,

G40, +_0H x 1.23

L < 9.7 fb -1 == QObserved LLR
0* LLR

I 0* LLR #1 s.d.
[ ]o*LLR+2 s.d.

0.8
2" Fraction
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2= Suite of Higgs Analyses e
* Traditionally analyses ?’O ijd“étibn'j
divided into “Low-mass” é —
and “High-mass” N

* Low-mass: associated
production VH — Vbb

o High-mass: H—WW 100 120 140 160 180 200

Excluded byLEP

my (GeV/c2)
decays (mostly gg prod.; o S
also VH, VBF) £ 3 " Decay
* Also contributions in Conm Lo 2
secondary (tau, yy) V&
channels o2l S
more work to do on this sliqg%o: | £ NN |

18 Jul 2013 m,, (GeV/c?) 39



2% H->WW Analyses

o Signatures:
- Two isolated high p_ leptons,
large E., small Ad(ll), small AR(lI)

o Use multiple MVAs to reject antiproton
different backgrounds

o Reduce Z(+jets) = Il w/
dedicated BDT

o« Use dedicated MVA to

separate samples into WW
enriched and WW depleted
regions

< o <

= DO, 9.7 b, ee + ET_gf;ga, 2 10 ﬂﬁ 0.71b", ee + ET_gf;ga, :
_'\g 3 [Z+jets 3 _'\g F [JZ+jets 7
c C CODiboson 1 € 103:_ [CDiboson _|
Q 03k EW+ets | & : EW+jets 3
] E [JMultijet w C DMuItljet

- . z i 2|
102 Ekg. syst.3 10 E e, lhkg syst

10; 10¢

10

107
02 04

06 0.8

02 04 06 08
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2= Comparison of Tev and LHC Methods 3£

* Signal scaling
— Tevatron: signals fixed in both hypotheses

e 2+ normalization does vary when setting 95% C.L. upper limits
* Exclude u>0.73 at 95% C.L. in this case

— LHC: signals fixed to best fit values in each hypothesis (need not
be equal)

* Systematic uncertainties
— Tevatron varies systs. in pseudoexperiments

— LHC does not vary systs. in PEs
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