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Tevatron at Fermilab
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eRun II from 2002 to 2011

e CDF and DO: 400 + 400 members from 60 + 70 institutions

3 Reinhard Schwienhorst



Tevatron collider in Run II

e proton-antiproton collider
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Unique Tevatron physics

e proton-antiproton collider
- quark-antiquark interactions
- top pairs
- forward-backward asymmetries
- single top in the s-channel

e l[ower CM energy
- Higgs to bb in associated production
- lower QCD background
- coupling to fermions

e Much less pileup than LHC
- clean events, low trigger thresholds
- precision top quark mass
- precision W boson mass
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B+ Heavy flavor physics

e Trigger and detector systems for heavy flavor
- low-pT di-muons and regular reversal of B field (DQ)
- track trigger and high-precision tracking (CDF)
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CP Asymmetries

e Tevatron Proton-Antiproton
initial state
- CP conserving
e Look for neutral meson mixing
e Look for asymmetries
in heavy flavor decay rates
e Sensitive to new physics
- in weak and strong interactions

THE MIRRIR DD NOT S£E€M T
BE OPERATING PROPERLY.
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Like-sign di-muon asymmetry

U&E 0.02

e D@ di-muon asymmetry in
semi-leptonic B decays

- Significance 3.9 s.d.
PRD 84, 052007 (2011)

Al = Caad + Cead DO aZl

e Measure asymmetry in -0.02[~
semi-leptonic decays [ oo

. DO d

® 3% in BsY & pbDsX B o

B AP, ) 68% C.L.
PRL 110, 011801 (2013) -0 04 - A:|(|P<'20) 68% C.L.

O ads| IN Bdo - M D(*)-X B combination
PRD 86, 072009 (2012) e Standard Model o
e Results consistent with zero 094 -0.02 0 0.02

and with di-muon asymmetry |
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CP Asvmmetrv for B*

* DO 10.4fb"
— B > JyK*
B -Jynt
B3 B, — Jiy X
[[17] Combinatorial
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N(J/y h)/12 MeV/c?

e Asymmetry A: Difference in °*li}+{}fi---;;lﬂﬁ"ﬂ"\|ﬁ|‘1m****+*******+”*’*‘*"--
decay rate for B+ and B e M
- CP violation in weak decay T,
e Small (<0.3%) in SM L 2000 * D010.41b"
e Result: > L
J/WK = 1001 BB sy
AT/PE = 10.59 + 0.36 (stat) & 0.07 (syst)] %, = | 1”1 .
_ =< (HENELINNT
AT/VT =424 4.4 (stat) 0.9 (syst)]| %. = g | | *
- Consistent with zero S-100 \ oo s It
_ 200 M LT s oy
e Most precise measurement z | 1] Combinatori
200514 : BT S 5;6 '
PRL 110, 241801 (2013) M (Jy ) [GeVicT
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neutral D meson mixing

D*%DOR_+/| (K_77:+)77;+ Right—sign D — K* 4+ 7

cu o= us + oud

Ny (K" )m™ Wrong-sign

n"

x10°2 CDF Run Il preliminary L=9.6fb” “weak W -
CCE Or interaction
K ® Data ®
8:— N f};)r;pilei‘;e fit include B decays j g —
I X :
; : — 1.5 . —Belle
- —— Pure charm ~
> F LHCb
] — CDF (9.6 fb™)
1
0.5
tt —normalized proper decay time ] e T R
R —ratio of WS/RS D* decays i 1
— 1 I 1 | 1
Observe D°— D’ mixing at 6.1 s.d. -0.05

CDF public note 10990
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QCD physics

e Strong interaction «~ e Parton distribution functions
studies (PDF)

e Background to most Higgs, top, new physics analyses
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QCD jet observables

# of neighboring jets

number ) _

RAR(pT ’mein

/4 X

= 2/3

e Study strong interaction in jet formation
e Minimal dependence on PDFs
e Extend energy reach beyond Lep

Using Rar and
NLO+MSTW2008NNLO PDFs

a (M,)=0.1191 7204

‘S'

o (Q)

0.1

PLB 718, 56 (2012)

# of inclusive jets

a,(Q) from jet and event shape data
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Photon + heavy ﬂavor
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Ub%fbfbﬁb q - T O SHERPA 1.4.1
O = o PYTHIA 6.216
E. o107 .
N e CDFRunfPrefiminary 5
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() et
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CDF note 10818 10;

e Sensitive to b-quark
and charm quark PDF
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Electroweak results
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DS 7.7 cross section

CDF Run Il Preliminary [ Ldt=9.7fb" -
IO T
> | ~» Data
M40 —
;’_ i jSM ZZ
il [ MFakes -
© s Lririiii.
goo.— ';:‘:" ::: N
O [riinciinfriiiiiiiiiiiiiiiiaiaollgesiiiiiiiaiie o
M ,
EFSO:_ --szzses?‘zzzz:" B :
so|- [ 1 ellll and llvv final states
* Mok : .
a0} a . o Background_to Higgs and
: : new physics searches
I B A BN A B SR A B B T R T
200 420 60 80 100 120 140 160

M, leading P_Z [GeV/c’]

| | , | June 2013

' 0.28 4 0.15

CDF public note 10957 | (2 %" ° 1.04 £554 0,08
: DO combined '13 1.324£227+0.13

accepted by PRD, arXiv:1304.5422 (L=(g?g1ft;nf —— 0.25
Standard Model: 1.4 £ 0.1 pb
| I I I I I
0 0.5 1 B 1.5 2 2.5 3

o(pp — £Z) (pb)
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DS Electroweak measurements

o)

2 10° Tevatron Run Il SM Cross Sections
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W Z Wy Zy WW g WZ t ZZ
e All single and di-boson processes measured

e Also look for anomalous boson couplings in di-bosons
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W boson mass

%40000:@) DO, 4.3 fb™' _DataT " i LH[)tun energy sc le 1« lf"ﬂnllltl()l" o i
g - Eagkgrocl:md .'" Recoil energy scale and resolution 6
o 30000~ x*/dof = 37.4/49 | [.epton removal 2
7)) L
€ B .'"g Backgrounds 3
320000‘_ pr(W) model CDF * el 5
- | o Uncertainties
N i Parton distributions 10
10000:_ ;f" QI* D radiation 4
:..._-_— — ; sboson statistics ... N v
S 3P TR — P— s Mass of the W Boson-
Oiﬁﬁﬁ}{um HHH{{ {H }}]lfjﬂqﬂ]lﬂll\ljfﬁwﬁlﬁﬁﬁh+ iﬂllHﬁ]l{{ HHEHH#{N“ Measurement M,, [MeV]
-2; ................... ......................... + ................ ; ............ * ..... + CDE-0/ ° 80432 +79
50 60 70 80 90 100 DO-| | ® 80478 83
m; (GeV) DOl o) —o— 80402 43
e Well understood detectors CDFlleze) [ ] 80387 +19
DD-Il  @aw) — @+ 80369 *+26
¢ We” UnderStOOd theory €rrors Tevatron Run-0/l/Il -0~ 80387 £16
e Clean event environment LEP-2 —o— 80376 £33
e Expect final Tevatron Yorid Average 7] 80385 =15
measurement with
<10 MeV uncertainty . I .
80200 80400 80600
My, [MeV] March 2012
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sinOw from Z—ee

LEP1: All Z pole -
B .23153 £ .00016
| TeV+LEP2: dirert
80.4 o
: LEP1: light hadrons &
— 2320 + .0021
N
9
>
& DO: D-Y A, ——
2 80.3 b 2309 .0010
CDF Il Preliminary CDF:D-YA, ———
A, = 0.110 + 0.008, L=2.1 fb" ZOF | Pretiminary
PRL 1or, 241801 (2011)
| | | L1 | | IIIIIIIII | IIIIIIIII | IIIIIIIII | IIIIIIIII | |

0.226 0.228 0.2;%19t 0.232 0.234

0.09 0.1 0.11 0.12 0.13 ' sin®6,;

A,

. TeV/LEP2 -»- 80385 + 15
e Measured A4 (V-A interference) )

from cosB term of the angular

distribution of e+e— pairs with LEP1/SLD/m, —+~ 80365 + 20
Mee in [66,116] GeV/c?
e Derived sinBef®® and Mw from A4 oor:Dva, —o— [ 80207 + 55

CDF Il Preliminary

and ResBos prediction
PRL 106, 241801 (2011)
arXiv:1307.0770, PRD  gus00 80100 80200 30300- '8'0‘110'9' 5050080600
CDF public note 10952 W boson mass (MeV/c’)
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Top quark
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Top forward-backward asymmetry

antiproton direction | proton direction Dj'?p'to,n, d,e,caIY_ C,h,ar,m'el_: —
200F D@ L=5.4fb" —— Data -
Tevatrona top ! B ]
i L (€ -
anti-top . 150 B Background -
- - 3
Q 100 -
Ll . B
50 F 5
n O -1 0 1 2
Lepton charge x lepton n
c i D@, 5.4 ib™
(QCD+EWK): £ 0t [ Wajets .
A = (6.6 £ 2.0)% 1205 I Multiet
_ 00 © Data
e Combined D@ result: .
Am' = (11.8 £ 3.2)% &
— 2.2 s.d. above SM 40
20
PRD 87,011103 (2013) -1 - b 2 o gy

top quark rapidity
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Differential top cross section

CDF Run Il Preliminary [£L=9.4/fb tt—/v+ jets

500 1
—+
- 400 | + —+—_+_
5 (@.g) N—+— = +++

NLO SM tt (Powheg)

s Background
+ Data

100

—-1.0 . 0.0 . 1.0
cosb,
e CDF: Ap'eP = (9.4 + 4.3)% S
0.30l CDF Run Il Preliminary [£=9.4/fb tt—fv+ jets
® SM@NLO: Afb/ep = 3.6% —— NLO SM (PRD 86 034026 (2012))
0-23] - LO SM (Pythia) |
0.20f b} |--c- LO s-channel (Octet A)
e Legendre moment to B N LO t-channel (Z' 200 Gev/c?)
. o } Data
characterize shape £ o0l
e Supports s-channel type model £ oo
- Favors s-channel axi-gluon Z ooof 1 S S -
- Disfavors t-channel Z’ ~0.05|
CDF public notes 10974, 10975, ~0.10} : 5 s ; : . . !
submitted to PRL, arXiv:1306.2357 Legendre degree

MICHIGAN STATE
UNIVERSITY
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Single top quark production

.
%‘ 1 DO 9.7 fb™!
w w ™ -
, ¢ MNP ch 08'_ 0expected
-/ - g =2.337 pb
g - b S L . -
a | : 1 o 06: Oobserved
- - - - : 0.53
S 5 D@ 9.7 fb S 0.4 -\ (=3.0755pb
s I 1SD n - 5
£ - 2SD 8 0.2
| I:' TR P | 1
o | 123456 7 8
o 3L o @® Measurement R
6 °f m su" tqb cross section [pb]
5 O O Four generations' > :
c - m° A O Top-flavor -t 16— DQ 9 7 fb -1
S 2- A Top pi[g]n[?‘] (7 14L > T
5 I - FeNe S 100 V=100
R (2] EPJ C49: 701, 2007 O 10  wv.i=1.00%%
i [3] PRD 63: 014018, 2001 o 5 tb -0.04
: [4] PRL 99: 191802, 2007 = 8 1v 1>092 @95%C.L.
B | | | | | | | | | | | | | | | | | | | | | | | | w 6:_ tb
% 1 2 3 4 5 ® 4
s-channel cross section [pb] 2 25_
e CDF result and Tevatron (b

combination this summer 0.2 04 0.6 O.IBV I21
tb

e World’s best |Vtb| measurement
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s-channel signal

-
q t o DO, 9.7 fb
g - [ ]+1SD
+ o [ J+2SD
W o 1 ®
¥ —tgb
@
©
© ——
q' b
711&111111111111
5 x 0.7 0.8 0.9
g 30 DO, 9.7 fb Binned BNNComb discriminant
o
E; I s-channel Single Top Quark Cross Section
S 20
> e/u+jets 3.2 fb
C F +0.70
= MET+jets 2.1 b —e— 1.80,,, pb
T
_>d__> 10 D@ efu+jets 5.4 fb™ —o—i 0.68'>° pb
0 CDF e/u+jets 7.5 fb —— 181 > pb
0.7 0.8 0.9 : 4 0.33
. . . DO e/u+jets 9.7 fb = 1.10° > pb
Binned BNNComb discriminant e 231 P
— ghlélg?tn1a1lﬁg12(2oos) Rk
e 3.7 s.d. significance

-4 -2 0 2 4
e very difficult at LHC o(pp— th+X) [pb]
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Single top without leptons

Single Top in ET+jets CDF Run Il Preliminary, L = 9.1 fb™ P
<t = m .
S 0o L #NDF = 1001120 —~Data [_]QCD multuet|:|V.+1ets q q
% KS = 0.793 [ piboson[T]tt [[]single top
-t - -
s B Signal Region
> — -
w 600 A e, T
i ST By
- [
400 —
} ]
B .
200 — | g
Q 1
>
w
©
g .50 o Single Top in ET+jets CDF Run Il Preliminary, L = 9.1 fb!

0 0.2 0.4 0.6 0.8 1
Final NN Discriminant Output

°
]
|

Ogas = 3043 pb

CDF public note 10979

4
o
R

(0%t = 3.12 pb)

e Same technique as Zh—vvbb

e Select t decays
- And events lepton analysis missed

Posterior Probability Density

MO
8 10
Single Top Cross Section (pb)
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Mass of the Top Quark in Different Decay Channels

250 CDF Il Preliminary
* | :
ol « Data (8.7 fo') March 2013 (* preliminary)
> Signal+Bkgd .
3150_ -1 Bkgd only Lepton+jets 173.1840.92 (:0.54+ 0.75)
% 100 Tagged
> ! ®
" 5ol ++ Dilepton 171.0242.06 (+1.72+ 1.14)
& ")
--z"f/;w?)ff}ffgﬁlff}??ﬁfgé/(é'm?éﬁg.u’m Ball o
‘POO 150 200 250 300 o
m;>e° (GeVic') Alljets 172.7041.94 (+1.46+ 128)
a

e Top mass reconstructed MET+Jets * 173.7641.79 (+1.30+1.29

from top pair decay

—_— () e

products Tevatron 173.20+0.87 (+0.51+0.71)
e lepton+jets, di-lepton and | combination* sl el

all-jet final states 173.20 £ 0.87 GeV
e Dominant uncertainties

I I I I I I I | I |

- Signal modeling 168 169 170 171 172 173 174 175 176 177 178 179
- Jet energy scale M, (GeV/c?)
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Top and W and Higgs boson masses

;‘ 80.5 | I I I | [N | I | [ I I [ I | o F I | I |
o - [ 68% and 95% CL fit contours | | mi" Tevatron average = _
9, B w/o M,, and m, measurements ‘ i 7
E; 80.45 N 68% and 95% CL fit contours ]
n w/o M,,, m, and M, measurements |
— M, world average = 1o / 7
80.4 —— -
80.35 —
80.3 —
80.25 —
[
140

boson
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Vacuum stability

0.10

00sl M, = 125 GeV i
' 30 bands in

_ - M, =1731+07 GeV

S 006 (M) = 0.1184 + 0.0007

2n

£

= 004 ]

o}

Q

o

£ 002 |

o

& R ‘\\ ~

2 : NG, - M, = 1710 GeV

2 000| _—

(M) = 0:1205- - -
-0.02 TS 0.(Mz)S 01163
i M, =1753GeV |
_0'04_ | | | | | | | | | | | | | | | | | a
102 10* 105 10° 10 102 10 106 1018 10%

RGE scale y in GeV

e Extrapolate Higgs coupling to Planck Scale (10%° GeV)
e Depends on top mass
- Current value — Higgs quartic coupling negative at 101° GeV
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Vacuum stability

0.10
0.08 [ M, = 125 GeV -
' 30 bands in

. I M, =1731+07GeV

S 006r ,(My) = 0.1184 = 0.0007

2n

£

5 004 )

o]

Q

©

E 002f _

o

= NS

&b - NS T o~- M, =1710GeV

2 000 N e

S~ (M) =01205- - -
—0021 TS (Mz)y= 01163 ]
3 M, =1753GeV |
_0-04_|||||1||||||||||1‘
102 10* 106 10% 101 1012 10 10 1018 102°

RGE scale y in GeV

e Extrapolate Higgs coupling to Planck Scale (10%° GeV)
e Depends on top mass

- Current value — Higgs quartic coupling negative at 101° GeV
e Indication of new physics!
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Higgs at the Tevatron

CE e 26 stenTp et S taeesdinct:
e Measure Higgs coupling to Fermions
- So far only place in the world to do so
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Higgs: fermion coupling in associated production

Channel e ¥ 5/ Luminosity mpy range
S~ (fb~1)  (GeV/c?)
WH — £ubb 2-jet channels 4x(5 b-tag categories) 9.45 90-150
WH — fubb 3-jet channels 3x(2 b-tag categories) 9.45 90-150
ZH — visbb (3 b-tag categories) . 9.45 90-150
ZH — £Y£7bb 2-jet channels 2x (4 b-tag categories) H — bb 9.45 90-150
ZH — £7£7bb 3-jet channels 2x(4 b-tag categories) 9.45 90-150
WH + ZH — jjbb (2 b-tag categories) 9.45 100-150
ttH — WHbW bbb (4 jets,5 jets,>6 jets)x (5 b-tag categories) 9.45 100-150
H— W W 2x(0 jets)+2x (1 jet)+1x (>2 jets)+1x (low-mee) 9.7 110-200
H— WIW=  (e-Twaa)+(#-Thaa) 9.7 130-200
WH - WW*W~  (same-sign leptons)+(tri-leptons) H—-W™W- 9.7 110-200
WH - WW*TW~  (tri-leptons with 1 mhaq) 9.7 130-200
ZH — ZW*TW~  (tri-leptons with 1 jet,>2 jets) 9.7 110-200
H— 7= (1 jet)+(>2 jets) H—rtr~ 6.0 100-150
H— vy 1x(0 jet)+1x(>1 jet)+3x(all jets) H — vy 10.0 100-150
o | - - ] H — ZZ (four leptons) H— 2727 9.7 120-200
S —
© bb
o
(&)}
= ww
=
U
5
ol | P ;
= Channel w Luminosity mpy range
TR (1) (Gev/)
WH — fvbb (4 b-tag categories) X (2 jets, 3 jets) 9.7 90-150
cc ZH — vubb (2 b-tag categories) H — bb 9.5 100-150
ZH — £Y4~bb (2 b-tag categories)x (4 lepton categories) 9.7 90-150
H—-W™W~ - Fuvlfv (0 jets,1 jet,>2 jets) 9.7 115-200
102 1 H+ X->WtW~ - puFori v 7.3 115-200
H— W*tW~ — 4vjj (2 b-tag categories)x (2 jets, 3 jets _ 9.7 100200
VH — efpt + X ( > ) Howrw 9.7 100-200
VH - Ul + X 9.7 100-200
VH — £5jji (>4 jets) 9.7 100-200
VH — ThadThaat + X - 8.6 100-150
H+ X017 ) = 9.7 105-150
0500150 To 160 180 200 Z -7 96 100-150

Higgs Mass (GeV/c))
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final Tevatron Higgs combination 1l

s 10 Tevatron Run Il, L <10 b’
- == Observed -1 B my = 125 GeV/c
_%_) | Expected w/o Higgs Tevatrgrl\]/lﬁl_lu.n ”’ Lim Sb.1 0 I.b - Combined (68% C.L.)
g i - Expected +1 s.d. IggS combination — —l— Single channel
- [ ] Expected =2 s.d.
i I Expected if m,=125 GeV/c H-evyy b =
(g H— W'W’
o~
Kp]
S H— 't
VH— Vbb [
1
| | | | | | | |
0 3 4 5 6 7 8 9 10
Best Fit (o x Br)/SM
| B
6l Tevatron Run I, I_Int <10fb
- e Localmaxima A SM
| ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | : - 680/0 C.L. I:I 950/0 C.L.
100 120 140 160 180 200 4r -
i wz—

m,, (GeV/c?)

e Observed significance 3.0 s.d. al! ‘
at mH = 125 GeV/c? of

e Coupling measurements consistent
with SM

0 0.5 1 1.5 2
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DO  Testing Higgs boson spin/parity

- . . o00F- TeVatron
e Spin/parity of Higgs affects i —0
- Angles of decay products ok |l F | 2
- cross-section behavior at threshold émg Ariv:
» s-wave for 0+: o~ (SM g, F '
+ 0-B (SM) & . 1208.6002
» p-wave for 0-: o~ oo |
» d-wave for 2+:0-B> rooof [
e pp — VH sensitive “threshold” o

Mbl

effects _
iFf tial £ 120r— ZH—vvbb, all channels

e Differential cross sections D Preliminary, 9.5 b - —0'LLR
depend strongly on JPC 2,40 A i
of new particle - —2*LLR

e Re-use published
VH — Vbb analyses

Pseudoexperiments
(*2] (o]
o o

FeY
o
T

e results later this summer 20/

30 20 10 0 10 20 30
LLR

Reinhard Schwienhorst A HICAN STATE



Conclusions/Outlook

e Tevatron physics impact
- Top quark discovery, top and W boson mass measurements
- First measurement of many cross sections and resonances
- Higgs coupling to fermions
- Limits on numerous new physics particles and interactions
- Established hadron collider methods and analysis techniques
e Tevatron data analysis still providing important results
- Expect ~100 more papers
e Unique collider provided precious dataset
- CP symmetric collider at the highest energies
- Well understood detectors
- Higgs spin/parity tests
- Follow up on anomalies
e Tevatron legacy measurements
- Cross section measurements
- Precision measurements of mw and mtop
- CP asymmetries
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Thanks!

e D@ and CDF collaborations
e Physics coordinators

- Bob Hirosky, Rick van Kooten, Jon Wilson,
e Previous Tevatron speakers

- Costas Vellidis, Andreas Jung, Bob Hirosky

e Fermilab Result of the week
- Tevatron physics for the informed public

e CDF physics results:
http://www-cdf.fnal.gov/physics/physics.html

e D@ physics results:
http://www-dO0.fnal.gov/Run2Physics/WWW/results.htm
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