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1. Motivation



Symmetries shape theories.

At the FERMILAB Tevatron the initial pp state is invariant with
respect to CP.

Is the final state invariant with respect to CP?7

The matter in the Universe requires new sources of CP violation
beyond the Standard Model.

Muon identification with the D@ detector has low background
due to 5500 tonnes of shielding.



Very few processes contribute to like-sign dimuons.

Most muons at the Tevatron come from the decay of heavy quarks
b or c.

Our signal is the direct semi-leptonic decay of B hadrons: B —
uX.

Our signal in the like-sign dimuon sample requires B, < Ed and/or
Bs < Bs mixing: B — putX,B? — BY — T X.

Mixing is due to “box” Feynman diagrams that probe new heavy
virtual particles not directly accessible at the Tevatron.
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e New Physics may compete, or even dominate Mqo.

e At the Tevatron, the dimuon charge asymmetry is the most
sensitive probe of some extensions of the Standard Model.



We measure the like-sign dimuon charge asymmetry of semileptonic
B decays in pp collisions:

A
= Ng ' —Nig _ faxaoa + fsxsoag,
A faxdo + fsxso

A Mg
Agl is obtained from the like-signh dimuon charge asymmetry

NT+ _ N—
NT+ 4+ N——

A



e In the Standard Model ¢s ~ 0 and A% ~ 0.

e Any significant deviation of the dimuon charge asymmetry Agl
from zero is unambiguous evidence of New Physics.

e [ he measurement of the dimuon charge asymmetry complements
studies with Bs — J/v¢: they both obtain ¢s.

See Appendix B: Theory.



2. Overview



5 Muon Chambers

Shielding

-5 =

The DY detector.
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This analysis uses two data sets:

The inclusive muon set contains all events which have at least one

muon candidate (passing a given set of single muon triggers and selection cuts).
1.495 x 10° muons.

The like-sign dimuon set contains all events with 2 muon candidates

with equal charges (passing a given set of dimuon triggers and selection cuts).
3.731 x 10° events.
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Origin of muons:

“Short S" muons (fraction fg) created within a few mm of the
primary vertex:

e decay of b quark, b — uX;
e decay of ¢ quark, ¢ — uX,

e decays of J/vy, n, w, T etc.;

“Long L" muons:
e kaon decay K — uv, punch-through or fake (fraction fg);
e pion decay m — uv, punch-through or fake (fraction f;);

e proton identified as a muon: punch-through or fake (fraction f,);
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Analysis in a nut shell

1. e Countnt and n~ and obtain a = (n™ —n7)/(nT +n").
e Correct for L muons and obtain ag.

e Correct for non-direct semileptonic b decays: Agl = ag/(0.07 £ 0.006).

2. e Count N*t+ and N~ and obtain A= (NTT - N-—)/(NTT + N—).
e Correct for L muons and obtain Ags.

e Correct for non-direct semileptonic b decays: A’ = Ag/(0.486 + 0.032).

3. Combine A and a to cancel correlated uncertainties and reduce the uncertainty
of Ab,.
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The inclusive muon charge asymmetry

a = fs(ag +90) + fxax + frar + fpap,

and the like-sign dimuon charge asymmetry

A= FggAg+ Fsrag + (2 — Fpkg) A + FxAg + FrAr 4 FpAp

have common sources of backgrounds. These can be (partially)
cancelled in A — aa, resulting in @ minimum total uncertainty of Ag.
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All parameters are measured with data as a function of py by recon-
structing exclusive decays:

o fi: K't - Kgnt, KO - n~ K+ — uT and Kg — ntn—.

o fr fx, Ks—ntn™ —pu, ¢ - KTK~ — p and ng/ng from MC.
o [ fu, N—mmpT —pu, ¢ — KTK~ — pand n,/ng from MC.
e arp: KO - n~ KT -yt and ¢ - KTK~ — p.

® . K5—>7T+7T_—>,LL.

e a,) N —=71"p— p.

6. J/i¢ — track track — pu.
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Closure test: a = fg(ag +0) + fxarx + frar + fpap = fsas + apky-

Asymmetry
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Uncertainties of Agl for different values of parameter . We set
a = 0.959 for minimum total uncertainty.

Final result from A — aa for 6.1 fb—1:
Ab = —0.00957 + 0.00251(stat) + 0.00146(syst)

sl —
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Observed and expected like-sign dimuon charge asymmetries A in bins of dimuon invariant mass.
The expected asymmetry is shown for (a) A% = 0.0 and (b) A} = —0.00957.
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Breakdown of uncertainties of Agl

Source From a From A From A — aa
A or a (stat) 0.00066 0.00159 0.00179
frx or Fi (stat) 0.00222 0.00123 0.00140
P(mr — u)/P(K — p) | 0.00234 0.00038 0.00010
P(p — pn)/P(K — p) | 0.00301 0.00044 0.00011
Ax 0.00410 0.00076 0.00061
Anr 0.00699 0.00086 0.00035
Ap 0.00478 0.00054 0.00001
6 or A 0.00405 0.00105 0.00077
frx or Fi (syst) 0.02137 0.00300 0.00128
m, K, p multiplicity 0.00098 0.00025 0.00018
cp, or Cy 0.00080 0.00046 0.00068
Total statistical 0.01118 0.00266 0.00251
Total systematic 0.02140 0.00305 0.00146
Total 0.02415 0.00405 0.00290
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Tests. Measured asymmetry Agl with reference and several modified
selections (see Appendix A). The raw parameters change in a wide

range, while the resulting asymmetry Agl IS stable.

confirmation of the method.

This is a strong

Test: Ref A B C D E F

N(pp) x 107° 3.731 1.809 2.733 1.809 1.785 2.121 1.932

a x 102 +0.955 +40.988 +4+0.791 +0.336 +1.057 +0.950 +1.029

A x 102 +0.564 +0.531 +40.276 -0.229 +40.845 +40.543 +0.581

« 0.959 0.901 0.942 1.089 1.083 0.902 0.915

[(2 — Fokg) A — afsd] X 102 —0.065 —0.072 —0.143 —0.200 —0.074 —0.075 —0.069
Fbig 0.409 0.372 0.401 0.303 0.384 0.385 0.426

Agl x 102 —0.957 —0.976 —1.084 —0.892 —1.107 —0.888 —1.096

a(Agl) x 102 (stat) 0.251 0.330 0.293 0.315 0.402 0.328 0.375
Significance 0.090 0.846 0.324 0.478 0.326 0.498
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e Details in Appendix A.

e [ heory in Appendix B.

e Full details in arXiv:1005.2757 (16 May 2010).
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3. Result
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This measurement (6.1 fb—1):
Ab = —0.00957 + 0.00251(stat) 4+ 0.00146(syst).

sl —

3.2 standard deviation discrepancy with the Standard Model

This is a precision measurement: FggAg = —0.00309 + 0.00090.

This result is in agreement with the D@ publication of 2006

(1 fb~1) and superseeds it.
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The 68% and 95% C.L. regions of Al and ¢ obtained from this measurement,
and from Bs — J/¢¢ at D@ . Also shown is the standard model (SM) prediction.
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25 citations of arXiv:1005.2757 from 16 May to 10 July 2010:

e arXiv:1006.0432, Title: Implications of the dimuon CP asymmetry in B_d,s decays, Authors:
Zoltan Ligeti, Michele Papucci, Gilad Perez, Jure Zupan.

e arXiv:1005.5310, Title: Higgs-mediated FCNCs: Natural Flavour Conservation vs. Minimal
Flavour Violation, Authors: Andrzej J. Buras, Maria Valentina Carlucci, Stefania Gori, Gino
Isidori.

e arXiv:1005.4582, Title: Axigluon on like-sign charge asymmetry A’ s¢, FCNCs and CP asym-
metries in B decays, Authors: Chuan-Hung Chen, Gaber Faisel.

e arXiv:1005.4238, Title: CP violation in B_s mixing from heavy Higgs exchange, Authors:
Bogdan A. Dobrescu, Patrick J. Fox, Adam Martin.

e arXiv:1005.4051, Title: Enhanced BgBg lifetime difference and anomalous like-sign dimuon
charge asymmetry from new physics in B_.s — 7t7—, Authors: Amol Dighe, Anirban Kundu
and, Soumitra Nandi.

e arXiv:1005.3505, Title: Less space for a new family of fermions, Authors: Otto Eberhardt,
Alexander Lenz, Jrgen Rohrwild. ... etc
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This is the first evidence of anomalous CP-violation in
the mixing of neutral B mesons.
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Appendix A: Details
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Test A: Part of data sample corresponding to the first 2.8 fb~! (Runlla) is used.

Test B: Tight muon selection. In addition to the reference selection cuts, we require at least
three hits in wire chamber layers B or C, and the x? of the local track fit in the muon detector
less than 8.

Test C: Since the background muons are produced by decays of kaons and pions, their track
parameters measured by the central tracker and by the muon system are different. Therefore,
the fraction of background strongly depends on the x? of the difference between these two
measurements. The cut on this x? is changed from 40 to 4 in this test.

Test D: The cut on the transverse impact parameter is changed from 0.3 to 0.05 cm, and the
cut on the longitudinal distance between the point of closest approach to the beam and the
associated vertex is changed from 0.5 to 0.05 cm.

Test E: Select low-luminosity events by selecting events with less than three primary interac-
tions.

Test F: Events with the same polarities of solenoid and toroid magnet are used.
Test G: The cut on the mass of the two muons is changed from 2.8 GeV to 12 GeV.

Test H: Require that the muon transverse momentum pr > 4.2 GeV.
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Test I: Require that the muon transverse momentum pr < 7.0 GeV.

Test J: Require that the muon momentum azimuthal angle ¢ be in the ranges 0 < ¢ < 4 or
5.7 < ¢ < 27m. This selection excludes muons directed to the region of lower muon identification
efficiency.

Test K: Require that the muon pseudorapidity n be in the range |n| < 1.6.

Test L: Require that the muon pseudorapidity n be in the range |n| < 1.2 or 1.6 < |n| < 2.2.
Test M: Require that the muon pseudorapidity n be in the range |n| < 0.7 or 1.2 < |n| < 2.2.
Test N: Require that the muon pseudorapidity n be in the range 0.7 < |n| < 2.2.

Test O: Like-sign dimuon events passing at least one single muon trigger are used, while the
request of a dimuon trigger for these events is dropped.

Test P: Like-sign dimuon events passing both single muon and dimuon triggers are used.
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Reversal of magnetic fields cancels first order detector asymmetries.
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Data selection

Track selection:

pr > 1.5 GeV,

pr > 4.2 or |p;| > 6.4 GeV dictated by detector geometry,
pr < 25 GeV,

at least 3 hits in the silicon microstrip tracker,
at least 6 hits in the central fiber tracker,
vertex match,

transverse impact parameter < 0.3 cm,
longitudinal impact parameter < 0.5 cm,

In| < 2.2,

track x?/d.f. < 6.
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Muon selection:

Track with matching muon,

local fit converged,

global x? < 40,

at least one scintillator hit on track with |At| < 5 ns,
at least 2 hits in drift chambers A,

at least 2 hits in drift chambers B or C.

Triggers: single muon or dimuon.

Dimuons: Two muons, same vertex, same charge, m(up) > 2.8 GeV.

Details in a backup slide.
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1. The observed charge asymmetry
of the inclusive muon data set is

n+—n_

nt + - = fs(ag +9) + fxax + frax + fpap.

a

To obtain ag, we measure all other parameters
in data as a function of the muon pr.

Results from a for 6.1 fb—1:
a = +0.00955 4+ 0.00003 (“raw” asymmetry from muon counts),
frarg = 0.00854 4+ 0.00018(stat) (largest correction),
fg = 0.581 4+ 0.014(stat) £ 0.039(syst) (fraction of S muons),
ag = (0.070 £ 0.005) A2,
Ab = 40.0094 4 0.0112(stat) + 0.0214(syst).
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2. Some definitions for like-sign dimuons:
N=NTT 4+ N~ =Ngg+ Ng; + Ny .

Ngg - both muons are S
Ngr, - one muon is S and one is L
Ny, - both muons are L, i.e. from K, w or p

Fss = Ngg/N;  Frp =Nrr/N;,  Fs = Ngr/N,;

Fbkg EFK+F7T+Fp:FSL+2FLL-
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Like-sign dimuon charge asymmetry:

A — FSSAS —|— FSLaS —|— (2 — Fbkg)A —|— FKAK —|— FWAW —|— FpAp.

To obtain Ag, we measure all other parameters
in the data as a function of the muon p7.

From MC:
Ag = (0.486 & 0.032) A%,
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Results from A for 6.1 fb—1:
e A= +40.00564+0.00053 (“raw” asymmetry from dimuon counts)
o ['ieArr = 0.00828 4+ 0.00035(stat) (largest correction)
e ['gg = 0.665 + 0.016(stat) 4= 0.033(syst)
o A% = —0.00736 + 0.00266(stat) + 0.00305(syst)
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Fraction of K — pu tracks in the inclusive muon sample (upper plot) and like-sign
dimuon sample (lower plot) versus the muon transverse momentum.

Measured with K*T — Kgnt, K0 - =K+ — pwand Kg — rta—.
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The KgrT invariant mass distribution of K** candidates (upper plot). The lower
plot shows the difference between data and the fit result.
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Ratio P(w — pu)/P(K — u) versus the particle transverse momentum.
Measured with K¢ — nTn~ — pand ¢ - KTK~ — L.
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Fraction of # — pu tracks (upper plot) and p — u tracks (lower plot)
in the inclusive muon sample versus the muon transverse

momentum.
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Fraction of # — pu tracks (upper plot) and p — u tracks (lower plot)
in the like-sign dimuon sample versus the muon transverse

momentum.
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Muon identification asymmetry 6 versus the muon transverse
momentum. Measured using J/¢¥ — track track — pu.
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The detector efficiency asymmetry é is measured with J/v¢’'s (two tracks and at least one of them
matches a muon). Two examples of invariant mass histograms are shown: N3 4+ N3 and

No3 — N3o.

47



0.08

| DG, 6.1fb™
0.06 | ¢ t

a, combined

R T e e

pr(K) [GeV]

Asymmetry ag versus the K — p transverse momentum. Measured
with K*0 - 7= KT -yt and ¢ - KTK~ — .
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Asymmetries ar (upper plot) and ap (lower plot) versus the
transverse momentum of pion or proton respectively. Measured with
K¢ —ntn~ — pand A — 7~ p — u respectively.
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Heavy quark decays contributing to the inclusive muon and like-sign
dimuon samples.

Name description weight

11 b— u~ p1 = 1.

Tia b — p~ (nos) P1a = (1 — xo0)p1
Ty b—b— p~ (0sc) P1b = XoP1

75 b—c— put p> = 0.113 + 0.007
1>, §—> c — pt (nos) P20 = (1 — x0)p2
Ty b—b—c— ut (0sc) P2b = X0p2

13 b — ccq With ¢ — uT or ¢ — u~ p3z = 0.062 + 0.004
T4 n,w, p°, $(1020), J/¢p," — pTu~ ps = 0.021 +0.001
Ts bb + cc with ¢ — puT or ¢ — pu~ ps = 0.013 £ 0.001
Te cc With ¢ — ut or ¢ — pu~ pe = 0.660 + 0.040
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Comparison with the previous D@ measurement

e This measurement for first 1.3 fb—1 of data:
FggAg = —0.00267 4+ 0.00133,
A% = —0.00816 + 0.00432.
1.9 o significance.

e D@ Collab., Phys. Rev. D 74, 092001 (2006) (Run IIa, 1 fb~1):
FggAg = —0.0028 4+ 0.0013(stat) 4+ 0.0009(syst), Eq. (11)
Ab = —0.0053 £ 0.0031.
1.7 o significance.
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Appendix B: Theory
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If CPT is a symmetry,
zi B(t) — ([ m - Mj, ] e [ r i
dt \ Bs(t) Mi; m 2|1 Mz T

The eigenvalues are

1 ) 1

M3+§AMS—§(FS—§AFS),
Mo — SAM, — “(re+ 14T
S 2 S 2 S 2 S/

where AMs > 0 by definition.

[ he CP-violating phase is
Z\{S
$s = arg (— 312> .
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The observables are Mg, s, ¢s,

AMs = 2|M;35|, Al = 2|M]5] COS ¢s,
s M AT
0 =912 = i Sin ¢s = ——2 tan ¢s.

S




The semileptonic charge asymmetry is
as, = N(Bs — f) — N(Bs — f)
T N(Bs— )+ N(Bs— )
where f is a flavor specific final state to which only Bg can decay.

NT+ _ N—

A=
NT+ 4+ N——

b deda§l| + fSXsCL;
I —
> ded + fsXs

= (0.506 + 0.043)a, + (0.494 £ 0.043)a$;.
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New Physics may change the Standard Model MfQMS to:

Mip = My - B = My, - | D] €.
ps = M + o2

AM, = AMM . |A,| = (19.30 £ 6.74) ps~!1.|A

AT, = 2|5,| cos ¢, = (0.096 £+ 0.039) ps~! - cos ¢s,

Al s ~ COS ¢s _3 COS @5

_ o] ¢ = (4.97 £0.94)-1073. ¢,
AM ‘MSMS | A | A
rs Sin ¢, Sin ¢

al, = Tia|  sing = (4.97+£0.94)-1073. Ps
|MfQM’S A A

From Alexander Lenz and Ulrich Nierste, hep-ph/0612167, November 2007

= 0.0042 £ 0.0014 + ¢=,
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The ¢s obtained from fits to Bs — J/v¢ is slightly different:

ps = —285M 4 o8

where

ViV
SM = arg 127tb — 0.019 =+ 0.001.
VesV
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Backup slides
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Data selection

Track selection:

pr > 1.5 GeV,

pr > 4.2 or |pz| > 6.4 GeV,

pr < 25 GeV,

NSMTAX > 2,

NSMTSt > 1,

NCFTAxX > 3,

NnCFTSt() > 3,

vertex match,

transverse impact parameter < 0.3 cm,
longitudinal impact parameter < 0.5 cm,
n| < 2.2,

track x2/d.f. < 6.
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Muon tag:
Matching muon with nseg > 3

LLoose muon selection:

nshital 4+ nshitbl + nshitcl > 1,

global x2 > —0.1,

global x? < 40,

sctimeA < 5.0 or sctimeB < 5.0 or sctimeC < 5.0 ns,

Standard muon selection:

nwhital > 2,

nwhitbl 4+ nwhitcl> 2,

local x2 > —0.1 and categoryloc = 1,

Triggers: single muon or dimuon.
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1. The number of observed uT (upper signs) or u~ (lower signs)
candidates is

n® o fg(1+ag)(1+6) + fr(l £ ag) + fr(1+ax) + fp(1 +ap).

d is the charge asymmetry of the detector efficiency,

ag IS the single muon charge asymmetry of S muons,

fs=1— fx — fx — fp is the fraction of S muons,

fi is the fraction of muons from charged kaon decay or punch-through
and ayg Is their measured charge asymmetry,

and similarly for fr, ar, fp, ap for pion decay or punch-through or
proton punch-through.
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3. Experimentally we find:

Note that

a = fs(ag+9)+ fxax + frarx + fpap,
A FssAgs + Fspas + (2 — Fpkg) A + FxAg + FrAr + FpAy,

have common sources of backgrounds. These can be (partially) can-
celled in A — aa, resulting in a minimum total uncertainty of Ag for

a~1.
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