CP Violation at

Hadron Colliders

® Introduction

— CP violation

— hadron colliders importance
and reach

® Focus on key

measurements: B, mixing,
sin2b, B® pp, B® KK, B® DK,
B®yf and B® yhO. Details in
hep/ph-0201071 (FNAL) and
hep/ph-0003238 (CERN)

® Status of CDF and DO

® Future efforts: LHCDb,
BTeV, Atlas, CMS

D. Bortoletto, Purdue University, Blais,

June 16-22, 2002
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The importance of CP

Investigation of CP violation:

— Flavor puzzle. SM Model does not offer explanation of
the structure of the CKM matrix

— Supersymmetric flavor puzzle. Extensions of the SM
need special flavor structure to achieve suppression of
FCNC

— New sources of CP violation. CP violation provides an
excellent probe of NP

— Baryon Asymmetry in the Universe. The observed CP
asymmetry in the Universe in not accounted for by
the CKM mechanism.

® Low energy measurements can provide insight about high

mass scale physics
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Checks of Unitarity

® To test CKM model .
of CP violation we
must compare
unitarity triangles 02
determined from
different CP
observables

® B, measurements
can not be done at
the B-factories 02

® Need high statistics o
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CP : Complicated Puzzle
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Tests of new Physics

In SM we expect ¢»0.03. Large asymmetries in B® y f
and B®yh’ P New Physics (NP)

i . o ' * »
= Lr e
HM MY C=argk- VCEVCb%=O(|2)

- . N :T}TI. ViV
NP could lead to" -t ——F |7 VA
large effects In ‘1 1 7! k7
B, mixing A | — " PEPE B
W W
;‘#7""1% % ® NP could also change
R AN _ ﬁﬂiw BR and contribute to
e 1 }‘(f(’ direct CP violation in

. WK L 3K Bk
Asym=(M,/mg, . )?sin(f ), ~0in SM




Hadron machines
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Hadron Machines

® Large cross section: —
Sz » 100 (Tevatron)-400(LHC) . S(e'e"® BB)»1nb@
nb for Gs=2.0-14 b » 1011- i (45) .
10+ bb/year. . s(e*e"® bb)»7nb @Z°
® |Large QCD background:

‘Q:‘.bb/ Sinelastic)>(0-2_o-4)% for
s=2.0-14 TeV

pp—> bX, va=1.8TeV, 1<

a"(p’>p™) (nb}

- Trigger to cut background S
® B,(40%), B,(40%), B,(10%), B, H2S)
and L, are produced (at i (4S)

only B, and B) - B ]
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i Preliminary
[ = —m = b— - S (t) » E 0 elnclusive Muons 3
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Hadronic experiments

® Dedicated (forward »1.5<h<4.5: LHCb, BTeV) versus
General (central |h|<»2.5: CDF, DO, CMS, ATLAS)

® Higher momentum B are at large h

sdrons at the Tevatfon

h=- Intan&32

elg




Triggers "y N

® High momentum leptons:
B®y X and B® X/n

® Displaced vertices | "

BTeV CDF  Atlas,CMS Atlas,CMS
LHCDb CDF, LHCDb CDF, DO, LHCb
L1 Sec. High Pt single leptons di-leptons
Vertex tracks
® CDF and LHCb have secondary vertex trigger at L2

® CMS and Atlas actively investigating the possibility of
developing a L2 secondary vertex trigger.



® Mixing and CP violation: PhySiCS
— Reconstruct signal (B

®yK,, B ® D etc)

Reguirements

— Optimize . N(B°(1) @ fe)- N[B°®)® fp)
signal/background N(B°(t) ® f )+ N[B°(t)® f.,)
— Measure proper decay Dsin 2bsin(Dm x)
time
" (crucial for B, mixing) snz)ei 81,8
s X D-°N
— Tag B flavor at e
proo_luction | Same side
— figure of merit eD?: Charge of
ecefflc!ency:NtaG/NtOt Opposite side "earby p or K
D=dilution=
NR-NW/NR+NW Soft lepton b

— Hadronic machines

) +
eD?» 10%, B-factories ¢ K*
eD2»25-27% Jet charge Q>0.2 Charge of opposite
side K



Particle Identification

® Important for many exclusive
channel :

— Distinguish B,® DK from

2250

Events | 20 MeVic®

B.® Dp

— Or B® pp from B® KK

® Flavor tagging:
— Opposite side tagging B |

through:b@ c® s ®K- Invariant mass | GeVic®]

Momentum | GeWie ]
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BT P |
F BB, —ax

— Same side tagging: Charge of  Frwime = 5 s
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flavor EPR T
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Tevatron parameters

Run 1

Run Ila Run 11b

= 900 GeV

beam

PEAK 1.6 10%cm -2s-1
- 118 pb-t
bunches 66

Spacing 3500ns

Int/crossing JVaRs

2.0 10%cm=2 st

980 GeV 980 GeV
2 1032 5 1032
2fb-1 13fb-1
36 ~ 36 140 ~ 103
396 ns 132 ns Under

study
5.8 4.9
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v

30pb-!




Erd Wl
CDF I Hicten
Cad.
® From Run 1I: sy
. TOF — o
— Central calorimeter : !
- Most of muon system Ve || §| s
i e ]
- Solenoid b . :!. Canrsar
® New for Run 11 " =~
- ===
- Plug calorimeter o
- Tlme—Of—Fllght E'II:I |I'I'E'I'I'I'I'El-;|iH:'!'$l|I:I:ll'lLa'ﬂ'l'!-

- Drift chamber
— Silicon Microstrip Tracker

with 3 D information: LOO

+ SVXII +ISL
— Tracking to h of 2

® SVT: level two displaced
track trigger




The SVT trigger

® Uses drift chamber tracks (f ,p; ) & 5 SVXII si layers

® 2-D reconstruction of tracks with p>2GeV/c with
offline resolution

® Allows triggering at L2 on displaced impact parameter
and vertices
W L2track trigger: 100 mm <d<1 mm, 20°<Df ,<125°, d;<140 nm, p;3X >0

Al COT track ( 2 paramelers) b SVH coordinales

Required performance

s(d) »30 nm
e s(f) »1mR
I\Jum:w S(Py) »3%P-

'1 d Time 10 ns

L
impac parameter
(transverse projection) H




SVT Performance IO R Pa e e

® Impact parameter
resolution b
performance is within

Specs
4

SVT Impact Parameter distribution
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TOF Performance

® Expected TOF
resolution 100ps

® 2s separation of

- K/p for p<l.6 GeV
- p/K for p<2.7 GeV/c
- p/p for p<3.2 GeV/c

| pAK }<1.5 GeVic (no PiD} |

% I tdt=15pb’
-

N((p) = 2354+ 325
Nfbkg) = 93113

7 r.g2 1M
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— Excellent calorimetry DO UPGRADE

— Excellent lepton coverage

— Inner tracking (silicon + scintillating fibers + 2T
solenoid) dp;/p+2=0.002, ssecondary=40 mm (r-f), 80 nm

(r-z),
— Pipelined level 3 trigger, impact parameter trigger at L2
starting end Summer 2002
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DO INNER TRACKING PERFORMANCE

220
20

180
160
140
120
160

&0

SN

(SMT+CFT) Global tracks

MHenl = MHIL

Mamn = -1.040

Chil /el = &1 53 8%
iGarl o VFES & 44TF

p=3 Gey

: | Sgma = ROGFT T 4000
( | Begd = 1.50E 10 187

DCA reso l_mk:ﬁ- -~ 60 um
(unaligned!)

beam S;Jm ~B0-40 um

-0 -200 o 200 &00
Global track DCA { um)

DCA: Distance of
Closest Approach

D@ Run 2 Preliminary

muon sample

3 Eigh-p T.ral

10

i
10|

10 E

15 10 -5 0 5 10 15
Significance = dcal/c

Enhanced B-
content

18



LHCDb

® LHCb: proposed and approved in 1998, Designed for B-
physics at 2" 1032
—Excellent PID with RICH
—Vertex detector inside the beam vacuum

—Recent optimization to reduce material budget b
LHCb light TDR will be ready at the end of the year

stations ( 30 51 plmw&;h@gﬂReduce# to21
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® BTeV proposed in 2000, approved at Stage 1, Temple
review 9/2002. Updated proposal (May 2002) has single

arm spectrometer.
—EXxcellent PID with RICH

—Pixel detector inside the beam
vacuum, 30M channels, 50 mm ~ 400
nm pixels

—PbWO4 calorimeter (developed by
CMS) with PMT readoutP Excellent

FPIXO0 chip it

m:_-—.—. =

resolution Si pixels L=
s(E) _ 0.016 +0.0055 -
E JE/GeV

31 stations (62 51 planes)

20




Comparison PID and g detection In

Hadronic Experiments

e Particle ID and g detection can improve physics reach

Exp | ParticlelD g Detection
Device | p/K prange| Device |s(E)/E (EinGeV)

CDF |TOFdE/dx |p < 1.6(Gevic)|Pb-scint | 13.5%/CE

DO None Ur-Liquid | 15.7%/CEA0.3%
Ar

ATLAS | None Pb-Liquid | 8%/OEA0.2/E
Ar A0.7%

CMS | None PbwO, 2.7%/CEA0.2/E

A0.55%
BTeV |GasRICH |» all PoWO, |16%/OEA0.55%
LHCb |GasRICH |» all Pb-scint 10%/CEA 1.5%

1

2
S. Stone



- SigBy =21
1.8 — Sig:Bg = 1:1 [delul)

1,87
1.4
1.21

l::IZ:IIII.-=
® Measurements of x, should
come from the Tevatron

® BO® D-p*, BO® D~ p* p~ p*
— SVT trigger b Signal 75K
events (2fb-1)

— eD2=11.3% (TOF)

0. 87
0.6

Bl s 22<x.<308 v/

O T~ il

int. lurninosity for 5 sigma observation

® S/B»0.5-2 (CDF, Run 11 data)® ot S A ——
o 10 20 30 40 5O 60 70O HO
ci@__ 450 ;CDF Run Il Preliminary, Jun '02 H mu-“ng PRESMERT 2a
3 400 | D" D.om, 0 KK ® Excellent ct resolution
E_ aeg eaeE L8 HP — s(ct)=45fsec (LOO) 60fsec
N 300¢ (without LOO)
B 250
B oo ® Expect to cover the SM
" is0f range with 100-200 pb-1.
Pl - ® Predictions assume excellent
o trigger and reconstruction

1.80 185 190 195 2.00 2.05 22

KKn mass [GeV/c’] efficiencies



e Hadronic machines can contribute to
measure sin2b

e CDF RUN I measurement with improved

tagging, using B® J/y K% J/y (2S)KO; :

CDF preliminary

.

£ Am fixed
g2 | e Am floating
E 3 2.
E 2+ 42

N~ 1 2 CDF OLD

T | TN
0 “UN | snzb=079
Il h, A Sn — Y044 (g:at.+5ys.)
CDF NEW

_2 1 1 1 1
g 005 01 015 02 025

_ +0.37
ct {em) sn2h=0.91 , . (Sat.+sys)



Sin2b reach

Near future

Reach in 2 fb!

N eD?2
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Measuring a

e B® p*p- could provide a measurement
of a but we expect significant penguin
pollution. CLEO, BaBar and Belle

measure.

B(B°®p'p )=(45+09) 10°
B(B°® K*p¥)=(173+15) 10°

e Measure B® p*p-{ B°® p°p%)B* ® p* p°

(Gronau, Landon)

e Time dependent anlysis of B%® r *p-®
p*p~p° Dalitz plot (Snyder & Quinn)
e Difficult, needs good EM calorimeter.




e Dalitz Plot analysis of B® r p® p*p-p° yields both sin2a
and cos2a (Snyder and Quinn, PRD 48, 2139 (1993))

o |.-.'| T —"‘-\-\_._\_\_\_\_\_H_\_nl g 1z = !'I] 1 il Ll T T
o e ... 1000-2000 tagged
: b - - €vents needed
B— p*n - s
o
0 20X
B™(t) =l H—:} pom — ?[-L?t_’.li:ﬂ "“ =3 o e '\-\. {: rhﬁ
T8 0 10 . 30
\—r:s sinf 2g +8§) Mfl
B(B-®r°p) ~1.5x10 N G &
B (B°® r-p* +r*p) ~4x10° LHCbh 2.5-4.9°

B (B°® r°p°) <1.8x10° BTeV » +4°



e Several techniques:

- Time dependent B,® D* K¥, large background from B,
® D,p. Need high statistics and PID

- Time dependent rate of BO/BO® D" * p* measures 2b+g
but interference effect are expected to be small

— Measure rate difference between B~ ® D°K~ and
B*® DOK*
- Rate measurements in K°p* and K*p* (Fleisher-Mannel)

or rates in K°p* & asymmetry in Ktp° (Neubert-
Rosner, Beneke et al)

- Use U spin symmetry dU s: measure time dependent
asymmetries in B°® p*p- and B® K*K- (Fleischer)

- Time dependent rate of B./B.® K*K- normalized to
B.® KOK® (Gronau and Rosner)

e Several modes involve B; decay and are ideal for hadron
machines



B® h*h-

® Trigger on two SVT tracks with

Number

200

large impact parameter.

Use:B(B,® pp )=(4.3+1.6) 10-¢ and
B(B{® Kp)= (17.2+2.8)" 10-°. Assume 100
B4y/B.=2.5 and SU(3) b

B.® pp: B® Kp: B® Kp: B® KK
=1:4:0.5:2 ) . |
CDF expects in 2 fb-1: > rj,j (Gev?) >4
B® p*p~ (5K) B® K*K- (10K) B,® K*p~ (20K) B® p*K- (2.5K)
eD?»10% for B, and B,

Measure: A ., = Ag':';, cos(Dmt) + Am'x sin(Dmt)

- S[A(K*K-)] ~ 0.08

- s[A(p'p] ~ 0.14
Using U-spin symmetry b d=d'=P/T, g=q¢=strong phase
s(g) ~ 10° (stat.A syst.)




Interference between direct

and mixing decays measures

sin(“g-2c”’+d) Aleksan, Dunietz, Kayser

[ovanant mass | Gevic?)

Invariant mass  [GeVie')

year

\{:h 1'.'{]5
® EXxpect large asymmetry because T
the two tree amplitudes pl 2 b W s
- Excellent proper time resolution 'B‘;{g .
— Excellent PID because of _4_"\,__5 - D;
Cabibbo allowed B°® D.,p*
Annual | '
00 T REENEZESD 1400 E vield # SBoalmg) it
R T withet RICH 120 | g o with RICH - (untageed ) MeV  ps
27 B0 gl WASIR [LHCb | 6.4k 12 11 43
2 || BTeV 9.7 k 7 17 43
%41:".-.!
o — If Dm=20ps
| | s(g=0(10°) after 1




B.®yf and yh

e Silva & Wolfenstein, Aleksan, Kayser & London propose
these modes to test new physics
« SM predicts the B, mixing phase to be small

“sinbsing

» 2| h

0.5 | NP-LR: efl;
MP-T5); 1s0-

sin(b + Q)

nght symmetric medpl with spontaneous
inglet down quark

ixing mixleal

(P wvial.

e J/yf iIsn CP final

Sstate

ot a pure

— Angular analysis required for
clean extraction: Atlas, CMS
300-600K untagged events in

3 years, LHCb >370k in 5
years

e J/yh@ pure CP=-1 final
state

- Needs excellent g detection
- BTeV: s(c)»0.024 in 1 year

Jo discovery lines

40

Xg




Comparison /107 s

Exp sin2b a g C
B®JyK, | B®rp |B®DK- B® Jly X
(m& e)
Errorin| Jy | Errorin| Erroring | X=h(@| X=f
sin2b | decay a Error | Error
INC INnC
CDF 0.05 |[mm 25-45° (11A) 0.08
6°-17°(11B)

DO 0.04 |nmm

ATLAS | 0.017 | nke 0.03

CMS 0.015 |m&e 0.014

LHCb 0.021 |n&e| 2.5-4.9° 8° 01:102

BTeV | 0017 |mm| +4° 11.5° 0.024|




Comparison with B factories

BTeV LHCb B-factory SuperB-10%  SuperB-10%
10’s 10’s (2005) 10’s 10’s
sin2b 0.017 0.021 0.037 0.026 0.008
sin2a 005 005 0.14 0.1 0.032
o(B® DK) »8°
o(B® DK) »200 1-2.50
B(B® p°p°) »20% »14% »6%
Vi »2.3% »1% »1%

Snowmass. E2 report



New Physics Modes

Mode BTeV (107s) B-fact (500fb-1)
Yield |Tagged |S/B | Yield [ Tagged | S/B

B®Jyhl¢ 12650 1645| >15 - -

B® fK" 6325 | 6325 | >10 700 700 4

B® f K, 1150 115| 6.5 250 75 4

Bo® K*mrnt | 2530| 2530 11 ~50 ~50 3

B® mm 6 0.7 | >15 - - -

(10°)

B® N 17 17

D*® p*D°, | ~108| ~108 |large| 8x10°| 8x10°| large

D°® K p* 20 at 1036

SuperB Factory




« B Physics at hadron colliders is
complementary to e*e- B-factories

- Huge statistics 102 bb/year and B,
e Tevatron:

— CDF is pioneering secondary vertex
triggering.
- Expect measurements of B, mixing, CP asymmetries in
B®yK B® pp and B.® KK from CDF and DO.
w1 e Dedicated experiments (LHCb and
R - BTeV) with improved PID and photon
reconstruction

— Clean extraction of ¢

- Tests new physics through
precision measurements and
sensitivity to discrepancies with
SM predictions.




