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Siaes and distance scales

What’s the Point?

e High Energy Particle Physics is
a study of the smallest pieces of

matter.

It investigates {among other
things) the nature of the
universe immediately after the
Big Bang.

It also explores physics at
temperatures not common for
the past 15 billion years {or so).

It’s a lot of fun.
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Electron

Gluons hold quarks together
Photons hold atoms together




« All particles have
‘anti-particles’,
which have similar

properties, but
opposite electrical
charge

— Particles
- uet +2/3
— d.g.b -1/3
—eu,7 -1

— Anti-particles
—uwet -2/3
—ds.b +1/3
—eu7 +1




The forces in Nature
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Historv of the Universe

Now
(15 billion years)

Stars form
(1 billion years)

Atoms form
"mmtj (300,000 years)

| Nuclei form
(180 seconds)

T

(10*4 seconds?)

seconds

77?7 (Before that) 5



A Brief History of Quarks

e By the1960's, many
particles had been
discovered

e |n 1964, Gell-Mann and
Zweig put forward the
concept of quarks —3
guarks, with fractional
charges. u,dands

e Quarksmore of a
mathematical entity than
actual physical objects
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»1n 1968-69 experiments at SLAC, showed that when electrons
scattered off protons, they behaved as if bouncing off small hard cores.

» Bjorken and Feynman analyzed this in terms of constituents inside
protons — evidence of quarks
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OBESERVED BEHAVIOR OF HIGHLY INELASTIC ELECTRON-FROTON SCATTERING

M. Breldenbach, J. I. Friedman, and . W. Kendall
Dapariment of Physics and Laboratory for Noclear Scienoe  *
biassschuselts Institute of Teahnoloagy, Cambridps, Msesachosetis C2LAD

and

E. D Eloom, D H. Coward, H, DeEtachler, J, Dresa, LW, Mo, and E. E, Taylor
sardord Linear Acceclerator Ceoter,t Stanford, Californis S4305
[Received 22 August L360)

Resgults of ¢lociron—proton inelastic soalflering at 6" and 10° are discassed, and valees
af the structure Tunctlon By are estimated. I the interaction is dominaded by Llransverse
virtusl photons, »W, can be axpressaed as o Dasction of w = 2 g writhin axperlmental
errora for g7 > 1 (e c)? and w >4, where + is the invariant ensrgy transfer and §° is
the invariant momestum translfer of the electron, VWaricus theoretical models and sem
rules are briefly discwssed.

In & previcus Letter,” we have reported experi-
mental results from a Stanford Linear Accelera-
tor Center=MMassaciusells Institule of Technol -
agry study of high-energy inelastic electron-pro-
ton scattering. Measorements of inelastic spec-

between the behavior of the inelastic and elastic
craoss sections is also illustrated in Fig. 1, where
the elastic crosg aectlon, divided by the Mokt
erogs gection for & =107, is incluoded, The g° de-
pendence of the deep contimmm is also consider -

kra, in which only the scattered electrone were
detected, were made at scattering angles of 67
and 107 and with incident energies between 7 and
1T GeV. Im this communication, we discuss aome
af the salient features of inelastic spectra in the
dieerp contimmum region,

One of the interesting features of the measare-
ments is the weak momentum -transfer depen -
dence of the inelastic cross seclions for excita-
tions well beyond the resomance reglom, Thia
weak dependence ig illustrated in Fig. 1. Here
we have plotted the differential cross section di-
wided by the Molt cross section, (6o oJQdE7)"
e S L e . s A lonction of the square of the P ",

four-momentum transfer, g = 2EE(1=cosd), for I i /
conatant valuwes of the invariant mass of the re- 1 o ]

coiling target system, W, whers W= 280{E-5") e

+M® =g, E is the energy of the incident slectron, o H%*&J&ﬁm

E’ is the energy of the final electron, and & ia : - =

the scattering angle, all defined in the labora- L T ]

tory ayatem; Af i85 the mass of the proton. The | .
cross section is divided by the Mottt cross sec- A

e WOTT

.-"

tisms

-r.fi']l _ &' cos"is

FEE gy 2ET sin®od

in order to remove the major part of the well -
known four=-momentum transfer dependence aris-
ingr from the photon propagator, Results from
both 6% and 10 are incloded in the figore for each
wulue of B As B increases, the 57 dependence
appears to decreass, The striking differencsa
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FIG. 1. @@o/dadE ) dygqq. n Gav¥ 1, wa g7 for B
=Z. 3, Al 3.5 GaVW. The lines dreswn theowgh the data
nre meant to gulde the eye. Alsoe shown is the cross
section for elastic @ —p scattering Hvided by Tuyopq,
(e F L g p e C@lculated Do & =107, usimg the dipols
form factor. The relatively slow variation with -q.lz of
the inelnstic cross sccotlon compared with the elastic
crass seetion s clearly shownm.
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» After the discovery of quarks, belief was that particles could be
constructed out of the 3 quarks

ap

e
&'y

and

» However, thisled to atheoretical problem:

' iti Proton =
following transitions were allowed oton = uud

+

m
S\Q/

K
L d‘/\m'

»However, experimentally, K, ® m'm £10°

» Proposal by Glashow, [liopoulos, Malani saved the day!!



» 1n 1964, Bjorken and Glashow had proposed the existence of a
fourth quark

» 1n 1970, the GIM mechanism recognized the importance of the
fourth quark, and used it to explainthe K, puzzle

» The four quarks can be arranged as,

TR
e U e U
gd'p &Sy

» Thedecay, K, ® mmr , can bewritten asasum of
2 terms, which cancel




Novembeaer Revolution

»In Nov. 1974, experiments at BNL/SLAC,
(ssmultaneously) found the same particlée!

» BNL experiment led by Sam Ting:
pp® X® e'e
» SLAC experiment led by Burt Richter:

e'ee ® X® mm (and other particles)
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Experimental Observation of a Heavy Particle J4

I, T, Aubert, U, Becker, P.J. Blggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,
J. Leong, T. McCorriston, T, G. Rhoades, M. Robde, Samuoel C, C. Ting, and Sau Lan Wu
Labayatorp for Mucleay Soimmee and Deperrtmewt of Physics, Mozsochnselts Featitute af Tecknalogy,
Cambeldye., Massechuaeits 42139

and

Y. ¥. Lee
Broobhaves Nafiowal Labovatory, Upbed, Maw Yok 11973
{Reoelved 12 November 1874)

Wao report the observation of n heavy particls J, with mass o = 3,1 Go¥ ond width np=
pracimately reto, The abasrvation was mada from the venction p + Be—e* s+ o™ + x by
measuring the ¢ %~ mase spootrum with & preoiss pair speotrometer at the Brookhaven
National Laboratory's #0-{eV alternating-grudient synchrotron,

This experiment is part of a large program bo
sludy the behavior of timelike photons in o+ g =e*
+¢&"+x reactions' and to search for new particles
which decay inte e%e” and " p” pairs.

We use g slow extracted beam from the Brook=-
haven Mational Laboratory's alternating-gradient

daily with a thin Al foil. The beam spot size is
3= 8 mm®, apd is monitored with closed-circuit
television. Figure 1{a) shows the simplified side
view of one arm of the spectrometer. The fwo
arms are placed at 14,4 with respect o the inci-
dent beam; bending (by M1, M2)is done vertical-

synchrotron, The beam intensity varies from Iy to decouple the angle () and the momentam (@]
10% po 2 100 pipulae. The beam is gulded onto of the particle,

an extended target, normally nine pleces of 70- The Cherenkov counter C, 18 filled with one at-
mil Be, b enable us lo reject the palr acclden- mosphere and O, with .8 atmosphere of Hy, The
tals by reguiring the two tracks to come from the counters C, and O, are decoupled by magnets &1

same origin. The beam intensity is monitored and W2, This enables ua to reject knock-on elec=
with a secondary emission counter, calibrated troms from C,. Extensive and repeabed calibra-
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FiG. 1. &} Simpliied aide view of one of the spectromoeter arms, IP] Tima=of=flight spectrum of ete" pairs amd
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SLAC
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DISCOVERY OF 4 NARROW RESCHANCE IN e'e” ANNIHTIATTN*

J.-E. Augustin! A. M. Boyarski, M. Breidenbach, F. Bules,
J. T. Dakin, G. J. Feldman, G. E. Fischer, D. Fryberger, &. Hanscm,
B, Jean-Mariel R. H. Larsen, V. Lith, H. L. Iynch, D. Lyon,
Cs €. Morehouse, J. M. Paterson, M. L. Perl, B. Hichter, F. Hapidis,
R. P. Schwitbers, W. M. Tamenbaum, snd F. Vannueeif

Btanford Linear Aggclerater Center
Stanford University, Stanferd, Califernia G305

G. 8. Abwamg, D. Briggs, W. Chinowaky, C. E. Friedberg, ¥
(t+ Goldhaber, R. J. Hollebeek, J. A. Kadyk, B. Iulu, F. Plarre,
G« H. Trilling, J. 5. Whitaker, J. Wisa, and J. E. Fipae

Lawrence Berkeley Laboratory and Department of Fhysica
University of Celifornia, Berkeley, Colifornia SUTE0

aye obgerved 4 very aharp peak ™ the crogg sectilon
torfete” -3 hadrons, 'E+E__. and possibly |.l+j.l at B center-of-
masA energy of 3.105 + 0.003 GaV. The upfer limit to the

Tull wideyy &t nalT maximom 15 1. 3

{ Submitted to Phys. Rev. Letters)

¥iork supported by the U. 3. Abtomle Energy Commission.

Tiaboratolre de 1'Acedldrateur Lindaire, Centre d'Orsay de 1'Unlversitd
ge Parls, 91 Orssy, Frence.

T]:rl.stitu.t de Physlgue Nuclfsire, Orsay, France

Tl’_‘.ﬂﬂ" T | Ay, Bhesrise




» X explained to be a bound state of charm and anti-charm quarks
called JPs - (only particle to have two names!)

» Imagine a Hydrogen atom, and replace the proton and electron
by charm and anti-charm

.-

» Charm guark turned out to be the same as one
proposed by the GIIM mechanism

»Now everyone believed in quarks



» In 1979, the fifth quark, bottom, was discovered at Fermilab, in

pp ® tt ® hadrons

175x mass of a proton!!

Existed freely in the early *
Universe




Disclamer:
| have completely skipped other “revolutions’ in Particle Physics

» The unification of Electro-magnetic and Weak forces
Welnberg-Glashow-Salam model

» The emergence of the “ Standard Model” to explain the Electro-Weak
and Strong force (latter by Quantum Chromo Dynamics)

» Have not even talked about Ieptons, i.e., € IT,N

» Only talking about Weak Interactions



The Quark Idea

(up, down, strange) (char [:l];ﬂﬂﬂm}
1960 1970 1980 1990 .
I | I T N IO N I I | I | +I.+I+I+.I I+|+I+I I++ I 1 1 1 1 I Mog partICI$Can
o Iy rDT ANEWZ ’ be explained In
’ W% L% D terms of quarks
1990 2000 ¥ 2 %
I I | I+.I | I I | I I I N B | |
B, t

Ap

» The six quarks are arranged as,

Ay ey & are there more?

dff st B

» A 3x3 matrix known asthe Cabibbo-Kabayashi-Maskawa (1974)
matrix describes the Weak Interactions in the six quark case

C>C\ -

don’t know!!
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These constants cannot be
> calculated and have to be
measured experimentally

=

»og%

%<

% 8<§
-

» 0.04

» Elements decrease as we go away from the diagonal

» If there are three generations, CKM matrix Is unitary, I.e.,
W' =1

» One way to check for unitarity isto measure each e ement
precisely



» If matrix is unitary one can write the following expression,

(one can do this for any two rows/columns)

» This can also be expressed as atriangle
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Particle-Antiparticle Mixing

Virtual particles
E._ E,ng = d//

I
| W’ B

BO

Large mixing implied a
heavy top quark

Top quark mass was inferred
before it was discovered in
1995!1

V4| describes the tdw vertex

Not well measured — error 1s 16%



BB Mixing:

Aninitially pure B%can oscillateinto B°

>Weproducea B°ora B° pp® bb, b+dp B°

>Since BYB” miX, the physical states are linear combinations

BL> _ p‘ B°>+q §o> f> Physical states

BH>:p‘BO>'C‘§O> Bl_1 H Dm= M |\/|




‘ BH,L (t)> —e (iMy L +G /2t

B, ) Propagation of physical states

B()=0.0/8")+ 9. ()B°)

BU(®) =, 9. (0]B) + 0. 0[B")



> The probability an initial Bremains a B® or becomesa B,

» Measure difference between mixed and unmixed states:




e
I

(Unmixed-Mixed )/ Unmixed + Mixed)
S o
S o

No. of mixed =
No. of unmixed

| CHEP2000



ALEPH |_'_._¢_|
(3 analyses)

&

DELPHI
(5 analyses)
L3
(3 analyses)

OPAL

(5 analyses)

BABAR
(3 analyses)

BELLE
(4 analyses)

average of above
after adjustments

ARGUS+CLEO
(x4 measurements)

world average

0.4

i working group average
without adjustments

HFAG — 7/2003:

0.4460.026:0.019 ps’
0.519+0.018+0.011 ps’
0.444:0.028+0.028 ps’!
0.479+0.018+0.015 ps’
0.495+0.033+0.027 ps*
0.500::0.0080.006 ps '

0.506:-0.006::0.008 ps '

0.502+0.007 ps*

0.493+0.032 ps'

0.502+0,006 ps*



> B/B, mixing is characterized by -

_, between
G:mé f2B. h

> Dm, = F BC/B; Ba ‘th‘ f(m mN)_ Oand1

»1

describeg structure of meson

\ fa Bg, =(223+35) MeV —from theory

> NglMp|=(92+£1.4+05)10°

> Even though DM, isknown to 1%
V., s known to 16%



Box diagram is used to describe other phenomena

V., playsakey rolein these decays

w R
K" S — Ny v K*® p'nn
+ Qays | €.4,T
T _ L
d . low statistics
BR»10 *
s . — L N )
Qa3 €., T I<L ® m'm i
4 AR long distance effects
" complicate things

(flipe,mt.n) <. gijrr g real or virtua
v— [T

g




Side of the Unitarity triangle (| V| )can aso be written as

?m,
?m,

L

from 17% to 5%

If we can measure Dms, significantly reduce errors on ‘th ‘



OK, So what am | going to do about this?



650 collaborators:
110 graduate students
85 post-docs

80 institutions, 18 countries

Approx. half the collaboration is
Non-US
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B Physics at the Tevatron

s (pp ® bb) »150nb at Js=196TeV  Copious production rate

6000 such evts/sec

s (e'e ® bb) » 1nb At SLAC/KEK, 1-10 events/sec

Pros: All B species produced: B_,B_, L, ...

Cons: b-production is 1000 smaller than the total rate



Forward Mini-drift Cenfral Scintillator

Forward Scintillator

chambers
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‘ DO Run II Detector - Tracking I

Silicon Tracker
* Four layer barrels (double/single sided)
» Interspersed double sided disks
* 840,00 channels

Fiber Tracker
» Eight layers sci-fi ribbon doublets (z-u-v, or
* 77,800 835um fibers w/ VLPC readout

/

central cryostat

Central
Preshower

» Scintillator
strips, WLS fiber

read out
» 7,680 channels

* VLPC readout
Solenoid

e 2T L.
superconducting

Forward
Preshower

* Scintillator
strips, stereo,
WLS readout

* 14,968 channels

» VLPC readout




Silicon Vertex Detector




DJ Trigger System

Decision times:  ~4.2 ps ~100 ps ~50 ms
FD etE::tnr—l,rLl T::iggs_rr:—;r— L2 Troger —'l_l—I_.EITrigger—;
23 (7.5) MHz S5kHz 1kHz S0 Hz
| 12
LUM -l Level 1
E—) « Subdetectors
CAL t—=jL10AT-—] LoCall— * Towers, tracks,
— e | | clusters, ET
I el I » Some correlations
FPS [—> —+—> L2PS [— -
I |_EPS | ™ * Pipelined
I I
I I
CET/ . W G lobal i
— — 1 L2CFT > —
CPS | grnil- I3 L3/ DAQ 12
i _Jd__P A
TdigliT —:-’LESTT a « Entire Trigger Menu configurable and
SM T o downloadable at Run start
Y « Trigger Meisters provide trigger lists for
M 10N —— MLl e MLE - the experiment by collecting tngger
S requests from all physics groups in the
chl"“ Cc’gbﬁ;d Trigger Board
E. Etﬂ- ;J‘-L; - -
25N B « All past and present trigger lists are
stored and maintained in the dedicated
L1FW :towas, bados, conehtions | trigger database



Accelerator performance

Run Ib Run lla Run I1b
# bunches 6X6 36X 36 140X 133
Js (Tev) |18 1.96 1.96
L cm2s?|16E3L 8E31 2-5E32
Bunch x-ing | 3500 396 132(?)
(ns)
Int./x-ing 2.8 2.4 2-5

Curenty Ly, »3- 4E3Lom ™

We now have ¢L » 215 pbi!  Runlla> 1-2000 Pb™* (2005)



For mixing measurements, we need the following ingredients:

» Reconstruction of final states, e.g.,
B.® DY p*,Bs® DY min_, Jy X, ...

» Measurement of (proper) decay distance

»Knowing the flavour of the B at production and decay, I.e.,
isthe B under study a B° or B°

» Jet reconstruction for b-production studies



Where do all the events go?

Factor No. of eventsin2 fb™

No. of b quarks/evt = 2 6.32E11

BR(b® B.)» 0.1 6.32E10
BR(B;® D{p*)» 2*(3*10°°) 3.8E8
BR(D. ® fp)=0.04 1.5E7
BRf ® KK )=0.5 7.6E6

€y E1%* <7.4E4

Reconstruction € =0.135 <10000

* Highly dependent on trigger




Recent Results

Following results are based on the J /Y  sample (» 115pb™)

-
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| p*u Invariant Mass

22
20
18
16
14
12
10

DY Run 2 Preliminary

JAyr Signal = 290,296 events _
Mass = 3.0718 £ 0.0002 GeV/c
o =0.0741 £ 0.0002 GeV/c

No. Evts/12.5 MeV/c

y* Signal = 8212 events
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B Lifetime

e D@ data

E |
s Total Fi (PDG) Average: 50251
310 - N | B+ sighal
e = ---=-- Background
5 | . 495+ 25(stat) 23 (syt
o F A.= 485 + 25 um (stat) +29/-37 (syst) Our reSUI T T ( ) ] 37 (w ) m
107 D2 Run Il Preliminary
10 3 | B+ mass ct>0.03cm
B >
ki 60 B D& Run Il Preliminary
1 5 F Mean=5.27 + 0.003 (GeV)
. . | 50?{ G =47 + 3 (MeV)
R : I AT A S .T el N |l i i | |_|>J E: Bi Slgnal 278 events
005 0 005 01 015 0.2 0.25 0.3 NJF
cm
Check B mass after cuts >

Mass (GeV/c’)



DO Run Il Preliminary DO Run Il Preliminary

> £ I
e Dat
230 w | Bs > Jdyo -
o [Bsg— JIyo S0 — Total Fit
a [ =2 E
I3 £ === Signal
225_— -*- o
w | "\ o Background
20—
- 10 |-
15—
10
1 :‘
. '\\
5 - | ".‘_‘\\
- _||::||||||||||1||."4\||||||||||
U_l 10 5 0 5 0y 6 5, -0.05 0 0.05 0.1 0.15 0.2 0.25

5.1 5.2 5.3 5.4 5.5 5.6 5.7 candidate ct, cm

candidate mass, GeV

Our result 357" 30 (staf) + 42(syst) m

(PDG) Average 438x1/nm



Events / (0.5 MeV/c 2)

250

200

150

100

50

Dominated by B

| DO Runll preliminary |

100

=6.2 pb-1

Bo>uD X |

D' 5Dz

1132 £ 50 signal events

13

j ] | | i l 1 1
0.135 0.14 0.145 0.15 0.155 0.16

DO Runll Preliminary, Luminosity = 6.2 pb'1

Bopo¢rntX
279+32 D,—¢
72429 D* ot

¢ wor

2.2
M(¢ ©*) GeV/c?

«— Dominated by B°%/B*



D? Mass

22/ ndf 16.68 / 20
1000 Prob 0.6739
B Nevents 1276+ 1029
B Mean 1.857 + 0.002202
Sigma  0.02937 + 0.002627
800 \
i orm 616.6 £ 6.659
o - L Slope 1.439 + 0.064
o |
=
800 ==
=TF
-
:'5_ 2
500 —
> -
w |
200 Signal fraction = 0.155

!

- D& Run Il Preliminary

65 1.7 1.75 18 185 19 195 2 205 21

Mass(K 7) [GeV/c?]

Have to correct for missing
particles, e.g., N

B->D’u X Lifetime

B s [ data
A _
?[ Total Fit
103 = 'J !f — Signal
- [
E : —— Background
n 0
g i | % ct(B)=438 + 25 um (stat)
E 2_ | !D‘_
010 = ? oy
E - / *%#D@ Run Il Preliminary
o i » \
S { %
810 |-
T f {H’
s f
LI e
1%
1 E_ o o6 4 ffﬁr[
-1 L | 1 |t | | || | | 11 ] | I | | L1 1 1 1
i -03 02 01 0 01 02

ct [cm]



» Previous results should have convinced you that we can measure
lifetimes and hence proper decay distances and can reconstruct final
states

» For mixing studies, we also need to tag the B flavour at decay and
production

» By choosing appropriate decays, we can get the flavour at decay:
B, ® DY mn_ whereas B,® D{*min_

» What about at production?



How do we know whether we produced a B’ or a B ?
At the Tevatron, we use the following techniques:

» Soft-lepton tagging:
Look at semi-leptonic decay of the other B
Muon/electron charge is related to the B flavour
Pros: High correlation, Cons: Low efficiency

» Jet Charge Tagging:
Look at all tracks on the other side and measure charge
Pros. High efficiency, Cons. Lower correlation

» Same Side Tagging:
Tracks from fragmentation of b quark and B**
Look at all tracks on the same side as the decaying B
Pros. High efficiency, Cons. Lower correlation



Make the jet for the jet charge tagging {r

See the drawing on the left, taking all the tracks

B> Jy, K X
e Y Y A

B /BOB .etc decay
bbbar events on the transverse plane. *

Remove decay products from the B meson
Remove all other tracks in the red shaded
area. AQ = 2.4 radians.

Remove tracks with pt < 0.5 GeV.

Remove tracks having the track fit chi
square greater than 9.9.

Remove tracks having z vertex displacement
from the primary vertex of greater than

2 cm.

Use the remaining tracks. calculate the jet
charge Q weighting by track p_

P g,

0= y'p

Q > 0.2 tags b_bar containing hadron,
Q < -0.2 tags b containing hadron,
1Ql < 0.2 is untagged.

LP03 Analysis Marathon, 08/06/03 — Xiaojian Zhang, zhangxj@mail.nhn.ou.edu



Useour B's gnal to study flavour tagging techniques:

DO Runll Preliminary, Luminosity=114 pb™

Method |Epsilon |Tagging | Figure of
power or | Merit
= Dilution ,
(D) eD
(%0)
Soft 5% 57% 16+1.1
Muon
Jet 47% 27%
Charge
Same Not done | asyet -
Side
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e =
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Significance of Mixing Measurement

NeD? - (Dm*st)zl2 S
e
2 S+B

T

Cleanliness
Of signa

Sg. =

s, Proper timeresolution (crucial to reduce thig

» Semi-leptonic decays.
Pros: Largeyields (BR » 10%), Cons: S, islarge

» Hadronic decays.
Pros: IS lower, Cons. Small yields (BRZ 1%)



Projectionsfor B¢ Mixing: ¢ L =150pb™*

Significapce
T 1 .m T

Significance
l} E T T
ad
2 =

i [ i A TR LT e L B

s L ———— 0 5 10 15 20 25 30 35

0 5 10 15 20 25 30 35 Delta Ms (ps-1)
Delta Ms (ps-1)

Semi-Leptonic: Hgdronic: 2
Yield » 6000, eD? =0.1, s, »150fs Yield » 100,eD”° =0.1, s, »110fs



Projectionsfor B¢ Mixing: ¢ L =150pb™*

Decay Mode | Yield 3S vaue |Sgnif. If
for Dmg oM. =15
(ps™) >
Semi-Muon 6000 11 0.8
/ Semi-Elec. 750 10 0.8
DO Semi-Muon 750 11 0.8
\ Hadronic 100 5 0.9
Hadronic 200 9 1.3
—
200 pb ™

Triggers

|

Single Mu
-Muon

Single Mu

Silicon
based

\We can combine different modes — current limit is ave. of 13 expts



Conclusions and Outlook

» We are making lot of progressin
understanding the DO detector

v

» We have data in hand and more coming!

» Exciting times... B physics,
Top/Higgs/New Phenomena/ QCD



