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Two parameters of importance:

1. The energy:

Py
p1—> “— P>
_f
/%,
s = (p1+p2)’= { (v 4 E2)* — (1 +72)°, (HW

m% — m% + 2(E1E> — p1 - p2).

> = JVin 2F1 =~ 2F> in the c.m. frame p1 + p> = 0O, [\ u
em = VSV /2FEims  in the fixed target frame P> = 0.
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Partial wave expansion for a +b6 — 1 + 2:
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For a 1 — n decay process, the partial width in the rest frame:

M(a—14+24+..n)= dPSh,.
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For a 2 — n scattering process:
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*E.Byckling, K. Kajantie: Particle Kinemaitcs (1973).
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where the first and gecond %Jal signs made use of the identities:
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Kinematical relations: £
P = pa+p,=p1, E{"=+/sinthe c.m. frame,
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The “dimensinless phase-space volume” is s(dPS1) = 2.
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An unstable particle of mass M and total width Iy, the propagator is
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Two-particle Final State a +b/— 1 + 2:

d3p, d3p
dPSy = —2  §%(P —py — po) LPLEP2
(27)2 2F1 2E»
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= ‘P | dS21 = - IP | dcostdpq
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™ ( . . dxqdro @Jﬁhﬁj )
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The magnitudes of the energy-momentum of the two particles are
fully determined by the four-momentum conservation:

o o A\ 2(.%. mf. mg) . s - m? - mg o s - mg - m?
P =Ip2 | = , By = , BE3” = — ;
Mz,y,z)=(zx—y—2)° —4yz = z° + y° + 2° — 2zy — 2z2 — 2y=.
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T he phase-space volume of the two-body is scaled down
with respect to that of the one-particle by a factor

Aimemsimlass = dPs> 1
s dPS, ~ (4n)2?
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Consider a 2 — 2 scattering process pa + p, — p1 + p2,

Chw
Pa > 3 < Pb ’ ngj

the (Lorentz invariant) Mandelstam variables are defined as

s (pa + )% = (p1 +p2)% = E<2m

t (Pa — Pl)2 — (Pb - P2) — my + "“'% - 2(E“E1 — Pap1 COS 9”1)’

u = (pa — 1)2)2 = (pp — 1)1)2 = ’“'(21 - m% — 2(EqE> — pap> €C0S6,5).
s+t+u= ‘1‘11(21 -+ m.g - m.% + m%.
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T he two-body phase space can be thus written as
1 dt do4
(4m)2 s A\1/2 (1 m2/s, ’”b/ )
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Three-particle Final Statea+b — 1+ 2 + 3:
d>py d3pr d3p3

. 4
dPS3 = 0 (P—p1—p2—1
3 (215 (P —p1—p2—p3) 2E, 2B, 2=
— - 23
TR TS Sl N
(27)3 2E1  (47)2 mo3 2 ﬂ - %?S
1 1/2 m% m% . R
= 2.3 A 5 5 2|p1| dE, dxodxzdradxs.
(4m) m23 m5s -
dCOSGl.Q — 2(112 4, dQl 2 = QTLIJ3 5, 0< T2 345 < 1,
I—(‘m|2 l—«mn —mn|2 — (Emn)Q ,,_”%
1/2
m3z = s — 2ESm +m2, |53 = 523 = (m33,m3, ’”3)

2mo3
T he particle energy spectrum is not monochromatic.
The maximum value (the end-point) for particle 1 in\¢.m. frame is

s + m% — (mo + m3)2

Erlna.r — mq S El S Ein(l'l‘,
2.\/s
1/27. .2 /.. . 2
—“nar| __ A (‘Sf my, (’”'2 + '”‘3) ) maz
2\/s
With m; = 10, 20, 30, /s = 100 GeV.
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More intuitive to work out the end-point for the kinetic energy,
— recall the direct neutrino mass bound in g-decay:

L o IGE (\t — My — M- ”'3)(\""”:: — 1 + 2 + '”3)

\ 1 1 —mq = r

entire spectrum region close to endpoint

rel. rate [a.u.]
_O\
(o]

rel. decay -amplitude
o
o

e m(ve) =0 eV
0.6 _
04
0.4 L only 2 x 1013 of
02 F decays in last 1 eV
[ interval
0.2 M(ve)=1eV
' 0
[ " " 1 " 1 " L 1 L | 1 " |
0 L ' ' | S -3 -2 -1 0

2 6 10 14 18
Electron-energy E [keV]

“Thus, [ 2 Mg M M T ) By g

o 2 M, m,

The cloctnon sy, 2o ()o'm’\?\
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Exercise 24: A particle of mass M decays to 3fparticles M — abc.

Show that the phase space element can be expressed as

7.3 .\[2(1.1',1(1.1'[), [H\}\[\ QNAY\J

, (i=a,b,c, Z.l',‘ = 2).
1,

dPS3 =
_ 2E,
M

£y
where the integration limits for me =my =mc=0 are /\ O(b

4

O < La < 1 ]. — La S .I'() S 1

=S Ta > z
’%////// X > /Yc\

In general, the 3-body phase space boundaries are non-trivial.

That leads to the “Dalitz Plots”. | W%,

{ L 2 l
™ WlP;W\u plane
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Recursion relation P —- 14+ 24+ 3... 4+ n:

p—

P Py - Pp-1 / i /\/\GV\EQ CG\le
p Pp-1,n Py

/ //////

dPSn(P;p1,....pn) = dPS,_1(P;p1,.sPn-1n) > X
. ( )(lm?, 1 n (
’So n nt Pn s Pn :
( 2\P 1.n P 1:1 o
| (lmgl.“l, .
dPS3 = dPS5(1) 5 dPS»(f).
This is generically true, but particularly useful S N%t

when the diagram has an s-channel particle propagation) 6%15,(3

Mw@k\@\ﬁ Hinzwsional [efyation . Sn-4
- [ 1@ax, v= [ & ([ Forn=3. 5-chw)

M onCe Carlo mathed - | I~Qn=V— Zf(xz)—VU')

Advodlzes . ¥ Mo efiae® for 4-di. £~ fi7
¥ chog2 §Tw\/\/\(\cf\\<7‘/\ o,g quﬂ Q)@Q/\,\’\ﬁ :

Importance sampling algorithm
Importance sampling provides a very important tool to perform Monte-Carlo integration.[3][8] The main result of
importance sampling to this method is that the uniform sampling of X is a particular case of a more generic choice, on

which the samples are drawn from any distribution p(x). The idea is that p(X) can be chosen to decrease the variance of

the measurement Qy;.

The VEGAS algorithm takes advantage of the information stored during the sampling, and uses it and importance
sampling to efficiently estimate the integral I. It samples points from the probability distribution described by the

function |f] so that the points are concentrated in the regions that make the largest contribution to the integral.



Consider an intermediate state V* [ In Q CAF\C\;V\ OQL@CMS

a— bV* = b p1po.
By the reduction formula, the resonant integral reads
(m™M)2=(mq—my)? 5
/ | dmsg .
(M) 2=(m1+m»)?
Variable change

m2 — M2

tanf =

[y My ~ Ck@
resulting in a flat integrand over 6 \ [\/\VSQCS
\Y
/(,nmu.r)Q d”l* /\/ gmaz a0
(772”“”)2 (nl — 1\[2 )2 + r gmin r\;\[\

ﬁZIS%@

(m14+mo)+TNy K My € ma—my, — Iy,
1 (mq + mo)? — 4‘\[‘2-

In the limit

(}mm — tan I
My My
. , 2 N 72
()Illu,r — tan_l (IN(, - lllb) — J\I‘. . O

then the Narrow Width Approximation
1 N T
(m2 — M2)24 M2  TyMy

TSYW @ \‘jm/\}/ OWN
Consider a three-body decay of a top quark, [ 54,\%

t — bW" — b er. Making use of the phase space recursion relation
and the narrow width approximation for the intermediate W boson, S(Vﬂ’\ COW
show that the partial decay width of the top quark can be expressed as

(5(1113 — ]\1\2-).

F(t— bW* = b ev) ~T(t — bW) - BR(W — ev).
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What we ‘“see” as particles in the detector: (a few meters)

For a relativistic particle, the travel distance:

d = (Be )y~ (300 pm)(35—35) 7

EHW%@]

stable particles directly ‘“seen:
p, b, e, v
quasi-stable particles of a life-time = > 1019 s also directly “seen”:
n, N\, K9, ..., p*, o K+

e a life-time 7+ ~ 1012 s may display a secondary decay vertex,

“vertex-tagged particles’ :

BO.:{:' DO.:t. +

T ...

e short-lived not “directly seen”, but “reconstructable”:
70, pOF ., ZWE ¢t H..
missing particles are weakly-interacting and neutral:
v, X, Gk

hadronic calorimeter
tracking
beam (in Bfield)

pipe
vertex detector

=\

muon chambers



1 For stable and quasi-stable particles of a life-time
+>10"19-10"12 5, they show up as

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber

Innermost Layer... P ...Outermost Layer

A closer |look: B

® calorimeter

\\‘ muon
E S
BA&

)
Theorists should know: }'VLQ/@\QM/‘QA CUKYy \/mbr@ f}z K T~

§

For charged tracks: Ap/p o p,

typical resolution: ~ p/(lO4 GeV).
1

VE'
typical resolution: ~ (10%cq1, 50%pear)/\/ E/GeEV

For calorimetry : AFE/E



t For vertex-tagged particles 7 ~ 10712 s,
heavy flavor tagging: the secondary vertex:

displaced
tracks

Secondary
vertex

anary o
vertex

prompt tracks

Typical resolution: dg ~ 30 — 50 pm or so
— Better have two (non-collinear) charged tracks for a secondary vertex;
Or use the “impact parameter” w.r.t. the primary vertex.
For theorists: just multiply a “tagging efficiency" :
e, ~ 70%; €c~40%,; er~40%.



t For short-lived particles: 7 < 10712 s or so,
make use of final state kinematics to reconstruct the resonance.

T For missing particles:
make use of energy-momentum conservation to deduce their existence

obs.

pa + pé — Z pf + Pmiss-
f

But in hadron collisions, the longitudinal momenta unknown,
thus transverse direction only:

obs.

0= Zﬁf T + ﬁmiss T-
f

often called “missing p;" (1) or (conventionally) “missing E." (fr).

Note: “missing E;" (MET) is conceptually ill-defined!

It is only sensible for massless particles: fiy = \/i2,,.. 7+ m?.




What we ‘see” for the SM particles

(no universality!)

Leptons Vetexing Tracking ECAL HCAL Muon Cham.
e* X I3 E X X
p* X P Vv P
T+ VX Vv et h*; 3h* pt

Ve, Vy, Vr X X X X X

Quarks

u,d, s X Vv Vv Vv X

c— D Vv Vv et h's pt
b— B Vv Vv et h's pE

t — bW+ b Vv et b+ 2 jets pt

Gauge bosons

2% X X E X X

g X v v v X

W+ = (*v X D et X put
— qq X Vv 2 jets X

Z0 — ot X P et X put
— qq (bb) Vv Vv 2 jets X

the Higgs boson

h® — bb Vv Vv e+ h's s

— 27" X P et Vv pt

— WW* X P et Vv pt

How to search for new particles?
Photons
L(epto)ns y
e, u —>YY
/\ /_)Maus
H—-WW—1vlv
0,,0,
N / " (H) = ON/
) 0 ¢ g —h% H A h—Tt
=3 H—Zz oy
() — 41
- =
; LT |3
unpre icte
X - 5
N o o S
N 1oy — V,pTc—WZ 0.9 —bjets+X 9 ol
0 n lept.+ x X
T g —njets + E¥‘
— n leptons + X
q similar b-
Jet-tag

Missing Et

y98014_416dPauss d

H— —
H— 77wy \[ 7900
H-WW-—-=1vlv Jets
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Colliders | /s (GeV) L OE/E f polar. L
(GeV) (em~2s71) (kHz) (km)
LEP I My, 24 x 103 | ~0.1% 45 55% 26.7
SLC ~ 100 2.5 x 10%° | 0.12% 0.12 80% 2.9
LEP II ~ 210 1032 ~0.1% 45 26.7
ILC 0.5—1 25 x 10°* | 0.1% 3 80,60% | 14 — 33
CEPC |0.25-0.35| 2x10* | 0.13% 50-100

CLIC 3-5 ~ 103 0.35% | 1500 | 80,60% | 33 —53
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(7& The collisions between ¢~ and e have major advantages:

e The system of an electron and a positron has zero charge,
zero lepton number etc.,

—— it is suitable to create new particles after ete~ annihilation.

e With symmetric beams between the electrons and positrons,
the laboratory frame is the same as the c.m. frame,

—— the total c.m. energy is fully exploited to reach the highest
possible physics threshold.

e With well-understood beam properties,
—— the scattering kinematics is well-constrained.
e Backgrounds low and well-undercontrol:
For o =~ 10 pb = 0.1 Hz at 103* cm—2s 1.
e Linear Collider: possible to achieve high degrees of beam polarizations,
—— chiral couplings and other asymmetries can be effectively explored.

Disadvantages

e Large synchrotron radiation due to acceleration,
4
AR~ L (E) |
R \me

Thus, a multi-hundred GeV ete collider will have to be made
a linear accelerator.

e T his becomes a major challenge for achieving a high luminosity
when a storage ring is not utilized;
beamsstrahlung severe.



(D) Pakde Prodmesion

As for the differential production cross section of two-particle a, b,

> IM[?

(10((2+(2_ —ab)  f
dcoso ~ 327s

where

o 3 =A\/2(1,m2/s,m/s), is the speed factor for the out-going particles
in the c.m. frame, and p¢n = B/s/2,

° Z|M\2 the squared matrix element, summed and averaged over quantum
numbers (like color and spins etc.)

e unpolarized beams so that the azimuthal angle trivially integrated out,

- dL(s 5
#EWAXB = £/dT f;jT) o(3), T=".
) S

T

[—(\@—ﬁF]
\(%Mﬁ d\f \/— SN2




Resonant production: Breit-Wigner formula

1
(s — M2)2+T2M2

If the energy spread §./s < "y, the line-shape mapped out:

w2 e 4ni 4 DIV s ete ) (V 5 X) s
E \j oleTe - V"= X) (s — M2)2 + 202 Mz

TM?; e (N@ LE?L_ gg;z/g%@a ~) L

GV
gC@VV\ o the LU Qﬂ@v / g
Mg osunt Yha oA Width  (pewtrus
Ca(/uﬁ’\‘hs ).
If §./s > [y, the narrow-width approximation:
1
G- M2 202 Myry O¢ T M), (2
et v ) = 2RI DIV o ete ) BR(V » X) dL(S = MP)
o M?2 d\/3

R ARSEE Q\/\&Q T/Lk PWW: A
38 =% » Ty ~43 ko /\ﬂ

( Mow)
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[) For an s-channel or a finite-angle scattering:
1

g ~ —.
S

7For forward (co-linear) scattering:

1 -
~ 5 InT—5.
M i M i

S

g
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e T he simplest reaction

42

3s

In fact, o, ~ 100 fb/(y/s/TeV)? has become standard units to measure
the size of cross sections.

e The Z resonance prominent (or other My,),
e At the ILC /s = 500 GeV,

olete” =" 5 putp™) = opt =

o(ete™ = ete™) ~ 1000, ~ 40 pb.

(anglular cut dependent.)

opt ~ 0(ZZ) ~ o(tt) ~ 400 fb;
o(u,d,s) ~ 9oy ~ 3.6 pb;
O'(WW) ~ 20(7])/, ~ 8 Db

and
o(ZH) ~ o(WW — H) ~ op/4 ~ 100 fb;

c(WWZ) ~ 0.1ay ~ 40 fb.
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One of the most important techniques, that distinguishes an ete™ collisions
from hadronic collisions.

Consider a process:

(3+—|-(2_—>V—|—X,

where V: a (bunch of) visible particle(s); X: unspecified.

Then: > >
P+ + Po— =pv +rx, 0.+ + P —PV)° = D%,

M% = (p 4 + - —py)° =5+ Mi — 2V/sEy.
One thus obtain the “model-independent” inclusive measurements

[ [ecoid s )

gﬁéﬂL Q/X@\/VWG)(Q >

The key point for a Higgs factory: et +e — ff+h.

AN /
\J\// \2/
\\ | f /(
et zf ) n
P ;T
N 24
/- H\ /b
/ h AN
/ AN
. r2 2 2
Then: ]\/[h = (p()’_'_ -+ Pe— — Df — p/—> = s+ ]V[V — 2\/;E//—
L e
i " ete™—e’e™h 1
0.4 — " Vs =500 GeV = —
" m, = 120 GeV

r I
0.3

L b

I

! mroc

|

02—

do/dM/o (1/GeV)

- | -
01 Lo E

L I !
\
F L
0.0 —=— s A L1 [
0 100 200 300 400

M (GeV)
Model-independent, kinematical selection of signal events!

L Rw 23,27
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e Energy end-point and mass edges:
utilizing the “two-body kinematics”

Consider a simple case:
+o— =t

ete —lp Ap
with two — body decays: i}, — utXo, fip — 1 Xo-
2 2
In the ﬁ'}‘{—rest frame: ES = %fﬁTx .

In the Lab-frame:
(1 —B)vES < Elt® < (14 B)vE

with B = (1 - 4M§H/s)1/2, ~v=(1-p8)"1/2

Energy end-point: E[®’ = Mg —m2.

Mass edge: mZ‘ai \/_—me
Same idea can be applied to hadron colliders ...

X1
v
More pbsnables « WE o
(’ e — Bl + BQ, a
D
| a2
Bi—a1+X1, By ax+Xo S
_ ete” = ptp B, /5 =500 GeV e
e - ' : 0.018 . . : . X
KRR .
0.025 | | 0.016
o ; 0.014 '[-ll([_l”
> 0.02} S o012}
L] 5
4 S 0.01
= 0.015 | ALfiL ol 2 [
ol = é 0.008 |
R 0oL — 1% 0.006 JiLfiL
. 0.004
0.005 WW__ - ’
0.002 VW
0 . - - 0 : : : .
0 50 100 150 200 250 0 100 200 300 400 500
(d) E, (GeV) (a) my, (GeV)
ete” = ptp ., /s =500 GeV
0.03
0.025 | firfin
Z 002}
=
= 0.015
K
Tl= 001¢f
—le
0.005
0 ' : - .
0 100 200 300 400 500

(b) My (GeV)
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Consider a squark cascade decay:

do/dm,, (Events/100fb™'/5GeV) do/dm, (Events/100fb'/0.375GeV)

do/dm,, (Events/100fb™/5GeV)
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100

150

100

2nd
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| b
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[ f
[4 01 L o MA 1
0 200 400 600 800 1000
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]
: b
| 1“1
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200 400 600 800 1000
(d) m,, (GeV)

do/dm,, (Events/100fb™'/5GeV) do/dm,, (Events/100fb™'/5GeV)

do/dm,, (Events/100fb™"/5GeV)

edge :
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Charge forward-backward asymmetry App:

The coupling vertex of a vector boson V), to an arbitrary fermion pair f

L,R
iy g-7’f ~vH Pr o crucial to probe chiral structures.
T

The parton-level forward-backward asymmetry is defined as

L f Np — Np - 3
A¥p Ne T+ N = 2744
Np+Np 4
(99)2 — (gh)2
A_/-

(91)2 + (95)?
where Ny (Np) is the number of events in the forward (backward) direction
defined in the parton c.m. frame relative to the initial-state fermion p;.

-1 -0.5 0 0.5 1
cos @

Sentte o e Chivad jiteraching
0% the \MM%?% VW{@LQ{@ ?F\’Wﬁ
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One of the merits for an eT e linear collider is the possible high polarization

for both beams.
Consider first the longitudinal polarization along the beam line direction.

Denote the average e™ beam polarization by P, with P{ = —1 purely
left-handed and +1 purely right-handed.

The polarized squared matrix element, based on the helicity amplitudes

1
DIMIZ =211 = P2 = POIM-|* + (1= PEY(1 + PY)IM_4 [
+(1+ PEQQ - PY)IM4_ P+ A+ PHQA + P IMy4 7).

M&SW %4\% (gr 0 Jineay Coll:der ¥

Furthermore, it is possible to produce transversely polarized beams with

the help of a spin-rotator.
If the beams present average polarizations with respect to a specific direc-

tion perpendicular to the beam line direction, —1 < P/ < 1, then there will
be one additional term in the limit me — O,

1 S
L 2 PIpy Re(M_ M ).



Common processes: ¢ et —» ff.
For most of the situations, the scattering matrix element can be casted
into a V 4+ A chiral structure of the form (sometimes with the help of Fierz

transformations)

2
e _ ) - /
M = —Qap [Ver(p2)" Parie-(p1)] [V (q1) v P 7(q2)],
S .

where P+ = (1 F ~vg5)/2 are the L, R chirality projection operators, and
(QQnp are tﬁe bilinear couplings governed by the underlying physics of the

interactions with the intermediate propagating fields.
With this structure, the scattering matrix element squared:

(,4
Z|/\4|2 = 2 [(|QrLLl* + 1QrrI?) wiv; + (|QrLL|* + |QrLl?) tit;
+ 2Re(QQLr + QrrQrL)mymys]

— 2 — (. 2 02 2 = 1 "2 — (. 2 .
where t; =t —m? = (p1 —q1)° —m; and u; =u —m; = (p1 — q2) — m?

j .



The simplest case is the photon radiation off an electron, like:
ete” — (z+, 'y*(z_ —~ete.

The dominant features are due to the result of a ¢t-channel singularity,
induced by the collinear photon splitting:

olea—e X))~ / dx P,\//({(IIJ> o(va — X).

The so called the effective photon approximation.

For an electron of energy FE, the probability of finding a collinear photon
of energy zF is given by

al+(1-2)2 72

Yy e(®) = or x " m2’ [ ;\S\/\} § B‘BJ

known as the Weizsacker-Williams spectrum.

We see that:
e m. enters the log to regularize the collinear singularity;
e 1/x leads to the infrared behavior of the photon;

e T his picture of the photon probability distribution is also valid for other
photon spectrum:

Based on the back-scattering laser technique, it has been proposed to
produce much harder photon spectrum, to construct a “photon collider” ...
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t 6 Qaﬂm %a&m Calllsdeys

iy

Medron Glidars . Pros K Cos

Colliders Vs L OE/E f # /bunch L

(TeV) | (em~2s71) (MHz) (1019) (km)

Tevatron | 1.96 21x10% | 9x107? 25 | p: 27, p: 7.5 | 6.28
HERA 314 1.4 x 10% | 0.1,0.02% 10 e: 3, p: 7 6.34
LHC 14 1034 0.01% 40 10.5 26.66
LHC Run (I) I | (7,8) 13 | (103?) 103 | 0.01% 40 10.5 26.66
HL-LHC 14 7 x10% | 0.013% 40 22 26.66
FCChr (SppC) 100 1.2 x 10% | 0.01% 40 10 100
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“Hard” Scattering

outgoing parton

underlying event underlying event

initial-state
radiation

final-state

outgoing parton radiation

(a) Total hadronic cross section: Non-perturbative.
The order of magnitude estimate:

Energy-dependence?

~ 21.7 (@)0'0808 mb, Empirical relation

o (pp) |
< Ty In? =, Froissart bound.

(b) Perturbative hadronic cross section:
opp(S) = [ dw1dwoPr(e1,Q%) Pa(22,Q?) Gparton(s):

e Accurate (higher orders) partonic cross sections 7, ton(s).
e Parton distribution functions to the extreme (density):
Q2 ~ (a few TeV)?, x~10"3—-10°.
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“Hard” Scattering

outgoing parton

underlying event underlying event

initial-state
radiation

final-state

outgoing parton radiation

Advantages

e Higher c.m. energy, thus higher energy threshold:
VS =14 TeV: M2, ~s=x1208 = Mpew~ 0.3V/S~4 TeV.

e Higher luminosity: 103%4/cm?/s = 100 fb~1/yr.
Annual yield:j@B W=*; 100M tf; 10M WTW—; 1M HO..
e Multiple (strong, electroweak) channels:
q7, gg, qg, bb — colored; Q =0,+1; J=0,1,2 states;
WW, WZ, ZZ, vy — Iy = 0,1,2; Q =0,+1,+2; J=0,1,2 states.

Disadvantages

e Initial state unknown:
colliding partons unknown on event-by-event basis;
parton c.m. energy unknown: E2 = s= z1x55;
parton c.m. frame unknown.
= largely rely on final state reconstruction.

e The large rate turns to a hostile environment.:
= Severe backgrounds!
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Experimental challenges:

e The large rate turns to a hostile environment:
~ 1 billion event/sec: impossible read-off !
~ 1 interesting event per 1,000,000: selection (triggering).

~ 25 overlapping events/bunch crossing:

Colliding beam

nl ny
oo CIC) oo 0 9%o 0 %o ©9%o
T > «— @D

= Severe backgrounds!
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Triggering thresholds:

ATLAS
Objects n pr (GeV)
1 inclusive 2.4 6 (20)
e/photon inclusive 2.5 17 (26)
Two e's or two photons 2.5 12 (15)
1-jet inclusive 3.2 180 (290)
3 jets 3.2 75 (130)
4 jets 3.2 55 (90)
7/hadrons 2.5 43 (65)
P 4.9 100
Jets+Fr 3.2, 4.9 50,50 (100,100)
(n=2.5= 10°; n=5= 0.8°)

With optimal triggering and kinematical selections:
ppr > 30— 100 GeV, |n/<3-5;, ¥t > 100 GeV.

\/\/MO( ﬁl[@, 4o MaRSUN. =

Energy momentum observables —= mass parameters
Angular observables —= nature of couplings;
Production rates, decay branchings/lifetimes —= interaction strengths.
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Hadron momenta: Py = (£,.0,0,p,). Pp = (F,,0,0,—p4),
The parton momenta: p; =x1P,, p>=x2Pg

Pep = [(z1 +22)Ey, 0, 0, (21 —22)ps] (Ea=py).

Then the parton c.m. frame moves randomly, even by event:

L1 — T2
ch = — or .
331+£C2
1 1+ 1 =x
Yem = —lnﬂ:_ln—la (—00 < Yem < 00).

The four-momentum vector transforms as

E'\ _ ([~ —Y Bem \ [ E
Pl —Y Bem Y Pz
coshyemm  —Sinhyem E
This is often called the “bo/ost".

Denote the total hadronic c.m. energy by S = 4E% and the partonic c.m. en-
ergy by s, we have

S=TS, T=x120= -

S (8.3)

The parton energy fractions are thus given by
2y 5 = /T €EVem (8.4)
1,2 = ’ - :

One always encounters the integration over the energy fractions as in Eq. (8.15).
With this variable change, one has

—%Int
/ d.ll/ dxo —/ dr/ dY on - (8.5)
To/ 1 Int

One wishes to design final-state kinematics invariant under the boost:
For a four-momentum p = p# = (E,p),

1 E+p: B

Er = \pf+m?, y=3In E—;)’ [ W 4 \}
pt = (Epcoshy, prsing, pycosao, ETsmhy)

d3

f = ppoTd¢ dy — ETdETd(f) dy.

C E_ o~ [ whon M= 0)




Due to random boost between Lab-frame/c.m. frame event-by-event,

>
N
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— |\
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Y

rapidity — pseudo-rapidity:

1+ cosé

In the massless limit

In cot

-lnvariant.

IS boost
Thus the “separation” between two particles in an event

— Y2 — Y

o, Ay

JA®? 4+ Ay? is boost-invariant,

AR =

and lead to the

of a jet.

“‘cone definition”
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Figure 8.2: Parton momentum distributions versus their energy fraction z at
two different factorization scales, from CTEQ-5.
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e invariant mass of two-body R — ab: m2, = (pa + p)? = M3.
combined with the two-body Jacobian peak in transverse momentum:

£ 300
3
« 250 y
[ 7 M gm_
X S 150 F
2 _ A2)2 2 A g2 :
(m2, — M2)2+T2M?2 &\
\
60 70 80 90 100 110 120
m(ee) (GeV)
Z —ete”

\ N y
\/\/\H‘ O‘ W\;ég‘\hé V\W/\%\y\@/ Mey flot ﬁ\wﬁl

“transverse” mass of two-body W~ — e e :

m2, r = (Eor + Eyr)? — (Ber + 5or)?
= 2B, pE;3%(1 — cos¢) < m2,.

[ Transverse Mass - W Candidate |

If p(W) =0, then m,, 1 =2E.r = QE%zzss Emf,:_ ; mm%f:{fj—:
6000 I
[ VM g s000;- I ':
— o 3 |
1 Cvlded -
n ‘gﬁé . Q\// [ ﬁ?@‘ Yeld (&_ M "
) 2000; J |
10005— | ""
For a two-body final state kinematics, show that 30 e L Tt

708090 100 110 120
do o 4peT do
Big a1 ary)s dcosE
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_ cluster transverse mass (I):

2
myyw T (Ew,r + Ew,r)?

where p,"58 = pp =

-

(p]}T + p(T + P mI“)Q

(\/p5jr + Miy + VP2 + M3)?

(pJJT_*_pPT + D

—

— obs

- Zobs Pr

m/ss)Q < ]\1]2{.

2—~\m?§s\%%

mgffT
Meff T

= (Eor+ Eoor + E/M59)2 -
Eor + Eeop + Ef™5°

Q

W&\&RC(QJ : .

(Pe1r + Peor + D

mzss>2

7%\\5 1S A& Copamon \/arfcv);ﬁﬁ

cluster transverse mass (II):

(JC M bor‘gs JU\UVL

2
2 2 2 . - \2
myw ¢ = (\/ PTe0 + Mip + i’T) — (P10 + P1)
mww ¢ = \/p% g+ Mg+
WW ¢ = \/PTu i+ pr
_
10~1 H - WW |
M, = 300 GeV |

+o The cloice of

4‘(0\\/\5 Verc@ Wm )

do/dM (pb/GeV)

Myyw invariant mass (WW fully reconstructable):
Myyw. T transverse mass (one missing particle v):
Mgy T effetive trans. mass (two missing particles):

AT D D

103

200 300
M (GeV)

500

Myyw, ¢ cluster trans. mass (two missing particles):
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e Cluster transverse mass (III):
HO 5 ++t+— pwr ovr vy, p Vr

77 ultra-relativistic, the final states from a  decay highly collimated:
~ 7;1 =m;/E;r =2m;/my ~ 1.5° (my = 120 GeV).

We can thus take

/
= — = —*I/s SUVS 0 . 2
— — — . I/ S . l//h' ~ >
Pr— = D, +p 7 pl = c-p,

where ¢ are proportionality constants, to be determined.
Experimental measurements: Pp=s Pyt pr:

e+ (pu+)a + - (Pp )e = (P1)a,
e (pu+)y +c-(pp )y = (Pr)y-
Unique solutions for ¢4 exist if

(1)/1‘)‘1'/(1)11')!/ = (1)/) )J'/(P/) ),l/-

Physically, the 7+ and 7= should form a finite angle,
or the Higgs should have a non-zero transverse momentum.

s is AWA\M& v oy ﬂum _besded
Ok\jo/c%S . b cly, 4+ LV



Experimental measurements: p . P+ pr:

C—{—(p;l*').r + C— (p/) )-l' — (pf')-l'v
C+ (p/ﬁ)y +c-(pp)y = (P1)y.
Unique solutions for ¢+ exist if

(p;z'*').l'/(p/r")y - (p/) ).r/(p/) )y-

Physically, the 7+ and 7= should form a finite angle,
or the Higgs should have a non-zero transverse momentum.

1/0 do/dm
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éé? L~ chammed  £ealiares
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The familiar Weizsacker-Williams approximation

o(fa— f'X) =~ /d:z: dp% Pw/f(x,p%) o(vya — X),

14+ (1 —2)2/1)\ ;
Pﬂ,/e(at,p%) — - ( x) < )Fn(

21 x p%

T The kernel is the same as ¢ — gqg© = generic for parton splitting;
t The form dp7./p7. — In(E?/m?) reflects the collinear behavior.

CQCD &K@m;hcﬂs %acjlfm\ C@/@(//\CQ,@\‘

f%\\cg



A similar picture may be envisioned for the electroweak massive gauge
bosons, V = W*, Z.

Consider a fermion f of energy E, the probability of finding a (nearly)
collinear gauge boson V of energy zE and transverse momentum p, (with
respect to ﬁf) IS approximated by

Pl (r p2) — 51\2/ + !]31 14 (1 —2x)2 p,%
‘// /'(.I,, ])71) p— 5 5 . 5
| o x (p7 + (1 —x) M)
2 2 ) N2
PL -(.’I: I)?w) — 9y + 9JA l—a (1 - 'L)A"[\/ ‘
V// ) ] 47{'2 X (T)%, + (1 — :I:)Ale/)Q

Although the collinear scattering would not be a good approximation un-
til reaching very high energies /s > My, it is instructive to consider the
qualitative features.

For the accompanying jets,

2.~ (1—-x)M3?
%Tw ((1 B ;;)E ! }forward jet tagging
J q
At high—pjT,
do (V) 2
dp?] > 1/p.jT tral et toi
do(V,) 1/ central jet vetoing

has become important tools for Higgs searches, single-top signal etc.
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The coupling vertex of a vector boson V), to an arbitrary fermion pair f

L.,R
iy g-7’f ~vH Pr o crucial to probe chiral structures.
T

The parton-level forward-backward asymmetry is defined as
f Np — N 3
Al‘;/ = F—B _ —A; A,
M V‘Zc’\% 1B Np+Ng 4770
(9])2 — (gh)?

Ar = .
q“m ! (g2 + (g2

where Ny (Np) is the number of events in the forward (backward) direction
defined in the parton c.m. frame relative to the initial-state fermion p;.

At hadronic level:

ALHC — [ dw1 52y Afg (Py(21) Py(w2) — Pyle1) Py(a2)) sign(ey — :C:z).
[ dw1 g (Py(21) P(w2) + Pg(a1) Py(x2))

Perfectly fine for Z/Z'-type:
In pp collisions, pproton IS the direction of p,q.-

In pp collisions, however, what is the direction of p, ;1.7
It is the boost-direction of /¢~
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(B).

Definition: Ao p vanishes if CP-violation interactions do not exist
(for the relevant particles involved).

This is meant to be in contrast to an observable:
that'd be modified by the presence of CP-violation,
but is not zero when CP-violation is absent.

e.g. M+ L0y, o(HY, A9), ..

Two ways:
a). Compare the rates between a process and its CP-conjugate process:

RG— f)—R@G— f) . F(t—>Wte) - — W7
R(i— )4+ RG—f) 9 Frt—-wte)+r(t—w-3q)

b). Construct a CP-odd kinematical variable for an initially CP-eigenstate:

M ~ My + M>sin @,
; 1l d -0
Acp=ol' — 6B = ’ dcos@—/
JO dcosd J—1dcoso

dcosé
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