Collider Phenomenology
— From basic knowledge

to new physics searches
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I1I(a). An ete™ Linear Collider (ILC)
(A.) Simple Formalism
Event rate of a reaction:
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I1I(a). An eTe~ Linear Collider (ILC)
(A.) Simple Formalism

Event rate of a reaction:

R(s) = o(s)L, for constant L
= E/dT— o(3), r=2

S

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

do(ete™ — ab) B 5
Z|/\/l|
d Ccos b ~ 3271s

where

N ,\1/2(1,m§/s,mb2/s), is the speed factor for the out-going particles
in the c.m. frame, and pey, = (6/s/2,

° Z|/\/l|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,




Total cross sections and event rates for SM processes:
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(B). Resonant production: Breit-Wigner formula

1
(s — M2)2+ T2 M2

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

4 (25 + DMV —mete)I(V = X) s
(s — M2)2+T2M2 M2’

gletTe” 5V = X) =
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(B). Resonant production: Breit-Wigner formula

1
(s — M2)2+ T2 M2

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

4 (25 + DMV —mete)I(V = X) s

+ .- * —
oleTe -V — X) = (s~ M2)2 11202 Mz’

If 6./s > Iy, the narrow-width approximation:
1 . s

(S — M‘Q/)Q —|— I_%/M‘% Mvrv

2m2(25 + 1)I(V — ete”)BF(V — X)dL(s = M)

5(5 o M\Q/)a

gleTe” - V¥ = X) =

M2 dv/5
Exercise 3.1: sketch the derivation of these two formulas,

assuming a Gaussian distribution for

dL 1 —(V5—/5)?

= —e&X
dvs 27 A Pl 2A2

].



Note: Away from resonance

For an s-channel or a finite-angle scattering:
1

o~ —.
S



Note: Away from resonance

For an s-channel or a finite-angle scattering:
1

o~ —.
S

For forward (co-linear) scattering:
1 2 S

o~ —5In® .
2 2
M2 M2



(C). Fermion production:

Common processes: e el —
For most of the situations, the scattering matrix element can be casted
into a VV & A chiral structure of the form (sometimes with the help of Fierz

transformations)

62 —
M= —Qap [Uer (p2)7" Parte- (p1)] [¥5(a1)vuPstp(a2)];

where = (1 F~5)/2 are the L, R chirality projection operators, and
5 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:

E— 4
SIMP = 5 [(1Quil® +1QraP) wiwj + (1Quel + |Qrzl) ti;

+ 2Re(Q7.Qrr + QrrQrL)msmys|,

2

where t;, =t — 3=(p1—q1)2—mi and uizu—miQZ(pl—qQ)Q—miz.

Exercise 3.2: Verify this formula.



(D). Typical size of the cross sections:

e [ he simplest reaction

4o

3s

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

olete =7 s ptp ) =op =
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(D). Typical size of the cross sections:

e [ he simplest reaction

4o

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 =7 s ptp ) =op =

glete —etTe ) ~ 1000, ~ 40 pb.

(anglular cut dependent.)

opt ~ 0(ZZ) ~ o(tt) ~ 400 fb;
o(u,d,s) ~ 9opt ~ 3.6 pb;
o(WW) ~ 200, ~ 8 pb.

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

c(WWZ) ~ 0.10, ~ 40 fb.



(E). Gauge boson radiation:

A qualitatively different process is initiated from gauge boson radiation,
typically off fermions:

The simplest case is the photon radiation off an electron, like:
etTe™ — e+, v e  — eTe .

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

ole a—e X))~ /daf; P,y/e(af;) o(vya — X).

The so called the effective photon approximation.



For an electron of energy E, the probability of finding a collinear photon
of energy zFE is given by

o 1+(1—az)2|nE2

2m x m2’

Pye(a) =

known as the Weizsacker-Williams spectrum.

Exercise 3.3: Try to derive this splitting function.

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 [ 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’ ...



(massive) Gauge boson radiation:

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

Consider a fermion f of energy FE, 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 (@, p7) = gy +93 14+ @1 -2)° PT
A 82 r (p7 + (1 —2)MP)?’
gptgil-=  (A-z)Mp

Prypent) = Z5o0 — P2+ (1 — ) M2)2’

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.



(F). Beam polarization:

One of the merits for an eTe~ linear collider is the possible high polarization
for both beams.

Consider first the longitudinal polarization along the beam line direction.
Denote the average et beam polarization by P¥, with Pf = —1 purely
left-handed and +1 purely right-handed.

The polarized squared matrix element, based on the helicity amplitudes
M06_06+:

SIMP = 211 - PO - PRIM- P+ (1 - PH + PRIM_

+(1 4 PE(1 - POYM4 P+ (1 + PHYQ + PL) M4

Since the electroweak interactions of the SM and beyond are chiral:
Certain helicity amplitudes can be suppressed or enhanced by properly
choosing the beam polarizations: e.g., W= exchange ...



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 < PI < 1, then there will
be one additional term in the limit me — O,

1 T 5T
~— 2 PPt Re(M_ L MF .
4 + Re(M_ ML)

The transverse polarization is particularly important when
the interactions produce an asymmetry in azimuthal angle, such as the

effect of CP violation.



III(b). Perturbative QCD I

(A). Running of the strong coupling:

12
as(Q%) = m g > 1lne—2n;>0.
(33 — an) In /\éc’n
| | I |||||| | | I |||||!
0.3
F0.2
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III(b). Perturbative QCD I

(A). Running of the strong coupling:

127
aS(Q%{) — QQ 9
(33 — an) In Ao

QCD

11n, —2n; > 0.

D | IIIIIIII | IIIIIIII

1 10 10°
I Galyf

Significant implications (D. Gross, D. Politzer, F. Wilczek, Nobel Prize 2004):

T Confinement at low energies (hadrons: the observable world);
T Asymptotic freedom at high energies (quarks, gluons and perturbation techniques);
T Possibility of Grand Unification; Description of the early universe.



(B). Parton Distribution Functions (PDF)
e Factorization theorem:

In high energy collisions involving a hadron, the total cross sections
can be factorized into two factors:

(1). hard subprocess of parton scattering with a large scale p? > /\gch;

(2). “parton distribution functions” (hadronic structure with Q2 < 2. )
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(B). Parton Distribution Functions (PDF)
e Factorization theorem:

In high energy collisions involving a hadron, the total cross sections
can be factorized into two factors:
(1). hard subprocess of parton scattering with a large scale p? > /\éCD;

(2). “parton distribution functions” (hadronic structure with Q2 < 2. )
-~ -

Observable cross sections at hadron level: [ "
D—z-—(a(x_;)}—"/'

SN M oA Mo o 1ar
PLVRAVAVEAVEAVAY S

_ . p,=x.P

opp(S) = /dfﬂldwzpl(fﬂl,Qz)Pz(fﬂz,QQ) Gparton(s)- U\H
7N\ /‘p/n=an.
r-4 é £

p—>—— (X —

l’g \ L

e~

1\'/! T~

—

t 0parton(s) is theoretically calculated by perturbation theory
(in the SM or models beyond the SM).

Ultra violet (UV) divergence (beyond leading order) is renormalized;
Infra-red (IR) divergence is cancelled by soft gluon emissions;
Co-linear divergence (massless) is factorized into PDF

— The essence of “factorization theorem” .



t P(z,Q%) is the “Parton Distribution Functions” (PDF): The probability
of finding a parton P with a momentum fraction = inside a proton.

P(a:,Qz) cannot be calculated from first principles, only extracted
by fitting data, assuming a boundary condition at Q% ~(2 GeV)Z2.

The PDF's should match the parton-level cross section Gpurton(s)
at a given order in «s.

T Q2 is the “factorization scale”, below which it is collinear physics.
It is NOT uniquely determined, leading to intrinsic uncertainty

in QCD perturbation predictions. But its uncertainty is reduced
with higher order calculations.



t P(z,Q%) is the “Parton Distribution Functions” (PDF): The probability
of finding a parton P with a momentum fraction = inside a proton.

P(a:,Qz) cannot be calculated from first principles, only extracted
by fitting data, assuming a boundary condition at Q% ~(2 GeV)Z2.

The PDF's should match the parton-level cross section Gpurton(s)
at a given order in «s.

T Q2 is the “factorization scale”, below which it is collinear physics.
It is NOT uniquely determined, leading to intrinsic uncertainty

in QCD perturbation predictions. But its uncertainty is reduced
with higher order calculations.

Several dedicated groups are developing PDF's:
CTEQ (Michigan State U.); MRSxxx (Durham U.) ... ...



zP(Q% z)

Typical quark/gluon

parton distribution functions:
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zP(Q% z)

Typical quark/gluon parton distribution functions:
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Better understanding of the SM cross section, in particular in QCD
are crucial for observing new physics as deviations from the SM.



(C). Jets and fragmentation functions
Upon production of a colored parton (quark/gluon):

t At the scale A ~ 107 2%s or 1 fm, the parton “hadronizes
QCD
(fragments)” into massive, color-neutral, hadrons =, n, p, K ...

The “fragmentation function” is like the reverse of the PDF:

do(pp — hX) _ Z/ do(pp — qX)qu

2
T T O

where z = E},/ Ey.
Non-perturbative and cann’t be calculated from first principles.



(C). Jets and fragmentation functions

Upon production of a colored parton (quark/gluon):

T At the scale /\QCD ~ 107 %%s or 1 fm, the parton “hadronizes

(fragments)” into massive, color-neutral, hadrons =, n, p, K ...

The “fragmentation function” is like the reverse of the PDF:

do(pp — hX) _ Z/da(ppE qX)qufq (2. Q )

where z = £}/ E,.

Non-perturbative and cann’t be calculated from first principles.

T For most of the purposes in high energy collisions,
we do not need to keep track of the individual
hadrons, and thus the collective and collimated
hadrons form a “jet".

e &

(
N
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III(c). Hadron Collider Physics I

(A). New HEP frontier: the LHC
Major discoveries and excitement ahead ...

ATLAS (90m underground) CMS

(New mission started in March 2010.)



LHC Event rates for various SM processes:
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LHC Event rates for various SM processes:
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103%/cm?/s = 100 fb~1/yr.
Annual yield # of events = o X L;,;:
10B W*; 100M tt; 10M WTW—; 1M HO...
Great potential to open a new chapter of HEP!
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T heoretical challenges:
Unprecedented energy frontier

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

opp = mrepp A m/mz ~ 120 mb.

Energy-dependence?

~21.7 (g VQ)O 0808 Empirical relation
o (pp) -
<5 InQ% Froissart bound.

(b) Perturbative hadronic cross section:
opp(S) = /dxldl’QPl(a?laQQ)P2(3727Q2) Gparton(s).

e Accurate (higher orders) partonic cross sections ,urton(s).
e Parton distributions functions to the extreme (density):
2 (a few TeV)Q, r~ 1073 -10°,



Experimental challenges:

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



Experimental challenges:

e [ he 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
5°%°) —» «— (3239 D 90 08°
t= Ut

= Severe backgrounds!



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)
Fr 4.9 100
Jets+Fr 3.2, 4.9 50,50 (100,100)

(n=2.5=10°; n=>5= 0.8°)




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)
Fr 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:

pp>30—100 GeV, |n|<3-5; Et>100 GeV.



(B). Special kinematics for hadron colliders

Hadron momenta: Py = (£,,0,0,p,), Pp=(F,,0,0,-p,),
The parton momenta: p; = x1P,, po>=x2Pp.

Then the parton c.m. frame moves randomly, even by event:
1 — X2

1 + o
1 1 1l x
In + Pem _ nt (—00 < Yem < 00).

= — | :

or .

5cm —

el 21— Bem 2 a5



(B). Special kinematics for hadron colliders

Hadron momenta: Py = (£,,0,0,p,), Pp=(F,,0,0,-p,),
The parton momenta: p; = x1P,, po>=x2Pp.

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

L1 — T2
I] = , Or:
cm 331—'—332
1 148em 1
= —In = —In—, —o0 < < 00).
Yem 5 1 — Bom > o ( Ycm )

The four-momentum vector transforms as

E’ ¥ — Bem L
p; — Bem 7Y Dz
L cosh yem — SiNN yem E
— |\ —sinhyem €oshyem Pz |

This is often called the “boost’.



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

1 E+ p:
Er = z m2, = —1In :
T \/pT—l- Yy 5 E—p,
p' = (Epcoshy, prsineg, prcose¢, Ersinhy),
d3p

N7 prdprd¢ dy = EpdEpde dy.
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1 E+ p:
Er = 2 m2, = —1In :
T \/pT + Yy 5 E—p,
p" = (Epcoshy, prsing, prcose¢, Epsinhy),
d3p
= prdprde dy = EpdErde dy.
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One wishes to design final-state kinematics invariant under the boost:
For a four-momentum p = pt = (E, p),

1 E+ p:
Er = 2 m2, = —1In :
T \/pT + Yy 5 E—p,
p" = (Epcoshy, prsing, prcose¢, Epsinhy),
d3p
= prdprde dy = EpdErde dy.

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

/_1 El"‘p{z_ (1—5cm)(E+pz)
y——lnﬁ— — Y — Yecm-
2  E'—p (1 + Bem) (E — pz)
In the massless limit, rapidity — pseudo-rapidity:
1 14 cosé 0
y —n=—1In = Incot —.
2 1-—cosé 2

Exercise 4.1: Verify all the above equations.
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— ¢ plane.

lego plot in the n

A CDF di-jet event on a

o, Ay = yo> — yq IS boost-invariant.

Thus the “separation’” between two particles in an event

VAd2 4+ Ay? is boost-invariant,

AR =

and

of a jet.

“‘cone definition”

lead to the
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(C). Hadron collider status:

The Tevatron rocks, and the LHC delivers |

At the Tevatron Run II:

Peak luminosity record high ~ 2 x 1032 cm—2 s 1
Integrated luminosity 5 fb_l/expt, still with potential for discovery.

At the LHC:

Ee.m =7 TeV, integrated luminosity 1.5 pb—1,
leading the HEP frontier.



ATLAS Z re-discovery:
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Z Selection
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charged leptons
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e Same lepton
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Z Selection

e Two oppositely

ATLAS Z re-discovery:

Entries / § Ga\y
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ATLAS W re-discovery:

e T B B Bty SRR M+ rta gt
W Selection L: Tm_mf =t 3| AnAs et

L | rrrrrl
ju.:;!nm“f

e Tight electron,

e Muon with
pr > 20 GeV.

¢ Muon isolation

Z pirk jpk. < 0.2
AR<0.4

o 1 > 25 GeV.
o myp > 40 GeV.

Entries | 5 GeV/

mp= V&P%‘P;{ 1—cos(Adgyg ) !



events / 0.5 GeV

W Selection
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500

e Tight electron,

e Muon with
pr > 20 GeV.

¢ Muon isolation

Z pirk k. < 0.2

AR<0.4
a ' ~ o MCa\f

ATLAS W re-discovery:
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CMS 1-jet in different rapidities: DO 1-jet in rapidity ranges:

CMS preliminary, 60 nb’ \s=7TeV
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CMS 1-jet in different rapidities: DO 1-jet in rapidity ranges:

CMS preliminary, 60 nb’ \s=7TeV
L L L I'I T T T T |
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LHC QCD results went BEYOND the Tevatron |



CMS W-+jets and top events
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CMS W-+jets and top events CDF W+jets and top
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LHC top studies catching up !



Number of jet candidates / 5 GeV
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Number of jet candidates / 5 GeV
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ATLAS Fp distribution:
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LHC Fp results rapidly improving !
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Number of jet candidates / 5 GeV
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LHC achieved the first crucial step:
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The Standard Model rediscovered !
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And have gone on

. Ei?ta ATLAS
—e— q*(500) \s=7TeV

—=— (*(800) _ 4
q*(1200) fLa’t =315nb

Al

500 1000 1500 _
Reconstructed m’ [GeV]

to the physics BSM

o) r |

= i i
< - — —- g*MCO09 ATLAS .
% 4l q* Perugia0 |
b 10 e g* MC09’ Ns =7 TeV =
EONL Expected limit [ Ldt =315 b -
- \_--~-- Observed limit 1
- \\\\\ n
10° ., O\ 3
N .."’\\‘\\ .
- U ]
: ,""’?"'(,,/ \ ‘\\\ i
C S e, ]

B oW,
m\‘\ ,,,,,,,,,,,,
L N YERELE -

RN

! | ! ! ‘ ! BRI
500 1000 1500

Resonance Mass [GeV]

400 GeV < My«(jj) < 1.26 TeV excluded.
First BSM physics search, beyond the Tevatron reach |



Events

104

10°

102

(D-B) /\B

N O N

10

And have gone on

° E_«;ﬂa ATLAS
|
—=— Qq*(800) \s=7TeV
—— g*(800) _ p
q*(1200) fLa’t—315 nb

Al

1000 1500
Reconstructed m’ [GeV]

500

to the physics BSM

S‘ L T T T T T ‘
= i ]
< - — —- g*MCO09 ATLAS .
% 4l q* Perugia0 |
b 10 e g* MC09’ Ns =7 TeV =
EONL Expected limit [ Ldt =315 nb' ]
N - Observed limit :
— \\\\\ n
10° ., O\ E
C ' .'~. \\\\\\ ]
o ]
i Tl \\\\ ]
10°F N E
£ W, 1
B Lg¢ “\‘} --- ,,,,,,,,,,,,,,
< : \\ i
| | ! ! \ ! ! LN
500 1000 1500

Resonance Mass [GeV]

400 GeV < My«(jj) < 1.26 TeV excluded.
First BSM physics search, beyond the Tevatron reach |

Anxiously waiting for the new excitement ...
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(A). Characteristic observables:
Crucial for uncovering new dynamics.
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IV. From Kinematics to Dynamics |

(A). Characteristic observables:
Crucial for uncovering new dynamics.

Selective experimental events
—— Characteristic kinematical observables
(spatial, time, momentaum phase space)
——= Dynamical parameters
(masses, couplings)

Energy momentum observables —= mass parameters
Angular observables —= nature of couplings;
Production rates, decay branchings/lifetimes —— interaction strengths.



(B). Kinematical features:
(a). s-channel singularity: bump search we do best.

e invariant mass of two-body R — ab: m2, = (pq + py)? = M32.
combined with the two-body Jacobian peak in transverse momentum:
do [ M, 1
> 2 X5 232 2 22
dmg, dpZr (Mmge — Mz) + oMz mge\/l — 4p§T/m§€




(B). Kinematical features:
(a). s-channel singularity: bump search we do best.

e invariant mass of two-body R — ab: m2, = (pq + py)? = M32.
combined with the two-body Jacobian peak in transverse momentum:

do My 1
XX
dmge dpgT (mee M2>2 + r2 M% m \/1 — 4peT/m€€
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e ‘‘transverse’ mass of two-body W™~ — e e :

2 _ 2 — — 2
Mey, T — (EeT + EI/T) - (peT + pI/T>
— miss 2
= 2E.7E7"%°(1 —cos¢) < mg,.
Transverse Mass - W Candidate | Missing E;- W Candidate |
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If p.(W) =0, then m,, 7 = 2E.p = 2E¥55,



Exercise 5.1: For a two-body final state kinematics, show that

do 4p,r do

I o142y dC0SE"

where peT:::peSHWQ* is the transverse momentum and 0" is the polar angle

in the c.m. frame. Comment on the apparent singularity at pgT:::s/4.

Exercise 5.2: Show that for an on-shell decay W~ — e 1g:

2 — 2 — — 2 2
Mey T = (EeT + EVT) — (peT + p,/T) < mg,.

Exercise 5.3: Show that if W/Z has some transverse motion, JFP,,, then:

pleT ~ PeT 1+ 5PV/MV] )

Tngi TWAJTngy 7+ [1 —-(5}1//A1V)2],
2

Mee — Mee -



e HO - WTW— — j1jo e e :

cluster transverse mass (I):
(EW1T + EWQT) (p]]T ~+ Per + P mZSS)2
= (\/p5r + My + \/peyT + M{)? — (Bjjr + Per + P775)% < M.

Where — mzss — fﬁT — Zobs —*Tobs.

2
mww T




e HO - WTW ™ = j1jo e De:
cluster transverse mass (I):

mzss>2

(Ew,T + Bw,1)° — (57 + Per + P
— ( p]jT T MW T \/peuT + MW)2 (p]jT + P, PeT + p mzss>2 < M[%]

where 7, mzss — fﬁT = — 3 bs —*Tobs.

2
mww T

o HO - WtWw— — €+Ve e le .
“effecive’” transverse mass:

mgff T — (Ee1r + Eeor + ETmiSS)2 (Pe1T + PeT + P mZSS)Q

ETmiSS

Merr T =X Ee1r 4 Eeor +



e HO - WTW ™ = j1jo e De:
cluster transverse mass (I):

mzss>2

2
Myw T (Ew,T + Bw,1)° — (57 + Per + P

— ( p]jT T MW T \/peuT T MW)2 (p]jT +peT + p mzss>2 < M[%]

, where 7, mzss — fﬁT = — 3 bs —*Tobs.
1

o HO - WtWw— — €+Ve e le .
“effecive’” transverse mass:

; |
mZip = (Ber + Eeor + E{™%)% — (Ferr + Peor + 577"°%)°
EelT + EeQT + ETszS

cluster transverse mass (II):

3
&
—
~

N

2
miyw ¢ = (\/P%,w + My + IbT> — (Bree + p1)°

~ ]2 >
myw ¢ ~ \/pT,ee + Mjp + pr



| | o | |

= 1

O 10 . 3

)

N

o)

Q,

N

=

T 107R | -

\ L

b i
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10—3 I...|....|J...|.—|_L.|..|....
100 200 300 400 500
M(GeV)

Myyw invariant mass (WW fully reconstructable): - - - - - - - -
My w, T transverse mass (one missing particle v):
My, T effetive trans. mass (two missing particles): - - - - - - -
My w, ¢ cluster trans. mass (two missing particles):




1071 |

107° |

: |
10-3 I...|....|J...|.—|_L.

100 200 300 400 500
M (GeV)

do/dM (pb/GeV)

Myyw invariant mass (WW fully reconstructable): - - - - - - - -
My w, T transverse mass (one missing particle v):
My, T effetive trans. mass (two missing particles): - - - - - - -
My w, ¢ cluster trans. mass (two missing particles):

YOU design an optimal variable/observable for the search.



e cluster transverse mass (III):
HO — 7t~ — nwrovr vy, poUr

A lot more complicated with (many) more v/s?




e cluster transverse mass (III):
HO — 7t~ — ,u_" Ur Vy, P Vr

A lot more complicated with (many) more v/s? H

Not really!

+t+— ultra-relativistic, the final states from a decay highly collimated:
0~~t=m;/Er =2m;/my~15° (my =120 GeV).
We can thus take

/ /

P+ = P+ +0{L°% PL Reqp +.
/ /

Pr- = D~ +0Y° pl7=cp,.

where c+ are proportionality constants, to be determined.



e cluster transverse mass (III):
HO — 7t~ — ,u+ Ur Vy, P Vr

A lot more complicated with (many) more v/s? H

Not really!

+t+— ultra-relativistic, the final states from a decay highly collimated:
0~~t=m;/Er =2m;/my~15° (my =120 GeV).
We can thus take

/ /

P+ = P+ +0{L°% PL Reqp +.
/ /

Pr- = D~ +0Y° pl7=cp,.

where c+ are proportionality constants, to be determined.
This is applicable to any decays of fast-moving particles, like

T — Wb — L, b.



Experimental measurements: Pp=s Ppyts pr:

C—I—(p/ﬁ):c + C—(pp*):c — (ﬁT)xa
C—l—(p/ﬁ)y + c- (pp*)y = (pr)y-
Unique solutions for c+ exist if

(p,u+)$/(p,u+)y 7& (pp*)m/(pp*)y-

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



Experimental measurements: Pp=s Ppyts pr:

C—I—(p/ﬁ):c + C—(pp*)a: — (ﬁT):L’a
C—l—(pm)y + c- (pp*)y = (pr)y-
Unique solutions for c+ exist if

(pﬂ+)$/(pﬂ+)y 7& (pp*)m/(pp*)y-

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

1/c do/dm
o 2
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(b). Two-body versus three-body kinematics

e Energy end-point and mass edges:
utilizing the “two-body kinematics”
Consider a simple case:

eteT = iy fip
with two — body decays : ‘[L; — ;ﬁ‘j{o, fip— 1 Xo-
M2 —m?2
In the ji;-rest frame: E9 = gjf%RX .

In the Lab-frame:

(1 - B)E] < Ey* < (1 + B)VE]
with 8= (1 - 4M§R/s)1/2, v=(1-p8)"12

Energy end-point: Eff‘b — MER —m?2.
Mass edge: mZﬂ?ﬁ_ = /5 — 2my.



(b). Two-body versus three-body kinematics

e Energy end-point and mass edges:
utilizing the “two-body kinematics”
Consider a simple case:

eteT = iy fip
with two — body decays : ;];; — ;ﬁ‘j{o, fip— 1 Xo-
M2 —m?2
In the ji;-rest frame: E9 = gﬁﬁRx .

In the Lab-frame:

(1 - B)E] < Ey* < (1 + B)VE]
with 8= (1 - 4M§R/s)1/z, v=(1-p8)"12

Energy end-point: Eff‘b — M[%R —m?2.
Mass edge: m"** = /s — 2m,.

Same idea can be applied to hadron colliders ...



Consider a squark cascade decay:

15t edge: M™(00) ~ M o — M _o;
X X1

2"% edge : MM (L45) ~ Mg — M, o.
1



do/dm,, (Events/100fb™'/0.375GeV)

do/dm,, (Events/100fb™/5GeV)
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(c). t-channel singularity: splitting.
e Gauge boson radiation off a fermion:

The familiar Weizsacker-Williams approximation

o(fa—FX) ~ [dedpd Pyy(e,p?) o(ya — X),
_ al+ (-2 E?
Pv/e(:r;) 27 x " m2’



(c). t-channel singularity: splitting.
e Gauge boson radiation off a fermion:

The familiar Weizsacker-Williams approximation

o(fa—FX) ~ [dedpd Pyy(e,p?) o(ya — X),
_ al+ (-2 E?
PV/e(x) 27 x lnmg’

T The kernel is the same as ¢ — gg* — generic for parton splitting;
T The high energy enhancement In(E/m¢) reflects the collinear behavior.



e Generalize to massive gauge bosons:

PL, (z.p2) = 97 +93 1+ (1 —x)? pT
A 82 v P+ A - 2)MP)?
gy +93 1—-«  (1-2)Mp

L 2 —
Byyplepr) = 472 z  (p7+ (1 —=2)M2)2



e Generalize to massive gauge bosons:

PL, (z.p2) = 97 +93 1+ (1 —x)? pT
A 82 v P+ A - 2)MP)?
gy +93 1—-«  (1-2)Mp

L 2 —
Byyplepr) = 472 z  (p7+ (1 —=2)M2)2

Special kinematics for massive gauge boson fusion processes:
For the accompanying jets,

At IOW-pjT,
2~ (1 - 2YM2
ek ( ©) My forward jet tagging
E:~(1-2)FE
J q
At high-p,p,
do(Vr) 2 )
a2y VPt o
do(V) 1/p4 » central jet vetoing
dij.T 9T /

has become important tools for Higgs searches, single-top signal etc.



(C). Charge forward-backward asymmetry Appg:

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

ZZ gi ~H P — crucial to probe chiral structures.
T

The parton-level forward-backward asymmetry is defined as

A%fB = Nrp = Np = §Ai¢4f,
Np+ N 4
(97)% = (g5,)?
(g9)2 + (gh)?
where N (Npg) is the number of events in the forward (backward) direction
defined in the parton c.m. frame relative to the initial-state fermion p;.

Ay




At hadronic level:

[ dwy 3 ARl (Py(21) Py(an) — Py(z1) Py(a2)) sign(zy — x2)

AR =
[ dwy 3 (Py(w1) Py(en) + Py(z1) Py(a2))




At hadronic level:

ALHC — [ dwy 3 ARl (Py(21) Py(az) — Py(w1) Py(e2) ) sign(zy — r2)
[ dwy 3 (Py(w1) Py(en) + Py(z1) Py(a2))

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

In pp collisions, however, what is the direction of p, ;.17



At hadronic level:

ALHC — [ dwy 3 ARl (Py(21) Py(az) — Py(w1) Py(e2) ) sign(zy — r2)
[ dwy 3 (Py(w1) Py(en) + Py(z1) Py(a2))

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

In pp collisions, however, what is the direction of p, ;.17
It is the boost-direction of ¢T/¢—.
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How about W= /W/=(¢+v)-type?
In pp collisions, pyroton IS the direction of ﬁqwrk,
AND ¢t (¢7) along the direction with 7 (¢) = OK at the Tevatron,

But: (1). cann't get the boost-direction of ¢*v system;
(2). Looking at ¢* alone, no insight for W; or Wp!

4, 4, L
B < <= . —— =
Wt e W 2,

(a) (b)
In pp collisions: (1). a reconstructable system; (2). with spin correlation:
Only tops: W’/ — tb — (*v b:
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(D). CP asymmetries Aqp:

To non-ambiguously identify C P-violation effects,
one must rely on CP-odd variables.
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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(Xj: XO), O'(HO, AO),



(D). CP asymmetries Aqp:
To non-ambiguously identify C P-violation effects,
one must rely on CP-odd variables.

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(Xj: X()), O'(HO, AO),

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

R(Gi— f)—RG— 1) oq rt—-WwWte) -t —w-9)
R(i— f)+R@G— f) T T Wt) +TF—->W—q)




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

M ~ My 4+ Mo sin @,

1 0 (
ACPZO'F—O'B:/ ’ dcos@—/ 7 _dcosé
0 dcos6 —1dcos6




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

M ~ My 4+ Mo sin @,

1 0 (
ACPZO'F—O'B:/ ’ dcos@—/ 7 _dcosé
0 dcos6 —1dcos6

E.g. 1: H— Z(p1)Z*(p2) — eT(q1)e (q2), putTu~

Z"(p,)

Z'(p,)

2 -
M (p1,p2) = i hla MZg" +b (0}p5 — p1 - p2gh”)+b P p1 )po,]

a=1, b=0>b=0 for SM.
In general, a, b, b complex form factors,
describing new physics at a higher scale.
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For H — Z(p1)Z*(p2) — eT(q1)e (q2), putu~, define:

Ocp ~ (p1 —D2) - (q1 X ¢2),

(p1 —p2) - (@1 X ¢2)

or Cosf = —— S — -
1p1 — P2||q1 X ¢2)

E.g. 2: H — t(p)t(pf) — e (q1)v1b1, e (g2)vabo.
M a+ 00t H
()

Ocp ~ (Pt — Pf) * (Pt X Pe-)-

thus define an asymmetry angle.



