Collider Phenomenology
— From basic knowledge

to new physics searches
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Main reference: TASI 04 Lecture notes
hep-ph /0508097,
plus the other related lectures in this school.



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°,
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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
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In + Pem _ nt (—00 < Yem < 00).
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(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
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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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ATLAS W re-discovery:

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

1500[—

1000

500

e Tight electron,
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¢ Muon isolation
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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
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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

10°

10°

10?

10

ATLAS Fp distribution:

ATLAS ~ Seeckns

Preliminary B 00 + Collisions -

Data 2010 [ + Nosingla cell -

L, = 0.3 nb" Jets in HEC

wE= 7 Tay =g+ o bad guslity E

Aurti-k jets R=0 4 |ets in EM-Calo 3
oo Minblas ME

| LII|

LIII|II|I

p{(EM} [GeV]

50 100 150 200 250 300 350 400 450 500

dN/dE,

10 7+

10 ¢

CDF Fr at high end:

\\\QPEPFd‘i\mi\na‘rY\\\ T T T T T T T T T

2
Z+jets

WH+jets

50 75 100 125 150 175 200 225 250 275 300

data (L=87 pb™)

tt+WW+WzZ+27

E; (GeV)



Number of jet candidates / 5 GeV

10°

10°

10?

10

ATLAS Fp distribution:

ATLAS ~ Seeckns

Preliminary B 00 + Collisions -

Data 2010 [ + Nosingla cell -

L, = 0.3 nb" Jets in HEC

wE= 7 Tay =g+ o bad guslity E

Aurti-k jets R=0 4 |ets in EM-Calo 3
oo Minblas ME

LII|

|.||l||l| |

p{(EM} [GeV]

50 100 150 200 250 300 350 400 450 500

dN/dE,

CDF Fr at high end:

\\\QPEPFd‘i\mi\na‘rY\\\ T T T T T T T T T

10 ¢

50

10 2?

LHC Fp results rapidly improving !

data (L=87 pb™)
Z+jets

WH+jets

tt+WW+WzZ+27

100 125 150 175 200 225 250 275 300

E; (GeV)



Number of jet candidates / 5 GeV
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The Standard Model rediscovered !
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Anxiously waiting for the new excitement ...
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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:
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e ‘‘transverse’ mass of two-body W™~ — e e :

2 _ 2 — — 2
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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
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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):
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: |
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)

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

Q

o(fa— f'X) /dw dp7 P, p7) o(va — X),
ald+(1-2)2 1

’y/e(x pT) — o . ( 2)|me




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

The familiar Weizsacker-Williams approximation

o(fa— X)) ~ [dodod Py o(ha— X),
14 (1 —x)?
’y/e(fC pT) — QC;_ —I_(x z) ( 2)|me

T The kernel is the same as ¢ — gg* — generic for parton splitting;
t The high energy enhancement dp#/p% — 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/¢—.



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,



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!

B < <= . —— =
Wt e W 2,

(a) (b)



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:

0.9

0.8}
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(D). CP asymmetries Aqp:

To non-ambiguously identify C P-violation effects,
one must rely on CP-odd variables.



(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: 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.



For H — Z(p1)Z*(p2) — et (q1)e (g2), puTu~, define:

Ocp ~ (p1 —D2) - (q1 X ¢2),

(p1 —p2) - (@1 X ¢2)

or cosf = —= ——
p1 — P2llq1 X 32)



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.



