Collider Physics
— From basic knowledge

to new physics searches

Tao Han | than(at)pitt.edu ]
University of Pittsburgh/Tsinghua University

XJU-IMP HEP Summer School, LanZhou U.
Aug. 2,3, 2018




Contents:
Lecture I:
Basics of Collider physics
Lecture II:
Physics at an eTe~ Collider
Lecture III:
Physics at Hadron Colliders

(plus remarks on new physics searches)



Prelude: LHC Run-II is in mission! |



Prelude: LHC Run-II is in mission! |

June 3, 2015: Run-II started at
Eern =65®&65 = 13 TeV.
New era in science begun!

Already reaching =~ 100 fb—1/expt
Run-II: till the end of 2018.

L=80 fb* at 13 TeV

> =

@ i mi ® Data

0100 ;ATLAS Pre“mlnary -Slgna! (m, =125 GeV)

n | H—> 727" — 4l s

S - 13 TeV, Bl z-ets. . v, VvV

..tﬂ B - % Uncertainty

c 80 m —
o L

>

L

(@)
o
T T T T

40F #

20|

o
80 90 100 110120 130 140 150 160 170
Four-lepton mass m,, [GeV]
195 events for 115<m, <130 GeV



Prelude: LHC Run-II is in mission! |

June 3, 2015: Run-II started at L=80 fb™* at 13 TeV
Eern =65®&65 = 13 TeV.
New era in science begun!

| ATLAS Preliminary _* b=
B [ signal (m =125 GeV) ]
| H—>Z2Z* > 4l s il

- 13 TeV, Bl z-ets. . v, VvV

%% Uncentainty

Events / 2'5_. GeV
o
o

(0]

o
T
|

Already reaching =~ 100 fb—1/expt
Run-II: till the end of 2018.

(@)
o
T T T

B
o
frt T

20|

o
80 90 100 110120 130 140 150 160 170
Four-lepton mass m,, [GeV]
195 events for 115<m, <130 GeV

High Energy Physics IS at an extremely interesting timel

The completion of the Standard Model: With the discovery
of the Higgs boson, for the first time ever, we have a consis-
tent relativistic quantum-mechanical theory, weakly coupled,
unitary, renormalizable, vacuum (quasi?) stable, valid up to
an exponentially high scalel
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Question: Where IS the next scale?
O(l TeV)? MGUT? MPlanck?
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Consult with the other excellent lectures.



That motivates us to the new energy frontier!
COLLISION COURSE

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe’s particle-physics laboratory.
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China-hosted international
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Length::]:rl_!i_;? ---------------------------------------------------- TeV, teraelectronvolt; GeV, gigaelectronvolt

e LHC (300 fb~1), HL-LHC (3 ab™1) lead to way: 2015—2030
e HE-LHC at 27 TeV, 15 ab— ! under consideration: start 2035—-20407

*Nature News (July, 2014)
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Rutherford’s legendary method continues to date!
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2. The luminosity:
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(B). ete™ Colliders

The collisions between ¢~ and e have major advantages:

e [ he 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.
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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 1034 cm 251,
e Linear Collider: possible to achieve high degrees of beam polarizations,
——= chiral couplings and other asymmetries can be effectively explored.
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e Large synchrotron radiation due to acceleration,
1 / EN?
AE ~ — (_) |
R mMe
Thus, a multi-hundred GeV ete™ collider will have to be made
a linear accelerator.

e [ his becomes a major challenge for achieving a high luminosity
when a storage ring is not utilized;
beamsstrahlung severe.
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CEPC/FCC¢e Higgs Factory

It has been discussed to build a circular ete~ collider

with multiple interaction points for very high luminosities.
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“Hard” Scattering

outgoing parton

proton proton

underlying event “" i 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=z122S = Mpew~ 0.3V S ~ 4 TeV.
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parton c.m. energy unknown: E2 =s = x1x55;
parton c.m. frame unknown.
= largely rely on final state reconstruction.

e [ he large rate turns to a hostile environment:
= Severe backgrounds!

Our primary job !



(D). Particle Detection:

T he detector complex:
Utilize the strong and electromagnetic interactions
between detector materials and produced particles.

hadronic calorimeter

E-CAL

tracking
(in Bfield)
|

) | ‘ ‘

beam

vertex detector

l

muon chambers
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For a relativistic particle, the travel distance:

d = (Be )y~ (300 pm)(;5-15) 7

e sStable particles directly “seen’:

p, b, €%, v

e quasi-stable particles of a life-time 7 > 1019 s also directly “seen”:
n,/\,Kg,..., ,ui, 7T:|:,K:|:...

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

“vertex-tagged particles’ :

BO*, DOE rE

Y

e short-lived not “directly seen”, but *“reconstructable’ :
7'(‘0, povi..., Z,Wi,t,H...
e Missing particles are weakly-interacting and neutral:
vV, )'ZO,GKK...



T For stable and quasi-stable particles of a life-time
+>10"19 - 1012 5, they show up as

Tracking Electromagnetic Hadron Muon
chamber  calorimeter calorimeter  chamber

et
e <

—" T

Innermost Layer.., —————————oouJe . COutermost Layer



A closer look: B
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A closer look: B

® calorimeter

T heorists should know:

For charged tracks: Ap/p o« p,

typical resolution: ~ p/(lO4 GeV).

1
For calorimetry : AF/E x —=

VE’
typical resolution : ~ (10%gcqi; 50%pncal)/\/ E/GeV
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t For vertex-tagged particles 7 ~ 10712 s,
heavy flavor tagging: the secondary vertex:

displaced
tracks

Secondary
vertex

| -
Primary ‘/’/ |
vertex ~dg o
y
A X
prompt tracks z

Typical resolution: dg ~ 30 — 50 um 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%.
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t For short-lived particles: 7 < 10~12 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.

p?[ +p22 — pr + Dmiss-
f

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

obs.
0= ZﬁfT + Pmiss T-
f

often called “missing p"" (pr) or (conventionally) “missing E," (Jr).

Note: “missing E." (MET) is conceptually ill-defined!
It is only sensible for massless particles: i = \/ﬁ%iss -+ m?2.
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What we “see” for the SM particles: no universality!
How to search for new particles?

Photons
L(epto)ns -
e, U - W
/\ /maus
H_oWW- 1v1vV
/o()\é B H(’m/
H - zZ
. 41

W1 unpredicted
~ -Vl discovery

EQﬁMHMX

V,pTCc->WZ
- 1V11

X+qQAT < HHU

H.zz%_ 4 leptons

gD_, n jets + E¥
n leptons + X
E:l;imilar

= yi
H-ZZ . w 1\, _)VZV;V_)lll\j)-”
H_WW21vlv

Missing Et

y98014_416dPauss rd



I-B. Basic Techniques

and Tools for Collider Physics

(A). Scattering cross section
For a 2 —+ n scattering process:

1 -
o(ab— 142+ .n) = S |M|? dPShy,
S

dPSy, = (2m)* 5% | P znj nn 1 4%
— TT — ; c__ y
’ izlpz Z_l(QW)3 2F;
2
2 2 -
s = (pa+p) =P :<sz> 7
=1

where S| M|?: dynamics (dimension 4 — 2n);
dPSy: kinematics (Lorentz invariant, dimension 2n — 4.)



I-B. Basic Techniques

and Tools for Collider Physics

(A). Scattering cross section
For a 2 —+ n scattering process:

1 -
o(ab— 142+ .n) = S |M|? dPShy,
S

dPS, = (2m)* §* | P f: p; | My 1 &%
n = - ) — )
i=1 Z T (2n)3 2E;

n 2
Sz(pa+pb>2=P2:<ZPi> 7
1=1

where S| M|?: dynamics (dimension 4 — 2n);
dPSy: kinematics (Lorentz invariant, dimension 2n — 4.)
For a 1 — n decay process, the partial width in the rest frame:

1
2Mag

f

Ma—14+24+..n)=

SO IM|? dPSy.



(B). Phase space and kinematics
One-particle Final State a + b — 1:

(2m) & 164<P— p1)

w|p1|ds215 3(P - p1)
21 6(s — m%)

dPSq

where the first and second equal signs made use of the identities:

d3"
pld|p] = EdE, — = /d4p 5(p? —m?).

*E.Byckling, K. Kajantie: Particle Kinemaitcs (1973).
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3—»
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where the first and second equal signs made use of the identities:
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*E.Byckling, K. Kajantie: Particle Kinemaitcs (1973).



(B). Phase space and kinematics
One-particle Final State a +b6 — 1:

3—»
(2m) P S (P =)

w|p1|d915 3(P - py)
21 6(s — m%)

dPSq

where the first and second equal signs made use of the identities:

d3"
pld|p] = EdE, — = /d4p 5(p? —m?).

Kinematical relations:

P = pa+p,=p1, E{"=+/sin the c.m. frame,
> >
s = (pa+pp)° = m7.

The “dimensinless phase-space volume” is s(dPS1) = 2.

*E.Byckling, K. Kajantie: Particle Kinemaitcs (1973).



Two-particle Final State a+b — 1 4+ 2:

dPS5

d COS 64

1 d>py d>p
54 (P —py —
1 |p7™ 1"

(47‘(‘)2 \/E d91=(4ﬂ_)2 \/E d COS 01dpq

11 2 2
= y1/2 17m’@ dz1dzo,
42

2dx1, d¢1 = 2nwdxy, 0<x1- <1,



Two-particle Final State a+b6 — 1 + 2:

1 d3py d3p>
dPS> = 52 (P —pq —

. 1 |py™ 1 7™

— dS2q1 = dcosfqd
@2 i PTG S 1o
11 2 92

— = U2 (1,21 2 e das,
42 S S

dCcosf1 = 2dxi1, dp1 =2ndxro, 0 < r1.2 <1,

The magnitudes of the energy-momentum of the two particles are
fully determined by the four-momentum conservation:

1/2 2 D 2 2 2 2
)\/(s,ml,mz) em St mi—m5 em S+ m5—m3

2\/s N 2/s 7 25

MNz,y,2) =(x—y —2)% — dyz = 2° +y?> + 22 — 20y — 222 — 2yz.

m

P

m

| = P>




Two-particle Final State a+b6 — 1 + 2:

1 d3py d3p>
dPS> = 52 (P —pq —

. 1 |py™ 1 7™

— dS2q1 = dcosfqd
@2 i PTG S 1o
11 2 92

— = U2 (1,21 2 e das,
42 S S

dCcosf1 = 2dxi1, dp1 =2ndxro, 0 < r1.2 <1,

The magnitudes of the energy-momentum of the two particles are
fully determined by the four-momentum conservation:
2 2

1/2 2 D 2 2
AL/ (s, m7,m5) em St mi—m5 em S+ m5—m3

2\/s N 2/s 7 25

MNz,y,2) =(x—y —2)% — dyz = 2° +y?> + 22 — 20y — 222 — 2yz.

m

P

m

| = P>

The phase-space volume of the two-body is scaled down
with respect to that of the one-particle by a factor

dPS> 1
s dPS1  (4m)2

just like a “loop factor’.



Consider a 2 — 2 scattering process p, + pp — p1 + p2,

D2
the (Lorentz invariant) Mandelstam variables are defined as
(pa + pp)° = (p1 +p2)° = EZ,
(pa — p1)? = (pp — p2)? = m& + mi — 2(EaFE1 — pap1 €OS041),
u = (pa—p2)° = (pp—p1)° = mg +m3 — 2(EaF2 — pap2 COS 0,2),
s—l—t—l—uzmg—l—mg—l—m%—l—m%.

®
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N
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Consider a 2 — 2 scattering process p, + pp — p1 + p2,

D2
the (Lorentz invariant) Mandelstam variables are defined as
(pa + pp)° = (p1 +p2)° = EZ,
(pa — p1)? = (pp — p2)? = m& + mi — 2(EaFE1 — pap1 €OS041),
u = (pa—p2)° = (pp—p1)° = mg +m3 — 2(EaF2 — pap2 COS 0,2),
s—l—t—l—uzmg—l—mg—l—m%—l—m%.

®
|

N
|

The two-body phase space can be thus written as

1 dt dey
(47)2 s A\1/2 (1,m§/s,m§/s).

dPS, =



Three-particle Final Statea+b6 — 1 4+ 2 + 3:

1 d3py1 d>pn d3p3
dPS3 = 5% (P — p1 — po —
3 (275 (P —p1—p2—p3) E, 2E, 25,
- = 23
L ImPdpldey 1 155 o
(27)3 2E1  (47m)2 mo3
1 2 2
= AL/2 (1, 2 m23> 2|51 | dEy daodrsdrsdrs.
(4m) ma3 Ma3
dCcosf1 o> = 2dxpg4, dpi1o=2mdrzs, O0<x2345 <1,

P52 = |pg™ + 577 = (BE{™)? — m3,

Y

)\1/2(m2 m2 m2)
2 2 —) —)



Three-particle Final Statea+b6 — 1 4+ 2 + 3:

1 d3py1 d>pn d3p3
dPSs = (P —pi —po —
3 (275 (P —p1—p2—Dp3) E, 2E, 25,
- - 23
B R S S | i
(20)3 2E;  (47)2 moz °
1 2 2
= AL/2 (1, 2 m23> 2|51 | dEy daodrsdrsdrs.
(4m) ma33 M33
dcosty > = 2dzpg4, dp1o=2mdz3s, 0<2x2345<1,

pY"? = P57 + 577 = (EY™)? — m7,
p y )\1/2(m2 m2 m2)
m33 = s~ 2VsE{" +mf, |55 = |p3°| = SRR

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

s—l—m% — (mo —|—m3)2

2\/s ’

1/2 2 2
|ﬁq{zax| — >\ / (Samla(m2+m3) ) ngl Spqizax

2./ ’

Y

2mo3

Eq m1 < B < E"Y,
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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:

KmaT — pmazr _ _ (vs =m1 —mp —m3)(y/s —m1 + mo + m3)
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With m; = 10, 20, 30, /s = 100 GeV.

dPS, (arbitrary units)
dPS; (arbitrary units)

' 0 10 20 30 40I I I50I - I60

More intuitive to work out the end-point for the Kinetic energy,
— recall the direct neutrino mass bound in g-decay:

KmaT — pmazr _ _ (vs =m1 —mp —m3)(y/s —m1 + mo + m3)
1 — ~1 mi — 2\/5 .

For n — p+e_17@,

e N(mn—mp_me)_my.






In general, the 3-body phase space boundaries are non-trivial.
That leads to the “Dalitz Plots’.

One practically useful formula is: A particle of mass M decays to 3 particles
M — abc.

Show that the phase space element can be expressed as

dPS3 =

2F:
t (i=ua,b,c, Zﬂfz = 2).
7

2
573 M“dxqdxy.

Xr; —

M

where the integration limits for mq = my = me = 0 are

0<z,<1, 1—24<ua,<1.



Recursion relation P —1+2 -+ 3... 4+ n:




Recursion relation P —1+2 -+ 3... 4+ n:

P P> Py
> _/_/__/_/___, /,
p pn—l,n Py
dPSn(P;plg---,pn) — dPSn—l(P;pla---apn—l,n>
dPSQ(]?n—l,n;pn—lapn) ;71' -

For instance,

dm?
dPS3 = dPS5(%) % dPSo(f).
T

This is generically true, but particularly useful
when the diagram has an s-channel particle propagation.



Breit-Wigner Resonance, the Narrow Width Approximation

An unstable particle of mass M and total width 'y, the propagator is

1
2 2 A g2°
(s — MV)2 + I'{ My
the Narrow Width Approximation

1 7
(m2 — M2)2+T2MZ  TyMy

R(s) =

§(m?2 — M‘Q/)



Breit-Wigner Resonance, the Narrow Width Approximation

An unstable particle of mass M and total width 'y, the propagator is
1

(s — M2)2 4+ T2 Mg

the Narrow Width Approximation

1 7
(m2 — M2)2+T2Mz  TyMy

R(s) =

§(m?2 — M‘Q/)

Consider a three-body decay of a top quark,

t — bW* — b erv. Making use of the phase space recursion relation

and the narrow width approximation for the intermediate W boson,

show that the partial decay width of the top quark can be expressed as

(ignore spin correlations)

F(t—bbW* =bev)~T(t—bdW) - BR(W — ev).



“Proof”: Consider an intermediate state V*

a— bV* — b p1po.
By the reduction formula, the resonant integral reads

(mie)2=(m.—mu)?
/ dm?.
(

mr)?=(mi+m:)?
Variable change
m2 — M‘Q/
CvMy

tanf =

resulting in a flat integrand over 6

/<m:: ) dm? B /‘9“ do
(e (M2 — M2)? 4+ T2 Mg wn Ty My
In the limit

(m1+m2)+ Ty < My < mg —myp — [Ny,
4 (m14+m2)? — M2

6™" = tan — —,
[y My
0 — 2 M2
m* — tan~! (1m0 — mo) V. 0,
v My
then the Narrow Width Approximation
1
~ " §(m2 — M?).

(mf — M‘Q/)Q —|— F‘Q/M‘% rvMV
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(C). Matrix element: The dynamics

Properties of scattering amplitudes T'(s, ¢, u)

e Analyticity: A scattering amplitude is analytical except:
simple poles (corresponding to single particle states, bound states etc.);
branch cuts (corresponding to thresholds).

e Crossing symmetry: A scattering amplitude for a 2 — 2 process is sym-
metric among the s-, t-, u-channels.

e Unitarity:
S-matrix unitarity leads to :

—i(T =T =117



Partial wave expansion for a +b — 1 + 2:

oo

M(s,t) = 167 > (2] 4 1)a;(s)d;, ,(cosO)
J=M

= Xt d’ 0)d cos 6

aj(s) = 32—7T/_1 (s,t) W,(cos )d cos 6.

where p = sq — s, p' = s1 —s2, M = max(|ul, [u']).
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Partial wave expansion for a +b — 1 + 2:

@)

M(s,t) = 167 > (2] 4 1)a;(s)d;, ,(cosO)
J=M

= Xt d’ 0)d cos 6

aj(s) = 32—7T/_1 (s,t) W,(cos )d cos 6.

where p = sq — sp, p' = s1—s2, M = max(|ul, [1']).

By Optical Theorem: o = %Im/\/l(e =0) = mT”Z?:M(QJ + Dlas(s)|?.

T he partial wave amplitude have the properties:
(a). partial wave unitarity: Im(a;) > |as|?, or |Re(aj)| < 1/2,

Imlk (k)]
’ kf,(k) = e’ sin 8,

Relkf,(k)]
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Argand diagram for partial wave unitarity
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@)

M(s,t) = 167 > (2] 4 1)a;(s)d;, ,(cosO)
J=M

= Xt d’ 0)d cos 6

aj(s) = 32—7T/_1 (s,t) W,(cos )d cos 6.

where p = sq — sp, p' = s1—s2, M = max(|ul, [1']).

By Optical Theorem: o = %Im/\/l(e =0) = mT”Z?:M(QJ + Dlas(s)|?.

T he partial wave amplitude have the properties:
(a). partial wave unitarity: Im(a;) > |as|?, or |Re(a;)| < 1/2,

Imlk (k)]
’ kf,(k) = e’ sin 8,

Relkf,(k)]

1 1

2 2
Argand diagram for partial wave unitarity
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(b). kinematical thresholds: a;(s) o ;' 8] (1 =1+ 5).



o
(b). kinematical thresholds: a;(s) o ;' 8] (1 =1+ 5).

: 2041
= well-known behavior: o « Bf a :



(D). Calculational Tools

THEORY <—> EXPERIMENT
Connection

Feynman Matrix Parton level MC event
(Theory} ( Ru|es }{ Element ) [event generatm} ( generator )ﬂ@bsewables
i

PDF, mass spectlﬁ( Jet matching )
calculators ...

4 ™)
TanHEP CalcHEP/CompHEP/MicroMEGAs é B
Anrc FeynArts/FormCalc
FeynRules MadGraph/MadEvent FSStTI;ULL
e Shoipa Simulatio
Whizard/Omega ML LN
i‘:-:?;++ PGS, Dfelphes
mgF@N’h LO CMSSW, ATHENA
Alpgen
. &/

g J
Analysis to find/exclude/modify theory:
Plots, PAW/Root, Fortran/C++ codes, Private codes,

MasterCode,
HEPMDE, ...

Alexander Belyaev Nﬁa: “Practical introduction into selected TOOLS for High Energy Physics” "
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II. Physics at an ete~ Collider |

(A.) Simple Formalism

Event rate of a reaction:

R(s) = o(s)L, for constant L
dL S
= E/dT (s,7) o(s), 1= °
dr S

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

do(ete™ — ab) B §|M|2
dcos6 327

where

° 3= ,\1/2(1,m§/s,m§/s), is the speed factor for the out-going particles
in the c.m. frame, and pey, = 64/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:

o (fb)

108

107

106

109

LIBLILEL | LU | LI | LU | LILLL 103

10°

101

(20° < 6 < 160°)

L 100
€ € (Bhabha)

T

10-1

10—°

=103

(E,>0.1E,) -z

7 vvh,eeh | - \l - —-—_
1 1 1 1 1

||||||//|||||||| 10—4
0 200 400 600 800 1000

Vs (GeV)

Events/sec [for L=10* em™ sec™]



(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 + DIV s ete)I(V = X) s
(s — M2)24+ T2 Mz M2

gletTe” 5 V¥ 5 X) =

(physical examples?)



(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 + DIV s ete)I(V = X) s
(s — M2)24+ T2 Mz M2

gletTe” 5 V¥ 5 X) =

(physical examples?)

If 61/s > [y, the narrow-width approximation:
1 . s

(S — M‘Q/)Q —|— F%/M‘% Mvrv

2m2(25 + 1)I(V — ete”)BF(V — X)dL(s = M2)

5(8 o M‘Q/)a

gleTe” 5> V¥ 5 X) =

M2 dv/'s
(physical examples?)



Away from resonance

For an s-channel or a finite-angle scattering:
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Away from resonance

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

1
o~ —.
S
For forward (co-linear) scattering:
1
Mz M?
e [ he simplest reaction .
_ _ A
cleTe” 5~ > puTu) = opt = 3

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



(C). 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 ¢-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 xzFE 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 - )° PT
A 82 r (p7 + (1 —2)MP)?’
gptgil—-=  (A-z)Mp

Prypent) = Zo0 — P2+ (1 — 2)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.
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One of the most important techniques, that distinguishes an ete™ collisions
from hadronic collisions.
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(D). Recoil mass technique:

One of the most important techniques, that distinguishes an ete™ collisions
from hadronic collisions.

Consider a process: + B
e’ +e —V 4+ X,

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

Then: 5 5
Pot+ + Pe— =pv + x5, (Pet + Po— — PV)° = DX,

M% = (Po+ + Po— — py)° = s+ Mg — 2¢/sEy.

One thus obtain the “model-independent” inclusive measurements
a. mass of X by the recoil mass peak

b. coupling of X by simple event-count at the peak



(E). Physics at a Higgs Factory:

% —pte” - HZ

5 250 | —HZZ >

@ — WW - H

8 =5 —2ZZ > H

P U IO e Sy, SR SO b S ’

i 5 ‘-_?‘"w - - e
: i H H ; e — : . %
Y & ; : : —— Z
H 4 i H H H i L)
: i : : : E— .
. S e e s b 7
: : 3
s ]
é : : et .
i : ; ——t— o Vv
: i i f [ ve/e”

220 240 2860 280 300 320 340 360
s (GeV)

At peak cross section ~ 200 fb with 5 ab=! = 1M KO

[Illl]l[l[ll1||1[|I]I[II]II

Mo
S

The key point for a Higgs factory:
Model-independent measurements on the ZZh coupling in a clean experi-
mental environment.



Consider: eT 4+e¢~ — ff + h.
M7 = (Pt + Po— — Py —pf)z =5+ Mg — 2v/sEy7.

0.5 T T T T | T T T T | T T T T | T T T T
l‘| ete™se*e™h
L X ]
0.4— N Vs = 500 GeV =~ —
R " m, = 120 GeV
> L | “
2 03 Ly —
Z r !
Q | \ m
; r P
o 02— ! —]
S F N
< ¢!
| |
- I |
0.1— o —
L | |
L | !
\
B /K\ !
0.0 L— / L [ TR R
0 100 200 300 400

M (GeV)

Kinematical selection of “inclusive” signal events!



Cross Section (fb)

257

2071

[
6]

[N
o

a1

O,

Consider: eT 4+e¢~ — ff + h.

M}% — (p€+ —I—pe_

_pf_pf>2 - S+M‘2/—2\/5Eff.

0-5 T T T T

0.4

0.3

0.2

do/dM/c (1/GeV)

0.1

T | T T T T | T T T T
ete™se*e™h
Vs = 500 GeV
my, = 120 GeV

0.0 —
0

100

1 1
200
M (GeV)

1 1
300

1
400

Kinematical selection of “inclusive” signal events!
Marching to higher energies: 500 GeV—-1 TeV:

e e"se’e’+h
P(e ,e*) =(-0.8,+0.2)
— total
--- Higgsstrahlung
200 300 400 500 600 700 800 900 1000

Vs (Gev)

Relative Error 0X/X

0.2

|M0del—Independent Fitting ‘

0.1

00

-0.2

TILC250 (+ LHC)
+ILC500 (+ HL-LHC)
+ILC1000 (+ HL-LHC)

8z 8w 8y 8g 8b 8r



ITII. Hadron Collider Physics

(A). New HEP frontier: the LHC

The Higgs discovery and more excitements ahead ...

CMS

ATLAS (90m underground)



LHC Event rates for various SM processes:
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LHC Event rates for various SM processes:

| | IIIIII| | 1010

2 9
10 o (tol) 10 3
101 108 o
LHC
= 100 55) 107
—_ g(bb
£ 1071 pe>30 Gev —d 109 §
- 10~° 109 §O
N 103 104 7/
% 10—4 _ 103
1079 107

o
999
© O =2
- 4
I =p
—
= =
-
)
Q
()
| 3 v
_ e
© o o
| | ©
N =
Events/sec [for L

109 101 10°
Eem (TeV)

103%/cm?/s = 100 fb~1/yr.
Annual yield # of events = o X L;,;:
10B W*; 100M tt; 10M WTW—; 1M HO...
Discovery of the Higgs boson opened 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?

o(pp) 1

~21.7 (g VQ)O 0808 'mp,  Empirical relation

Froissart bound.

(b) Perturbative hadronic cross section:

opp(S) = /dxldCEQPl(xlan)PQ(anQz) Gparton(s).

e Accurate (higher orders) partonic cross sections ,qrton(s).
e Parton distribution 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
l’ll n2
02%) —» <«— (3230 %8000 28 00°
t=1/f

= 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; = xz1P,, po>=x2Pp.

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

1 + o
1 1 1l
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; = xz1P,, po>=x2Pp.

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

L1 — T2
I5; = , Or:
cm x1+x2
1 14B8em 1
= —In = —In—, —o0 < < 00).
Yem 5 1 — Bom > o ( Yecm )

The four-momentum vector transforms as

E’ ¥ = Bem L
p; — Bem Y 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 = pt = (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.



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
W = prdprde dy = EpdErde dy.

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

ylzllnmz (1—ch>(E+pz> —y—y
2 E —p, "+ Bom) (B —p2) o




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
W = prdprde dy = EpdErde dy.

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

y/:LnM: (L= Bem)(E4ps) _
2 B — pg (1 + ch)<E pz)
In the massless limit, rapidity — pseudo-rapidity:
1 14 cosé 0
y—n=—=In = Incot —.
1 — cosé6 2
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The “Lego’ plot:

— ¢ 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



(C). Characteristic observables:
Crucial for uncovering new dynamics.
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—— Dynamical parameters
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(C). 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.



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

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

do [ 7 M5 1
XX
dmge dpgT (mge - M%)Q + F%Mg mge\/l - 4pgT/m§e




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

e invariant mass of two-body R — ab: m2, = (pq + pp)? = M32.
combined with the two-body Jacobian peak in transverse momentum:
do [ M, 1
> 2 X5 232 2 22
dmee dpeT (mee o MZ> + rZ]WZ mge\/l - 4p§T/mge
| Electron E;- W Candidate |

—e—Data
—PMCS+QCD

nts

) B - QCD bkg
56000; * DO Run Il Preliminary

300 -

250 - B
50000

number of events

4000

3000}

2000/

1000-
O ¥ "o 0. 000 0.0.%0001 DR A
60 70 80 90 100 110 120 00 30 20 50 80 70 %0

m(ee) (GeV) E7**(GeV)
Z —ete W — ev



e ‘‘transverse’ mass of two-body W™~ — e e :

2

Me, T —

Transverse Mass - W Candidate

—eo—Data

ﬂ F — PMCS+QCD|
g B +¢- QCD bkg
I37000:— DO Run Il Preliminary

60001

5000

4000

3000

2000—

1000

:.\L i 1111}1111}11{11 “J‘—-‘-IA
30 50 60 70 80 90 100 110 120

If p.(W) =0, then m,, 7 = 2E.p = 2E55,

Transverse mass(GeV)

— (EeT + EI/T)2 - (ﬁeT + ﬁI/T)Q
2E, 7 E/55(1 — cos ¢) < m2,,.

Missing E ; - W Candidate

£7000
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&
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—e—Data
— PMCS+QCD|
+&- QCD bkg
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o HO 5 WTW™ — jijo e e :
cluster transverse mass (I):
(EW1T + EWQT) (p]]T ~+ Per + P mZSS)Q
= (\/p5r + My + \/peyT + M{)? — (Bjjr + Per + P775)% < M.

Where — mzss — fﬁT — Zobs —*Tobs.

2
mww T




e HO - WTW ™ — j1jo e Te:
cluster transverse mass (I):

mzss>2

(Ew,T + Bw,1)° — (Bij7 + Por + 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 S WTW ™ = et e g :
“effecive’” transverse mass:

mgff T — (Ee1r + Eeor + ETmiSS)2 (Pe1T + Pe2T + P mZSS)Q

ETmiSS

Merf T X Ee1r 4 Eeap +



e HO - WTW ™ — j1jo e Te:
cluster transverse mass (I):

mzss>2

2
Myw T (Ew,T + Bw,1)° — (Bij7 + Por + 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 S WTW ™ = et e g :
“effecive’” transverse mass:

; |
mZipp = (Ber + Eeor + Ef™%)% = (Ferr + Peor + 577"°%)°
EelT + EeQT + ETszS

cluster transverse mass (II):

3
&
—
~

&

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

~ ]2 >
myw ¢ ~ \/pT,ee + Mjp + pr



| | o | |
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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 »/s?




e cluster transverse mass (III):
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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+ +0L°% DL Reqp +.
/ /

Pr- = P~ +0Y° pl%=cp,.

where c+ are proportionality constants, to be determined.



e cluster transverse mass (III):
HO - 7t = ,u+ Ur Vu, P Vr

A lot more complicated with (many) more »/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+ +0L°% DL Reqp +.
/ /

Pr- = P~ +0Y° pl%=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 Ppts 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 Ppts pr:

Unique solutions for c+ exist if

(pﬂ+)$/(pﬂ+)y 7/: (pp*)m/(pp*)y-

C—l—(p/ﬁ)a: + c— (p,o*)a: — (ﬁT)xa
c+(pu+)y + c—(Pp- )y = (P1)y-

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

1/0 do/dm
o 3
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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:

ete = [Lg /'l]_%

with two — body decays: ji} — utXo, 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 — MgR —m?2.
Mass edge: mZ”LﬁZ’_ = /s — 2my.



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

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

ete = [Lg /'l]_%

with two — body decays: ji} — utXo, 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™(0) =M o — M_o;
X X1

2" edge 1 M™T(005) = Mz — M, 0.
1



do/dm,, (Events/1 00fb™/5GeV) do/dm, (Events/100fb™'/0.375GeV)
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(c). t-channel singularity: splitting.
e Gauge boson radiation off a fermion:

The familiar Weizsacker-Williams approximation

o(fa — f/X)

Q

/dw dp% Pv/f(ac,p%) o(ya — X),
a1+(1—@2<1>w

2T x p%

Pfy/e(xap%> —



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

The familiar Weizsacker-Williams approximation

o(fa — f/X)

Q

/dw dp% Pv/f(az,p%) o(ya — X),
a1+(1—@2<1>w

P x, 2
7/6( PT) 2m X p%
T The kernel is the same as ¢ — gg* — generic for parton splitting;

t The form dp%/p7 — In(E?/m?2) reflects the collinear behavior.



e Generalize to massive gauge bosons:

PL, (z.p2) = 97 + 91 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 + 91 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
¢k ( ©) My forward jet tagging
E:~(1—-2)FE
J q
At high-p,p,
do(Vr) 2 )
a2y > VPiT o
do(V) 1/p4 » central jet vetoing
dij.T 9T /

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



(E). Charge forward-backward asymmetry App:
The coupling vertex of a vector boson V), to an arbitrary fermion pair f

iy 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,)?
(g1)2 + (gh)?
where N (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;.

Ay




At hadronic level:

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

AR =
[ dwy g (Py(w1) Py(en) + Pyz1) Py(a2))




At hadronic level:

ALHC — [ dwy 3 ARl (Py(21) Py(az) — Py(w1) Py(e2) ) sign(zy — r2)
[ dwy g (Py(w1) Py(en) + Pyz1) Py(a2))

Perfectly fine for Z/Z'-type:
In pp collisions, pproton 1S the direction of p,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 g (Py(w1) Py(en) + Pyz1) Py(a2))

Perfectly fine for Z/Z'-type:
In pp collisions, pproton 1S the direction of p,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,
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But: (1). cann't get the boost-direction of /*v system;
(2). Looking at ¢* alone, no insight for W; or Wp!
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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!

d U d U
— «— —_— —
== T
W i /- WR_: % Vs
— —> — —>
=< = =
(a) (b)

In pp collisions: (1). a reconstructable system
(2). with spin correlation — only tops W’ — tb — ¢*v b:

0.9

0.8
07
2 0.6
o 0.5
2 04

cos Gﬁl



(F). CP asymmetries Ao p:

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



(F). CP asymmetries Ao p:

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),



(F). CP asymmetries Ao p:
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(i— f)—RG—§) cq Frt—=Wteg) —TrE—w—9)
R(i—= f)+RGE— )’ T Tt Wt)+TrE—-WwW—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@—/ ? _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@—/ ? _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 —p2) - (q1 X ¢2),

(p1 —p2) - (@1 X @2)

or cosf = —= ——
p1 — P2llq1 X 32)|



For H — Z(p1)Z*(p2) — eT(q1)e (gq2), pTu~, define:

Ocp ~ (p1 —p2) - (q1 X ¢2),

(p1 —p2) - (@1 X @2)

or COosf = ——= E— -
1p1 — P2||q1 X ¢2)

E.g. 2: H — t(p)t(pf) — e (q1)v1b1, e (g2)vabo.
e+ 045 H
()
Ocp ~ (0t —07) - (P+ X Po—).

thus define an asymmetry angle.
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A general phenomenological Approach: (mine)

— From a theory to experimental predictions

When I have (or encounter) a favorite theory, how do I carry out
the phenomenology (to the end)?
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When I have (or encounter) a favorite theory, how do I carry out
the phenomenology (to the end)?
e Grasp the key points of the theory:
(motivation, and its key consequences)
EWSB = Higgs or W; W scattering.
SUSY = s-particles.
Little Higgs = heavy T plus Wy, Z.



ITI': Remarks: The Search for New Physics |

A general phenomenological Approach: (mine)

— From a theory to experimental predictions

When I have (or encounter) a favorite theory, how do I carry out
the phenomenology (to the end)?
e Grasp the key points of the theory:
(motivation, and its key consequences)
EWSB = Higgs or W; W scattering.
SUSY = s-particles.
Little Higgs = heavy T plus Wy, Zg.
e Display the key structure of the theory:
(new particle spectrum, interactions, basic parameters L)
EWSB = my and Wy Wy interactions.
full interaction Lagrangian



e Identify the most characteristic state for signal observation:
EWSB = Higgs or W; W} interactions.
SUSY = LSP, g, ¢, Xx...
Little Higgs = heavy T, and Wg, Zg.
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EWSB = Higgs or W; W} interactions.
SUSY = LSP, g, ¢, Xx...
Little Higgs = heavy T, and Wg, Zg.
e Identify the best signal channels and calculate the S/B:
(in tersm of the production rate, signal identification versu background...)
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SUSY = LSP, g, t, X...
Little Higgs = g9 — TT, Wb — T, DY Wy, Zy.
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SUSY = LSP, g, ¢, Xx...
Little Higgs = heavy T, and Wg, Zg.
e Identify the best signal channels and calculate the S/B:
(in tersm of the production rate, signal identification versu background...)
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— In Choosing a Research Project:

e Follow the trend, work on things topical

e Pick a well-defined, concrete issue (Don’'t have to be LARGE!)
e Something impactful, long-lasting (no “ambulance chasing”!)
e Always have ONE point to make

e Send out only when it cannot be improved (by anyone!)



We are in a ‘“data-rich” era:



We are in a ‘“data-rich” era:

muon g — 2; u — evy...; neutron/electron EDMs;



We are in a “data-rich” era:
muon g — 2; u — evy...; neutron/electron EDMs;

Neutrino masses and mixing;



We are in a ‘“‘data-rich” era:
muon g — 2; u — evy...; neutron/electron EDMs;
Neutrino masses and mixing;

B-Factories: Rare decays and CP violation;



We are in a “data-rich” era:
muon g — 2; u — evy...; neutron/electron EDMs;
Neutrino masses and mixing;

B-Factories: Rare decays and CP violation;

Nucleon stability;



We are in a “data-rich” era:
muon g — 2; u — evy...; neutron/electron EDMs;
Neutrino masses and mixing;

B-Factories: Rare decays and CP violation;
Nucleon stability;

Underground Lab: Direct dark matter searches;
Astro-particle observation: Indirect dark matter searches;



We are in a “data-rich” era:
muon g — 2; u — evy...; neutron/electron EDMs;
Neutrino masses and mixing;

B-Factories: Rare decays and CP violation;
Nucleon stability;
Underground Lab: Direct dark matter searches;

Astro-particle observation: Indirect dark matter searches;

Yet more to come:

LLHC: precision Higgs studies, comprehensive new particle searches...
ILC (CEPC?) Higgs factory, top sector, and new light particles...



We are in a “data-rich” era:
muon g — 2; u — evy...; neutron/electron EDMs;
Neutrino masses and mixing;

B-Factories: Rare decays and CP violation;
Nucleon stability;
Underground Lab: Direct dark matter searches;

Astro-particle observation: Indirect dark matter searches;

Yet more to come:

LLHC: precision Higgs studies, comprehensive new particle searches...

ILC (CEPC?) Higgs factory, top sector, and new light particles...

LHC Will Dominate for the Next 20 Years!



