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Large Hadron Collider: on physics mission since Wednesday

— Einstein: beam energy to particle mass E = mc?
smash 7 TeV protons onto 7 TeV protons  (energy unit GeV: proton mass]
produce anything that interacts with quarks and gluons
search for it in decay products
repeat every 25 ns

— huge detectors, soldering, analysis... — experiment
prejudice, fun, Philosophenweg villas... — theory
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Large Hadron Collider: on physics mission since Wednesday

— Einstein: beam energy to particle mass E = mc?
smash 7 TeV protons onto 7 TeV protons [energy unit GeV: proton mass]
produce anything that interacts with quarks and gluons
search for it in decay products
repeat every 25 ns

— huge detectors, soldering, analysis... — experiment
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Everything you always wanted to know... proton - (anti)proton cross sections
10° T T T
— Atlas/CMS: measure anything flying around wr o
. \ . or Tevaron  LHC
— signal: everything new, exciting and rare w0 o
background: yesterday’s signal ' .
10°
— Standard Model: theory of background wh
QCD: evil background theory trying to kill us W w20
B 0l e
- Nevents =0 - [, [‘cross section times luminosity’] ‘z’ isp £ %z
i (E4* > 100 Gev)
— jet: everything except for leptons/photons w'p §
crucial: what is inside a jet (g, g, b, + tagged?] jz
— discovery Ng/+/Ng > 5 B A
105 [ higgs(My = 150 GeV)
w° E 0y4g04(M,, = 500 Gev)
o 0‘1 ‘1 1‘0

Vs (Tev)

55 5
L=10%,

5
eventsisec for
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A brief history of our Standard—Model mess...

— Fermi 1934: theory of weak interactions [n — pe~ 5]
(2 — 2) transition amplitude A o« GFE?
probability/ unitarity violation
pre-80s effective theory for E < 600 GeV  [stech & Jensen 1955]
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Versuch einer Theorio der f-Strahlen. I').
Von E. Fermi in Rom,
it 3 Abbildungen.  (Bingogangen am 16, Jnauar 1034)
Thcrin ds el wied vorpclsg, i wacer man

dis Exitens do Netrios it und e Einion der Eleironen
TENTATIVO DI UNA TEORIA DEI RAGGI §
Eaission cines Lichtquants aus einem Atom in der Stra)
EENTRp—— Tageteote, Bomein fa 4 Lebensdov o 3 it Form s i
v v Erahrung.

1. Grundommlmen der Thori,

Bei dem Vervuch, cino Theorie der Kornelektronen sowie der f-Emission

wafmbsuen, begegnet man bokanntlich zeei Schwierigheiten.  Die arste

S, 51 ropoe ane i urice dienisioe 00 i & ist durch das kontinuierliche f-Strahlenspoktram bedingt. Falls dor Er.

o5t " haltungasats der Energie galtig bleiben soll, mu man sonchmen, da8 cin

Brochteil der beim f-Zertall frei werdonden Energio unseren bisherigen

Boobachtungsmiglichkeiten entgebt. Noch dam Vorschlag von W. Pauli

kaon man . B. annehmen, daf beim f-Zerfall nicht nue cin Elektron,

el s o Tilchen, das sogenanate , Neorino” Olasse von
oder Kleiner als dio

hdlmg) emittiert wird. In der vorliogenden Theorie weeden wi dio Hypo-

Neatrinos zugrande

Eine Schvirighit foe dia Theori der Kerneloktronen bescht
darin, daB die jotaigen relativistischen Theorien der leichten Teilchen
(Blektronen oder Neotrinos) nicht imstando sind, in einwandireior Weise
u kliren, wio solcho Teilhen in Bahoen von Kerndimensionen gobunden
werden Kinnen,

Es scheint deswegen sweokmBigor, mit Hoisenberg?) anznchmen,
da8 ein Kern nur aus sehweren Toilehen, Protonen uod Neutronen, be-
st Un kb dio Megli o P Eioion 10 v, veln
wir versuchen, eino Theorio der Emission lichter Teilchen aus einem Kern
una parte dllessrgia, Nella prosento tearia e buseremo sopra 1o in Aualogio ur Thearie der Emision ¢ines Lichtquante aus einem an.
geregten Atom beim gewdhalichen Stralungsproze8 aufrubsuen. Tn dor

Covten ot 0 v 5. ¢ G 8 confromtons 1o 4t spisimentr

Ipotosi fondementall dola toaria.

s de mentrins,
Vi seconde diffeolth pee T teoria deali elettroni uclar’, i

e i fatn cho le attuai teori relatiistiche dclle pssticelle Strablungatheorio it die totale Ansabl dor Lichtquanten keine Konstante:
Vo (ot s aavia) o damn ur it s Lichiquanen entteben, wenn sio von.cicm Atom emitier. werden,
o delu posstilth che tli partierle vengano logate in orbite d3 und verschwinden, wenn sie absorbiert werden. In Analogie hiersu wollen
Gnon e i dor f-Strablentheorio oaendo Aunabmen ugrnie g

(e 10 oty in oL e SeetiGen, , . 12, 9% 3 Vel i verfitien g, o i St 5,165~

) W.Xeisenberg, 75, 1.
ne



New Physics at the
TeV Scale

Tilman Plehn

The LHC

Why BSM?
Supersymmetry
Measurements
Weak boson fusion

Parameters

Standard—Model effective theory

A brief history of our Standard—Model mess...

— Fermi 1934: theory of weak interactions (n — pe= e}
(2 — 2) transition amplitude A o« GFE?
probability/ unitarity violation
pre-80s effective theory for E < 600 GeV  [stech & Jensen 1955]

— Yukawa 1935: massive particles
Fermi’s theory for E < M
four fermions unitary for E > M: A « g?E?/(E? — M?)
unitarity violation in WW — WW
current effective theory for E < 1.2 TeV  [LHC energy!y]
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— Fermi 1934: theory of weak interactions [n — pe~ 5]
(2 — 2) transition amplitude A o« GFE?
probability/ unitarity violation
pre-80s effective theory for E < 600 GeV  [stech & Jensen 1955]

— Yukawa 1935: massive particles
Fermi’s theory for E < M
four fermions unitary for E > M: A « g?E?/(E? — M?)
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— Higgs 1964: spontaneous symmetry breaking
unitarity for massive W, Z
unitarity for massive fermions
fundamental scalar below TeV
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A brief history of our Standard—Model mess...

Fermi 1934: theory of weak interactions 1 — pe= el
(2 — 2) transition amplitude A o« GgE?
probability/ unitarity violation
pre-80s effective theory for E < 600 GeV  [stech & Jensen 1955]

Yukawa 1935: massive particles
Fermi’s theory for E < M
four fermions unitary for E > M: A « g?E?/(E?2 — M?)
unitarity violation in WW — WW
current effective theory for E < 1.2 TeV  (LHC energy!]

Higgs 1964: spontaneous symmetry breaking
unitarity for massive W, Z
unitarity for massive fermions
fundamental scalar below TeV

't Hooft & Veltman 1971: renormalizability
beware of 1/M couplings!
theory valid to high energy
truly fundamental theory

=- 35 years later — going too strong...
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What is the Standard Model?
— gauge theory with local SU(3) x SU(2) x U(1)

— massless SU(3) and U(1) gauge bosons
massive W,Z bosons [Higgs mechanism]

— Dirac fermions in doublets with masses = Yukawas
generation mixing in quark and neutrino sector  [colloquium Stech]

— _ 2
— renormalizability £ ~ —m2, W, W+ — mUV + gHWW + gHW,,, W+ /M
= fundamental theory: particle content, interactions, renormalizability
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What is the Standard Model?

— gauge theory with local SU(3) x SU(2) x U(1)

— massless SU(3) and U(1) gauge bosons
massive W, Z bosons  [Higgs mechanism] e

— Dirac fermions in doublets with masses = Yukawas
generation mixing in quark and neutrino sector [colloguium Stech]

_ 2
— renormalizability £ ~ —m2W W, WH — mUW 4+ gHUW + gHW,,, WHY /M
= fundamental theory: particle content, interactions, renormalizability

And how complete is it experimentally?

— dark matter?  (solid evidence for low-scale new physics!?]

— quark mixing — flavor physics?  new operators above 104 Gev?]

— neutrino masses and mixing? [see-sawat 10'! Gev?]

— matter—antimatter asymmetry?  (universe mostly matter?]

— gauge coupling unification?

— gravity missing?  [mostly negligible but definitely unrenormalizable]
= large cut-off scale unavoidable, size negotiable, renormalizability desirable
= all experimental, so who the hell cares???
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Theorists have to care!! t

— Heisenberg: quantum corrections to Higgs mass...
...implies effective field theory desaster
gz 3 A2

2 2 2 2
(4m)Z 2 m2, [mH+2mW+mZ_4mf] +

2 2
my — my —

- HIggS mass puIIed to cut-off A [where Higgs at A does not work]
= hierarchy problem — Higgs without stabilization incomplete
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Theorists have to care!! t W

— Heisenberg: quantum corrections to Higgs mass...
...implies effective field theory desaster
gz 3 A2

2 2 2 2
@n) 2 m%v [m,_,+2mW+mz—4mt] 4+ ..

2 2
my — my —

- HIggS mass puIIed to cut-off A [where Higgs at A does not work]
= hierarchy problem — Higgs without stabilization incomplete

Starting from data which...
...indicates light Higgs (e-w precision data]
...indicates effective Standard Model
— easy solution: counter term — but against idea of symmetries

— or new physics at TeV scale:  supersymmetry
extra dimensions
little Higgs
composite Higgs, TopColor
YourFavoriteNewPhysics...

= typically cancellation by new particles or discussing away high scale
= beautiful concepts, models in baroque state
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Theorists have to care!!

— Heisenberg: quantum corrections to Higgs mass...
...implies effective field theory desaster

# 3 A

2 2
my — mg, —
H Mo (4m)? 2 B,

- HIggS mass puIIed to cut-off A [where Higgs at A does not work]

= hierarchy problem — Higgs without stabilization incomplete

Expectations from the LHC
— find light Higgs? (1990 Nachtmann]
— find new physics stabilizing Higgs mass?
— see dark—-matter candidate?

= —[mz,_,+2m2W+m§—4m,2]+m
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Supersymmetry

— partner for each Standard—Model particle

— cancellation because of different spins

obviously broken by masses, mechanism unknown
— assume dark matter, stable lightest partner

= LHC: measure spectrum with missing energy
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Example: TeV—scale supersymmetry

Supersymmetry

= LHC: measure spectrum with missing energy

Particle spectrum

partner for each Standard—Model particle
cancellation because of different spins
obviously broken by masses, mechanism unknown
— assume dark matter, stable lightest partner

spin d.of.
fermion ] ﬁL, ﬁ? 1/2 1+1
— sfermion fL, fR 0 1+1
gluon G, 1 n-2
— gluino g 1/2 2 Majorana
gauge bosons v, Z 1 2+3
Higgs bosons ho, HO, A° 0 3
— neutralinos )2;’ 12 . dark matter
gauge bosons wE 1 2.3
Higgs bosons HE 0 2
— charginos i 12 | 2.4
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New physics at the LHC

(1) discovery — signals for new physics

(2) measurements — spectrum, quantum numbers

(8) parameters — TeV—scale Lagrangian, underlying theory
= approach independent of new physics model

Special about LHC, except bigger than Tevatron

- beyond mcluswg Searches [1ha}t was Tevatron] 100 CDF Run Il Protiminary L=2.0fb"
lots of strongly interacting particles cu
cascade decays to DM candidate

— rates not good
(collinear) jets everywhere
better observables needed

— general theme: try to survive QCD

==+ expected limit

At <0

2

(GeVic))
H

q

= aim at underlying theory

400

100 200 300 2
M- (GeVic)
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New physics at the LHC

(1) discovery — signals for new physics

(2) measurements — spectrum, quantum numbers

(3) parameters — TeV—scale Lagrangian, underlying theory
= approach independent of new physics model

Special about LHC, except bigger than Tevatron

- beyond inclusive searches [that was Tevatron]
lots of strongly interacting particles
cascade decays to DM candidate

Prospino2 (T Plehn)
T

—I’ateSnOthOd 103;\‘\\\\‘HH‘\\\\‘\\\\‘\\\\‘\\\\‘\\\‘\\\7
(collinear) jets everywhere E s Olpblpp— E
better observables needed 02k ; :

— general theme: try to survive QCD E

= aim at underlying theory 10 ¢ E
I = v8=14Tev 3
A 8 ToNe ]
10 & E
,,E m[GeV]E
Y Yt N N I WU WU W WU U
100 150 200 250 300 350 400 450 500
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New physics at the LHC

(1) discovery — signals for new physics

(2) measurements — spectrum, quantum numbers

(3) parameters — TeV—scale Lagrangian, underlying theory
= approach independent of new physics model

Special about LHC, except bigger than Tevatron

— beyond inclusive searches [tat was Tevatron]
lots of strongly interacting particles
cascade decays to DM candidate

~ rates not good 103;‘mW‘H_m_m_‘H_m‘rf?seu""fﬂ?\ew:
(collinear) jets everywhere
better observables needed 02k i

— general theme: try to survive QCD ]
= aim at underlying theory 10 F 3
1 ? VS =14TeV E

=]

10 E 3
AT N TR TR b

100 150 200 250 300 350 400 450 500
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New physics at the LHC

M

(2) measurements — spectrum, quantum numbers

(8) parameters — TeV-scale Lagrangian, underlying theory
= approach independent of new physics model

discovery — signals for new physics

Special about LHC, except bigger than Tevatron

— beyond inclusive searches [that was Tevatron]
lots of strongly interacting particles
cascade decays to DM candidate

— rates not good
(collinear) jets everywhere
better observables needed

— general theme: try to survive QCD
=- aim at underlying theory
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The LHC Exercise in relativistic kinematics e
M
Why BSM? . - o
! — more than 107 squark—gluino events 4 X2
Supersymmetry d - BE ~0b[_) + o b[) ~0
Measurements - target ecay g — - X2 THH X1
: — thresholds & edges
Weak boson fusion 2 -
mj = EiEj — |pjl|pj| cos 6
Parameters 5 5 5
, my —ms mg — Mo
o< m, < !
mg mﬂ
= new—physics mass spectrum from cascade decays
m(ll) M(qhew) M(Glhgn) m(qll)
1E 06F
075 & 04F
05F E
025F 02F
| 0 0 fA )= o
Hhicev 0 Fhices 0 Fhcer 0 Picevi
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Exercise in relativistic kinematics v
— more than 107 squark—gluino events '
— target decay § — bb — ¥3bb — utp~ bbi§
— thresholds & edges

@
28

m; = EiE; — |pil|6j| cos 65
2

22 - -
mg mg

—o

= new-physics mass spectrum from cascade decays

Cascade masses from kinematics

— all decay jets b quarks [otherwise dead by QCD]

— gluinomass to ~ 1%
= what's more in m;?

7

m;-m,

200 300 400
Sparticle masses and mass differences [GeV]
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When do | believe it's SUSY-QCD?
— gluinos: strongly interacting Majorana fermions
Majorana = its own antiparticle
— first jet in gluino decay: gor g
— final-state leptons with charges 50% — 50%
= gluino = like—sign dileptons in SUSY-like events

- ~ ~+ ~0
g u xX X
BN X

e

\

e
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New physics measurements

When do | believe it's SUSY-QCD?

— gluinos: strongly interacting Majorana fermions
Majorana = its own antiparticle

— first jet in gluino decay: g or g

— final-state leptons with charges 50% — 50%

= gluino = like—sign dileptons in SUSY-like events

All new physics is hypothesis testing

— loop hole: ‘gluino is Majorana if it is a fermion’
— assume gluino cascade observed

g U %
AR
oo
w

g a
FRAAAAFY ¢

N0
b b H
w "
= T
R g
§ %

— straw-man model where ‘gluino’ is a boson: universal extra dimensions

[spectra degenerate — ignore; cross section larger — ignore]

= compare angular correlations

L x do/dAd,, [events/bin]

SUSY
rrrrrr UED: " =0, 72

UED: a' = 4

SPSia
Mass Spectrum

L=100 " i
I I I I I I I I

20 40 60 80 100 120 140 160 180
Ay, [deg]
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When do | believe it's SUSY-QCD?

— gluinos: strongly interacting Majorana fermions
Majorana = its own antiparticle

— first jet in gluino decay: g or g
— final-state leptons with charges 50% — 50%
= gluino = like—sign dileptons in SUSY-like events

Asymmetries

— shorter sgark decay chain ) :
T RN
— shape between endpoints: /1 = mg,, /mg* ~ sin6/2 H B g

— dominant pp — ggwith §: §* ~2: 1 %
— production asymmetry with reduced errors
L olpt)—olip)
A(my) = o(jut) + oju—) 0 |- R
— kind of similar for gluino decay o1 [ ‘g*‘ Lol 4
= gluino = fermion with like-sign dileptons o £ = =
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%

Jets being useful: spin of dark matter #
Wt x
— Majorana neutralino with like-sign charginos? g

— hypotheses: like—sign charginos (SUSY)
like—sign scalars (scalar dark matter)
like—sign vector bosons (little—Higgs inspired)

— want to bet this man can tell them apart just using the jets?
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Jets being useful: spin of dark matter

— Majorana neutralino with like-sign charginos?

— hypotheses: like—sign charginos (SUSY)
like—sign scalars (scalar dark matter)
like—sign vector bosons (little—Higgs inspired)

— want to bet this man can tell them apart just using the jets?

%
i
W %
u d

"

e
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Like-sign scalars?

— HtH~ same as simple H°

— W radiated off quarks [Goldstone coupling to Higgs]

1+(1—x)2 1

P ~— "

T(vaT) ox p%
(1—x)? mjy
P ~e——t W
L(vaT) % p?_

= scalars with softer pr ;

— x+x+ WBHF
H+H+
W+W'+

%

L e, b !
100 200 300 400 500 600 700 800 900 1000
Prliet), GeVic
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Weak boson fusion

Like-sign scalars?

— HtH~ same as simple H°
— W radiated off quarks [Goldstone coupling to Higgs]

1+(1—x)2 1

P ~— "

T(vaT) ox p%
(1—x)? mjy
P ~e——t W
L(vaT) % p?_

= scalars with softer pr ;

Like-sign vectors?

— heavy W, 2’| f, little—Higgs inspired

— Lorentz structure reflected in angle between jet

= vectors with peaked Ag;

t

1
14
=

L
o
3
]
3
L

14
=

0.0(
0.0

14
1=

0.0(

— x+x+ WBHF
H+H+
W+W'+

%

L e, b !
100 200 300 400 500 600 700 800 900 1000
Prliet), GeVic

— x4+ WBF
H+H+

W+W'+
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Like-sign scalars?

— HTH~ same as simple H°

— W radiated off quarks [Goldstone coupling to Higgs]
14+(1=x)72 1
P ~N—_— —
T(x, pr) o 2
(1—x)? my,
P, ~N—_—
(X, pr) o o

= scalars with softer pr ;

Like-sign vectors?

— heavy W', Z', f, little—Higgs inspired
— Lorentz structure reflected in angle between jet
= vectors with peaked Ag¢j;

Or violating unitarity....  {old trauma]

110 doldP(jet)

3
3
2
3
2

110 doldP(jet)

— x++ WBH
H+H+
W+W'+

%700 200 300 400 500 00 800 9001000

Pi(et,), GeVic
o — x+x+ WBH
0. H+H+
g W+W'+
o
0
o
o
%05 1T 15 2 53
Aq;(jet‘. je(z)
0.005F SMws

—— W+W'+ (quark partners)
W'+W'+ (only WZ)

0.0

o
00 100 200 300 400 500 600 700 80!
P.(jet), GeV/c
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From kinematics to weak—scale parameters

parameters: weak-scale Lagrangian

measurements: kinematics,
production or decay rates,...
flavor, dark matter, electroweak constraints,...

errors: general correlation, statistics & systematics & theory

problem in grid: no local maximum
problem in fit: no global maximum
problem in interpretation: secondary maxima

Probability maps of new physics

— want to evaluate probability of model being true p(m|d)
— can compute likelihood map p(d|m) over m

— Bayesian: p(m|d) ~ p(d|m) p(m) with theorists’ bias p(m) cosmology, BSM]
frequentist: bestfitting point maxm p(d|m)  (favor, Higgs]




New Physics at the
TeV Scale

Tilman Plehn

The LHC

Why BSM?
Supersymmetry
Measurements
Weak boson fusion

Parameters

Fundamental parameters

From kinematics to weak—scale parameters

— parameters: weak-scale Lagrangian

measurements: kinematics,
production or decay rates,...
flavor, dark matter, electroweak constraints,...

— errors: general correlation, statistics & systematics & theory

problem in grid: no local maximum
problem in fit: no global maximum
problem in interpretation: secondary maxima

Bayesian probabilities vs profile likelihood

— ‘Which is the most likely parameter point?’
— ‘How does dark matter annihilate/couple?’

L/L(max

mg (TeV)

00.2040.60.8 1 1.21.41.61.8 2
M), (TeV)
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MSSM map for LHC

— four neutralinos with (diagonal) mass parameters My, Ma,
— three of four mass-eigenstate neutralinos observed

— alternative solutions in parameter space
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MSSM map for LHC

Fundamental parameters

— four neutralinos with (diagonal) mass parameters My, Mo,
— three of four mass-eigenstate neutralinos observed

— alternative solutions in parameter space
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My
— quality of fit not useful: all the same...
1w <0 uw >0
My 96.6 175.1 103.5 365.8 98.3 176.4 105.9 365.3
My 181.2 98.4 350.0 130.9 187.5 103.9 348.4 137.8
n -354.1 -357.6 -177.7 -159.9 347.8 352.6 178.0 161.5
tan 8 14.6 14.5 29.1 32.1 15.0 14.8 29.2 32.1
Mg 583.2 583.3 583.3 583.5 583.1 583.1 583.3 583.4
M[‘L 192.7 192.7 192.7 192.9 192.6 192.6 192.7 192.8
M‘-‘Fi 1311 1311 131.1 131.3 131.0 131.0 131.1 131.2
At (=) -252.3 -348.4 -477.1 -259.0 -470.0 -484.3 -243.4 -465.7
At (+) 384.9 481.8 641.5 4325 739.2 774.7 440.5 656.9
mg 350.3 725.8 263.1 1020.0 171.6 156.5 897.6 256.1
my 171.4 171.4 171.4 171.4 171.4 171.4 171.4 171.4

= let’s try to not miss too many particles...
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Why theorists involved?

— want to learn statistics
— know about theory errors
— know about link with other observations and models

Beyond the LHC

— remember: unknown sign(u), believe—based tan 3 from mjy,
(1) maybe it's new physics: (g — 2), ~ tan3

— strongly correlated and promising
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Why theorists involved?

— want to learn statistics
— know about theory errors
— know about link with other observations and models

Beyond the LHC

— remember: unknown sign(u), believe—based tan 8 from my,
(1) maybe it's new physics: (g — 2), ~ tan g

— strongly correlated and promising
(2) maybe we will see BR(Bs — pu) ~ tan® 3

— stop-chargino sector missing

— prediction of fg, missing
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Why theorists involved?

— want to learn statistics
— know about theory errors

— know about link with other observations and models

Beyond the LHC

— remember: unknown sign(u), believe—based tan 8 from my,

(1) maybe it's new physics: (g — 2), ~ tan g
— strongly correlated and promising

(2) maybe we will see BR(Bs — pu) ~ tan® 3
— stop-chargino sector missing
— prediction of fg, missing

Renormalization group analysis

— SUSY breaking, unification, GUT?
— scale-invariant sum rules?

M
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Why theorists involved?

— want to learn statistics
— know about theory errors
— know about link with other observations and models

Beyond the LHC

— remember: unknown sign(u), believe—based tan 8 from my,
(1) maybe it's new physics: (g — 2), ~ tan g

— strongly correlated and promising
(2) maybe we will see BR(Bs — puu) ~ tan® 3

— stop-chargino sector missing

— prediction of fg, missing

Renormalization group analysis

— SUSY breaking, unification, GUT?
— scale-invariant sum rules?
= fundamental theory at all scales!
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Beyond the LHC

— remember: unknown sign(u), believe—based tan 3 from mjy,
(1) maybe it's new physics: (g — 2), ~ tan3

— strongly correlated and promising
(2) maybe we will see BR(Bs — pu) ~ tan® 3

— stop-chargino sector missing

— prediction of fg, missing

Renormalization group analysis

— SUSY breaking, unification, GUT?
— scale-invariant sum rules?
= fundamental theory at all scales!
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New physics at the LHC

Need for new physics

Supersymmetry one well-studied example

know there is physics beyond our Standard
Higgs and new physics the same question
LHC should find and study it

solves the hierarchy problem

easily explains dark matter
cascade decays rule

LHC to determine underlying model

LHC not only the biggest, but also the coolest machine!
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