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Standard—Model effective theory

Remember the Standard Model
gauge theory SU(3) x SU(2) x U(1)

massless SU(3) and U(1) gauge bosons
massive SU(Z) gauge bosons [spontaneous symmetry breaking]

massive Dirac fermions ia yukawas]
perturbatively renormalizable Lagrangian no 1M terms]

— one missing piece: Higgs [iundamental? minimal? mass?]
= truly fundamental theory

How complete experimentally?

dark matter? [solid evidence! — for weak—scale new physics?]

(g — 2)# ? [possible evidence for weak—scale new physics, review by Dominik]

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

neutrino masses and mixing?  [see-sawat 101! Gev?]

matter—antimatter asymmetry?  [universe mostly matter]

gauge—coupling unification?  [amost perfect, but proton stable]
- gravity? [mostly negligible but perturbatively non-renormalizable]
= cut-off scale unavoidable: SM effective theory
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Standard—Model effective theory

Remember the Standard Model
— gauge theory SU(3) x SU(2) x U(1)

=

massless SU(3) and U(1) gauge bosons
massive SU(Z) gauge bosons [spontaneous symmetry breaking]

massive Dirac fermions ia yukawas]

perturbatively renormalizable Lagrangian no 1M terms]
one missing piece: Higgs [fundamental? minimal? mass?]
truly fundamental theory

H
How consistent theorically? Q

=

problem of light Higgs: ~ mass driven to cutoff of effective Standard Model

Sm2, o< g2(2m2, + m2 + m2, — 4m2) N2
cancelled by finely tuned counter term?  [ugl, against spirit of symmetries]
why fundamental Higgs at all, if such poor high-energy behavior?

tied in with new physics at TeV scale:  supersymmetry [my favorite]
extra dimensions  (cool idea]

little HIggS [old idea, now working]

no fundamental Higgs...
TeV scale: beautiful ideas — complicated realistic models

[not pretty]
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Effective Standard Model in the LHC era

uv completions from the LHC [Uli Baur's rule: ‘there is always new physics at higher scales’]

— find light Higgs?
— find new physics stabilizing Higgs mass?
— see dark—matter candidate?

Particle theory and new physics

model-independent analyses not helpful to understand TeV scale
— early running data probably with little information  (ust a pheno game]

— testable TeV-scale models [e.g. Higgs sector vs. underlying theory?]
link to other observations  [pM-+Tevatron: Hooper, TP, Valinotto]

reconstruction of Lagrangian
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Effective Standard Model in the LHC era

uv completions from the LHC [Uli Baur's rule: ‘there is always new physics at higher scales’]

— find light Higgs?

— find new physics stabilizing Higgs mass?
— see dark—matter candidate?

Particle theory and new physics

model-independent analyses not helpful to understand TeV scale

— early running data probably with little information  (ust a pheno game]

— testable TeV-scale models

link to other observations

Special about LHC

— beyond inclusive searches (that was Tevatron]
millions of new strongly interacting particles
= (1) aim at underlying theory
(2) try to survive QCD [ask your guys] 10

reconstruction of Lagrangian

[e.g. Higgs sector vs. underlying theory?]

[DM+Tevatron: Hooper, TP, Valinotto]
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TeV—scale supersymmetry

Supersymmetry t W

— give each Standard—Model particle a partner  [with diferent spin, including strong interactions]
— symmetry obviously broken by masses (soft breaking, mechanism unknown]

— assume dark matter, stable lightest partner (g parity]

= measure BSM spectrum with missing energy at LHC

LHC searches: MSSM

spin d.o.f.
. . . fermion ) 12 1+1
— SUSY-Higgs alone interesting... | — sfermion .1 0 141
. gluon G,L 1 n-2
...but not conclusive — gluino § 12 2 Majorana
gauge bosons ~¥,Z 1 2+3
...and another talk [ask Apostolos] Higgs bosons hO, HO, A© 0 3
— i 9 .
- list of susy parmers neutralinos X'i 1/2 4.2 LSP
gauge bosons w 1 .
Higgs bosons HE 0 2
— charginos <t 12 | 2.4




UV-Completing
the Standard
Model at the LHC

Tilman Plehn

TeV scale
Masses
Parameters

Spins & cascades
Spin & jets

Extra dimensions

Masses from cascades

Cascade decays [Atias-TDR, Cambridge]

— if new particles strongly interacting b Looq
and LSP weakly interacting g n
— like Tevatron: jets + missing energy
— easiest: cascade kinematics [107 - - - 108 events, rates tought because of QCD]
— thresholds & edges [RAL school exercise] mz_o — m% m% — m2_0
X < < X
o< m, < 2 !
mg mg
= new-—physics mass spectrum from cascade kinematics
m(l) M(Ghev) M(Qlvgn) m(all)
3 sk 1E 06
2 £ ’ 075 04
H 02 | 05F
! 025 F 02
% 25‘0 O 5;0 0 ‘ ‘2;0‘ ‘ 0 ‘ 2;0 N
"miGeV] “miCeV] ‘miGeVl ‘mGeV]
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Masses from cascades

Cascade decays [Atlas-TDR, Cambridge]

b e 4
Lv%ﬁ/ “
v v b
— if new particles strongly interacting B L q
g %

and LSP weakly interacting

like Tevatron: jets + missing energy
— easiest: cascade kinematics
thresholds & edges [RAL school exercise] m;g _ m% m% _ mZ?

[107 B 108 events, rates tought because of QCD]

i . .
mg mg

= new—physics mass spectrum from cascade kinematics

Gluino decay (Gielsten, Miller, Osland, Raklev]

— no problem: additional jets [Rainwater, TP, Skands; Alwall, Wacker,...]

— limited by jet energy scale
alternative methods?
= but why physical masses?

no problem: off-shell effects [Catpiss collaboration; Kauer & Rainwater]
all decay jets b quarks [otherwise dead bv QCDI

500 600

100 200 300 400
Sparticle masses and mass differences [GeV]
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Underlying parameters

From kinematics to weak—scale parameters [Fitino; SFitter: Lafaye, TP, Rauch, Zerwas]

parameters: weak-scale Lagrangian

measurements: kinematic endpoints, branching ratios, rates  (prospinoz]
B decays, (g — 2),, dark matter, e-w precision data...

— errors: general correlation, statistics & systematics & theory ffiat theory errorsi]

problem in grid/fit: no local/global maximum!
problem in physics: secondary maxima!

— fully exclusive likelihood map p(d|m) over m  ihardpart
— LHC problem: remove directions

— Bayesian: p(m|d) ~ p(d|m) p(m) with theorists’ bias p(m) [cosmology. BSM]
frequentist: bestfitting point maxm p(d|m) itavon
— LHC era: (1) compute high-dimensional map p(d|m)

(2) find and rank local maxima in p(d|m)
(3) Bayesian—frequentist dance to reduce dimensions
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From kinematics to weak—scale parameters [Fitino; SFitter: Lafaye, TP, Rauch, Zerwas]
TeV scale
— — parameters: weak-scale Lagrangian
Parameters — measurements: kinematic endpoints, branching ratios, rates (prospino2]

SO EEE B decays, (g — 2),, dark matter, e-w precision data...
errors: general correlation, statistics & systematics & theory it theory errorst]

problem in grid/fit: no local/global maximum!
problem in physics: secondary maxima!

Spin & jets

Extra dimensions

Toy model: MSUGRA map from LHC  [LHC endpoints with free ;]

— weighted Markov chains: several times faster [similar to: Ferrenberg & Swendsen]

N
Poin 0)==x—
bin(P # 0) Z,{\LJ/P

— SFitter output #1: fully exclusive likelihood map
SFitter output #2: ranked list of local maxima

= strong correlations even in MSUGRA

X2 mo m /2 tan B Ao “w m¢

200 185880 0.3e-04 100.0 250.0 10.0 -99.9 + 171.4
190 1000 27.42 997 2516 1.7 8489  + 1816
100 54.12 107.2 243.4 13.3 -97.4 - 1711

£ 180 10 70.99 108.5 246.9 13.9 26.4 - 173.6
170 1 88.53 107.7 245.9 12.9 802.7 N 182.7

160

-1000 -500 0 500 1000 1500 2000
As
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Underlying parameters

MSSM map at LHC

— shifting from 6D to 19D parameter space [kiling grids, Minui, laptop-style fits...]

— SFitter outputs still the same, but best points degenerate
— e.g. 3 neutralinos observed 22;
4e-07

Bayesian pdf noisy .
profile likelihood no pdf e

12

0 200 400 600 800 1000

= no golden approach to BSM statistics M
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0
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Underlying parameters

MSSM map at LHC

— shifting from 6D to 19D parameter space [kiling grids, Minuit, laptop-style fits...]
— SFitter outputs still the same, but best points degenerate

— e.g. 3 neutralinos observed

Bayesian pdf noisy
profile likelihood no pdf

= no golden approach to BSM statistics

MSSM map in LHC era [Sfitter+friends]

— LHC: sign(x) unknown and tan 3 extraction believe—based

i
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Underlying parameters

MSSM map at LHC

— shifting from 6D to 19D parameter space [kiling grids, Minuit, laptop-style fits...]

— SFitter outputs still the same, but best points degenerate

— e.g. 3 neutralinos observed ee'zz
Bayesian pdf noisy L e N
n . . = 3e-07 2
profile likelihood no pdf so0r
1e-07 f|
ol
0 200 400 600 800 1000
= no golden approach to BSM statistics M

MSSM map in LHC era [Sfitter+friends]

— LHC: sign(x) unknown and tan 3 extraction believe—based

0.006
0.005
0.004
0.003
0.002
0.001

0
0

— tang and sign(,u) from (g — 2)# or Bs — JLLL  [Les Houches 2007: Alexander et al]

200 400 600 800 1000

— includin — 2) very promisin LHC LHC ®(g —2) | SPSfa
g (g ) y p g tan 3 10.0+ 45 10.3+ 2.0 10.0

M1 10214 7.8 102.74 5.9 103.1

M2 193.31+ 7.8 193.2+ 5.8 192.9

M3 577.2+£14.5 578.2+ 121 577.9

MIIL 193.2+ 8.8 194.04+ 6.8 194.4

MIIR 135.0+ 8.3 135.6+ 6.3 135.8

MaL 524.6+14.5 525.5+ 10.6 526.6

Maﬂ 507.3+£17.5 507.6+ 15.8 508.1

I 350.5+14.5 352.5+ 10.8 353.7
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Underlying parameters

MSSM map at LHC

— shifting from 6D to 19D parameter space [kiling grids, Minui, laptop-style fits...]

— SFitter outputs still the same, but best points degenerate

=- no golden approach to BSM statistics

MSSM map in LHC era [siittersfriends]

— LHC: sign(x) unknown and tan 3 extraction believe—based

— tan 3 and Sigl"l(u) from (g — 2)# or Bs — J4t  [Les Houches 2007: Alexander et al]

— including (g — 2) very promising

Fundamental theory [sFitter + Kneur]
SUSY breaking?
unification, GUT?

— scale-invariant sum rules?  [cohen, Schmalz]

— new & crucial: renormalization group bottom-up
= LHC sensitive to UV models

1M

0.01
0.008
0.006
0.004

0.002

2 4 6 8 10 12 14 16 18
log(Q)



UV-C leti .
mesaniars.  Spins from cascades

Model at the LHC

Te::: o Supersymmetry at Tevatron/LHC: Majorana gluinos  [sarger....;Barnett,...; Baer...]

Wrezs — LHC: first jet (g or g) fixes lepton charge R B AR o
Parameters — same-sign dileptons in 1/2 of events \ \ ?\
Spins & cascades — similar: t-channel gluino in pp — §g W
e = gluino = like—sign dileptons in SUSY sample

Extra dimensions g *

=1

s
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Spins from cascades

— LHC: first jet (g or g) fixes lepton charge

— same-sign dileptons in 1/2 of events

— similar: t-channel gluino in pp — qg
= gluino = like—sign dileptons in SUSY sample

Loop hole: gluino is Majorana if fermion  (awes, Evoli, TP]

— start with mass—measurement cascade
— now: physics between the endpoints
— model-independent analysis difficult (sar, Lester, Smillie, Webber]
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Supersymmetry at Tevatron/LHC: Majorana gluinos (sarger,...: Barnett,...; Baer,...]
::S:je — LHC: first jet (g or g) fixes lepton charge
Parameters — same-sign dileptons in 1/2 of events
Spins & cascades — similar: t-channel gluino in pp — §gq
<AL = gluino = like—sign dileptons in SUSY sample

Extra dimensions

Loop hole: gluino is Majorana if fermion  [awes, Eboli, TP]

— start with mass—measurement cascade
— now: physics between the endpoints
— model-independent analysis difficult (sar, Lester, Smillie, Webber]

200 T T T T T T T T

— UV-completion hypotheses tests instead
— ‘gluino’ a boson: universal extraD

— compare SUSY vs. KK g, b, Z, ¢, v

— simple distributions A¢pp  [3-body decays: Csaki,...] t;

= gluino = fermion with like-sign dileptons wh it

60 [ L=100m’ =
T T

0 20 0 60 80 10 10 M0 160 180

a9, dee]

180

160

140

L % do/dAd,, [events/bin]
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Spins from cascades

= gluino = like—sign dileptons in SUSY sample

LHC: first jet (g or q) fixes lepton charge
same—sign dileptons in 1/2 of events
similar: t-channel gluino in pp — g

Loop hole: gluino is Majorana if fermion  [awes, Eboli, TP]

start with mass—measurement cascade
now: physics between the endpoints

model-independent analysis difficult [gar, Lester, Smilie, Webber]

UV-completion hypotheses tests instead
‘gluino’ a boson: universal extraD

compare SUSY vs. KK g, b, Z, ¢, v

simple distributions A¢pp  [3-body decays: Csaki,...
gluino = fermion with like-sign dileptons
sensitive to model’s details

LHC requiring testable TeV-scale models

(o(bl")-o(bl))/sum

At=

50

L
100

L
150

200

L
250

L
300

m,

L
350
1GeV]
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Spins from jets

Beyond cascades: spin of LSP  [awall, TP, Rainwater]

— hypotheses: like—sign charginos (Majorana neutralino)
like—sign scalars (stable scalars)
like—sign vector bosons (little—Higgs inspired)

— chargino decay/kinematics not used
— jet correlations the key

X

X
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Weak boson fusion and unitarity

Like-sign scalars instead of fermions

- Charged HIggS in 2HDM [TP, Rainwater, Zeppenfeld; Buszello, Marquard, v.d.Bij]

— W radiated off quarks [Goldstone coupling to Higgs]
1+(1=x)2 1

Pr(x, pr) ~

= scalars with softer pr ;

2x

Pr

(1—x)% mjy

Pi(x,pr) ~ —— —&
X Pt

— x+x+ WBH
H+H+

T WHW't

7 TTR  eem ,
100 200 300 400 500 600 700 800 9001000
PT(jet'), GeVic
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Weak boson fusion and unitarity

Like-sign scalars instead of fermions

- Charged HIggS in 2HDM [TP, Rainwater, Zeppenfeld; Buszello, Marquard, v.d.Bij]
— W radiated off quarks [Goldstone coupling to Higgs]

1+(1—x)72 1 (1—x)?2 m,
Pr(x,pr) ~ ————— — Pu(x,pr) ~ —— —~
(X, pr) o 2 L(x, pr) X P

= scalars with softer pr ;

Like-sign vectors instead of fermions
— little—Higgs inspired  [7-type parity]
— start with copy of SM, heavy W/, Z/7 H/, f’ [H’ necessary for unitarity, but irrelevant at LHC]
— Lorentz structure reflected in angle between jets

= vectors with peaked A¢y

— x+x+ WBH
H+H+
T WHW't

1/6 do/dag(et, jet,)
cocoocoocooo

"5 1 15 2 25 3
Ao(jet,. jet)
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Weak boson fusion and unitarity

Like-sign scalars instead of fermions

- charged HIggS in 2HDM [TP, Rainwater, Zeppenfeld; Buszello, Marquard, v.d.Bij]
— W radiated off quarks [Goldstone coupling to Higgs]

1+(1=x)2 1 (1—x)?% mg
Pr(x,pr) ~ —5—>— — Pu(x,pr) ~ —— —
2x P2 X p%

= scalars with softer pr ;

Like-sign vectors instead of fermions

— little—Higgs inspired  [T-type parity]

— start with copy of SM, heavy W’/ Z’ H' f’ [’ necessary for unitarity, but irrelevant at LHC]
— Lorentz structure reflected in angle between jets

= vectors with peaked A¢y

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

Heavy fermions in little—Higgs models 0.005

. . = 0.00:

— part of unitary UV completion  (englert, zeppenteld) £
L . % 0.003,

— huge effects on distributions  strongly interacting ws 5

= LHC requiring testable TeV-scale models = °*
0.001

dl L L LT L
00 100 200 300 400 500 600 700 800 900 1000
PT(]et‘), GeVic
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UV—complete extra dimensions

Elegant solution to hierarchy problem (arkani-Hamed, bimopoulos, Dvaii

— highest scale: Planck scale Gy ~ 1 /ME,anck [Mptanck ~ 1010 Gev]
— Einstein—Hilbert action in 4 4+ n dimensions [on torus — periodic boundaries]

[ lalMiuuR— [ a*xflgl MR = (2rr)” [ d*xyflgl w5 R

Mtanek = Mp (27rMp)™/? > Mp ~ 1TeV
— to get numbers right: r=10'2,10-3, .10~ ""mforn=1,2,..6
= fundamental Planck scale at TeV

Kaluza—Klein gravitons [Giudice, Ratazzi, Wells]

— periodic boundaries: Fourier—transform in extra dimensions [acb massless]
_ T
MPlanck

— KK tower of single gravitons, each coupled as 1/Mpjanck

1 Mp \2/"
6m~?:27rMD( D> < 0.05GeV

'Planck

O+ m) G =

nv

— IR spectrum: constraints from supernova cooling
— UV spectrum: LHC effects at TeV scale (Giudice, Strumia, TP; cosmic rays]
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UV—complete extra dimensions

Hope for collider searches  [Giudice, Rattazzi, Wells; Han, Lykken, Zhang]

=

real radiation of continuous KK tower

e eravi e Sp—1m” -t Mianci \ 2
o_mwu ~ o_,,muum / dam Sn_1m" 1 n _ graviton / dam n— anc]
“@aMp)r \ Mp

higher-dimensional operator from virtual grawtons [UV dominated]
1 1 S,,_1
T THY —
Alsim) = gz — T T 0%~ 2m8 MD
KK tower coupling with 1/Mp at LHC
LHC rates (or reach) dependent on cut-off A
KK effective theory poor at LHC, UV completion needed
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UV—complete extra dimensions

Renormalization flow of gravity (Reuter; Litim; Wetterich;...]

Einstein—Hilbert action with running G(x) and A(u)

dimensionless coupling g(u) = G(u) p2t" = Gy 251(p) patn
attractive finite UV fixed point [anomalous dimension: n = —pd,, log Zg o g]

u%g*(u):(2+n+n(g*))g*(u):o for  g.#0 n(g.)=-2-n

— gravity asymptotically free in UV G() ~ gupu— @M
= coupling weak enough for finite LHC predictions?
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UV—complete extra dimensions

Renormalization flow of gravity (Reuter; Litim; Wetterich;...]
— Einstein—Hilbert action with running G(r) and A(u)
— dimensionless coupling g(u) = G(u) p?+" = Go Z5 ' (1) 11>*"
— attractive finite UV fixed point [anomalous dimension: n = —pd,, log Zg o g]

)
/t@g*(/t):(2+n+n(g*))Q*OL):O for  g.#0 7n(gs)=-2-n

— gravity asymptotically free in UV G(p) ~ gupu— @M
= coupling weak enough for finite LHC predictions?

UV-safe gravity [weinberg (1979)]

— gravity non—fundamental effective theory G 1/M§+”?
't Hooft’s perturbative renormalizability: finite number of counter terms
Wilson’s renormalizability: no unphysical UV divergences

— consistent theory beyond perturbation theory  [no ghosts: Weinberg & Gomez]
fixed point Iiker to \/ ‘g| RB and including matter [no proof; not perturbative series]
— great idea for gravity — great for LHC
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UV—complete extra dimensions

UV—completed graviton production [Litim & TP]

form factor for G(,u) [Hewett & F{izzo]1 9 \/E 2+nq —1
M2+n - M2+n 1+ aM,
D D D
alternative: changing anomalous dimension of graviton acp inspired]
1 MIH»Z
RN D
s+ m (s + m2)n/2+2
integration kernel after integration over mgg

1 o dm 11 aMp\ "2 n—2
—— P(s,m)= —— — ( — 14+ —
ME*” o mn—1 (s,m) n—2Mg (M[;) [ * 4 ]

P(s,m) = around m ~ Mp

- \/g > Mp: kernel only function of \/g [matching at Mp?, black-hole solutions?]
= UV-safe gravity safe at LHC

M, matching; m, > 2 TeV

ofa)

10

P ————————
My =3TeV

e — My =5TeV
10k
m

L e PR

olfb): pp - I'I”

B!
10
3 5 6 7

9 10
AlTeV]
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UV—complete extra dimensions

UV—completed graviton production  (Litim & T}

— form factor for G(1)  tHewett & Rizzo) | 1 . 5\ 2" —1
aMD
alternative: changing anomalous dimension of graviton aco inspired]
1 Mn+2
— D
s+ m (s + mR)n/2+2
integration kernel after integration over mgg

1 o dm 1 1 aMp\ "2 n—2
—— P(s,m)= ——— | — 14+ —
M Sy mn—t (s, m) n—2 M (MD> [ T ]

M2+n M2+n
D D

around m ~ Mp

o )]

- \/E > MD: kernel only function of \/E [matching at Mp?, black-hole solutions?]
= UV-safe gravity safe at LHC

P(s,m) =

String theory as UV completion [e.q. cullen, Perelstein, Peskin]

— Veneziano form factor
r1—o's)r1—a'ty r(1—s/M3)T(1—t/M3) . =° st 6
M0 —a(stD)  TA—(s+0/M) 6 M +0 (m5°)

— string resonances in UV: v/n Mg
= quantum gravity testable at LHC
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New physics at the LHC

Physics in the LHC era

— understand e-w symmetry breaking
— confirm new physics  (dark matter]
— complete Standard Model




UV-Completing
the Standard
Model at the LHC

Tilman Plehn

TeV scale
Masses
Parameters
Spins & cascades
Spin & jets

Extra dimensions

New physics at the LHC

Physics in the LHC era

— understand e-w symmetry breaking
— confirm new physics  (dark matter]
— complete Standard Model

LHC physics is fun physics!

— look for solid new—physics signals
measure weak—scale Lagrangian
determine fundamental physics

construct testable new—physics hypotheses
implement into realistic simulations
— avoid getting killed by QCD
= LHC + testable TeV-scale models: more than discovery machine!
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