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THE THEORY OF MATTER THE THEORY OF MATTER 
                                  and STANDARD MODELand STANDARD MODEL((SS))
                                    F. Wilczek, LEPFest, Nov.2000 (hep-ph/0101187)F. Wilczek, LEPFest, Nov.2000 (hep-ph/0101187)

Theory of MatterTheory of Matter  = SU(2)= SU(2)I I weakweak  xx  U(1)U(1)YY  weakweak  xx  SU(3)SU(3)colorcolor

Theory of Matter refers to the core concepts:Theory of Matter refers to the core concepts:
- quantum - quantum fifield theoryeld theory
- gauge symmetry- gauge symmetry
- spontaneous symmetry breaking- spontaneous symmetry breaking
- asymptotic freedom- asymptotic freedom
- the assignments of the lightest quarks and leptons- the assignments of the lightest quarks and leptons

Standard ModelsStandard Models: Choose the number of Higgs (scalar) doublets: Choose the number of Higgs (scalar) doublets
                                                              SM=SM=1HDM, 1HDM, 2HDM2HDM (MSSM), 3HDM ... (MSSM), 3HDM ...
                                                              Note, that the lightest scalar is often Note, that the lightest scalar is often SM-likeSM-like

NonStandard NonStandard MModelsodels  are based on more radical assumptionsare based on more radical assumptions..



  

    Brout-Englert-Higgs mechanismBrout-Englert-Higgs mechanism
      Spontaneous breaking of  EW symmetry   Spontaneous breaking of  EW symmetry   
      SU(2) x U(1) → U(1)SU(2) x U(1) → U(1) QED  QED 

      Standard Model Standard Model     
  Doublet of  SU(2):   Doublet of  SU(2):   Φ= (ϕΦ= (ϕ++,,vv++HH++iiζ)ζ)ΤΤ

  Masses for WMasses for W+/−+/−, Z (tree , Z (tree ρ ρ =1), no mass for the photon=1), no mass for the photon
  Fermion masses via Yukawa interaction Fermion masses via Yukawa interaction 
                              
                Higgs particle HHiggs particle HSM SM - spin 0, neutral, CP even - spin 0, neutral, CP even 

                couplings to WW/ZZ, Yukawa couplings to fermions   couplings to WW/ZZ, Yukawa couplings to fermions   
                                                          mass mass ↔↔  selfinteraction    unknown  selfinteraction    unknown

              
                                  
                                                                                                



Standard Model 
Theory for 

collider physics
Babis Anastasiou

ETH Zurich



A  theory revolut ion

Deeper  understanding of the st ructure of 
gauge  theories

Sharp theoret ical predict ions  for collider  
experiments

A new  technical revolut ion and a pace  of 
progress  to be  very proud  of 



Highlights
Revolut ionary new methods for one-loop 
calculat ions and a prom ise for precise 
mult i-part icle product ion cross-sect ions 
at the Tevat ron and the LHC

Impressive progress on NNLO methods 
which has  lead to precision 
phenomenology  for LEP,  HERA, 
Tevat ron and the LHC



One-loop 
amplitudes final states  with many 

part icles at the LHC 

Jet physics at 
LEP, st rong 
coupling

NNLO theory

DIS at 
HERA

PDFs for the Tevat ron
and the LHCDrell-Yan and 

Higgs  
@ 

Tevat ron/LHC
  tops and di-bosons

JET ALGORITHMS



One-loop amplitudes 
from trees...

and  masters!!!
and  masters!!!
and  masters!!!

Trees in Gauge 
theory

Loop Master Integrals in 
scalar field theory



Master Integrals

} }
One-loop 

amplitude in 
Gauge theory

Integrals in scalar field 
theory

Known method(s) to compute c_i coefficients had a 
(# Legs)! computational cost 

Passarino, 
Veltman 1980s



Unitarity
Bern, Dixon, Dunbar, 

Kosower • Trees as  input  for 
the integrand
• Manifest gauge 
invariance 
• Simplificat ions by 
using “natural” 
spinor variables• Mismatch between Trees in four dimensions 

and loop integrat ion in D-dimensions
• Int roduct ion of four dimensional helicity regularizat ion scheme 
• Clever theory input (collinear factorizat ion)
 to recover the full one-loop amplitude  

Trees were an essential ingredient.  No explicit connection 
of master integral coefficients to tree  amplitudes.

1990s



Coefficient of box master !
.Brit to, Cachazo, Feng

Simple product of  
four  tree amplitudes
 

2004



ONE-LOOP INTEGRAND
Ossola, Papadopoulos, Pit tau2006

(building on del Aguila, P ittau, 2004)

After 
Integrat ion: 



ONE-LOOP INTEGRAND
Ossola, Papadopoulos, Pit tau 2006



ONE-LOOP INTEGRAND
Ossola, Papadopoulos, Pit tau 2006

Integrand is “easy”, essent ially a tree 
amplitude

 ON-SHELL:  determ ines coefficients 
successively

Evaluate integrand at loop momenta values  
such as loop  part icles are set ON SHELL 



Conflict of dimensions
Loop Integrat ions in D dimensions, Tree amplitudes in 
four dimensions. Mismatch, i.e. m issing terms from 
amplitude evaluat ion. Requires  a  second calculat ion. 

Specialized t ree-like recursions in D= 4 for the 
m issing terms 
Berger, Bern, Dixon, Forde, Kosower

Elegant/general solut ion: Amplitude in a 
general dimension from results in D= 5 and  
D= 6. Ellis, Giele, Kunszt, Melnikov  

Specialized Feynman rules for m issing terms: 
Draggiot is, Garzelli, Papadopoulos, Pit tau  

2006

2008

2009



Breathtaking developments
One-loop 
amplitudes with 22 
gluons Giele, 
Zanderighi (08); 
Lazopoulos (08); 
Giele,Winter (09)

Giele, Zanderighi (08)

1 985

1 993
2006

numerical evaluat ion 
of all 2 to 4 amplitudes 
in the Les-Houches 2007 
wish-list van Hameren, Papadopoulos, Pit tau (09)



W+3 jets: NLO cross-sect ion
Large Nc approximat ion 
Ellis,Giele,Kunszt,Melnikov,Zander
ighi;
Berger,Bern,Dixon,Cordero,Forde,
Gleisberg,Ita,Kosower,Mait re

Start of a new era,  with 
precise theoret ical 

predict ions  for mult i-
part icle product ion at the 

LHC  

arXiv:0906.1 445

arXiv:0907.1 9
84

NEW: complete NLO
Berger,Bern,Dixon,Cordero,
Forde,Gleisberg,Ita,Kosower,
Mait re (arXiv:0907.1 984)



                  :NLO cross-sect ion
First full NLO  calculat ion 
for  a 2 to 4  process at a 
hadron collider

Important Higgs boson 
background 

With Feynman diagrams

intelligent, most ly 
numerical reduct ion, to 
master integrals

exploits infrared regulators 
other than the dimension   

    very large NLO correct ions

Brendenstein,Denner,Dit tmaier,Pozzorini

arXiv:0905.01 1 0



NLO calculat ions @ LHC
What can we  hope  for?  

We cannot  do bet ter than tree 
calculat ions..., i.e. processes  with  7 or 8 
part icles  in the  final state.     

All 2 to 4 processes  with both Feynman 
diagrammat ic and unitarity methods

2 to 5 and perhaps 2 to 6 processes with 
unitarity methods



Drell-Yan theory
NNLO total cross-sect ion 
Hamberg, van Neerven 
1 990; Harlander, Kilgore 
2002

NNLO rapidity dist ribut ion 
CA,Dixon,Menikov,Pet riell
o 2004

Fully different ial NNLO 
Melnikov,Pet riello 
2006;Catani, 
Cieri,Ferrera,Grazzini2009

NEXT(? ): W-mass measurement 
requires mixed QCDxQED corrections 



Higgs via gluon fusion
Total [Harlander,Kilgore 02; 
CA,Melnikov 02; Ravindran, 
Sm ith 03] and fully 
different ial cross-sect ions 
through NNLO 
[CA,Melnikov,Pet riello 04; 
CA,Dissertori, Stockli 07; 
Catani,Grazzini 07] 

Very large perturbat ive 
correct ions, which are  
sensit ive to select ion cuts



Out look
Our abilit ies in simulat ing precisely collider  
processes have grown tremendously.

New computat ional methods  at NLO are  
ext remely powerful.  A classic work  which will 
be  part of  future field theory books.  Advanced 
N..NLO understanding (Super Yang-Mills theory 
lessons?) ?

Ready to take on the big challenge of  finding 
new physics convincingly in hadron collider  data



  

M. Worek



  

DoświadczenieDoświadczenie



  

Teoria : NLO dla 2 → 4 procesów Teoria : NLO dla 2 → 4 procesów 
current technical frontier..



  



  



  

Procedura odjęcia Procedura odjęcia 



  

Granica  miękkiej i kolinearnejGranica  miękkiej i kolinearnej
emisji w QCD - uniwersalnaemisji w QCD - uniwersalna

F-final,  I-initial



  

Helac-dipolesHelac-dipoles



  

Poprawki wirtualnePoprawki wirtualne



  

Zależność od skali

LHCLHC



  

Wyniki – różniczkowe przekroje czynneWyniki – różniczkowe przekroje czynne



  

Janik Janik   
Niepert. teoria polaNiepert. teoria pola

Co chcielibyśmy zrozumieć?Co chcielibyśmy zrozumieć?
 QCDQCD

      - trudna, biegnąca stała sprzężenia,- trudna, biegnąca stała sprzężenia,
           mieszanka efektów pert. i niepert.mieszanka efektów pert. i niepert.
 Metody tradycyjneMetody tradycyjne

- obliczenia na siatkach- obliczenia na siatkach
 - modele próżni QCD- modele próżni QCD
 - modele efektywne (nie z fund. Teorii)- modele efektywne (nie z fund. Teorii)
 Są inne prostsze teorie z cechowaniem i inne metodySą inne prostsze teorie z cechowaniem i inne metody



  

AdS/CFT correspondenceAdS/CFT correspondence



  

Dlaczego tak interesujące?Dlaczego tak interesujące?



  

Ku  ścisłemu rozwiązaniu dla Ku  ścisłemu rozwiązaniu dla 
każdego sprzężenia każdego sprzężenia 



  



  

Nowe metody – sektor HiggsaNowe metody – sektor Higgsa

2HDM: 2HDM: 
Różne stany próżni → spektrum cząstek HiggsaRóżne stany próżni → spektrum cząstek Higgsa
                                →                                  →  ciemna materia ciemna materia 
Dziś – Inert Model    (cząstka Higgsa h, Dziś – Inert Model    (cząstka Higgsa h, 
                                                                  4 skalary (H,A,H+,H-) 4 skalary (H,A,H+,H-) 
                                                                    najlżejsza np. H – najlżejsza np. H – ciemnaciemna))
                  zgodny z danymi  zgodny z danymi  
Pytanie: co było wcześniej? Pytanie: co było wcześniej? 
      Stany próżni we Wczesnym  WszechświecieStany próżni we Wczesnym  Wszechświecie
      Przejścia fazowe?        Przejścia fazowe?        

Ginzburg, Ivanov,     2009 
Kanishev, MK, Sokołowska



  

    Brout-Englert-Higgs mechanismBrout-Englert-Higgs mechanism
      Spontaneous breaking of  EW symmetry   Spontaneous breaking of  EW symmetry   
      SU(2) x U(1) → ?SU(2) x U(1) → ?

    Two Higgs Doublet ModelTwo Higgs Doublet Modelss
        Two doublets of  SU(2) (Y=1, Two doublets of  SU(2) (Y=1, ρ ρ =1)  -  =1)  -  Φ₁ , Φ₂Φ₁ , Φ₂
        Masses for WMasses for W+/−+/−, Z , no mass for photon?     , Z , no mass for photon?     
        Fermion masses via Yukawa interaction – Fermion masses via Yukawa interaction – 
                                                          various models: Model I, II, III, IV,X,Y,...various models: Model I, II, III, IV,X,Y,...
      
        
                                  
                                                                                                

5 scalars:  H+ and  H-  and  neutrals:5 scalars:  H+ and  H-  and  neutrals:
  - CP conservation: CP-even h, H & CP-odd A - CP conservation: CP-even h, H & CP-odd A 
  - CP violation: h- CP violation: h11,h,h22,h,h33 with undefinite CP parity* with undefinite CP parity*

Sum rules (relative couplings to SM Sum rules (relative couplings to SM χχ)  )  



  

2HDM Potential   2HDM Potential   
Lee'73, Haber, Gunion, Glashow, Weinberg, Paschos, Despande, Ma, Lee'73, Haber, Gunion, Glashow, Weinberg, Paschos, Despande, Ma, 
Wudka,  Branco, Rebelo, Lavoura, Ferreira, Barroso, Santos, Bottela, Silva, Wudka,  Branco, Rebelo, Lavoura, Ferreira, Barroso, Santos, Bottela, Silva, 
Diaz-Cruz, Grimus, Ecker, Ivanov, Ginzburg, Krawczyk, Osland, Nishi, Diaz-Cruz, Grimus, Ecker, Ivanov, Ginzburg, Krawczyk, Osland, Nishi, 
Nachtmann, Akeroyd, Kanemura, Kalinowski, Grządkowski ,Hollik, Rosiek..Nachtmann, Akeroyd, Kanemura, Kalinowski, Grządkowski ,Hollik, Rosiek..

    V = V = λλ11(Φ₁†Φ₁)²+λ₂(Φ₂†Φ₂)²+λ₃(Φ₁†Φ₁)(Φ₂†Φ₂)(Φ₁†Φ₁)²+λ₂(Φ₂†Φ₂)²+λ₃(Φ₁†Φ₁)(Φ₂†Φ₂)

            + λ₄(Φ₁†Φ₂)(Φ₂†Φ₁)+ [λ₅(Φ₁†Φ₂)²+h.c]+ λ₄(Φ₁†Φ₂)(Φ₂†Φ₁)+ [λ₅(Φ₁†Φ₂)²+h.c]

            + + [(λ₆(Φ₁†Φ₁)+λ₇(Φ₂†Φ₂))(Φ₁†Φ₂)+h.c][(λ₆(Φ₁†Φ₁)+λ₇(Φ₂†Φ₂))(Φ₁†Φ₂)+h.c]

            -m²₁₁(Φ₁†Φ₁)-m²₂₂(Φ₂†Φ₂)-[-m²₁₁(Φ₁†Φ₁)-m²₂₂(Φ₂†Φ₂)-[m²₁₂(Φ₁†Φ₂)+h.c.m²₁₂(Φ₁†Φ₂)+h.c.]]

    Z₂  symmetry transformation: Φ₁ Φ₁  Φ₂  - Φ₂→ →Z₂  symmetry transformation: Φ₁ Φ₁  Φ₂  - Φ₂→ →

        Hard Z₂ symmetry violation: Hard Z₂ symmetry violation: λ₆, λ₇ termsλ₆, λ₇ terms
          Soft  Z₂ symmetry violation: Soft  Z₂ symmetry violation: m²₁₂m²₁₂ term       (Re  term       (Re m²₁₂=µ²m²₁₂=µ²))
          Explicit Z₂  symmetry in V:  Explicit Z₂  symmetry in V:  λ₆, λ₇, λ₆, λ₇, m²₁₂m²₁₂=0=0



  

Possible vacuum states Possible vacuum states (for real V, Z_2)  (for real V, Z_2)  

                                                                                                                      
                                      The most general vacuum stateThe most general vacuum state

                                                                                                                                                vv11, v, v22, u , , u , ξ - ξ - 

                                                                                                                                                        real, real, ≥≥ 0 0

                                                                                                                                        vv22 =v =v11
22 +v +v22

22 +u +u22        
                                                                                  = (246 GeV)                                                                                  = (246 GeV)22

  Inert               Inert                                                    I   I          u = v        u = v22 = 0  = 0 

  NormalNormal (CP conserving)  (CP conserving)  N N          u =           u = ξξ = 0 = 0
  ChargeCharge Breaking              Breaking             ChCh         u         u≠≠0   v0   v22 =0  =0 

                                                      [ Vacuum  [ Vacuum  B  B       u = v     u = v11 = 0]  = 0] 

  CPCP violating                     violating                    CP         CP         u = 0 u = 0 ξξ  ≠≠ 0 0

.



  

Various vacua on (Various vacua on (λλ44 ,  , λλ55) plane (Z) plane (Z22 sym V) sym V)
    Positivity constrains on V:            X=Positivity constrains on V:            X=√√λλ11λλ22+λ+λ33>0>0        

                                                                                                            λλ4 4 ± λ± λ5 5 >> - X - X
                                                                                                                Inert (or B)Inert (or B)
                                                                                                                Y = MY = MH+H+

22 2/v 2/v22  

                                                                                                                    Charge         Charge         
                                                       Breaking                                                        Breaking 

                                                                                                                    ChCh
NormalNormal                                                                                              
  

    Note the overlap of the Inert  with N and Ch !Note the overlap of the Inert  with N and Ch !          
                                                                                                                                                        
                                                                  

  
  



  

Inert or Dark 2HDM Inert or Dark 2HDM 
                  ZZ22 symmetry under  symmetry under Φ₁  Φ₁   Φ₂ - Φ₂ → →Φ₁  Φ₁   Φ₂ - Φ₂ → →

                                                      both both in L and in vacuumin L and in vacuum → Inert Model → Inert Model

                            
                 →                    →   Φ₁ Φ₁ as in SM, with Higgs boson h (SM-like)as in SM, with Higgs boson h (SM-like)
                    →                    → Φ₂ - Φ₂ -   no vevno vev, with 4 scalars (no Higgs bosons!), with 4 scalars (no Higgs bosons!)
                                              no interaction with fermions  (no interaction with fermions  (inertinert  doublet)  doublet)

      Conservation of the  ZConservation of the  Z2 2 symmetry;  only symmetry;  only Φ₂ has odd Φ₂ has odd ZZ2 2 -parity-parity
                →                  →  The lightest scalar – a candidate for  dark matterThe lightest scalar – a candidate for  dark matter
                                              ((ΦΦ2  2  dark doublet with dark scalars) .) .

                                Conserved Conserved Z₂- parityZ₂- parity
                                                                                                        only only   Φ₂ has Z₂Φ₂ has Z₂-odd parity.-odd parity.

Today <Φ₁<Φ₁T T >= (0,v)>= (0,v) <Φ<Φ22
TT >= (0,0) >= (0,0)

Ma'78
Barbieri'06



  

                Testing Inert Model Testing Inert Model 
To considerTo consider

                                  properties of  SM-like h (light and heavy)properties of  SM-like h (light and heavy)
            
                            properties of dark scalars properties of dark scalars 
                                                                                              (produced only  in pairs!) (produced only  in pairs!) 
                            DM candidateDM candidate

Colliders signal/constraints  Colliders signal/constraints  
              Barbieri et al '2006 for heavy hBarbieri et al '2006 for heavy h
                                                  Cao, Ma, Rajasekaren' 2007 for a light hCao, Ma, Rajasekaren' 2007 for a light h



  

Dark 2HDM:  LEP II exclusion Dark 2HDM:  LEP II exclusion 
                                                Lundstrom et al 0810.3924                                                Lundstrom et al 0810.3924

          

LEP II + WIMP LEP II + WIMP 
            MMhh= 200 GeV = 200 GeV 

  MMAA- M- MHH > 8 GeV > 8 GeV



InertInert Model: Model: constraintsconstraints LEP+DM → LEP+DM → 
LHCLHC E. Dolle, S. Su, 0906.1609 [hep-ph] 
LEP (LEP (exclusionexclusion andand EW EW precisionprecision data) data) 
+ + relicrelic densitydensity usingusing MicroOMEGAMicroOMEGA//CalCHEPCalCHEP

Su, CERN, August 2009

S=H



  



  

Dark 2HDM – Dark 2HDM – 
additional decays for hadditional decays for h Ma' 2007



  

Dark 2HDM – total width of hDark 2HDM – total width of h



IntertIntert Model Model –– darkdark scalarscalar massesmasses
usingusing X (X (positivitypositivity) ) andand Y = MY = MH+H+

22 2/v2/v2  2  

herehere
H+ H+ isis
thethe

herehere H+ H+ isis lightestlightest
thethe heaviestheaviest

herehere H H isis thethe darkdark mattermatter candidatecandidate ((λλ5  5  << 0)0)



EvolutionEvolution ofof thethe UniverseUniverse ––
differentdifferent vacuavacua inin thethe paspast ?t ?

We We considerconsider 2HDM 2HDM withwith anan explicitexplicit ZZ2 2 symmetrysymmetry
assumingassuming thatthat todaytoday thethe InertInert Model Model isis realizedrealized. . 

UsefulUseful parametrizationparametrization withwith k k andand δδ

YukawaYukawa interactioninteraction –– Model I Model I →→
allall fermionsfermions couplecouple onlyonly to  to  Φ₁Φ₁



PossiblePossible vacuavacua::

ChCh

InertInert

B      u=0B      u=0

NN

DependingDepending on on valuevalue ofof δδ →  →  
a a truetrue vacuumvacuum ((withwith thethe minimalminimal energyenergy) ) 

uu≠≠00



DependingDepending on  on  δ → a δ → a truetrue vacuumvacuum

For For ChCh
> 0> 0

For NFor N
>0>0

SoSo, , ifif δδ changechange withwith time?time?



PhasePhase transitionstransitions
fromfrom thethe EW EW symmetricsymmetric phasephase

• For 

to the present INERT phase





ConclusionsConclusions
RichRich contentcontent ofof 2HDMs2HDMs
IntertIntert Model Model inin agreementagreement withwith presentpresent data data ––
soonsoon teststests atat FERMI FERMI andand LHC LHC 
WhatWhat was was inin thethe Past?Past?

VariousVarious scenariosscenarios
CanCan we we findfind clearclear signalssignals ??
BB--InertInert isis thethe 1st order 1st order phasephase transitiontransition ––discontinuitiesdiscontinuities
ItIt isis possiblepossible not to not to havehave DM DM atat highhigh temperaturetemperature

excluded if DM 
neutral !



  

  Teoria cząstek elementarnychTeoria cząstek elementarnych
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