
Recent progress in String Phenomenology 

IV. Conclusions/outlook 

I.  Modern String Theory & particle physics ! 
      D-branes           

II. Supersymmetric Standard Model   

    prototype: w/ (intersecting) D-branes  

III. New non-perturbative effects: D-instanons         

      Phenomenological implications: Majorana neutrino 

      masses, µ-parameter, modified Yukawa couplings… 

     Progress: both local and global   



Quest to unify forces of nature 

String Theory –  most promising candidate  

as  a consistent (finite) quantum theory of strings where 
elementary particles arise as massless excitations of strings.  

In particular, gravitons - massless excitations of closed strings 

Green&Schwarz’84 

Quantum gravity for free! 



Standard Model of elementary  particle interactions (strong, 

weak & electromagnetic) based on Non-Abelian Gauge theory 

                               SU(3)C ! SU(2)L ! U(1)Y  

Force mediated via spin 1-particles: gluons,W-bosons&photon 

3-families:       QL~ (   3,        2,         1/6    ) – quarks           chiral        

                         L  ~ (   1,        2,         -1   ) – leptons, etc.  matter 

                                                                                   gauge interactions 

           quark                 gluon                        quark 

   Modern String Theory (w/ D-branes) –  geometric origin! 



Heterotic E8xE8 string  

      (hybrid closed) 

 Type I  superstring   

          (open)   

Heterotic SO(32) string 

       (hybrid closed)  

Type IIA  superstring 

                      (closed) 

Type IIB superstring 

       (closed) 

11 dimensional  supergravity  

           Perturbative String Theories (small string coupling) 

M-theory 

Non-perturbative Unification   

Hull&Townsend’94 

Witten’95 

Different String Theories related  to each other by Weak-Strong Coupling DUALITY 

w/advent of  

 D-branes 

gIIA -weak  

gIIA -strong Phenomenologically promising 

Modern perspective on particle physics  

   Recent (MSSM): Bouchard,M.C., Donagi ‘05 

Lebedev,Nilles,Raby,Ramos,Ratz 

Vaudrevange,Wingerter‘07-’09   

F-theory  



D-branes & non-Abelian  gauge theory 

D p-branes     (focus on field theory side)                        

B1=U(1) spin-one particles as  massless excitations  

         of  open strings w/boundaries on a D-brane 

(p+1)-dim 

World volume 
(9-p) – dim 

transverse 

B1 

Polchinski’96 



D-branes & non-Abelian  gauge theory 

D p-branes 

U1(1)  ! U2(1) ! … UN(1)  

(p+1)-dim 

World volume 
(9-p) – dim 

transverse 

B1 

W±"

B2 

… 

N                    D-branes 

Polchinski’96 



D-branes & non-Abelian  gauge theory 

D p-branes      

U1(1)  ! U2(1) ! … UN(1)  

(p+1)-dim 

World volume 
(9-p) – dim 

transverse 

B1 

W±"

B2 

… 

N-coincident D-branes 

non-Abelian gauge symmetry U(N) 

Polchinski’96 



                 FIELD THEORY SIDE of D-branes 

                  (as boundaries of open strings) 

(i)  non-Abelian gauge symmetry  

     N-coincident D-branes                     U(N)    

(ii) Appearance of   matter                     turn to compactification  



Compactification 
D=9+1 D=3+1 

X6-special space (Calabi-Yau) ! M(1,3)-flat 

!"



Compactification 
D=9+1 D=3+1 

X6-special space (Calabi-Yau) ! M(1,3)-flat 

!"
#p-3 

D p-branes – extend in p+1 dimensions: 

3+1-our world M(3,1) ;(p-3)-wrap #p-3  cycles of X6 



Compactification 
D=9+1 D=3+1 

X6-special space (Calabi-Yau) ! M(1,3)-flat 

!"

#q-3 

D q-branes – extend in q+1 dimensions: 

3+1-our world M(3,1);(q-3)-wrap #q-3  cycles of X6 

#p-3 

D p-branes – extend in p+1 dimensions: 

3+1-our world M(3,1) ;(p-3)-wrap #p-3  cycles of X6 

#q-3$ #p-3 

#q-3% #p-3 

Rich 

structure  D-branes at singularities & Wilson lines: Aldazabar et al. 98....   

M.C.,Wang&Plümacher’00;M.C.Wang&Uranga’01… 



wrap 3-cycles #"

#a 

#b 

X6 

In internal space intersect at points: 

Number of intersections [#a] ° [#b]  - topological number 

              At each intersection-massless string excitation- 

                        spin  ! field  & - matter candidate   
Geometric origin of  matter! 

Berkooz, Douglas & Leigh ’96 

Intersecting D6-branes 

#b #a 

'"

Geometric origin of family replications! 



First  supersymmetric  3-family Standard-like Models    [M.C. , Shiu, Uranga ‘01]… 



 intersecting D7- branes  wrapping  four-cycles in CY 

  [in F-theory part of  geometry  of  singular 8-dim.  CY] 

 promising local MSSM (E8-symmetric intersection point) [Vafa et al’09]      

 global models? –early stages GUT’s  [Marsano, Saulina, Schaefer-Nemeki ’09], 

                                                                            [Blumenhagen,Grimm,Jurke,Weigand ‘09]…  

Just MSSM [Gmeiner,Honecker, 0806.3039] 



 intersecting D7- branes  wrapping  four-cycles in CY 

  [in F-theory part of  geometry  of  singular 8-dim.  CY] 

 promising local MSSM (E8-symmetric intersection point) [Vafa et al’09]      

 global models? - early stages: GUT’s  [Marsano, Saulina, Schaefer-Nemeki ’09], 

                                                                             [Blumenhagen,Grimm,Jurke,Weigand ‘09]…  

Just MSSM [Gmeiner,Honecker, 0806.3039] 



Yukawa Couplings  

Intersections  in internal space  (schematic on ith-two-torus)  

SU(3)c SU(2)L 

U(1)Y 

QL 

uR 

Hu 

classical part AI
i   -triangle areas on ith two-torus lattice 

                   Cremades, Ibáñez, Marchesano’03 

w/Papadimitriou’03 

(Conformal Field Theory Techniques)" 

quantum part  

Geometric! 



!!non-pertubative effects due to  D-instantons 

(non-perturbative violation of ``anomalous’’ U(1)) 

`` ’’ 

Perturbative  





Key features: 







Constraints on Zero Fermionic Modes: 

I.  3-cycle  wrapped by instanton: RIGID & invariant under orientifold projection 

    `` O(1) ‘’-instantons    

Euclidean D2-brane 

(wrapping rigid 3-cycle)      !Ea-femionic zero mode 

D6a-brane 

Geometric! 



Develop conformal field theory instanton calculus  to determine 

non-perturbatively induced  superpotential couplings  quantitatively 

Ralph Blumenhagen, M. C., Timo Weigand, hep-th/0609191 

 No time! 





b-brane 

Euclidean D2-brane (wrapping rigid cycle)" 

!ab=NR
c 

right handed neutrino 

!Ea-femionic zero mode  

Fermionic  zero modes appear precisely ONCE 

!!Non-zero non-pertubative coupling:   Mm NR
c NR 

!Eb -femionic zero mode  a-brane 

2 

Geometric! 

 E2-instanton w/ [#SM]°[#E2] =0, [#a]°[#E2] =  2 & [#b]°[#E2] = -2    

Majorana Neutrino Masses: 



!      Engineered  to yield Majorana Mass Mm ~ 1010 GeV  

Together w/ Dirac Masses (Yukawa couplings à la before) MD~ TeV  

!        M
!
~ MD/Mm

2 ~ eV 

!!Stringy Realisation  of Seesaw mechanism for neutrino masses! 





 [M.C., J. Halverson, R. Richter, 0905.3379;!

 0909.4292; 0910.2239] 

Detailed landscape analysis  

of  MSSM w/with realistic fermion textures 

New twist on Neutrino masses: 

Related works: Madrid quiver Anastasopoulos, Kiritsis, Lionetto, 0905.3044 !

                          SU(5) GUT’s: Kiritsis, Lennek, Schellekens, 0909.0271] !

 [M.C., J. Halverson, P. Langacker, R. Richter, 1001.3148]  



&  five-stack MSSM…  



[M.C., J. Halverson, R. Richter, 0905.3379] 



Four-stack set of models with potentially viable fermion textures  

                                                                [M.C., J. Halverson, R. Richter, 0905.3379] 



Further Developments: 

II. Detailed analysis of   fermion textures  
 (extension to five-stack models)  

Examples where instantons generate three mass-scales both in 

top, down and charged lepton sector  

                                       [M.C., J. Halverson, R. Richter, 0909.4292]!

III.  Detailed analysis for absence of  dim-5 proton decay  

operators and realistic fermion textures 

                                                     [M.C., , J. Halverson, R. Richter, 0910.2239]!



Four-stack examples with no dim-five proton decay ops. 

& potentially realistic Yukawa textures 

 [M.C., , J. Halverson, R. Richter, 0910.2239] 



Concrete 5-stack model 
 (w/ three mass scales in top, bottom in charged lepton sector)  



Latest:  IV. New twist on Neutrino masses: 

generated directly via stringy Weinberg Operator 
(MSSM without  right-handed neutrinos)  

Requires lowered Ms  ~ (104 – 1014) GeV  

 (& ensuring ! parameter and fermion textures of  the correct  order) 

Systematic search produces a number of  viable examples  

                                           [M.C., J. Halverson, P. Langacker, R. Richter, 1001.3148]!



Viable five-stack models w/ stringy Weinberg operator 

 [M.C., J. Halverson, P. Langacker, R. Richter, 1001.3148] 



Concrete 5-stack spectrum w/ stringy Weinberg operator 



Summary/Outlook 

(a) Development of techniques for consistent 

      constructions w/  D-branes (primarily focus on Type I/II) 

(b) Sizable number of semi-realistic models:  

     systematic searches 

(c) Coupling calculation developed –Yukawa couplings, etc.  

(d) Non-perturbative (D-instanton) effects: 

      New hierarchical couplings 



                    Foresee further progress: 

      DEVELOPMENT of TECHNIQUES! "#

      constructions on   general Calabi Yau spaces 

      Quantitatively  improve realistic model  constructions, 

including further progress  on globally consistent models 

      with desired  non-perturbative effects 

F-theory (D-branes part of singular 8-dim Calabi Yau) 

promising            ! 

at early stages of  globally consistent constructions 



                 FULLY  REALISTIC CONSTRUCTIONS   

                    particle spectrum & interactions? 

NOT THERE YET, BUT GETTING BETTER AT IT 

     (efforts presented here will play a role) 


