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Group activities
Journal Club: Monday 14:00

String Seminar: Tuesday 14:00

Events:

CERN winter school on strings and fields (12-16 February 2018)

TH-Institutes (Black holes and quantum information, August 2018)
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What is formal theory?
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Strongly coupled QFT

Confinement in QCD / Dynamics of QGP

Possible applications to BSM physics

Condensed matter systems

Conceptual framework of QFT

Various approaches
Conformal bootstrap
Supersymmetry
Integrability
Amplitudes
Hamiltonian truncation
...
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String-theory and phenomenology

String-inspired model building

de-Sitter solutions

Top-down constraints for EFT

Formal aspects of string theory and connections with mathematics 6



Space-time and Quantum Gravity

Quantum space-time at short scales

Cosmology

Black holes

Potentially new perspective not only for UV, but also IR physics
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Connections with other fields:
Mathematics
Condensed matter
Thermalization
Quantum information
... 8



Some highlights
A personal view
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Non-perturbative quantum gravity
String Theory: theory of quantum gravity, well understood at perturbative level

Not understood beyond perturbation theory, e.g. transplanckian scattering

Black Hole

?

At the moment it is impossible, even in principle, to do this computation in string
theory
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AdS/CFT @ 20
[Maldacena, November 1997]

AdS/CFT: non-perturbative definition of Quantum Gravity
by dual gauge theory

Gravity in AdS ⇒ solution of large N N = 4 at strong
coupling

Black Holes in AdS ⇔ QGP states in QFT

Black hole formation + evaporation ⇔ deconfinement +
hadronization

Can in principle be used to address fundamental questions in quantum gravity and
black holes

Applications to strongly coupled QGP + condensed matter systems

Spacetime is emergent
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AdS/CFT

Can we prove AdS/CFT? Strings from planar diagrams of N = 4?

More generally:

What are the fundamental principles? For which QFTs does it work?

Can it be extended to de Sitter/cosmological space-times?
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AdS/CFT
Some partial understanding
We need large N and strong coupling: large gap in dimension of conformal primaries
with spin s > 2 [Heemskerk, Penedones, Polchinski, Sully]

Crossing symmetry constraints of CFT Feynman diagrams in AdS

Big question: how can we describe local physics in AdS from the CFT?
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Entanglement, quantum mechanics and spacetime

Ryu-Takayanagi proposal SE = A
4G ⇒ Entanglement determines geometry of spacetime

Einstein equations (partly) derived from dynamics of entanglement [Raamsdonk]
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Entanglement, Quantum Mechanics and Spacetime
ER/EPR correspondence [Maldacena,Susskind]: two entangled black holes are connected by a
wormhole

H = HL +HR

|Ψtfd〉 =
∑
E

e−βE/2√
Z
|E〉L ⊗ |E〉R
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Quantum chaos

〈[W (t), V (0)]2〉 ∼ eλt

In any QFT: [Maldacena, Shenker, Stanford]

λ ≤ 2πT

Black holes saturate this bound
16



SYK model
[Kitaev] N interacting fermions in 0 + 1 dimensions

H =
∑
ijkl

Jijkl ψ
iψjψkψl

Solvable model at large N , possible to study thermalization analytically

Maximally Chaotic (λ = 2πT ), toy model of black hole

Flows to strongly interacting CFT in IR

Toy model of holography: dual to gravity in AdS2

New type of “large N limit”. Higher dimensional generalizations?
17



The Black Hole information paradox

A

B

c

S
A

Hawking

exact

NN/2

Unitarity inconsistent (?) with smooth horizon (firewall paradox)
[Mathur], [Almheiri,Marolf,Polchinski,Sully]

Is there spacetime behind the horizon?
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Reconstruction of the black hole interior in AdS/CFT

[KP, Raju]

Define the small algebra A of “simple
operators”. Apply Tomita-Takesaki
construction

SO|Ψ〉 = O†|Ψ〉

∆ = S†S J = S∆−1/2

Õ = JOJ

I Identified CFT operators which can be used to reconstruct BH interior

I Reproduced predictions of Effective Field Theory, smooth horizon

I Consistent with unitarity
19



The Black Hole information paradox

P

Q

Proposed resolution: [KP, Raju]

I Non-locality in quantum gravity: Hilbert space in quantum gravity does not
factorize into interior × exterior

[φ(P ), φ(Q)] = e−S

I “State-dependence”: operators describe the interior depend on BH microstate
20



Traversable wormholes
[Gao, Jafferis, Wall]

Possibility to probe black hole interior via simple CFT correlators

Equivalent to quantum teleportation between two CFTs

New evidence for smoothness of horizon and for state-dependent proposal
[van Breukelen, de Boer, Lokhande, KP, Verlinde] 21



Emergent space-time

Potentially revolutionary new perspective on nature of space-time and gravity

Quantum information and entanglement may be a natural language to describe it.

Only partly understood and a lot to be discovered.

22



Thank you
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Main interest Non perturbative QFT
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Main idea Current status

Working on I. Solving N=4 SYM at large Nc

II. S-matrix bootstrap

The “Hydrogen atom of QFT”

Old history, new more modest 
questions & ideas
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Large Nc gauge theories are theories of 2d strings [‘t Hooft]Gauge Theories are String Theories
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The holographic ’t Hooft string [‘t Hooft, Polyakov, Maldacena,...]
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The holographic ’t Hooft string

string tension =
p
�

string coupling = 1/N

[‘t Hooft, Polyakov, Maldacena,...]

R1,3

Flux

Dual stringHolographic
direction

I. Solving N=4 SYM at large Nc Main idea

Use the artillery of exactly solvable models in 2d to 4d QFT



I. Solving N=4 SYM at large Nc Current status

Scattering amplitudes

hO(x)O(y)O(z)i

Correlation functions Wilson loops

e
H
A·dx

Spectrum
Quark anti-quark 
potential

q q̄

I. map to 2d

II. cut into simpler blocks

III. Glue the pieces together



I. Solving N=4 SYM at large Nc Current status

Scattering amplitudes

hO(x)O(y)O(z)i

Correlation functions Wilson loops

e
H
A·dx

Spectrum
Quark anti-quark 
potential

q q̄

Starting moving towards 
non-planar corrections

handles boundaries

I. map to 2d

II. cut into simpler blocks

III. Glue the pieces together
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2. Bootstrapping weakly interaction higher spin theories, e.g. large Nc QCD 

II. S-matrix bootstrap Main idea

Aim - classify all theories of WIHS

Generally, this structure follows from causality + spin >2

spin j

mass2

Resonance (meson/glueball)

finite lifetime

QCD Large Nc

Confinement                 many spins 
Large N           weakly interacting exactly stable 
No degeneracy (generic!) 
No single known exact example
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2. Bootstrapping weakly interaction higher spin theories, e.g. large Nc QCD 

II. S-matrix bootstrap Main idea

Regge trajectory
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YM
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non-universal
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II. S-matrix bootstrap Main idea

Regge trajectory

t

j(t)

ST
YM

powers + logs

soft

non-universal

universal

WIHS amplitudes have universal 
behaviour at the non physical regime s, t � 0

Derived -
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s, t ! 1
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II. S-matrix bootstrap

Effective theory of WIHS amplitudes

Current status

lim logA(s, t) = ↵0 [(s+ t) log(s+ t)� s log(s)� t log(t)]
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String Geometry

Timo Weigand

CERN and Heidelberg University

Theory Retreat CERN, 17/11/2017 – p.1



String Geometry
Extended objects probe spacetime differently from pointlike particles

Physics in d ≤ 10
String
←−−−→
Theory

Geometry

1) String Phenomenology := study of string compactifications to 4d

spacetime: M1,3 × M6
︸︷︷︸

compact, small

• Views string theory as fundamental theory of quantum gravity

(rather than ’only’ a tool for mathematical physics)

• Is the Standard Model realized in the string landscape? Where?

• Explain phenomena which seem mysterious from 4d perspective?

Examples: Geometric rationale for hierarchical couplings Yijk ≃ e
−Sinst

Axions and ALPs are ’generic’ in string theory

↔ topology of M6: # axions = # holes of M6

Theory Retreat CERN, 17/11/2017 – p.2



String Geometry
2) Geometric engineering of QFTs in various dimensions

• (Non-perturbative) Gauge dynamics from string geometry

• Insights into geometry from QFT via string theory

F-theory: most general framework to study non-perturbative

string compactifications in geometric regime

• Spacetime: M1,d−1 ×B10−d

• string coupling τ

= shape of auxiliary torus

• τ varies on B6

• torus fibration:

string coupling over compact space

Geometry of torus fibration
F−

←−−−→
Theory

Effective Physics
Theory Retreat CERN, 17/11/2017 – p.3



String Geometry
Programme: Map out F-theory compactifications to M

1,d−1

• Understand resulting coupling of QFTs to Quantum Gravity

• In 4d: Analyse in addition consequences for String Pheno

New types of F-theory geometries (beyond Weierstrass):

extra sections extra U(1) gauge symmetry

no section Zn gauge symmetry

non-resolvable extra matter

XXX in progress with

S.-J. Lee and D. Regalado

Opened up ’new’ dimensions:

2d (0,2) compactifications on Calabi-Yau 5-folds

New constraints on geometry from physics

Anomalies imply relations in Chow ring
Theory Retreat CERN, 17/11/2017 – p.4
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David
ANDRIOT

Career

Context

Cosmology

Gravitational
waves

CERN Theory Group Retreat 2017
Career and Research Presentation

David ANDRIOT
CERN, Geneva, Switzerland

17/11/2017
Centre de Physique, Les Houches, France



David
ANDRIOT

Career

Context

Cosmology

Gravitational
waves

Career

2003 - 2006: Licence (L3), Master (M1,M2) in ENS Lyon

2006 - 2010: Ph.D. in LPTHE, UPMC Paris 6
Supervisor: Michela Petrini

2010 - 2013: Post-doc in Ludwig-Maximilians-Univ.
then in Max-Planck-Institut
(Munich, Germany)

2013 - 2017: Post-doc in Max-Planck-Institut (AEI)
(Potsdam-Golm, Germany)

2017 - 2019: Post-doc at CERN
(Geneva, Switzerland)



David
ANDRIOT

Career

Context

Cosmology

Gravitational
waves

My research: motivations and context
Motivation:
Connecting string theory and phenomenology ?
(cosmology, particle physics, ...)

Context:
Low energy effective theory: 10-dimensional (10d) type II
supergravities with branes
Starting point: 10d space-time
ñ 6 extra space dimensions Ñ compactification:
4d space-time (de Sitter, Minkowski)ˆ6d compact manifold M

1 Find solution to 10d e.o.m., of this form
2 Perform dimensional reduction:

10d theory Ñ 4d theory: model Ø observations.
For cosmology and inflation:

1 Find a “de Sitter” solution in 10d
2 10d Ñ 4d: get V pϕq X for inflation.
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To cosmology: classical de Sitter solutions
4d de Sitter space-time (Λ4 ą 0) ˆ 6d compact manifold M

3 de Sitter points in universe evolution:
- present/future universe
- end-point of inflation
- „ inflation phase

Ñ Very difficult! Technical, and intrinsic reasons:

Λ4 “ ´ e2A

8

´́

˚KH|K ` e
φF0

¯̄2
´ e2A

4

´́

e4A
˚K de´4A

´ eφF
p0q
2

¯̄2

´ e2A

8

ÿ

a||

´́

˚Kdea|| |K ´ eφpιa||F
p1q
2 q

¯̄2

´ e2A`2φ

8

´

`

F
p2q
2

˘2
` 2

`

F4
˘2
`
`

F6
˘2
¯

´ e2A

4 R0

H,F0, F2, F4, F6: flux (Fµν“2BrµAνs), dea|| |K,R0: curvature Ă M
D. Andriot, J. Blåbäck, [arXiv:1609.00385]

Project: study of existence and stability of de Sitter solutions
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D. Andriot, J. Blåbäck, [arXiv:1609.00385]

Project: study of existence and stability of de Sitter solutions
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Strings and Geometry 
String EFTs

• Some Facts about String Theory 
· Particles are realized as a quantum oscillation of string 

· Different oscillation modes lead to different particle species 

· Graviton is always one of them  

· Spacetime dimension is fixed to be 10  

• D-dim’l EFTs of 10-dim’l String Theory 
· String compactification:  

· Depending on the geometry of the internal space the effective physics changes 
 

X10 = RD ⇥M10�D
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Topics of My Interest  
Strings and Geometry

 

o String Phenomenology  

 

o Bound State Counting  

 

o String Compactifications  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String Phenomenology 
Realistic Particle Physics from Heterotic String Theory

• Constraining the Geometry (M6 , …	 ) 
· Supersymmetry at compactification scale?  
           M6 is a Calabi-Yau space — over a billion  
· Right gauge group?  
           (Slope-stable) gauge bundle  
· Right particle spectrum?  
           Constrains the geometry of the internal spaces & bundles thereon 
· Other phenomenological constraints from particle physics and cosmology?
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The question first posed [Candelas-Horowitz-Strominger-Witten]1985

2005 The first String SM* [Braun-He-Ovrut-Pantev] 

2006 Another String SM* [Bouchard-Donagi]

...

* String SM in this talk means any heterotic string model with:  
  (a) SM gauge interaction, (b) exact matter spectrum of minimal supersymmetric SM, (c) one or more Higgs doublets,  
  (d) no exotics charged under the SM group
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2014 O(2,000) String SMs* [Anderson-Constantin-Gray-Lukas-Palti]

The question first posed [Candelas-Horowitz-Strominger-Witten]1985

2005 The first String SM* [Braun-He-Ovrut-Pantev] 

2006 Another String SM* [Bouchard-Donagi]

...

Impose other phenomenological constraints?  
  

Get rid of massless uncharged scalar fields?

* String SM in this talk means any heterotic string model with:  
  (a) SM gauge interaction, (b) exact matter spectrum of minimal supersymmetric SM, (c) one or more Higgs doublets,  
  (d) no exotics charged under the SM group

...
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• What are possible for Calabi-Yau Spaces? 
· The dimension of the internal Calabi-Yau space has to be even  
           Internal dimensions d=2, 4, 6, … , lead to EFTs in D=8, 6, 4, … dimensions 
· With d=2 and 4  
           There exists a unique Calabi-Yau space  
· With d=6  
           Still unclear how big the set of Calabi-Yau spaces is — possibly infinite  
 

           The set of Calabi-Yau spaces that are “elliptically fibered” is finite  
 

           Most known Calabi-Yau spaces are elliptically fibered  
 

           Any constraints on the EFTs from the presence of elliptic fibration structure? 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• What are possible for Calabi-Yau Spaces? 
· The dimension of the internal Calabi-Yau space has to be even  
           Internal dimensions d=2, 4, 6, … , lead to EFTs in D=8, 6, 4, … dimensions 
· With d=2 and 4  
           There exists a unique Calabi-Yau space  
· With d=6  
           Still unclear how big the set of Calabi-Yau spaces is — possibly infinite  
 

           The set of Calabi-Yau spaces that are “elliptically fibered” is finite  
 

           Most known Calabi-Yau spaces are elliptically fibered  
 

           Any constraints on the EFTs from the presence of elliptic fibration structure? 

Thank you!

What are Possible for EFTs? 
Constraints on String Geometries
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String Phenomenology

• Is there a theory which reduces to the SM at low energies?

• Steady progress and many spin-offs.

• General relativity + non-Abelian gauge group + chiral matter 
(+ problems).

• ST produces a huge number of effective field theories.

• Not all the problems can be addressed at the same time.

• I’m still working on this.



String theory and QFT

• Instead of aming for the SM at low energies, one can look for 
other kinds of QFTs (without gravity).

• This gives a new perspective on (supersymmetric) QFT which 
has been very fruitful. 

• The (2,0) theory in six dimensions 
• Class S theories 
• Dualities 
• …



theories in four dimensionsN = 4

• Given a Lie algebra: Lagrangian

•           has ‘more instantons’ than           so there are ‘more theta 
angles’.

Z =
X

n2Z
ei✓nZn (instanton number)

• This produces slightly different             theories with the same 
gauge algebra:

N = 4

• The theory depends on a Lie group, not a Lie algebra (instantons).

• Different Lie groups can have the same algebra:           and          .SO(3)SU(2)

SO(3) SU(2)

SU(2), SO(3)+, SO(3)�



theories from String TheoryN = 4

• Can all these different variants be obtained from String Theory? 
Yes

• How are these extra ‘theta angles’ encoded in the construction? 
Depends on the particular construction.                                              
The resulting structure is always the same.

• Is there room for new             theories beyond those?        
The answer seems to be ‘yes’, but this is still work in progress.

N = 4

• Generalization to other (less supersymmetric) theories.

(in progress with I. García-Etxebarria, B. Heidenreich)
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INTRODUCTION AND MOTIVATION

Exact β-functions and anomalous dimensions

1 In a renormalizable field theory, its quantum behaviour is depicted by:

The n-point correlation functions.

The dependence of the coupling with the energy scale.

2 Their dependence is encoded within the RG flow equations:

βλ =
dλ

d lnµ2

usually perturbatively determined.

3 Can we obtain the all-loop β-function? New fixed points towards the IR?

4 Can we also calculate the all-loop correlators of various operators?

We study these aspects for the non-Abelian bosonized Thirring model.

K.Siampos (CERN) All-loop non-Abelian Thirring model 17 November 2017 2 / 7



FOCAL POINTS

– Non-Abelian bosonized Thirring model

– The resumed effective action

– Current correlators

– Conclusion and Outlook

K.Siampos (CERN) All-loop non-Abelian Thirring model 17 November 2017 3 / 7



Non-Abelian Thirring model

NON-ABELIAN THIRRING MODEL

The non-Abelian Thirring model is defined by:

S = SWZW,k + k
λ

2π

∫
d2σ Ja

+ Ja
− ,

Ja
±(x1)Jb

±(x2) =
δab

x2
12

+
fabc Jc

±(x2)√
k x12

+ regular , Ja
±(x1)Jb

∓(x2) = regular

1 The model is not conformal; the perturbation is not exactly marginal

Kutasov (1989) βλ = −
cG λ

2

2k (1 + λ)2
6 0

2 The corresponding effective action is invariant under the inversion of the coupling

Kutasov (1989) λ 7→ λ−1 , k 7→ −k , k� 1

K.Siampos (CERN) All-loop non-Abelian Thirring model 17 November 2017 4 / 7



The resummed action

THE RESUMMED ACTION

The proposed effective action

Sk,λ(g) = SWZW,k +
k

2π

∫
d2σ

(
λ−1 − DT

)−1

ab
Ja
+ Jb

− , 0 6 λ < 1

describing integrable interpolations from a WZW to (non-abelian T-duals) PCM models.
Sfetsos (2013), Itsios–Sfetsos–KS–Torrieli (2014)

Properties

I For λ� 1 we get the non-Abelian Thirring model.

I Weak-strong duality:
S−k,λ−1 (g−1) = Sk,λ(g)

I There are two interesting limits around λ = ±1.

K.Siampos (CERN) All-loop non-Abelian Thirring model 17 November 2017 5 / 7



Results

RESULTS

Perturbative results, well defined behaviour at λ = ±1 and weak-strong duality:

1 β-function and anomalous dimension of the current operator

βλ = −
cG λ

2

2k (1 + λ)2
6 0 , γ(J) =

cG λ
2

k (1 − λ)(1 + λ)3
> 0

These results are in agreement with those derived directly from the effective action.
Itsios, Sfetsos, KS (2014), Appadu, Hollowood (2015), Georgiou, Sfetsos, KS (2015)

2 All-loop two and three-point functions

〈Ja(x1)Jb(x2)〉k,λ =
δab

x2+γ(J)

12 x̄γ
(J)

12

, 〈Ja(x1)J
b
(x̄2)〉k,λ = −γ(J) δab

|x12|2
.

〈Ja(x1)Jb(x2)Jc(x3)〉k,λ =
1 + λ + λ2√

k(1 − λ)(1 + λ)3

fabc

x12x13x23
,

〈Ja(x1)Jb(x2)J
c
(x̄3)〉k,λ =

λ√
k(1 − λ)(1 + λ)3

fabcx̄12

x2
12x̄13x̄23

Georgiou, Sfetsos, KS (2016)
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Conclusion & Outlook

CONCLUSION & OUTLOOK

Our proposed resummed action

Sk,λ(g) = SWZW,k +
k

2π

∫
d2σ

(
λ−1 − DT

)−1

ab
Ja
+ Jb

− , 0 6 λ < 1

encaptures the all-loop isotropic Thirring model at leading order in the 1/k-expansion

S = SWZW,k + k
λ

2π

∫
d2σ Ja

+ Ja
−

The agreement is based upon:

1 Symmetries of the actions

2 Invariance under the weak–strong duality, i.e. λ 7→ λ−1 , k 7→ −k

3 β-function and the anomalous dimension γ(J)
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APPENDIX: FERMIONIC MODEL

Exactly solvable QFT describing self-interacting massless Dirac fields in 1+1 dimensions.

I An 1+1 dimensional action with fermions in the fundamental representation of SU(N)

Dashen–Frishman (1973)&(1975) : Lint = −
gB

2
Jµ Jµ −

gV

2
Ja
µ Jaµ , µ = 0, 1 ,

where Ja
µ = Ψ̄taγµΨ, with a = 1, . . . ,N2 − 1, are the SU(N) currents and Jµ the U(1).

I For N = 1 we recover the Abelian case (prototype) Thirring (1958)

I It is invariant under SU(N)× U(1) (vector) and U(1)Axial

I The non-Abelian term breaks SU(N)Axial, i.e. ∂µJ5a
µ = gV fabc JbµJ5c

µ

I The theory is scale-invariant only for gV = 0 and gV = 4π
n+1

I There is a current algebra at level one Ja
±(x1)Jb

±(x2) =
δab
x2

12
+

fabc Jc
±(x2)

x12

K.Siampos (CERN) All-loop non-Abelian Thirring model 17 November 2017 1 / 1



‘the supergravity /  
(twistor) string /  

scattering amplitudes  
guy’

Piotr Tourkine

1



• map


• hot topic : “scattering equation” business


• personal interest: reformulation of loop expansion


• and also : new bizarre “string” theories

2



3

PhD (2010-2014): CEA Saclay,  
with Pierre Vanhove, on 
UV behaviour of supergravity 
theories  
using string theory, scattering 
amplitudes

2017 : CERN

Postdoc (2014-2017) : Cambridge, 
DAMTP 
Ambitwistor strings, scattering 
amplitudes 

Collaborators in DAMTP and Oxford



phd : UV of supergravity and relation 
between string and field theory

Field theory limit of string amplitudes 
using tropical geometry

actually useful for me in a totally different context now

4



hot topic : “scattering 
equations”

5



New formulation for 
amplitudes

mostly massless,  
any dimension 

gravity, gauge theories, scalar theories,  
some effective field theories, etc

2014

� n�

i=1

dzi �̄
�
sc. eqns.

�
F (ki , �j , zi )tree-level amplitudes = 

6



New formulation for 
amplitudes

� n�

i=1

dzi �̄
�
sc. eqns.

�
F (ki , �j , zi )tree-level amplitudes = 

z1
z2

zn

…

7



New formulation for 
amplitudes

scattering data:  
kinematics, polarisations,  

colour structure, …

� n�

i=1

dzi �̄
�
sc. eqns.

�
F (ki , �j , zi )tree-level amplitudes = 

8



New formulation for 
amplitudes

� n�

i=1

dzi �̄
�
sc. eqns.

�
F (ki , �j , zi )tree-level amplitudes = 

�j = 1 , . . . , n � 3 ,
n�

i �=j

ki · kj

zi � zj
= 0 n-3 equations, degree (n-3)!

Scattering equations

9



New formulation for 
amplitudes

� n�

i=1

dzi �̄
�
sc. eqns.

�
F (ki , �j , zi )tree-level amplitudes = 

�j = 1 , . . . , n � 3 ,
n�

i �=j

ki · kj

zi � zj
= 0 n-3 equations, degree (n-3)!

n-point field theory amplitude=
�

solutions

�
F

Jac

�

10



Ambitwistor strings

• New strings models (Mason & Skinner 2014)


• Describe field theory only (supergravity in d=10)


• Inspired by Penrose’s theories on twistors


• Amplitudes produce CHY formulae. 

• curved space formulations

11



Remarks / conundrums
• Truly remarkable reformulation


• What does it mean for field theory ?


• How far can it be used ?


• Conundrums :


Ambitwistor strings are “good strings”, they have modular 
invariance. In normal string theory : grants UV finiteness. How 
could that work for supergravities which are not UV finite ?


Scattering equations actually describe high energy usual strings

12



contributions

13



program : get scattering equations 
formalism to all loop orders

Geyer, Mason, Monteiro, Tourkine; 2016, 2017

z1
z2

zn

…

14



program : get scattering equations 
formalism to all loop orders

✔

?
“✔”results :

integration by parts

Geyer, Mason, Monteiro, Tourkine; 2016, 2017

z1
z2

zn…

=

+ + +

+ +

+...

integrands for all type of theories, n-point, one-loop ;  
gauge, gravity, scalars, susy, non-susy, etc

there are new scattering equations here, 
transcendental functions; 

numerics ?!!!

15

Casali Tourkine 2015
Partial solution



program : get scattering equations 
formalism to all loop orders

✔

?
“✔”results :

integration by parts

Geyer, Mason, Monteiro, Tourkine; 2016, 2017

z1
z2

zn…

=

+ + +

+ +

+...

integrands for all type of theories, n-point, one-loop ;  
gauge, gravity, scalars, susy, non-susy, etc
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program : get scattering equations 
formalism to all loop orders

✔

?
“✔”results :

integration by parts

Geyer, Mason, Monteiro, Tourkine; 2016, 2017

z1
z2

zn…

=

+ + +

+ +

+...

integrands for all type of theories, n-point, one-loop ;  
gauge, gravity, scalars, susy, non-susy, etc
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The global picture that 
emerges

Strings
classical

quantum

Usual strings‘twisted strings’

Casali, Tourkine; 2016, 2017

field theory only in flat space

18



The global picture that 
emerges

Strings
classical

quantum

Usual strings‘twisted strings’

New oscillator states !

Casali, Tourkine; 2016, 2017

In toroidal compactifications ;

New strange higher-spin theories
Casali, Tourkine; 2017

19



Change of paradigm ?

• Compact dimensions allow oscillations of the string


• Higher spins massive modes


• More of a field theory though


• T-dual spectrum 


• but, ghosts in toroidal compactifications.

20



Main research questions
• What are twistor strings and how far can you go ? 

(amplitudes for standard model ? windings : formalism 
with generic masses ?)


• 2 to 3 gluons at 2 loops in massless QCD


• Reformulate loop expansion of quantum field theory


• Relate to normal strings


• How come a theory that is only sugra in d=10 can 
become such a beast when compactified ?

21



Also interested in ;
• string theory amplitudes and connection to field theory


• “colour-kinematics” and “double-copy” in gauge theory and gravity 
scattering amplitudes

Relation between string and gauge theory integrands at all loops; 
connects planar and non-planar etc,  

more physical processes oriented applications ? 

22



CERN Retreat:
String Theory Group Presentations

Benjamin Assel

Before CERN:

PhD in Ecole Normale Supérieure in Paris.
Three-year postdoc at King’s College in London.
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My main field of interest so far has been the study of supersymmetric
gauge theories: RG-flows, super-conformal fixed points, exact
computations of supersymmetric observables, BPS local operators,
BPS defects, holography, ...

About SCFTs:

Exist in D = 1,2, · · · ,6.

Enjoy spectacular dualities.

Can be realized as the low energy theory of D-brane setups in
string theory/M-theory. This provides a lot of insights.

Allow for tests of holography.

Benjamin Assel 17 Nov 2017 2 / 9



A short illustrative story

The M5 brane theory or (2,0) theory is the conjectured low-energy
theory on N M5 branes (in M-theory). It is superconformal in 6d and it
has maximal supersymmetry N = (2,0).

M5 branes

N
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A short illustrative story

The M5 brane theory or (2,0) theory is the conjectured low-energy
theory on N M5 branes (in M-theory). It is superconformal in 6d and it
has maximal supersymmetry N = (2,0).

M5 branes

N

We do not know about an action for the theory.
It has no coupling constant, so there is no classical regime.
It has a simple holographic dual M-theory background: AdS7 × S4.

Benjamin Assel 17 Nov 2017 4 / 9



One thing we know is that, when compactified on a circle S1 of radius
R, it flows to 5d N = 2 SYM theory with gauge group U(N) and
coupling g2 = R,

6d (2,0) theory on R1,4 × S1
R

5d N = 2 U(N) SYM theory on R1,4, g2 = R

R → 0

Benjamin Assel 17 Nov 2017 5 / 9



6d (2,0) theory on S1
R1
× S1

R2

5d SYM on S1
R2

, g2
5d = R1

4d N = 4 U(N) SYM, g2 = R1
R2

R1 → 0

R2 → 0
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6d (2,0) theory on S1
R1
× S1

R2

5d SYM on S1
R2

, g2
5d = R1 5d SYM on S1

R1
, ĝ2

5d = R2

4d N = 4 U(N) SYM, g2 = R1
R2

4d N = 4 U(N) SYM, ĝ2 = R2
R1

R1 → 0 R2 → 0

R2 → 0 R1 → 0
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6d (2,0) theory on S1
R1
× S1

R2

5d SYM on S1
R2

, g2
5d = R1 5d SYM on S1

R1
, ĝ2

5d = R2

[
4d N = 4 U(N) SYM, g2 = R1

R2

] [
4d N = 4 U(N) SYM, ĝ2 = R2

R1

]

R1 → 0 R2 → 0

R2 → 0 R1 → 0

≡

Electro-magnetic duality !

Benjamin Assel 17 Nov 2017 8 / 9



This illustrates several points.

It is important to study QFTs in various spacetime dimensions and
their compactifications;
There are SCFTs without Lagrangian descriptions (generic
situation in 4d);
There might be alternative descriptions of QFTs where dualities
are manifest;
We can learn deep lessons about gauge theories from string
theory

Benjamin Assel 17 Nov 2017 9 / 9
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JOURNEY TO CERN

2006-10: PhD 
ULB

2010-13: 
Weizmann Institute

2013-16: 
SCGP

2016-18: 
CERN



JOURNEY TO CERN AND AWAY

2006-10: PhD 
ULB

2010-13: 
Weizmann Institute

2013-16: 
SCGP

2016-18: 
CERN

2018-??: 
Oxford



WHAT I WORK ON:      (HINT: IT’S NOT BEEN FOUND AT LHC YET.)
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SUPERSYMMETRY IN CURVED SPACE

➤ QFT is hard. 

➤ Like, really hard.  

➤ (Thanks for nothing, Dick.) 

➤ That’s why (some) formal 
theorists like supersymmetry 
so much. (I’m one of them.)
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SUPERSYMMETRY IN CURVED SPACE

➤ With supersymmetry, we can 
often “perform the path 
integral” explicitly. 

➤ Still, no free lunch… 

➤ It is convenient to consider 
the theory on compact spaces: 
Gives IR cutoff. 

➤ In UV, supersymmetry comes 
to the rescue. 

➤ Example: Witten index.
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SUPERSYMMETRY IN CURVED SPACE

➤ In the last 10 years, there was an 
explosion of so-called 
“supersymmetric localization” 
results. 

➤ Localization is a property of 
supersymmetric (path) integrals.    
It’s the usual fermion-boson 
cancelation in fancy garb. 

➤ It’s also something we can talk          
to mathematicians about…



SUPERSYMMETRY IN CURVED SPACE

➤ A key ingredient in the recent line of 
development is to consider 
supersymmetric QFT on curved 
spaces M. 

➤ There is a whole technology that goes 
into just defining supersymmetric 
couplings to M, which kept me busy 
for a bit (2011-2014).

Cy Twombly, 1963
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➤ From the study of curved space SUSY, 
it was realised that localisation 
results are “almost” topological in 
nature.  

➤ One of my current goal in life is to 
build the corresponding almost-TFT 
structure.

Cy Twombly, 1963



SUPERSYMMETRY IN CURVED SPACE

➤ From the study of curved space SUSY, 
it was realised that localisation 
results are “almost” topological in 
nature.  

➤ One of my current goals in life is to 
build the corresponding almost-TFT 
structure. 

➤ As part of this, I build “geometry-
generating operators”.

Cy Twombly, 1963
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4D SUPERSYMMETRIC INDICES

➤ Consider the 4 manifold: 

➤ The partition function on this 4-
manifold computes an index: 

➤ It is defined for any 4d N=1 
supersymmetric gauge theory with an 
R-symmetry. 

➤ It can be computed by “building up” 
the geometry as a torus fibration.

Cy Twombly, 1963



THE WITTEN INDEX OF SQCD

➤ Consider minimally SUSY SU(N) 
gauge theory with Nf flavors—
a.k.a. SQCD  

➤ As a nice spin-off of our result, we 
can compute the “regulated Witten 
index of SQCD’’. That’s the special 
case of the above with p=0, g=1. 

➤ We find: 

➤ Simple new tests of Seiberg 
duality.

Cy Twombly, 1963
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WORK IN PROGRESS; OUTLOOK

➤ We (i.e. friends and I and 
everyone else) only studied the 
simplest half-BPS geometries so 
far. 

➤ We’re currently building the tools 
to study any half-BPS geometry. 
Mathematics of Seifert geometry 
is mirrored in QFT. 

➤ An important motivation is to 
study half-BPS surface defects 
in   ….……  theories and their 
fusion algebra.



WORK IN PROGRESS; OUTLOOK

Exciting mathematical physics ahead!

Cy Twombly, 1963
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Scattering Amplitudes in N=4 SYM
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2015-16
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Overview of N=4 SYM

4-dimensional max. supersymmetric Yang-Mills theory

Field content combined into one multiplet

Only one particle, massless



Why study N=4 SYM?

Simple, yet non-trivial 4D QFT---  

Conceptually interesting --- Symmetries/dualities

Safe environment for testing methods ---



Tree-level scattering
Hidden simplicity



Symmetries / Dualities
Conformal -

Dual conformal symmetry 

Integrability, AdS/CFT

Planar limit - SU(N), N

Conformal + dual conformal =    -dimensional symmetry



Scattering in N=4
Simplicity - loop

Symmetry

IR divergences

Integrand Remainders
- Unitarity cuts
- Recursion
- Geometric description

Understand functions + special limits
(IR subtraction)

Results for high loop/multiplicity

Bootstrap
Grassmannian/Amplituhedron/etc



Form factors

Applications in EFT

Purpose: Extend amplitudes-inspired techniques 
              to more generic objects and N<4

Off shellOn shell

Interests & work in progress



with Brandhuber, Kostacinska, Spence, Travaglini, Young, Wen

"minimal"scalars @ 2-loops

particles @ 1-loop

Protected

Non-protected

3 complex scalars
@ 2-loops

@ 2-loops

Protected operators encompass max. transc. part of other FFs
(also for N<4 cut constructible)
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(also for N<4 cut constructible)



other work + in progress

Scattering amplitudes in multi-Regge kinematics
with Caron-Huot, Del Duca, Duhr, Dulat

Mathematical properties of loop integrals (elliptic) 
with Duhr, Tancredi

On-shell diagrams (1/N corrections)
Form factors & Grassmannians

with Franco, Galloni, Meidinger, Nandan, Wen



other work + in progress

Scattering amplitudes in multi-Regge kinematics
with Caron-Huot, Del Duca, Duhr, Dulat

Mathematical properties of loop integrals (elliptic) 
with Duhr, Tancredi

On-shell diagrams (1/N corrections)
Form factors & Grassmannians

with Franco, Galloni, Meidinger, Nandan, Wen

Thank you!
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2014-2017

( 2008  )

April 2017 

2009-2012 advisor G. Dall’Agata



About my research

• Black holes
– what is the origin of black hole entropy?

– how is unitarity preserved in black hole evaporation?

• Supergravity
 Count black hole microstates from D-branes constituents

• Holography
– Formulate the information paradox through quantum 

mechanics and quantum information theory

– Study black holes in AdS as states of a dual field theory 



Black holes in Supersymmetric theories

• Construction of BPS states from String/M-theory 

– Origin from intersecting branes

• Holographic renormalization

– Dual state ≡ gravity solution + boundary conditions

• Thermodynamics

– Quantum phase transitions

Supersymmetry selects specific ensemble and boundary 
conditions!

M2 11D SG

𝑺𝟕𝑨𝒅𝑺𝟒 xvacuum:

𝑨𝒅𝑺𝟐 x  𝚺𝒈 , 𝑺
𝟐

holographic RG flow

deform.𝜑, 𝐴𝜇



Black holes in Supersymmetric theories

• Construction of BPS states from String/M-theory 

– Origin from intersecting branes

• Holographic renormalization

– Dual state ≡ gravity solution + boundary conditions

• Thermodynamics

– Quantum phase transitions

Supersymmetry selects specific ensemble and boundary conditions!

𝑆𝑜𝑛−𝑠ℎ𝑒𝑙𝑙 = 𝛽𝑡 𝑀− 𝑇𝑆 − 𝑞 Φ = − log𝒵 𝑑𝑀 = 𝑇 𝑑𝑆 + Φ 𝑑𝑞 + 𝜒 𝑑𝑝

𝑚𝜑
2ℓ2 = −2

𝜑 𝑟 ~
𝛼

𝑟
+
𝛽 𝛼

𝑟2
+ …

𝐴𝜇𝑑𝑥
𝜇 = p cos θ 𝑑𝜙

w/ Gursoy, 
Papadoulaki,
Toldo, Cassani



Holography for the Information Paradox 

• Old Information paradox
– Hawking radiation has a thermal distribution

– A possible resolution: information is stored in the entanglement among 
emitted quanta

– Mathur: the effective description breaks down at horizon scales

• Recent formulation of the Information paradox aka “firewalls” 
[AMPS]

– Entangled emitted quanta violate the strong subadditivity of entropy

– Is the interior of black holes smooth?
– Proposal: the dual CFT contains all black hole degrees of freedom 

[Papadodimas, Raju]



WIP: Explore the effective theory with a toy model

Double well potential 
• is solvable

• perturbative parameter     𝜆~
1

𝑁2

• scattering matrix from black hole = inverted h.o.

The effective theory creates degeneracy among states

Interactions between the two minima manifest in non 
perturbative effects

w/Bzowski, Hertog



Does the entropy of the eternal black hole have the same statistical interpretation of RN black holes?
(as counted, e.g. for BPS black holes, from holography) or is it just entanglement?
Are there other microstates in the dual CFT?

is a purification of the thermal state in a double copy CFT

• Entanglement structure

WIP: Double sided eternal black hole in anti-de Sitter

From the point of view of the observer on one side, the black hole state is 
thermal

w/ Kyriakos Papadodimas
• Can the dual CFT describe the black hole interior?  



MSCA ⊃ Outreach
 CERN ECO Department

 Events related to EC programs, e.g. Marie Curie Day 
(win a photo shoot!)

 Italian Teachers Program  
(coordinator: Antonella del Rosso)

CERN TH Institute

Black holes, quantum information and the reconstruction of space-time
August 20-31, 2018
AG, Kyriakos Papadodimas (local)
Monica Guica (Saclay), Andrea Puhm (Ecole Polythecnique)



MSCA ⊃ Outreach
 CERN ECO Department

 Events related to EC programs, e.g. Marie Curie Day 
(win a photo shoot!)

 Italian Teachers Program  
(coordinator: Antonella del Rosso)

CERN TH Institute

Black holes, quantum information and the reconstruction of space-time
August 20-31, 2018
AG, Kyriakos Papadodimas (local)
Monica Guica (Saclay), Andrea Puhm (Ecole Polythecnique)



MSCA ⊃ Outreach
 CERN ECO Department

 Events related to EC programs, e.g. Marie Curie Day 
(win a photo shoot!)

 Italian Teachers Program  
(coordinator: Antonella del Rosso)

CERN TH Institute

Black holes, quantum information and the reconstruction of space-time
August 20-31, 2018
AG, Kyriakos Papadodimas (local)
Monica Guica (Saclay), Andrea Puhm (Ecole Polythecnique)





D. Krefl @ Les Houches ‘17

From formal theory to ML and back

Daniel Krefl

* Research topics and interests *
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CV

Academia:  

PhD at LMU Munich 
Most of my relevant research done at CERN as Marie-Curie fellow  
(Open string mirror symmetry, unoriented topological strings)

1y research stay at IPMU, Tokyo  
(B-model formalism for   -deformed           gauge theories and 

top. strings)

⌦ N = 2

Simons fellow at UC Berkeley

(Perturbative quantum geometry for top. strings in the NS limit)
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CV

Academia:  

Researcher at Seoul National University 
(Non-perturbative quantum geometry, all N gauge/string duality)

Fellow at CERN

(Non-perturbative quantum geometry)

(Machine learning -> Mathematics/Theory -> Machine learning)
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ML -> Physics/Mathematics

The question (in a nutshell):  
(with R.-K. Seong)

Can we do formal theory / mathematics in a data science way ? 

(How would an AI do math ?)

“Learning by looking at examples … (vast amounts of)”

Uncovering hidden relations and statistical “proofs/evidence”

=> LHC of the theorist
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ML -> Physics/Mathematics

Concrete example:
(with R.-K. Seong)

?
AdS/CFT

Toric Calabi-Yau 3-fold (non-compact) 

D3-branes

argmax
R

a(R)
Vmin = argmin

b
V (bi)

a ⇠ 1/V
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ML -> Physics/Mathematics

Concrete example:
(with R.-K. Seong)

?

Vmin = argmin
b

V (bi)

Vmin
?
= F (T )

Some function Topological data 
of the geometry
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ML -> Physics/Mathematics

Concrete example:
(with R.-K. Seong)

Vmin
?
= F (T )

The (novel) idea:
“Experimental mathematics” Use machine learning to approximate such a 

function !

Evidence for existence

(if one is careful enough) 
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ML -> Physics/Mathematics

Train / Test data:
(with R.-K. Seong)

15k datapoints with 75/25 split

Use the geometric as input + 
some handcrafted features



D. Krefl @ Les Houches ‘17

ML -> Physics/Mathematics

Train a deep and wide net:
(with R.-K. Seong)

Use the geometric as input + 
some handcrafted features
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ML -> Physics/Mathematics

Result:
(with R.-K. Seong)

Expected error on independent test set < 1%

#

✏

✏

Vmin
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ML <- Physics/Mathematics

Skunk Works project:  
with S. Carrazza, B. Haghighat, J. Kahlen

*** TBR end-of-year 2017 ***

Novel ML/AI framework harnessing the power of higher mathematics

Opening up novel research area … stay tuned !

Python code will be released as open source project
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… Thank you …
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