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Motivation / Background



This Talk is About

String
Theory

Quantum
Field Theory
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Uses for QFT

Huge Variety of Applications



Example: Particle Physics

ATLAS

EXPERIMENT

Candidate Event:
PP — H(‘v,u‘v) + W(_,; V)

Source: ATLAS homepage



Example: Cosmology
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Source: Hawking Centre for Theoretical Cosmology



Example: Condensed Matter
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MAGNETIC FIELD (Tesla)

Source: Stormer Physica 1992
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What Do I Mean By QFT?

AN

It’s Quantum: States |V) and Operators O

It’s Local: “fields” O(7, 1)
(e.g. quanta of E and B fields)

It Has Correlators: (¥|0;...0,,|T’)



Length Scales

The states and operators of interest depend on scale

e.g. water:




A Tool For Calculating

(Finish|Start) = ) exp(iS)
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The Lagrangian

Usetul for Classical and Quantum Physics!



The Lagrangian
“Action” =S = [dt L

L = Kinetic Energy — Potential Energy

1D Example SHarmomc Oscillator — fdt ( mq o _kq )

Textbook Definition of QFT"
“Lots of Interacting Harmonic Oscillators”



QFT Questions

e Do all QFTs have a Lagrangian?
e Short — Long Distance?

e What can be calculated?



Surprises From Strings

Surprise #1:
Only tiny fraction of QFTs have a Lagrangian!

Surprise #2:

Can still calculate even without a Lagrangian!



What Are Strings?

"o O

Open Strings Closed Strings
.......................... }annsassssssssssssssnnnnnns

Electrons, Quarks,... E Gravitons
. (Quanta of Gravity)

Vibrational Modes = Particles!



Long Distance Limits

Quantum
Strings



Geometry — Physics

Strings Predict: 10D (9 + 1) spacetime
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Geometry — Physics

Strings Predict: 10D (9 + 1) spacetime

Example: 3D QFTs ' X E]m[&

3D spacetime 7 extra



In Practice...

Characterize via Topology (Existence)



In Practice...

Characterize via Topology (Existence)
“Pinched” T2

@

More Elaborate Example:

“F-theory on elliptic Calabi-Yau”
Vafa '96

Major advances in past 10 years

JJH et al. + many many more



Lagrangian Example(s)

e We know how to build Lagrangians for
elementary particle physics

Many gI‘OUpS aI'OU_Ild the WOI‘Id Three Generations
JJH, Vafa et al. “F-theory GUTS” o e s |
Watari et al. name— | i | IO | piten

UPenn String Pheno Groups bd s bl 8 R0

2cev | Higgs Boson

€ 18.2 S0.
! 2 ! 2 p 2
o al all ore eston || e || || gmak
neutrino neutrino neutrino force o
0.511 M 1 80.4 GeV

eeeeeeee

Bosons




;Beyond Textbook QFT



Simplifying Assumptions

Common physics strategy: Start simple, then perturb



Simplifying Assumptions

Common physics strategy: Start simple, then perturb
e Keep Gravity “switched oft”
e “Conformal Symmetry,” i.e. no length scales
e Supersymmetry

e Start in six spacetime dimensions



Turning Off Gravity

~Open Strings (particles) Localize / Attach with ends

Closed Strings (gravity) wandersss=s

4D Spacetime 6 Extra



Turning Off Gravity

1
GNewton ™~ Vol(Extra Dimensions)

o R

4D Spacetime 6 Lixtra




Turning Off GNewton

1 \
CTyNewton ™~ Vol(Extra Dimensions) > 0

'XQ O %

4D Spacetime 6 Lixtra




Turning Off GNewton

1 \
GNeWtOI’l ™~ Vol(Extra Dimensions) > 0

'XEL O

4D Spacetime 6 Lixtra



Turning Off GNewton

1 \
GNeWtOI’l ™~ Vol(Extra Dimensions) > 0

A <

4D Spacetime 6 Lixtra



Turning Off GNewton

1 \
GNeWtOI’l ™~ Vol(Extra Dimensions) > 0

A <

4D Spacetime 6 Lixtra



Turning Off GNewton

1 > O

GNeWtOI’l ™~ Vol(Extra Dimensions)

A <

4D Spacetime 6 Lixtra



Simplifying Assumptions

Common physics strategy: Start simple, then perturb
e Keep Gravity “switched oft”
e “Conformal Symmetry,” i.e. no length scales
e Supersymmetry

e Start in six spacetime dimensions



Conformal Field Theories

CFTs: No length scales, useful in modeling

e Phase Transitions / Critical Phenomena

e New Elementary Particle Physics Scenarios

e Quantum Gravity (AdS / CFT)



General QFTs from CFEFTs

QFT w/ Lengths



General QFTs from CFEFTs

Another CFT



Simplifying Assumptions

Common physics strategy: Start simple, then perturb
e Keep Gravity “switched oft”
e “Conformal Symmetry,” i.e. no length scales
e Supersymmetry

e Start in six spacetime dimensions



Supersymmetry

Fundamental symmetry relating bosons <> fermions
e Drives LHC @ CERN Searches

e Helps in studying quantum behavior

e Future: “Break” this symmetry



Superconformal Field Theories

e No Length Scales = Conformal Field Theories (CFTs)

e Supersymmetry (SUSY)

e Nahm (’70’s): D <6 =



Simplifying Assumptions

Common physics strategy: Start simple, then perturb
e Keep Gravity “switched oft”
e “Conformal Symmetry”, i.e. no length scales
e Supersymmetry

e Start in six spacetime dimensions



; Why is 6D “Simple”

More Extra Dimensions = More Complicated!

Less Extra Dimensions = Less Complicated!

EXC& . /[ /X

6 extra 4 extra
4D spacetime _ 6D spacetime

More Complicated Less Complicated



6D SCFTs:

Do they even exist?



A “No-Go” Answer

Try: L = %(8@2 — Viman (@)
Unstable: V(¢) = ¢°

Irrelevant: V(¢) = ¢* ([¢] = 2...)



String Theory Says:

Yes, 6D CFT's Exist

Need: Strong Coupling

Need: Singular Geometry



Also Important in D < 4

LT

10D Strings

(T
2,

6D SCFTs \%62]]

D < 4 QFTs
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Geometry of 6D SCFTs



6D Theories and F-theory

Vafa ’96, Vafa Morrison, 1/I1 96

All known 6D theories have F-theory avatar

(Note: “Frozen” singularities amount to a Zs ambiguity)

IIB: R*>! x By with pos. dep. coupling 7(zg)

T2 — CYg
F-theory on R>! x O3 |
By



To Make a 6D SCFT...

e Start with 10D string geometry

e Write as (6D spacetime) x (4 extra)

e CFT Limit: Take all lengths to 0 or oo



Step 1: Turn off Gravity

[TxX1T o &

6D Spacetime 4 Extra

1 \
GNewton ™~ Vol(Extra Dimensions) > 0



Step 1: Turn off Gravity

Open Strings
Localized

/ /X % 4 Extra

6D Spacetime

1 \
GNewton ™~ Vol(Extra Dimensions) > 0




Step 2: Collapse Local Region

B

4 Extra

shrink l o

E—

) 4 Extra

SQF.T# 4 Extra
Limit

—



; What’s Collapsing?

We are collapsing Two-Spheres (52) in 4extra

e.g.. Surface ot a balloon

6D Spacetime 4 Extra

o 1 2 3 4 5 6 7 8 9

....



Mathematically,

Write X = x¢ + 127 as “one complex dimension”

Write Y = yg + iyg9 as “one complex dimension”

4 Extra Normal (Y)
| | A
6 7 8 9 5
vl | o S2 2:::00p Tangent (X)

82



The “Simplest” 6D SCFTs

A Single Collapsing S*

4 Extra Normal (Y)
| | A
6 7 8 9 5
Y L » Tangent (X)
s L to S? O\

82



The “Simplest” 6D SCFTs

A Single Collapsing S*
Normal Direction Curvature: Integer 1 < n <12

less curved Normal more curved

A Y



Eff. Strings from D3 / S”

—>. N X = String Charge

(which must be integer > 0)

G
2
N
X




Tensionless Strings in F-theory

e Realized by D3-brane on collapsing S*
Tension = Vol(52) — 0




Hallmark of D > 4 SCFT's:

All known (stringy) constructions have:

Effective Strings with Tension — 0 at the CFT



Particles from D7’s on a S?

3 < n <12 = always have gauge fields
(elliptic fiber is singular: Morrison Taylor '12)

e cn

57 7 (p,q) string:




Next Simplest: Two S*’s

Two Collapsing S?’s touching at a common point

| |
llllllllllllll
mn
“““
L

"‘
.
.
.

‘$
2
]
g
2
“
g

n and m: Data About Normal Direction



Building Blocks

Looks Like Chemistry

“Atoms”

Iy

Restricted values of n

n=4n=6,n=71,

n=3§8n=12

“Radicals”

*

Repeating Pattern of S?’s
e.g. 1,2,2,3,1,5,1,3,2,2,1

(normal direction data)



Classification of Geometries

JJH Morrision Vafa '13; JJH Morrison Rudelius Vafa 15

(an infinite family)

6D SCFTs = Simple “Molecules”



More Technically,

Classification of canonical singularities for

non-compact 7% — CYs; — B>

i) Classify Bases Bs

ii) Classify Fibrations over a base Bs



Calculability



Things We Know:

e Anomalies (Topology)

e Moduli Spaces (Holomorphy)

e Scaling Dimensions (T + H 4 Large R)



Things We Know:

e Anomalies (Topology)

(Tachikawa et al. "14; JJH et al. "15; Cordova et al. "15; ’20)

Ts = ace(R)* + Bea(R)p1(T) + yp1(T)* + op2(T)

Flavor Invariants

QGDN%((X—B+7)+5

(Tachikawa et al. "14; JJH et al. "15; Cordova et al. '15; '20)
(6D a-theorem by brute force: JJH Rudelius ’15)



Things We Know:

e Moduli Spaces (Holomorphy)
ViaT? - CYs = By:y? =23+ fox+¢
Tensor Branch: Blowups in Base B>

Higgs Branch: Cplx Str. Def of C'Y3



Things We Know:

Baume JJH Lawrie ’20; to appear

e Scaling Dimensions (T + H 4 Large R)

Gr X (50) X (sn—1) X(N)GR

s T Vi

Controlled by 0sp(8*|1) open spin chain
(Large R + Bethe Ansatz)

A(Oeigen) = Apps + 7z + O(N™?)

(see also Berenstein Maldacena Nastase ’02; Hellerman Orlando Reffert "15)




Geometry of Flows

JJH Rudelius Tomasiello '16, JJH Rudelius Tomasiello 18,
Apruzzi Fassler JJH Rochais "18, JJH Hassler Rochais Rudelius Zhang 19



Geometry of Flows

Complex Structure Deformation / Higgs Branch

Brane Recombination

Expand a curve in base to large size

Go to large tension / weak gauge coupling

—



Claim

FEvery 6D SCFT via:
1) Fission of Progenitor Theories

2) At Most One Step of Fusion



(General Picture

L 4

3 L 4
s an an ame s ) e @ e ) ) Tagy F usi?l:l‘ "‘

JJH Rudelius Tomasiello 18



“Fission”

¢ Kahler Def™

Cplx Def™ / \ Cplx Def”






Progenitors



Heterotic / M-th Realization

M5’s (small instantons) at C?/T" spg on Fg wall




Smoothings

If it is localized, captured by:

Hom(I'4prg — F3) Hom(su(2) — gapr)

Ey lg g 9 9 9 9 ¢ 9LXGapE



Smoothings

If it is not localized, captured by
captured by common U(1) C Ggay



Partial Ordering

Known Ordering: Hom(su(2) — g;,)

Orbit(p) C Orbit(v)

Unknown Ordering (7): Hom(I'4pr — Eg)



FExamples: Decompactify —1



Further Smoothings?’

lcomplex deformation

Classify by ur, and pugr nilpotent
(if localized)
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Another Example...

JJH Hassler Rochais Rudelius Zhang 19



8 s50(8) so{8) so(8) 8,
181 1 1 ¢ ‘1 4" 1. Qb
[s0(8)] [SO(8)]
T—
s0(8) s0(8) so(8)
[22, 14} : 3 1 41 4 1 (¥
[SU(2)®3) (SO (8)]
il Te——
s0(8) s0(R) s0(8) s0(7) 50(8) so(8) .
22,147 : RRER 41 3 . :f22,14 315028 ;p1: 83 1 4 ¢ 1 ¥
[su(2)®3) [su(2)®3) 280 [Sp(2)] [so(®)] -
b P S
LTS s0(7) so(8) sn'§8) g TR oz 501(8)150'(8) i 18
' III" " 154(2) su@®3 T su(e) [so(s)
Pl T Pt N
s0(7) so(8) so(T) 5 s0(8) s0(8) o su(3) so(8) so(8)
51104 1 51, 1od 2 |, 2 .12 44 Vi L L L F8s
P g 27 11! 30 1 4 30_ A e 21'” 3,27, 1] 1 4 1“”?‘2",;4.,2. < s i FICHR- SR I M | e lonos g B
Sp(2) Sp(2)] [SU(2)¥3) [SO(8))
Y — L] - N
s0(8 so0(7 - su{3) so(8) 50(8) 2) so(7 3
3221 bz 4%00% 20N s 24 71 [3%, 122 el @ty 3 L d[e?,a94 5.1%); 142 4 e i W R
SU(2) [Sp(2) T [SU(2)@3] A e [SU(2)] [so®)) =
ol i Pl P Tt B
8 e su(3) so(8 s0(7 k su{2) so(7) s0(8) su{2) g, so(8
3,22 1] g. 1501( )1 ¢ 3,22, 1 32,12 i )1 n.g )l ng.) : [3,15]; 2} - 5,13 l? 11l 2 3 3 (22,14 5,3 u2( )g~ 1 ng ) 18
T [SU(2)] SU(2) ) sp(2)) ' SU(2)] [sU(2)®3) so) =
¥y " ¥ ¥ 2
su{3) so(8 2 su(2) so(T) o(7) su{2) g, so(8) su{2) g,
32,12 s % )1 E 3,221 5,13 4% ;1 u e 3,15): 028 45 5,8]: 2 31 3 " w219 [7,1]:2 w2 | ps
¢ a SU(2) sSU(2 Sp(2)] [SU(2)®3) o [Fq]
¥ "2
8 {2) 02
oo gy SW(B) so(8) su(3) o 4 : [3,15)502¢ ;1 7122 2° 22,14
[3%.1 31 41 3 :[@6%1 L biter rr! [Sp(3)]
Y s W i
s - | su(2) su(3 !
o R O L ifr,1]:2 2 42 : [3,25); 28 ;71!
> 1,117 [SU(2)] [SU(3)] I [Ny=1)[sU(1)] =]
- 5
4 i R R R T R U e s
su(2) 0z su(2) su{2) su({d) su(2) su(2) g, su(3) I su{2) su(2)
(6. 1%)/0F py VW3 pp): 2 o2 2 4 /B RVEE  ||15013] 2 2 5,18 5.3 2 %13 :qa2,12]|T1):2 S L )
inNy=118p@ N, =1y [SU(4)) [SU(3)] i [N ;=31[5U(2)®2]
4\
e E Lt ‘ O e R X TN e LR Lo e~ Y d
~~.~ ’I ‘_.-"'" 1 ae
\§‘ - —-_— ' "‘
—— . — - A “z” — L N L
1
| 2) s 2 |
1{5,3] - su".i ) _ u2(3) y5u2( ), :(5.133;[4? ”]: l(7, 1 s“2(2) 2: | 2, 2}|
| [INp=1[SU@2)][N;=1] S | [SU(3)] |
W R P e e N P AV A e 7 Lty ot e e ) !
_________________ >

su{2) su{2) su(2)
C[sU@)] [SU(2)®2)

: [5,3)



Plan of the Talk

e Motivation / Background
o Geometry of 6D SCjTS)
e EFT for 6D Flows

e Conclusions / Future



EFT for 6D Flows

JJH Kundu Zhang 21



Symmetry Breaking

Broken Symmetries = Nambu-Goldstone Modes

e Conformal Symmetry = Dilaton
e R-symmetry = Axions

e Global Symmetries = More Axions



Symmetry Breaking

Broken Symmetries = Nambu-Goldstone Modes

e Conformal Symmetry = Dilaton :

Elvang Freedman Hung Kiermaier Myers Theisen 11

e R-symmetry = Axions

e Global Symmetries = More Axions



UV = IR

(See Komargodski Schwimmer 4D a-theorem ’11)

UV CFT

IR CFT + Seg|T, B4



Nambu-Goldstone Modes

Couple to bkgnd g, and AE_Symm

G (T) — 628(@9#1/(37)
7(x) — 7(x) + s(x)
A, = QA0 +iQV, Q71 Q = exp(in®(x)o®)

/Ba%/GG_I_ﬂ.CL



Seff [7-7 /8] —

fd6x (—2f%e47 ((87)2 + %fygTr(aewae_w))

+ [d°z3(apy — ajr)TT

_I_fd6.fU 6_67_ (ﬁconf[/g\uv] + ESU(2) [Z{M,/g\uy]) R

~~

Guv="uv,A,=0

+ higher order terms

Introduce @w — e_QTgW and A\u — Au _ ieiﬁaue—iﬁ



Physical Modes

exp(—27) exp(—2ivpPa04.) = 1 (1 — f%) — %Jafa + ...

Sear[6,€] = [ d — 3(09)* — 5(96)”

_|_£dilat0n + ['a,xion + ﬁmix

ﬁdilaton D #¢2 2¢2 | 163f8 (ACL — %b2) ¢2 3¢2 -+ ...



Non-Negativity

W

'Cdilaton 2 #@2 2¢2 | 163f8 (ACL — b2) ¢2

Dispersion rel” = b > 0
Adams Arkani-Hamed Dubovsky Nicolis Rattazzi '06

IF Res,—oo (2M082299) — 0, THEN b > 0




; Generating b?

Define: /Z;Tensor = Depends only on fr
Define: /Z;Higgs — Depends only on fg

AN

Define: bixea = Everything else

/6 — % (fj%/(;Tensor + ZfH ngmixed T f%gHiggs)



Mixed Branch Flow Possibilities

S

b

tensor

b Higgs



Tensor Branch Flows

'Cdilaton 2 #@2 2¢2 | 163f8 (ACL _ %b2) ¢2

2/‘\
6-pt: (similar Aa o 32) Cordova Dumitrescu Intriligator ’15;
4-pt: JJH Kundu Zhang 21

Note: Resg— oo (M(éfg)—)w)) =0, so Aa >0

(effective strings integrated out)



;Higgs Branch Flows?

Consider An Example:

SUo
4 Flavors

2

4D Reduction is also an SCFT



Higgsing on Tensor Branch

SU9

Consider 6D Example: W 4 Flavors
2

4D Quiver is also an SCFT

Note, in this case:
Higgs Branch(SCFT) = Higgs Branch(Quiver)



Generating byiges

42 2
4D: ~ L5 ~ S_
.. Ko ME T fE
. o (Independent of g?)
4,2 2
‘D’ 6D: ~ gs ., _S
"00 0“’ M‘2/ f% f%‘[

¢ ¢ (Dependent on g% = f.°)



(il Generating byiges 777

General EFT Arguments suggest /I;Higgs =0
F-th Geo extends to non-gauge theory cases also

Caveats:

We're working in limit s < f4 < f#
But on pure Higgs Branch, fr = 0...

Caveats to Caveats:

F-th geo fine w/ general fy, fr



oConjecture: bypjges = 0777

Causality would require: Res— (M(¢ff M)) =+ ()

Suggests Regge Trajectory M(¢pd — po) ~ s°
Can happen IF we have string tension — 0...

But, this is THE hallmark of CFTs in D > 4 17



Hallmark of D > 4 SCFT's:

All known (stringy) constructions have:
Effective Strings with Tension — 0 at the CFT

3 a “spin 2 excitation” (Regge intercept?)




Conclusions / Future



Summary:

e 6D SCFTs Exist (and likely classified)

e 6D RG Flows and Fission / Fusion

e EFT for CFT and R-symm Breaking

Future:

o Diiges = 0 and SUSY / Eff. Strings???

e Further Constraints on Lygilaton ¢!



