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BCJ Zoo of Theories

[Slide from Carrasco, talk at String 2017]

Key Point:  MANY Theories are Double Copies

Bi-Adjoint Scalar: color @ color
Bern, de Freitas, Wong ('99); Bern, Dennen, Huang; Du, Feng, Fu; Bjerrum-Bohr, Damgaard, Monteiro, O’'Connell
(S)YM (...(S)QCD...): color ) spin-1

BCJ ('08) Bjerrum-Bohr, Damgaard, Vanhove; Steiberger; Feng et al; Mafra, Schlotterer, ("08-"11); Johansson, Ochirov

(S)Gr (...(S)Einstein-YM...): spin-1 (X) spin-1

KLT(’86); BCJ ('08); Chiodaroli, Gunaydin, Johansson, Roiban; Johansson, Ochirov; Johansson, Kélin, Mogull

NLSM / Chiral Lagrangian: “color” (X) even-spin-0
Chen, Du ’13 Cachazo, He, Yuan '14 Cheung, Shen 16
(S)Born-Infeld: spin-1 @ even-spin-0
Cachazo, He, Yuan '14
Special Galileon: even-spin-0 @ even-spin-0
Cachazo, He, Yuan '14 Cheung, Shen '16 /
Open String: Y ® Spin_‘]
Broedel, Schlotterer, Stieberger
g , / .
Closed String: spin-1 &) Q" corrected spin-1
/ 1 )

Z-theory: 8} ® color

Broedel, Schlotterer, Stieberger; JUMC, Mafra, Schlotterer




Soft Theorems

« YM and Gravity
[Cachazo, Strominger; Casali; Schwab, Volovich; Atkhami-deddi; ....]

* Weinberg soft theorem
+ Sub-(sub)-leading
p Temocﬁc T able for ETTS

o Effective Field Theories 3

e “Exceptional” soft behavior
fixes theories

* Analogs of YM/GR

[Cheung, Kampf, Novotny, CHS, Trnka; CHY]
[Arkani-Hamed, Rodina, Trnka] 0




Cachazo-He-Yuan Formulae

* Structure only in CHY?
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Outline

Transmutation
Unified Web of Theories
Proof

Unifying Soft Theorems
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Transmutation



Transmutation

e (Goal: map amplitudes of one theory to another

* |nputs: amplitudes in terms of formal polarizations,
l.e., functions of Lorentz invariants

A(pipjapz'fij, €;€5,P:€5, €z'€j)

* Agnostic about the representations
(Feynman diagrams, recursion, CHY,....)



Toy Example:
Dimensional Reduction

* Dimensional Reduction: A, — ¢;

P = (ﬁv O)

. pe; ;i — 0, ee; —1
8:(071> : :

e Differential operator:

72] — aeiej

* Multi-linearity of polarization kills pe eftectively.



(General Construction

» Operators of other invariants Ope, Opp 7
e Consistency: maintain on-shell conditions
* Momentum conservation: P, =) pv

(2

» Gauge invariance: Wi =¥ p;vye,
U

7;] — aeiej
[Ta Pv] =0 ,Ejk — apiej _ apkej

Tijki = 8pipj — apkpj + Opupr — Opipy



Transmutation

 Trace operator: Tij = Oc,e,
* Equivalent to dimensional reduction

* Insertion operator: Tijk = Op,e;, — Opye,
* does NOT preserve gauge invariance of i and k
* needs to be accompanied with a trace operator

* |nduce color ordering!



Example

3pt YM amplitude:

A(91, 92, 93) = eze1(p1e2 — psez)/2 + cyclic
— 711237-13

YM to bi-adjoint scalars: 7[123]

A(P1¢203) = T|[123] - A(g1,92,93) = 1
A(P193¢2) = T|(132] - A(91,92,93) = —1

All points gluon amplitudeS'

Avm (B ZN )Aps(a|f)

Transmutation as projection: 7 |a] -

N(ﬂ) — 5@5



Transmutation

Longitudinal operator:
L; = sz'pj(?pjei and L;; = _p?:pjaeiej
J

Not gauge invariant! [L;, W, | = —L;;

Have to transmute all particles (+ trace operator)
e=1le~ 2 112
pEpair ¢1,J€p

Important consequence on color-kinematic duality
[Cheung, Shen '16; +Congkao Wen, work in progress]



Transmutation Summary

* Jrace & Insertion operator: new color trace
n—1
Tlivia .. in) = Tiys,, - H T vimin
m=2

* gluon to bi-adjoint scalar; graviton to gluon

* Longitudinalization: £ = HE ~ Z H L

pEPaIr 1,J€p

* YM to NLSM; gravity to Born-Infield theory (to special Galileon)

e Commute with KLT & BCJ relations
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Unified Web of Theories
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String Completion

e [ransmutation also applies to string completion
|Broedel, Mafra, Schlotterer, and Stieberger]

Aopen — AYM X AZ

* (Generate (abelian) Z-theory, a UV completion for
bi-adjoint scalars or pions.

Tliv-in] - Aopen(Girs -+ 5 i) = Az(s, -+ - b4,
Tli1 - in] - Aopen (Viys -+ Vi) = Az (miy -+ m5,)

[Broedel, Schlotterer, and Stieberger; Carrasco, Mafra, Schlotterer]

¢ OI’ . L- T[len] . Aopen — AZ 24 ANLSM
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Proof



Proof

* Proof via Recursion: factorizations (+ soft limits)
[BCFW; Cohen, Elvang, Kiermaier '10; Cheung, Kampf, Novotny, CHS, Trnka ‘15]

* [ransmutation is a boundary operation.

Factorization & permutation are NOT manitest.

* Double Copy Construction

[Bern, Carrasco, Johansson; +Dennen, Huang, Kiermaier; Cachazo, He, Yuan;...]

® Short Ccut fOI’ YM/N LSM [Arkani-Hamed, Rodina, Trnka, '16]

gauge invariance/soft limits + locality



Factorization

* Insertion operator: Ti23 = Op eo — Opaes

e Case 1

I / ﬂ23



e Case?

Factorization

* Insertion operator: Ti23 = Op eo — Opaes

819162 o apsez — 82911‘32 - 8Z9L€2
2I Pu
s

* 4 *
SN <\
. .



Factorization

* Insertion operator: Ti23 = Op eo — Opaes

* Case 3
aplez o 362 — Z pier 3€L aeRez

— 7-1L3TR2
|
-
L L 4 L L 2
L 4 L 4 L 4 2
‘0 0‘ \ ‘0 0‘
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Unified Soft Theorems

Soft Theorems

A(n) Pi20 0 (i) | g(n—1)
Factor the transmutation into soft and hard parts

7)) — )  gn-1)
Soft theorems for descendants

T Alm) P20, (i) g ). n=1) | g(n—1)

Soft theorems from transmutation!



Leading Order

Weinberg soft theorems in gravity
S((}j) _ Z Di€j Di€;
‘— Pibj

to Weinberg soft theorems in YM

ik V. D€ Dke
SV = Tiw, 8§ = p%p]. - pkpj,
(2} J

to bi-adjoint scalar
Atim  Alkm

PiDP; PkD;j
to Adler zero in NLSM/ Bl [Cheung, CHS ‘16]

51(31) — 51(\11348)1\4 =0

SSFI™ = [T, SR =



Sub-leading Order

Sub-leading soft theorems in gravity (+ dilaton, 2-form)

: Oz~
& =2 S
1 2pip;

[Di Vecchia, Marotta, Mojaza, 1706.02961]
to sub-leading soft theorems in YM

y | e —pidies
S = Ty, S6] = RS — o )
iDj

to bi-adjoint scalar (new!) Symmetry perspective?
[Campiglia, Coito, Mizera ‘17]

to extended theory in NLSM/BI

(ijk)
SNLSM — Z pjpﬂ;lk [Cachazo, Cha, Mizera, ‘16]
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Summary / Outlook



Summary / Outlook

Unified many novel properties of ditferent theories
e KLT/BCJ
e Soft Theorems

 CHY

Physical meaning?

Defining property for scalars?

Loop level?
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Thank you



Example

e YM amplitudes expanded by bi-adjoint scalars

Avm (P Z N(a)Aps(a|f)

e [ransmutation implies
Tla] - N(B) = dap
Why?

o N(B)~ (ee)(pe)" " + (ee)*(pe)" *(pp) + ...

n—11—1

¢ N(ﬁ):(‘igleﬁn Hzpﬁjeﬁi+'°'

i=2 j=1



