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KLT Double-Copy Bootstrap

* Review ideas of the KLT Double-Copy Bootstrap.
* New results at 6-point.
e Bootstrapping Z-theory.

* Where is the string theory kernel?

This talk:
Tree Level




KLT Double-Copy Bootstrap

We have been investigating the fundamental structure of the KLT double-copy and how it may generalize,

in particular in the context of EFTs. _ _
Chi, HE, Herderschee, Jones, Paranjape (2021)
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KLT Double-Copy Bootstrap

We have been investigating the fundamental structure of the KLT double-copy and how it may generalize,

in particular in the context of EFTs. _ _
Chi, HE, Herderschee, Jones, Paranjape (2021)

YM + h.d. YM + h.d.

GR + h.d. \ /
e ALER — 5" AL (3] Sp[alb] AR[b]
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Sum over (n-3)! color orderings




KLT kernels

Field theory KLT kernel is inverse of any (n-3)! x (n-3)! submatrix of the tree amplitudes of the
cubic Bi-Adjoint Scalar model (BAS). Cachazo, He, Yuan
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KLT kernels

Field theory KLT kernel is inverse of any (n-3)! x (n-3)! submatrix of the tree amplitudes of the
cubic Bi-Adjoint Scalar model (BAS). Cachazo, He, Yuan
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String theory KLT kernel is inverse of any (n-3)! x (n-3)! submatrix of the tree amplitudes of the
cubic Bi-Adjoint Scalar model (BAS) + specific higher derivative terms
determined by the alpha’ expansion.

Mizera

Ly = Lpas + o 82¢4 + o’ 86(b4 + ...
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Loas = —5 (0u0"" ) — gf " 9 o g

String theory KLT kernel is inverse of any (n-3)! x (n-3)! submatrix of the tree amplitudes of the
cubic Bi-Adjoint Scalar model (BAS) + specific higher derivative terms
determined by the alpha’ expansion.

Mizera

Lo = Lpas + o' 9%¢* + a2 8% + ...

Generalized EFT KLT kernel is inverse of any (n-3)! x (n-3)! submatrix of the amplitudes of the
cubic Bi-Adjoint Scalar model (BAS) + general higher derivative terms.
Chi, HE, Herderschee, Jones, Paranjape (2021)




The Rules: The KLT algebra.

“Standard” field theory double-copy has an identity element

Cubic Bi-Adjoint Scalar model (BAS)

FT®FT YM N =4 SYM XPT BAS
YM gravity+ N =4 SG Bl YM Lpas = —% ((Mbaa/)z — gfebe et ool bt e
N=4SYM | N=456 N =8SG N =4sDBl | N =4SYM
xPT BI N = 4 sDBI sGalileon xPT
BAS YM N =4 SYM PT \

L=L®1l, R=1®R, 1=1®1. 1 = BAS model

\_Y_}

This links identity element to the kernel => inverse submatrix relation




Proposal

ﬂroposal: take the KLT algebra as the fundamental property \

L=L®1l, R=1®R, 1=1®1.

To generalize the double-copy
kernel, we generalize the

\ ) \ Y ) identity element
Y KLT Bootstrap
KKBCJ / monodromy relations Equation

The double-copy kernel is the inverse of a suitable submatrix
\\of the tree amplitudes in the identity model. /

[ 1=1®1 <  (n-1)! x (n-1)! matrix of tree amplitudes of the identity model has rank (n-3)! }

Chi, HE, Herderschee, Jones, Paranjape (2021)




4-point bootstrap

4-point: (n-1)! = 6 independent single-trace color-orderings: 1234, 1243, 1324, 1342, 1423, 1432

=> 6 x 6 matrix of doubly-ordered tree amplitudes m[a|b] for the identity model

Cyclic symmetry and momentum relabeling: can express in terms of just three functions f;, f,, f

: f1(s,t) Wfa(s, )| fa(u,t) fa(s,t) fo(u,t) |fe(s,t)

m4[1234|1234 m4[1234|1243_ 7774[1234‘1324] m4[1234|1432} fo(s,u) fi(s,u) f2(t u) fG(S,U) fg(t,u) (s, u)

| s e 1282 ma1243]1324] - | Rlws) foltos) filtes) foltys) foltys) folus)
! : : : : | falsiw) foltu) folt,u) fr(t,u) fa(t,w) fols,u)
ma[1432/1234] ma[1432)1243] ma[1432]1324] - - m4[1432(1432] folu, 8) folt,s) folu,s) fo(t,s) fi(u,s) fo(u,s)

6(u7t f2(87t) f2( ) (Svt) fG(u>t) fQ(uat)
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6(u7t f2(87t) f2( ) (Svt) fG(u>t) fQ(uat)

1=1®1 & All 2x2 minors vanish <> 6x6 matrix has rank 1

fa(s,t) = fas, t)ffzz((t' SS;I L2) || fe(s,t) = fi(s,t).

fo(s,)f2(! s! t,9)fo(t,! s! t)= fo(t,s)fo(! s! t,t)fx(s,! s! t).




Let’s look more at the bootstrap results at 4-point

2
Ansatz  f,(sS,t) = ! % +ago+ alot+ @ 1S+ apgt®+ ap1St+ az,s®+ ...




Let’s look more at the bootstrap results at 4-point

2
Ansatz  f,(s,t) = ! el j(,o*‘ ot+ ai1S+ apot®+ az,lst"‘%sz"‘

S N
4-point bootstrap + locality "#$
2 All Qg 2k = 0
f =19 .
2(s, ) = | S aiot+ a1+ axot(s+t) by locality of f,

+ az o t3 + as 1 st? + az 2 s’t + as 3 s3

+ag ottt as St au STt + Aot st asp SOt

\ J

T ... d4, 3 fixed to this

Chi, HE, Herderschee, Jones, Paranjape (2021)




Compare with the inverse string kernel

- 1 1 1. 7
f519 (s,t) = | S 19 UL (RO

3L 1

.S)5+
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Lo = Lpas + o/ 02 + a2 0%* + ...




Compare with the inverse string kernel

féstring (S,t): | ; — | i] 1‘!" 'Sl l(!n !8)3!

n 1 \5
sini"'s)  1"'s 6 360 (" )7

15120

4-point bootstrap + Iocallty g

(D) i ey
+ aggt3 + agfst® + @3,/2521:4‘ 500

+ a40t" + agstd + Mszt2+ W st

+ ...

" HBUO& Vo () HE. +EHBUIBL & 2" ('3 BBHSY6! &' (%) (*(+,%6-$+*%6-$(%.-'1*).%0(*B&




! "#$%&'()$$I*'+’# [ 1=1®1 & (n-1)! x (n-1)! matrix has rank (n-3)! }

mst > <&,
—¢ X

4-pt local terms 5-pt local terms

Boostrap: 24 x 24 matrix of tree amplitudes must have rank 2

5-point bootstrap gives no constraints
on 4-point coefficients.

There is freedom in local coefficients
starting at order (Mandelstam)'.

Chi, HE, Herderschee, Jones, Paranjape (2021)




- "#$%&'()$$'*'+,# [ 1=1®1 <  (n-1)! x (n-1)! matrix has rank (n-3)! }

At 6-points, things start to get interesting because factorization to lower-point plays a crucial role

SNV
| /N

Alan (Shih-Kuan) Chen & HE (to appear)
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At 6-points, things start to get interesting because factorization to lower-point plays a crucial role

2 3
al’l S a2,| S a3’| S aj i S+ ... aj i S+ ...

/ \\, // S %$&'($)
"$&G+,-)."8Y$/I("H
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7 11 / 1 \
s s s

Alan (Shih-Kuan) Chen & HE (to appear)
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At 6-points, things start to get interesting because factorization to lower-point plays a crucial role

2 3
aLi S i S A S a;isSt ... azi S+ ...

/ \\, // S %$&'($)
"$&G+,-)."8Y$/I("H
Y + + ..
7 11 / 1 \
s s s

Non-trivial that minimal rank conditions holds, no adjustments possible from local 6pt terms.
It does work.

Alan (Shih-Kuan) Chen & HE (to appear)
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At 6-points, things start to get interesting because factorization to lower-point plays a crucial role

2 3
al’l S a2,| S a3’| S aj i S+ ... aj i S+ ...
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No constraints on aug-
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At 6-points, things start to get interesting because factorization to lower-point plays a crucial role

2 3
al’l S a2,| S a3’| S aj i SH ... aj i SH ...

/ \\, // S %$&'($)
"$&G+,-)."8Y$/I("H
Y + + ..
7 11 / 1 \
s s s

2
dzi S aisS
ition | ions i -1 af.  Alfour! letely fixed!
Rank condition imposes relations like A3 1,i our : nare completely fixed:

Alan (Shih-Kuan) Chen & HE (to appear)




"#$%&' ()*+,)($+)$: +/$0.18&,")$28&33&#$2*84$) BEHGS7&&)()*+1

5 ! §
az3o= —=a1o0 a1o0! 2a11

502

1 ! .
Az = aio 10! 12a
3,1 1002 1,0 d1,0 1,1

1 : .
a3>»= ——ajg 2a10! 9a
3,2 57 1,0 1,0 1,1

— [

Alan (Shih-Kuan) Chen & HE (to appear)
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1
az o = . a !a I 2a " | h 9° = et
3,0 = 502 1,0 41,0 Zai1 _ 0 '

1 ! : Recall that string theory has
dz 1 = Zal’o adi,o I 12&1,1 I O
. 1,0 — 1,1 — - K-
ag2 = 5—9231,0 2a;0! 9a;; ! 9 6
—_ 7 2 n 7 3n 13 a2’0 = O
azz = ! aj 1 ' —|
’ 10g> ™ 360

\ Exactly the string kernel values

Alan (Shih-Kuan) Chen & HE (to appear)




"#$%&' ()*+,)($+)$: +/$0.18&,")$28&33&#$2*84$) BEHGS7&&)()*+1

. 1
az o = . a !a I 2a | h 9° = et
3,0 = 5g? 1,0 &1,0 - 1,1 _ 0 :

1 ! : Recall that string theory has
az 1 = 2611,0 ai o ' 12&1,1 l O
! 1,0 = 1,1 = ¢ =°
az o = 5—gzal,o 2a;0! 9231 | Q 6
- v 0= a40= a0=0
g3 = ! aj o 3B
’ 10g% 360

6-pt bootstrap: all | o, fixed, except for one.
all | !1£ixed.
all'! ., fixed, except for one.

Alan (Shih-Kuan) Chen & HE (to appear)
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Not quite, there must be free parameters.
For a good reason: our results must in fact be more general than the string kernel.

HE%RES (S &E+8.&, S-#$-1 &$I$/0--/8$5,8-#123

3$-H$I+#-(82$4H2+82SH5S- (856 7B B2R./1-0#+$'#2/, 3;




| "#$%8&(
/ Open string with its alpha’ corrections
Z-theory ! SS YM = open string

Result of I YM without higher derivative corrections
string Standard BAS kernel

disk integrals

dZ]_ dZn |n<J |Z|J |"'Sij

I
Z'|"1=z,(0@2...,n)=2" )3
| . "
s 21$22$___$y9nlg§L}(2, R)) ! {z1222348% 1n2Zn 1}

Mafra, Schlotterer, Stieberger (2011)+(2013)
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/ Open string with its alpha’ corrections

Z-theory ! SS YM = open string

Result of I YM without higher derivative corrections
string Standard BAS kernel

disk integrals

N

Zn[cla]Sn[alblA™ [ = A°Pe" ST [c]

a,b

\ ) I . .
Sum over (n-3)! color-orderings Mafra, Schlotterer, Stiewerger (2011)+(2013)
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Zn[cla]Sn[aldA™ [b] = A%PE" ST [c]

a,b
\

Sum over (n-3)! color-orderings

"H$%$ HE &S () +$ &+(,&S'() 101 &(2(F3#$3,"45', " *+$'678'59:'35;9, 355 +<*
ST HE(3>' <0602, *OHE5 954 (25> *+EBSRH(3'5H<"HL3H), $2# *+$(3> 66 @AB'3$2<* ("5C’

Specifically, the Z-theory amplitudes mustobey L! 1= L (butnotnecessarily 1! R=R)




| "H$%6&(

Zn[cla]Sq[alb]A™ [b] = A%PeN St []
a,b

R Sum over (n-3)! color-orderings
#5965 HS &S () *+$ &+(,&$'()'-/01'&(2(F34$3,"45',"*+$'678'59:'35;9,355*+<*
*+ESHHH(3>'<:062, *OH$5 95* (75> +EBSEH(3'5*<"H<BH') $2#*+$(3>'66@AB'3$2<*,("5C

Specifically, the Z-theory amplitudes mustobey L! 1= L (butnotnecessarily 1! R=R)

This can be imposed as Z[cla]ni[a] =0  where Ni[@] =0 are the (n-1)! - (n-3)! null vectors

a of the matrix of BAS amplitudes
" Sum over (n-1)! color-orderings

That means the matrix of Z-amplitudes itself has the (n-1)! — (n-3)! null vectors under R-multiplication.

So it too has rank (n-3)! and therefore 0-$%#/<&%$-(&$67"$8##-%-2!:$&=1!-0#+
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Z-theory then defines its own kernel: 1z =1z ' 2 17

This means that Z-theory must be a special case of our generalized KLT bootstrap!!

C )

The most general solution to the KLT bootstrap equations must include both

1) the inverse string kernel

2) Z-theory

- /

Alan (Shih-Kuan) Chen & HE (to appear)
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1! (" !5)! (" !u) «—— Beta function

fZ(s,t) = m5[12341234] = TT( s+ "'0)

Use the KKBC) relation  A4[1243] = %A[1234

g

fZ(s,1) = mZ[12341243] = %m§[12341234] - %flz(s’t) B RN ERC N

l's 1(1+"'s+ ")
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Low-energy expansion

11(1+"'s)! (L+ "'u)
Z =1
— 1 1 n | #(3) nl2 1 3 13 2 2
_!ﬂ! 6! (s+1)! T t(s+t)! ﬁ)! (s+ t)(7s“+7st++4t°)+ ...
- \ v )
. 2 — 1
BAS with 9" =

! \

3240%&-*'.*567*+,8.*.+0#'9'#*4208&"$'<0*%+0&"$%&.=
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Low-energy expansion

1@+ "'s) 1+ ""'u)
Z = |
D=t o ras s+
— 1 1 n | #(3) nl2 1 3 13 2 2
= | T !S\! 6! (s+ t})\! T t(s+ t)}!\ ﬁ)! (s+ t)(7s“+7st++4t°) + }
/i - Y Y
. 2 _ + B B .l 1(3) ,
BAS with g - !.. ! al,l = al,o = | 6' a2,0 =1 Q#Z ag,o — 9—10| 3n 13 8‘3,1 = | %l 3n 13
7,3l3 —|ig3"!3

— 1l a = |




N Tt

/ 6-pt bootstrap: \
all | #ﬂixed o Inverse string theory kernel
F N TS RTE
all ! ., fixed, except for ! .4, o= o= as0=0 et

o N Y

Z-theory
L5
a1 = a0=! gl | 0= ( ) 414
| |
dzo = |~ SB)#!Z dg 0 = |~ l('7)#!6 etc

- /

Alan (Shih-Kuan) Chen & HE (to appear)
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/ 6-pt bootstrap:

all | #1)§ixed o Inverse string theory kernel

all ! o1 fixed, except for ! oy, a1 =0 a,q = | }, !
all ! !lﬁixed. ’ , 6

all ! ., fixed, except for ! .4, o= o= as0=0 et

\

Z-theory
1. () 14
31,1:611,0:!6! a0 = —#
Higher-point
1 (3) . 1 (7) 6 KLT bootstrap cannot
ao=! —# ago="! ——# etc fix more at 4pt b/c

K / of transcendentality

Alan (Shih-Kuan) Chen & HE (to appear)




Observations

* Z-theoryobeys /| gg lgg Standard BAS KKBCI relations from the right
* Impose BAS KKBCJ from the right on most general ansatz GS model:

* Find at 4-point: GS =27V for %-Isymmetric local function V.

1$4(&6%37(8&&&&&/01 &2 #(#'3. &DE&SE#4 7 ,8> & &&&P"' @




Where is the string theory kernel?

string monodromy BAS KKBCJ
\ /
Z-theory obeys string monodromy relations on the left: Zn [al b]

Let ZT be the model whose matrix of tree amplitudes are the transpose of the (n-1)! x (n-1)!
tree amplitudes of Z-theory amplitudes. Will obey BAS KKBCJ relations from the left
and string monodromy on the right.

So: Theresultof Z | gg ZT will obey string monodromy on both L and R.

Is it the inverse string kernel??

NS ED

Almost! Z ! ggZ' = m’ ""U, where U=

ISP P ! ]




Where is the string theory kernel?

Hybrid decomposition conjecture: Alan (Shih-Kuan) Chen & HE (to appear)

General minimal rank model amplitudes obey GG = GS ! g5 SC

where the “hybrid models” GS and SG obey BAS KKBCJ from the R / L, respectively

4-point: GS! Z after fixing Ayg=aAnsgives Differ by stu-symmetric function

GG! GS" 5sSG! GS" ss(GS)' ! Z" ssZ' ! inv str kernel

Closing in on bootstrapping the most general 4-point kernel to be in the
%!>&equivalence class as the string kernel!
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