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SM is not complete
- Hierarchy problem - Dark Matter
Beyond the standard model (BSM) is needed !

- SUSY - Composite Higgs - Extra dim.

In many BSM, the scalar sector is extended from SM

CMS Preliminary ® Observed
35.9 b (13 TeV) = 1c interval
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< Standard Model >

KJ}‘} -~ — h
Wi
|. Higgs unitalize W_L scattering amplitude at tree level (tree level unitarity)
s+t ]
MWLWL—WVLWL ~ 2 ( — (h‘z )2) ( h? =1 in SM)
M h ;
Z, vy B S h
‘ RO |
W, ZWL T M
ll. Higgs cancels the divergence in obligue corrections Phys. Rou Lot ae i 880) 064
1 v A?
S~ — (1 — (k)% In—
127 ( (%V) ) (12
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< Standard Model >

|. Higgs unitalize W_L scattering amplitude at tree level (tree level unitarity)

s+t
Mw,wi—wwy, = —3 (1= (k/)?) (sl =1 inSM)

What will happen
if ! deviate from 1 ?
ll. Higgs cancels the divergence in obligue corrections Phys. Rou Lot ae i 880) 064
1 h \2 A2
127 14
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< Singlet extension>

K7 Ky 2.~ _ Sp
Wy, Wi
l. Higgs unitalize W_L scattering amplitude at tree level (tree level unitarity)
N
S —I_ t ) n
Mw,w,—ww,, = 02 (hQ )2 - Z("i\/)z
n=2

Wy, Wy, : )
7 IR ) K h n
U ) ~ T . ‘
/ So, 53,

< Z, »\55 /L S h h h i n

LA 7+ A Y th o PveTs *52» S,

o 7 S S L : 2

Ry

Wy wo o M ﬁ%ﬁ
N
itarit | —(/{h )2_ (ﬁ:n)Q —
unitarity sum rules v % —JFG S,
— union, aper, udkKa
n=2 Phys. Rev. D 43 904 (1991)

ll. Higgs cancels the divergence in oblique corrections
finiteness conditions

1 N A2
S — | 1= (s1)* - Z(fﬁ‘/)Q In— N
127 = p? — (1) =) (s7)* =0
n=2
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Our Goal

Explore the scalar sector in model-independent way

We impose the two conditions on the extended scalar sector

2019/7/30

. tree level unitarity

l. finiteness of oblique parameter ( 1-loop )

V v ~ |1- (k)% — -+ ) InA?

S, T, U
=0
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Our Goal

Explore the scalar sector in model-independent way

We impose the two conditions on the extended scalar sector

. tree level unitarity

Independent . /" H—/

condition ?

ll. finiteness.. " oblique parameter ( 1-loop )

V v ~ (1= (sl)*=--)InA?
o wny ~ (L )

— S, T, U
=0
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Our Goal

Explore the scalar sector in model-independent way

We impose the two conditions on the extended scalar sector

r_ |. tree level unitarity

- singlet extension w custodial sym.

unitarity sum rules finiteness conditions
N Exactly same ! N
L= (my)* = 3 _(x0)* =0 L= (s0)" = )_(+7)* =0
n=2 n=2

- singlet extension w/ custodial sym.

unitarity sum rules :> finiteness conditions
R Nagai, M Tanabashi, K Tsumura Phys. Rev. D 91, 034030 (2015)

o, 1, U

0
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Our Goal

Explore the scalar sector in model-independent way

We impose the two conditions on the extended scalar sector

ree level unitarity

unitarity sum rules —> finiteness conditions

In arbitrary scalar sector ?
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Introduction
unitarity vs oblique corrections
T parameter

Summary



* unitarity vs obligue corrections
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unitarity sum rules —> finiteness conditions

in arbitrary scalar sector ?
N\ NN\

Approach based on Symmetry and Geometry
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unitarity sum rules —> finiteness conditions

in arbitrary scalar sector ?
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R. Alonso et al.
JHEPO8(2016)101

!"EP PuBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: May 20, 2016
REVISED: July 22, 2016
ACCEPTED: July 22, 2016
PUBLISHED: August 17, 2016

Geometry of the scalar sector

Rodrigo Alonso,” Elizabeth E. Jenkins®” and Aneesh V. Manohar®?
¢ Department of Physics, University of California at San Diego,

La Jolla, CA 92093, U.S.A.

PCERN TH Division,

CH-1211 Geneva 23, Switzerland

Manen 211 1 £ Awna AINTO

E-mail: ralonsod@ucsd.edu, ejenkins@ucsd.edu, amanoharQucsd.edu

> |

2019/7/30 Symmetry and geometry in generalized HEFT [ Yoshiki Uchida ] 15




Effective field theory approach
SM + Singlet scalar

° H 2 H2 H
Lonss = —tr [(DuU) DU (1 T2 425 st 205—2)
4 v v v v v

1 1
+ 50,10+ S0, HO"H

Integrate out [/

v v2

v? 2 1
£SM+S — Ztr [(DMU)TDMU] (1 -I— K1 — —I— Ro—— + c . > + §8ﬂ 8“
New Physics is encoded in the /1, A2
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Approach based on Symmetry and Geometry
SM + Singlet scalar

v? H 2 H? H
£SM—{—S = Ztr [(DMU)TD'MU] (1 —|— 20; —|— 28? ‘|— Czﬁ ‘|— 82/1)_2 —|‘ 268/0—2)
1 1
S 010"+ 0, 110" 1]
» {‘2 | T ; // T - 2 l ¢ ¢ //
L’SKI%S — TTI {(D//[ > D [} 1 + 7 + (.__) -+ - + 3()// ()
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Approach based on Symmetry and Geometry
SM + Singlet scalar

2 H 2 H? H
Lsnts = Uztr (D,.U)'D*U] (1 +2c— +25— 4+ — +5°— + 2cs—>

v v V2 V2 V2
i 1 1

U =e v ¢ —+ 5(9,“ 8“ + §8MH(9MH

| F(h, ) (0qp + O(1?%)) 0
= §8M(7ra H) 1 5’“

1 H

1 (BAY N 7 a

= 59i($)0.4'0"¢ ' =7 H

New Physics is encoded in gij((ﬁ) and V(¢)
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2019/7/30

Approach based on Symmetry and Geometry

1

Escalar — 5913(9@ (D,u(b)z(D'u(p)J o V((b)

Geometry

Riiki(9)

( Riemann tensor )

Symmetry

w (), ¥'(¢)

( Killing vector )
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2019/7/30

Approach based on Symmetry and Geometry

1

Escalar — igij (Qb) (DM¢)Z(DM¢)J — V(¢)

Geometry

Riiki(9)

( Riemann tensor )

Symmetry

’wi (¢) | y’i (¢) SU(2)L & U(1)Y Killing vectors,

Qa respectively
( Killing vector )
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Approach based on Symmetry and Geometry

1

Escalar — 5913(9@ (D,u(b)z(D'u(p)J o V((b)

Geometry

Riiki(9)

( Riemann tensor )

Symmetry

w (), ¥'(¢)

( Killing vector )
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Approach based on Symmetry and Geometry

1 . .
Escalar — 5923(¢) (D,u(b)z(D'u(p)J o V((b)
Geometry
WL N ’ WL
Rijki(¢) 4w Q
( Riemann tensor ) , S
Wi ¢ S W
Symmetry
we(P), y'(P) V/\/\N\Q\/\/\/\V
N =)
( Killing vector ) S, T,U
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Approach based on Symmetry and Geometry

1

Escalar — 5923(¢) (D,u(b)z(D'u(p)J o V((b)

Geometry

(7Ti) WL\\ /WL (ﬂ'k)

Rijki(¢) 4w Q
( Riemann tensor ) , S

(7'("7) WL 7 > WL (7Tl)
Symmetry
we (), y' () V /VVV\IQVV\/\ v
- =)
( Killing vector ) S, T,U
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Approach based on Symmetry and Geometry

Geometry
WL N ’ WL
Rijki(¢) 4w Q
( Riemann tensor ) , S
Wi ¢ S W
Symmetry
we(¢), y'(P) Y /vvvx,@vw\ v
N =)
( Killing vector ) S, T,U

2019/7/30 Symmetry and geometry in generalized HEFT [ Yoshiki Uchida ]



Approach based on Symmetry and Geometry

Geometry
WL \ / WL
Rijki(¢) 4w Q
( Riemann tensor ) , S
Wi ¢ S W
Symmetry
w,(9), y'(9) Y /vvvx,@vw\ v
- =)
( Killing vector ) S, T, U
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Approach based on Symmetry and Geometry

Geometry
WL \ / WL
Rijki()) 4w @
f ( Riemann tensor ) P N
Wi ¢ S W
Killing eq.
[
‘ Symmetry
we(¢), ¥ (¢) V/\/\/V\GVV\/\ v
- =)
( Killing vector ) S, T,U
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Approach based on Symmetry and Geometry

Geometry

WL \ / WL
Rijki(¢) 4w @
f ( Riemann tensor ) , . \
WL ’ \ WL
Killing eq.
Nontrivial relation 7

Symmetry A’
'w;‘},(cb), yz(@ - V/\/\/V\GVV\/\V

( Killing vector ) S, T,U

_pl
Vij:k = 10 k500

S
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Approach based on Symmetry and Geometry

Geometry

Rijri(¢) ¢ @
ﬁ ( Riemann tensor ) , . ﬁ
@ WL 7 \ WL
Killing eq.
Nontrivial relation 7

Symmetry A}
w’é(eb), yz(@ - V/\/\/V\GVV\/\V

( Killing vector ) S, T,U

_pl
Vij:k = 10 k500

S
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Approach based on Symmetry and Geometry

Geometry

Rijri(¢) ¢ @
ﬁ ( Riemann tensor ) , . ﬁ
@ WL 7 \ WL
Killing eq.
Nontrivial relation 7

Symmetry A}
w’é(eb), yz(@ - V/\/\/V\GVV\/\V

( Killing vector ) @ S, T,U
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Approach based on Symmetry and Geometry

Geometry

WL \ ’ WL

Rijki(¢) 4w @
@ f ( Riemann tensor ) @ , 4 @
WL ’ \ WL
Killing eq.

Nontrivial relation ?

Symmetry A}
'w’é},(eb), yz(@ - V/\/\/V\Q/\/\/\V

( Killing vector ) @ S, T,U
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Approach based on Symmetry and Geometry

Geometry
Rijki(¢) 4w @
( Riemann tensor ) @ p .
Vi — RYL )
Uijik — kiUl

wi(9), v'(9)
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1%%473 Wi,
G k
¢ \ / ¢ S _ - \ / N /
AN / ~ - N /
A / he \\ // N g
\ / | | \ 7
. | - - e
/ N\ / \ // \
// \\ _ PY - y \ /) \\
7 \ P o / \ / \
¢’ ¢’
S = = t - — U  — _
Mpib: sdrdr ™ g(Riklj + Rik;) + g(Rijlk + Riijr) + §(Rz‘jkl + Rikji)

4-point perturbative unitarity condition : IR; ;5 = 0
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1%%473 Wi,
G k
¢ \ / Qb S _ - \ / N /
AN / ~ - N\ /
A / he \\ // N g
\ / | | \ 7
x | - -~ -
/ '\ / \ // \
// \\ _ PY - y \ /) \\
./ \ // \\ / \ / \
¢’ ¢’
S = = t - — U  — _
Mpib: sdrdr ™ g(Riklj + Rigj) + g(Rijlk + Riijr) + g(Rz’jkl + Rikji)

4-point perturbative unitarity condition Rijkl = (

6, o " R
v 2 Rijizizis =0
2 O " ‘s unitarity is ensured by <
/7 N > .
o) | ) R iyigigsis-in = U
N-point -
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Approach based on Symmetry and Geometry

Geometry

WL \ ’ WL

Rijki(¢) 4w @
@ f ( Riemann tensor ) @ , 4 @
WL ’ \ WL
Killing eq.

Nontrivial relation ?

Symmetry A}
'w’é},(eb), yz(@ - V/\/\/V\Q/\/\/\V

( Killing vector ) @ S, T,U
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Approach based on Symmetry and Geometry

Rijki()

| [ |
Ui:g:k — R k71Ul
Symmetry

’wé(cb), yz(@ - V/\/\/V\QVV\/\V

( Killing vector ) @ S, T,U
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@ wi(e), v'(g) # vl wn v

[-:scalar IS Invariant under
A /’i 11 7 /
sURIL ¢ ="+ 0% (o) (a=123)

UMY ¢ =g+ 0y (9)
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Killing vector w’ (&), y'(¢) ~  conserved current

d —i1qxT TH v —1 —19
S 0'¢ d—qz/d4x< 9 J s JB) o X (wy) (7).

/ N
/ \
WA3 N\ \y AVAVAVEERS
/’ \ . ) / \
Bl e
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Killing vector w’ (&), y'(¢) ~  conserved current

d —i1qxT TH v —1 —19
S X d—q2/d4x< RRUTE JB) X (we) i ()4

grr
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@ wi(e), v'(g) # vl wn v

Killing vector w’ (&), y'(¢) ~  conserved current

S o g [ (L )| L o @)

grr

1 - A?
Saiv = ——— () () In =
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Approach based on Symmetry and Geometry

Geometry

WL \ ’ WL

Rijki(¢) 4w @
@ f ( Riemann tensor ) @ , 4 @
WL ’ \ WL
Killing eq.

Nontrivial relation ?

Symmetry A}
'w’é},(eb), yz(@ - V/\/\/V\Q/\/\/\V

( Killing vector ) @ S, T,U
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Approach based on Symmetry and Geometry

' Wr W
Riiki(9) - 5 L
o of 3

Killing eq.

Wr Wi

Nontrivial relation ?

Y

Pl
Vij:k = B g

S

w’ (o), y' (o)
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_ pl
© Vij:k = I k00

Geometry
L R b 7 N pertubative unitary if
\\ // \ / \ //
/x\ : >__—__< :/\\ —
/ \ Ao 4 : )4 \ . . R —
P ; % RN Rzykl =0
Symmetry

V¥ A/ ( :n W S is T-loop finite if
R ANATAN o

(@3),5(7 ) =0
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z
© Vij:k = I k00

Geometry
L IR s 7 N pertubative unitary if
\\ // \ / \ //
/x\ : >__—__< :/\\ —
/ \ Ao 4 : )4 \ . . _
A ; % RN Rzykl =0
Symmetry

V¥ A/ ( :n W S is T-loop finite if
R ANATAN o

(u_):is);j (¥7);; =0

z _
R kjivi = ik

Perturbative unitarity ensures the finiteness of S ?
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_ pl
© Vij:k = I k00

Geometry

Symmetry

/'—\\ //«\
/ \ / \
/
AVAVAY! AVAVAV, \ [
\ / N /
N - < ¢ coe
- AVAVAVASAVAVAVAV

z _
R kjivi = ik

+

pertubative unitary if

R =0

S is T-loop finite if

(u_):is);j (gj);i =0

[wa . wb] = EabcWe , [wa - y] =0
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_ pl
3 Vij:k = I k00

Geometry
e \ 7 N pertubative unitary if
\ / L7
| F---< e —
PY / \ )/ \ .. —_—
N SN Rijri =0

Symmetry

V¥ A/ ( :n W S is T-loop finite if
R ANATAN o

(u_’:is);j (¥7);; =0

(@5)5 (77):i ¢ €30e (@) (Wh) R j1a (07) i + €3pe(w0p) (wWh) R j1a (57)
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_ pl
© Vij:k = I k00

Geometry
L R s 7 N pertubative unitary if
\\ // \ / \ //
/x\ : >__—__< :/\\ —
/ \ o : \ )4 \
P ; % RN szkl =0
Symmetry

A % ( :. W S is 1-loop finite if
N AT —1 —9

(w3),y (¥7);i =0

If perturbarive unitarity is ensured, 3

(05) 5 (5);i ¢ €30e(WE) (Wh) R it (0])5i + €spe(wg ) (Wh) R jua ().
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_ pl
© Vij:k = I k00

Geometry
N A IR s 7 N pertubative unitary if
\\ // \ / \ //
/X\ : >__—__< :/\\ —
/ \ Ao 4 : )4 \ . . _
A ; % RN Rz]kl =0
Symmetry

V¥ A/ ( :n W S is T-loop finite if
R ANATAN o

(@3),5(7 ) =0

If perturbarive unitarity is ensured,

(@5)5 (7)) ¢ €30 (@) (Wh) R j1a (07) i + €pe(wp) (wWh) R j1 (57)

AN

) Then T-loop finiteness of S is guaranteed
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_ pl
© Vij:k = I k00

Geometry
T s 7 N pertubative unitary if
\ / L7
| F---< e —
Y / \ §% N
// \\ / \ // \\ R’L]kl — O

If perturbarive unitarity is ensured,
(1) (1), — (@05);5(@3)4

o €xpe(WF) (WL) R 1t (w0]) i — e3pe (W) (WL) R joa (w3
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_ pl
© Vij:k = I k00

Geometry
e \ 7 N pertubative unitary if
\ / L7
| F---< e —
PY / \ )/ \ .. —_—
N SN Rijri =0

If perturbarive unitarity is ensured,

(w}) ;5 (w])s — (wh),(wF)s 20 _0

< €1pc(Wg ) (Wh) R iy (w]) ;i — €3pe(wy ) (WL R jra (w3

=~
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z
© Vij:k = I k00

Geometry
N A IR s 7 N pertubative unitary if
\\ // \ / \ //
/X\ : >__—__< :/\\ —
/ \ Ao 4 : )4 \ . . _
A ; % RN Rz]kl =0
Symmetry

VY VOV oo U is 1-loop finite if
! /
Y- AN W _ : , :

(w7);5(w1);s — (w3),5(w3), =0

If perturbarive unitarity is ensured,

(’wi);j (“_J{)z - (U_J:ZS)J ('J’%)z |

Yo o erpe (W) (WL) R 1t (w0]) i — e3pe (W) (WL) R joa (w3

Then T-loop finiteness of U is guaranteed
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« | parameter
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T parameter
Tay ~ |(@})(0) - (@) ()
X {Rikjl [gkmgln‘_/,mn T ’lI)];’U_}é + gkgl]

— gl (08) s(@L) 390 — 403 (F*): (7 )i |
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T parameter

Taw ~ |(@})(@]) — (@5)(@)]
x {Rikﬂ[gkm "V + @80k + G

_ — — - - A2
— Agiy (wh) i (@} gk — 495 (5°) . (F') Jgkl}ln 2
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T parameter

Tay ~ |(@})(0) - (@) ()
X {Rik]l[gkm lnvmn + U_]k 0! _I_ gkyl]

— — — - -~ A2
- 4912A/(w§);i(wé);jgkl — 49%/(9 )i (yl) ygkl}ln E

1 It Rzkjl =0

A2
| = g (@) (@) 390 — 493 (7)(@)g0a fIn 5
=0 (SM)
=0 (2HDM)

% 0 ( Georgi Machacek Model)
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Summary

¢\ /(b. ( R — 0

1112134

¢ ¢ R
N-point \

=0

11221324315 "IN

X {Rikjl[gkmgln‘?:mn -+ wsu_}(lz + gkgl]

)

— — — — % e A2
— g (), (245900 — 43 (7)) Jin
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BACK UP
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Oblique correction finiteness v.s. Unitarity v.s. Renoralizability

S & U 1-loop finite

Perturbative unitary

Renormalizable



We neglect the effects of O(p*) operators

Ex.) aQGC violate tree level unitarity,

But we neglect the tree level effects

from the O(p*) operators

2019/7/30 Symmetry and geometry in generalized HEFT [ Yoshiki Uchida ]
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SMEFT V.S. HEFT

SMEFT | : Lgcalar is written in terms of [

N

c *
Lscalar = (DMH)TD'MH + F(HTDHH) (HTD“H) + ...

HEFT | : Lacalar is written in terms of 7% (NGBs) and |,

_ . h . h? v? eyl
Locatar = (14 1 + s 4+ ) -t [(DLU) DU =V (h)

a
i

U:=¢e'v
- HEFT is more general than SMEFT

- New Physics effect is encoded in ('; or x;
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We know that the Killing eq. connect the geometry to the symmetry
_ nl
Uik = R g v
Using commutation relation of the Killing vectors

[wa . wb] = EabcWe

wa,y] =0
We get the following expression
Sdiv = —é (€3bc(w§)(wé)ﬁzjkl<w‘g);i + €3bc<w§)(wé)}?ijkl<gj);i) In 2—2
1 . . _. A2

= —— (Elbc(@'zf )(We) R jra (7)) — €espe(wy ) (wh) R (’w‘%);z‘) In —
127 7
This expression is “ universal ” in any new physics model
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Suppose that Lecalar i invariant under the following transformation
¢ ="+ (9)
0= (") gijr + (V°).i grj + (V%) gin
i

vV : Killing vector

If gb"’ transform linearly, and symmetric transformation consists of g

v = i[Tg]"j ¢’
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EWPT
S and [J parameter can be written in terms of EW current,

They can be expressed in terms of Killing vectors of scalar manifold

1, . A?
Sdiv = m(ws);j(yj),zlnu_z
1 N i i A?
Uaiv = 13 (@15 (0 — (@b ()1 ) In =

This expression is “ universal ” in any new physics model
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- # of indices = # of scalar fields SV-1
- form = expression of the scalars ¢! ;:
¢? ¢
2HDM 7 h H A H*

/= DN,
--7;

9ij —
Nagai-san’s
\_ 4 slide at PPP2018
SM SM + Singlet ™ [t 818
- /.. \
9ij = .. Jij = ]
[]
N .
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@) Killing eq.

connect the Geometry and the Symmetry

@ @

_ pl
Uik = Rk v

v; and R'jj; in SM should satisfy Kiling eq.
V; and szkl in MCHM should satisfy Killing eq.

V; and R'jg in should satisfy Killing eq.
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Effective field theory approach

SMEFT : Lgcalar is written in terms of [

Y

C.
Lscatar = (D, H)'D'H + — (H'D,H)*(H'D"H) + - --

A2
HEFT : Lacalar is written in terms of ﬂ_a (NGBs) and A
h h? V2
Localar = (1 + f“{l; + Ko — + .. ) Ztr [(DMU)TD““U] —V(h)

a

U:=¢e''vTa
- HEFT is more general than SMEFT

- New Physics effect is encoded in (', or x;
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< Singlet extension >

2

Vs :%F(h, S, )Tr[(D, U DHU] + Liinetic — V(h, Sn)

h Sn a a
F(h,sn):1+zﬁ§§,;+zz,ﬁ;7+... U = exp (ﬁ_%)
(%

|. Higgs unitalize W_L scattering amplitude at tree level (tree level unitarity)

s+t
MWLWL%WLWL ~ 3 (1 — (h?)z _

n=2
WL - ] W’ K
7 h h TV n & 52, 53, n '
SNNN 2z, y B hwS----- Ry th } Ry S--»-- 1% . 1Sy, S3,
< > ' Ny K !
Ry 4
WL WL m m
1 1 1 1 1 Peskin Takeuchi
ll. Higgs cancels the divergence in obligue corrections Phys. Rov. Lott, 85 (1600) 964
N
1 A2
S~ ——|[1-— (h]{)z = Z(ﬁ?/)z In—
127 = 1
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Approach based on Symmetry and Geometry

1

Escalar — 592](¢) (D,u(b)z(D'u(p)J o V((b)

Geometry

Rijki(¢) 4w Q
( Riemann tensor ) ., S
gb] / S (,bl

Symmetry

wi(eb), yz(ﬁb) - V/\/\/V\QVV\/\V

( Killing vector ) S, T,U
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-

N point amplitude

R

11%213%4315 LN

S

2019/7/30
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We divide the verification prosedue into two steps

N point amplitude

-

— R’i1i2i3i4;’i5"'iN S
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We divide the verification prosedue into two steps

_ ~ 1~ 1 - m
Gi; (¢) = gi; + Gz’jk ‘Pk + §Gijkl ‘Pk‘Pl + gG'jklm ‘PkSOISO +
6, o
/ [
0} o) m<n
K N point amplitude /
- Part 2 ~
) . _
—5 Z ST (1,00 ) (1092 tm - in-in) = Ri1i2i3i4;i5---z’N S
m<n
o J
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: — = "-- l — ".- [ l — R. ”
qf(O) — q” + (‘;frﬂf ¥ + ‘_(;z"‘jkf 2 + .3_‘|(‘;£;)'kfm @ S‘Q‘S‘om +

2

N point amplitude

N

Part 1

Z’ —
_5 Z SmnG(’imin)(":liz"'zm“';n"'iN)

m<n

~

v

( - ~

m<n

. l‘ AN""

S
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Part 1

L 1 1 .
9i5(9) = Gij + Giju " + §Gijk1 "o + yGijklm Pl +

~

) )
\ /
\ . .
[ J z N
¢'_Q T 9 Z S G (i) i+ Fm i)
, \ m<mn
) 0 Smn = (pm +p”)2

k N point amplitude /

v w
.

2182 "ty "1y iy denote the absence of 1,, and 1,

€. 2122 *tm—1Tm+l " "ln—1Tn+1 " "IN
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: ¢— Q . i _
In order to verify ‘ =-3 Z SmnG (1,0 (iria-+ime i iy
¢’ ¢ m<n
\ N point amplitude /

We must confirm that

0 = Gunxe + Guryur) + Guryuk),
0 = G(IJ)(KLA-{) + G(II\")(JL:\-[) + G(IL)(JA-’M) + G(I:\-{)(JI\"L).«

0 = GunwLmn) + G'(II\")(JLMN) + G(IL)(JI\":\LN’) + Gumyukrn) + GunykLm),

the relation above hold for arbitrary n
U. Muller et al Gen. Rel. Grav. 31 (1999) 1759
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Actually,

We can confirm that
0 = G([J)(I{L) + C'(IK)(JL) + G(IL)(JK%
0 = G(IJ)(I\"L:\I) + G(IK)(JL:\{) + G(IL)(JK.-\{) + G([:\-i)(JI\"L)a
0 = G(IJ)(KL:\IN) + G(II\")(JL:\IN) + G(IL)(JI\":\IN) + @(1.'\1)(11\'1,;\') + G(I:\')(JI\;’L:\I)-,

the hold for arbitrary n

once we admit Gy, Grjx - Grjkr -+ are proportional to

( the derivative of ) Riemann tensor.
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Actually,

We can confirm that For example

0 = G(IJ)(KL) + G(II\")(JL) + G(IL)(JI\")a

0 = Guywem + Guryuwsy + Guryuxmy + Gumuke),

0 = G(IJ)(I{L:\-{N) + G(II\")(JL:\-{:\') + G(IL)(JI\":\-{:\') + @(1;\1)(11\'1“-\') + G(I.'\')(JI{L:\-{)e

the relation above hold for arbitrary n

once we admit Gy, Grjx - Grjkr -+ are proportional to

( the derivative of ) Riemann tensor.
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For example

0 = Guukr) + Guryur) + Gur)uk):
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For example

Conclusion: |0 = G(IJ)(KL) + G(II\")(JL) + G(IL)(JI\")a

Verification :

@ Write down G(U)(KL) in terms of RIJKL

_ 2 _ _
G(1J)(KL) = 3 (Rixrs + Ripky) - (%)
symmetrize the indices of RIJKL
@ Write down the relation above in terms of (k)

Guayxr) + Gukyry + Guryuk) OTC RI(JKL) ? 0

(k) trivial
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We divide the verification prosedue into two steps

_ ~ 1~ 1 - m
Gi; (¢) = gi; + Gz’jk ‘Pk + §Gijkl ‘Pk‘Pl + gG'jklm ‘PkSOISO +
6, o
/ [
0} o) m<n
K N point amplitude /
- Part 2 ~
) . _
—5 Z ST (1,00 ) (1092 tm - in-in) = Ri1i2i3i4;i5---z’N S
m<n
o J
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1

! - ~ ) ~ ¢ l ~ ¢ m
9:(9) = 3ij + Giji @ + 2Gijia "' + 71 Gijkim o™ +

N\

2

3

,I: —
_5 Z SmnG(’im@'n)(il@'Q'"im""z”"'iN)

m<n

S

/

m<n

o

Part 2

i _
_5 Z SmnG(imin)(iliZ"'zm"';n"'iN) —

R

11221374315 LN

~

S

)
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4 6. b I

\
In |Part 1| , we verify o Q S = —% > SmnG(ipnin) iriz-imin-in)
¢ o m<n
\_ N point amplitude -
N ,° .
? = — _

O = —5{512G(i1z’2)(i3i4) + 513G (iyis) (inia) T 514G (i1i4) (i2is)

/ N\
¢ )

4 point + 523G (igis) (iria) T 524G (igig)(iris) T 534G(i3i4)(11i2)}
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\
: b= B ) _
In | Part 1| , we verify Q — _% > SmnG(ipnin) iriz-imin-in)
o e m<n

N point amplitude
\ p p

N ,° .
i - _ _
Q = —5{512G(i1z’2)(i3i4) + 513G (iyis) (inia) T 514G (i1i4) (i2is)
/ N\
¢ ¢
4 point + 523G (igis) (iria) T 524G (igig)(iris) T 534G(i3i4)(11i2)}
In Part 1| ,we also found é([])(KL) =3 (RIKLJ + RILKJ)
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a 6. b I

\
In Part -I ’ we Verify - Q . — _% Z Smné(’imin)(irb---5m""zn""iN)
o e m<n
\ N point amplitude /
N , 9 .
7 _ _ —
= — 59 512G (41i2) (izis) T 513G (51i3) (i0ia) T S14G (i1i2) (inis)
2
7/ \
0] (0]
4 point + 523G (igis) (iria) T 524G (igig)(iris) T 334G(i3i4)(i1i2)}

2 _ _
(Rrxrs + Rirk.)

In |Part 1| , we also found G(IJ)(KL) =

3
Using S12 + S13 + s23 =0
&
Ri1i2i32‘4 + Riligiﬂ‘z + Ri1i4i2i3 = () (Bianchi identity )
¢ , 0
we can verify /O\ X 512Ri1i3i4i2 + 513Ri1i2i4i3
¢ ¢

2019/7/30 Symmetry and geometry in generalized HEFT [ Yoshiki Uchida ] 82



\ . 10
1 _ _ _ _
¢~ Q - - 5{ + S12 G(ilie)(isiais) + S13 G('ilis)(ieiais) + S14 G(ilid)(iaiais) + S135 G(‘ilis)('i2i3i4)
¢’ ) ¢ ~ a ~
_ + 593 Glligis)(irigis) + 524 G(igia)(irizis) + 525 G (igis) (irizis)
5 point

+ S34 G(isid)(iriQis) + S35 G(isis)(ilizid) + S45 G(iais)(iliQis)}

Using G(IJ)(KLM) = RI(KL)J,M T RI(LM)J,K T RI(KM)J,L
S12 + 513 + S14 + 515 = 0
S21 + 823 + S24 + 525 = 0
$31 + 32 + 834 + 535 = 0
541 + Sa2 + 543 + 545 = 0
S51 + 852 + 853 + 554 = 0

we can verify 512 (Ris(iau)iz,il + Ris(i3i4)i1,iz

© ) _
v L + Rig(iis)iais T Ris(’im)i?”“)
¢_ Q £
s 9

+ 513 R, i4i5is,ip T S148i1i514i5 02
+ 823 Risi4i4i5,60 T S24 Risgizigis, iy
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\ . 10
i - - - -
¢~ Q - - 5{ + S12 G(ilii)(isiais) + 813 G(ilis)(i-ziais.) + S14 G(ilia)(i2i3i5) + S135 G(i1i5)(i2i3i4)
¢’ ¢ . : 7
_ + Sa23 G(iaiz)(ilidis) + S24 G(iaia)(ilisis) + S25 G(iais)(iliaid)
5 point

_ — — B

Difficult to write down the general formula for N point amp.
( we must verify case by case )

S12 + 513 + S14 + 515 = 0
- 1 1 L A

Gram determinant constraints (N > 6)

51 T S52 + S53 + S5q4 = U

we can verify 512 (Ris(i3’i4)i2,i1 + Rig (i3ia)in, o

© ) _
vl + Rig(irin)iayis T Ri5(i1i2)i3’”)
¢_ Q £
s

+ 513 R, i4i5is,ip T S148i1i514i5 02
+ 823 Rizi4i5is,i; T 524805051405,
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\ . 10
i - - - -
¢~ Q - - 5{ + S12 G(ili-z)(izidis) + 813 G(ilis)(i-z’iais;) + S14 G(ilia)(i2i3is) + S135 G(ilis)(izisia)
¢’ ¢ . : 7
_ + Sa23 G(iziz)(i1i4i5) + S24 G(i-zia)(ilisis) + S25 G(iais)(ilie.id)
5 point

_ — — B

Difficult to write down the general formula for N point amp.

( we must verify case by case )

S12 + 513 + S14 + 515 = 0
- 1 1 L A

Gram determinant constraints (N > 6)

51 T S52 + S53 + S5q4 = U

we can verify 512 (Ris(i3’i4)i2,i1 + Ris(ia’i '

We come up with a good idea solving problems above !!

+ 823 Rizi405is,i; T 524405051405,
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Compute 4-point amp. in following limit

§12 = 834 — —S513 = —S824 = S
other Syn = 0

m» We expect to get the necessary conditions

for the perturbative unitarity

We get, however, the most stringent condition : R

21241213
6. L0
¢/®\¢ X 8 R isiqis

R

for the perturbative unitarity

2019/7/30 Symmetry and geometry in generalized HEFT [ Yoshiki Uchida ]

=0

i1iainis = 0 is the necessary and sufficient conditions
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Compute 4-point amp. in following limit

§12 = 834 — —S513 = —S824 = S
other Syn = 0

m» We expect e necessary conditions

_ o ‘tarity
In 6-point amp., Gram det. constraint is

0 812 813 S14 S13

We get —

S12 0 893 894 8o i

S13 S23 0 834 s35| =0
S14 S24 Sz 0 895

S15 So5 Sas Sq5 O

Q194 m» we must chose appropriate limit ns

\\ consistent with Gram det. Constraint/
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