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Make model-independent prediction about

properties of H° H* H** ...
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Make model-independent prediction about

properties of H° H* H¥* ...

{ - production cross section

+ ¢-V-V couplings ( ¢=H H= H*E... )
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Make model-independent prediction about
properties of H° H* H** ...

’ 1 measurements

Tanabashi et al, (PDG),
s Phys. Rev. D 98, 030001(2018)

o»-V-V XV, o=H" H* H**...
coupling




Make model-independent prediction about

properties of H° H* H** ...

2020/2/18 KEK-PH 2020 " Generalization of Higgs Effective Field Theory " 5



Make model-independent prediction about

properties of H° H* H** ...

EFT approach @ should be applied !!
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Goal

Make model-independent prediction about
properties of H° H* H** ...

EFT approa ould be applied !!

Existing EFT : heavy particles are integrated-out

We need to extend existing EF
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( Extension )

Generalization of
Higgs Effective Field Theory

Yoshiki Uchida ( Nagoya U. )

Phys. Rev. D 100, 075020

What is Higgs Effective Field Theory ?
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Higgs Effective Field Theory

(HEFT)

2
Luper = - F () Te(DLU) DU + %c%ha“h V() 4
F<h>:1+h‘1%+h‘2 (%)24- U = exp (’MTZT“)

V(R)=m2h? + \zh® + .

- Symmetry . SU(3)¢ x SU(2), x U(1)y

+ Matter contents: h = Z, W/jt
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Higgs Effective Field Theory

( HEFT )

2
LyprT = UZF(/Z)TI'[(DMU)TD“U] + %c’%h&“h —V(h)+---
F(ll>=1—|—/{l%+h~2 (%>2+ U = exp (iWZTa>

V(R)=m2h? + \zh® + .

- Symmetry . SU(3)¢ x SU(2), x U(1)y

- Matter contents: } 4y W/f -+ classified under U (1)em
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Higgs Effective Field Theory

( HEFT )
2
LHEFT = %F(/I/)Tr[(DMU)TD“U] + %%h@“h —V(h)+---
F<h>:1+h‘1%+h‘2 (%) + .- U = exp (ZWUT )

V(R)=m2h? + \zh® + .

- Symmetry . SU(3)¢ x SU(2), x U(1)y
- Matter contents:  h Zy, lec classified under U (1)em

cf.) SMEFT H ., B, , WS .-+ Classified under SU(2)p x U(1)y
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Higgs Effective Field Theory

( HEFT )

2
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Higgs Effective Field Theory

(HEFT )

v? ; 1
LHEFT = ZF(/‘z)Tr[(DMU) DHU] + §8uh8“h —V(h)+ -

2 e

F(/z)=1+fi1%+ﬁ2(%> 4. U:exp( - )

V(h)=mih®+ \3h®> + - -

© Symmetry : SU2)L xU(1)y

- Matter contents : classified under U(1)em
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Higgs Effective Field Theory

( HEFT )

2
LHEFT = %F(h,)Tr[(DMU)TD“U] -+ %%h@“h —V(h)+---
F<h’>:1+f{1%+h‘2 (%) + - U:eXP<mUT )

V(h)=m3h%+ \3h3 + -

- Symmetry : SU(3)c x SU(2) x U(1)y

_ 2
m T m' 77"

In our vacuum, SU(2), x U(1)y Iis realized as the shift symmetry of nt, 7

and forbid their mass terms
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Higgs Effective Field Theory

( HEFT )

2
LHEFT = %F(h,)Tr[(DMU)TD“U] -+ %%h@“h —V(h)+---
F<h’>:1+f{1%+h‘2 (%) + - U:eXP<mUT )

V(h)=m3h%+ \3h3 + -

- Symmetry : SU(3)c x SU(2) x U(1)y

In the theory with SSB ( G — H )

G is not really broken, but remains as non-linearly realized symmetry
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Generalization of HEFT

From now on, we call generalized HEFT as * GHEFT *

~ GHEFT -

csymmetry 1 SU(3)ex  SU(2)L x U(l)y

- matter contents:  SM+ H° HE* H*TE ...
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Generalization of HEFT

From now on, we call generalized HEFT as * GHEFT *

~ GHEFT ~

-symmetry 1 SU(3)ex  SU(2)p x U(l)y
non-linearly realized
- matter contents:  SM+ HO gt H*E ..
- /
Y
Non-trivial

Add H° H* H** ... respecting non-linearly realized SU(2); x U(1)y

2020/2/18 KEK-PH 2020 " Generalization of Higgs Effective Field Theory " 18



Generalization of HEFT

From now on, we call generalized HEFT as * GHEFT *

~ GHEFT ~

-symmetry 1 SU(3)ex  SU(2)p x U(l)y
non-linearly realized
- matter contents:  SM+ HO gt H*E ..
- /)
Y
Non-trivial

Add H° H* H** ... respecting non-linearly realized SU(2); x U(1)y

» CCWZ me-thod Coleman et. al.,, Phys. Rev. 177. 2239

Callan et. al., Phys. Rev. 177. 2247
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Generalization of HEFT

We apply CCWZ to the extension of the HEFT !!

/ GHEFT \

1 . .
_ (]
£GHEFT — §gij((b)au(1) 8“(1)‘7 -V
@i — {7.‘_0,’ ¢I}
1 2 1 2_2 1 1_2 3
g = Gu +§G317F — gGum’ T+ EGQIW m + O((7)7),
1 1 9 1
gor = Goy + 50317rl + 6G117T17f“ — EG‘HWIWI +0((n)?),

\_ /

R. Nagai, M. Tanabashi, K. Tsumura, Y.U.
Phys. Rev. D 100, 075020
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Phenomenology
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1 . .
[ LGHEFT = 591;3'({1'))(9“(1)28”6133 —V @i = {z% 41} J

GHEFT has common property to HEFT ...

Nonrenormalizable
1 —k\ (=l Di —j —k\(=I\Di . (=] A
Sdiv = — 75— (Esbc(?»Uf ) (@4) R 1t (07):6 + €spe(wy ) (Wh) R i (i );i) In "
Perturbative non-unitary
ot "

S, = — l, = = U, = 5
Q ~ g(Rik:lj + Rikj) + o (Rijie + Rijr) + 5 (Rijrr + Rigji)

E>>m¢, 3 3
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1 . .
[ LGHEFT = §g¢j(¢)8u@28“61>7 —V & = {59, ¢} ]

GHEFT has common property to HEFT ...

Nonrenormalizable

S = — 1y (cus O R ) + ) ) RO ) I o

Perturbative non-unitary

S, = = l, = -
Q ~ g(Riij + Rigkj) + g(Rijlk + Rijk) +

E>>m¢,

. .
¥ o . -
Unitarity condition :
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1 . .
LGHEFT = 591’3’((1))8“(1)28’“(1)3 S gy S

——— Ty
1.0H | o / 4
| - M / / /;’
[ | /- aAs
3 1 R 42%
- . | / /;4/
o.s_—l' | //_,' /557 4
L\ | PR
| - 1 L s /
T | | 7
L ! y
or | g / 7
. 7 ,
! -Z2 Y / T, 0, R.R
| 2 /‘_ Y, 2 “hagt ]
- A Y V2R TR asymmetries
05 | AL // |// e Gl
I . P o M
P e
21 /. /|
Al /. /7 I all (0% CL)

. o l 7 = a5 1.0 05 0 s 1.0 1.5 . ] = ,_]. j\_
Sdiv = —- f:&bz;-(“—'( Jlwg Lo gkt S 1 Csbc\wy ><U’('>H tj/;l(!/' >:i In 12

7
&b ] (5)/1' (b \ / VL

\ / X N - .
Q ~ q(ﬁ/ - Riik) + q(ﬁ/‘//«/ + Rikj1)
./_ B . ] > My & | / -
¢J/ qb—V—V ' VL
coupling
24



coupling




Summary

Make model-independent prediction about
properties of H° H* H** ...

« We formulate a generalization of HEFT (GHEFT) so
that it includes additional scalar fields.

« GHEFT is invariant under nonlinear SU(2)xU(1)
thanks to CCWZ method

« Take Home Message

Finiteness of S < perturbative unitarity

ie. Saiv=0) ( le. Rz’jkzl =0 ) ,



2020/2/18

Back Up
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Non-linearly realized sym.
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Extension of HEFT

Mission

[ Add H° H* H** ... respecting non-linearly realized SU(2);, x U(l)y]

Coleman et. al,, Phys. Rev. 177. 2239
» CCWZ methOd Callan et. al., Phys. Rev. 177. 2247

Non-linearly realized SU(2)p x U(1)y

= SU(2)r xU(1)y transformation depends on wi, 7

0L
_I_
22

Ex.)  SUQ@L : HY =H "+ L (r —xH)H + -
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Extension of HEFT

Mission

[ Add H° H* H** ... respecting non-linearly realized SU(2);, x U(l)y]

Coleman et. al,, Phys. Rev. 177. 2239
» CCWZ methOd Callan et. al., Phys. Rev. 177. 2247

Non-linearly realized SU(2)p x U(1)y

= SU(2)r xU(1)y transformation depends on wi, 7

0L (x)
2v/2

Ex.)  SU©Q) : HY =HT +

(M) = T HT 4+

It still depends on x,

Even if we take 6 (z) — 0r through 7 (z), 7°(x)
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Extension of HEFT

Mission

[ Add H° H* H** ... respecting non-linearly realized SU(2);, x U(l)y]

Coleman et. al,, Phys. Rev. 177. 2239
» CCWZ methOd Callan et. al., Phys. Rev. 177. 2247

Non-linearly realized SU(2)p x U(1)y

= SU(2)r xU(1)y transformation depends on wi, 7

0L (x)
2v/2

Ex.)  SU©Q) : HY =HT +

(M) = T HT 4+

It still depends on x,

Even if we take 6 (z) — 0r through 7 (z), 7°(x)

connection : W, B, connection : |,
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Sufficient, not necessary
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Phenomenological implication

No divergence in S

perturbative unitary
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Phenomenological implication

kN (LDt (] kN (D (] A
Sdiv = — 75— (€3bc(’w]§ ) (W5) R jra (W )i + esne(wy)) (we) R jra (7 );z') In 5
w!  §* :Kiling vector for SU(2), ., U(1)y
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Phenomenological implication

B A N T A?
Saiv = — 5= (€3bc(’@'§ ) (W5) R jia (W7 ):i + esbe(wy) (W) R jua (5); ) I3
w!  §* :Kiling vector for SU(2), ., U(1)y

v  J| = .

E ’u_]k’u_)lejkl P— ’II} \/U_)ﬁszﬂ—T _I_ ?I)() ?I}(Tﬂ) sz(:')f(j).f
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Phenomenological implication

kN (LDt (] kN (D (] A
Sdiv = — 75— (€3bc(’w]§ ) (W5) R jra (W )i + esne(wy)) (we) R jra (7 );z') In 5
w!  §* :Kiling vector for SU(2), ., U(1)y
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Phenomenological implication

1 kN (LDt (] kN (D (] A?
Sdiv = — 75— (€3bc(’w]§ ) (W5) R jra (W )i + esne(wy)) (o) R’ jra (7 );z') In 5
w!  §* :Kiling vector for SU(2), ., U(1)y
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Phenomenological implication

1 _ _ 1 _1 — — 1 —1 A2
Saiv = — 75— (€3bc(’w]§ ) (W5) R jia (W7 ):i + esbe(wy) (W) R jua (5); ) I3

w! ' :Kiling vector for SU(2);, . U(1)y

E ’LZJkU_)lejkl = QIJT”LD'TRZJ'/—W + 0 x sz(b[d’).I

T — 7w+ (h) o' = ¢ +i[Qy) s’
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Phenomenological implication

kN (LDt (] kN (D (] A
Sdiv = — 75— (€3bc(’w]§ ) (W5) R jra (W )i + esne(wy)) (o) R’ jra (7 );z') In 5
w!  §* :Kiling vector for SU(2), ., U(1)y
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Phenomenological implication

Sqiy = ——— (63,)0(@’;)(@3)}?2“ (wg);i + egpe(wy) (Wh) R (@j);z‘) In —

w!  §* :Kiling vector for SU(2), ., U(1)y

@klﬂlﬁzjkl = ’ll_}'LlDﬁsz~~l— + 0x "R J
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Phenomenological implication

kN (LDt (] kN (D (] A
Sdiv = — 75— (€3bc(’w]§ ) (W5) R jra (W )i + esne(wy)) (we) R jra (7 );z') In 5
w!  §* :Kiling vector for SU(2), ., U(1)y
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Phenomenological implication

1 ~ I\ s B Ny _ A2
Sdiv = — 75~ (€3bc(’w’§ )(05) R ja (7). + €3ve(@g ) (w05) R jra (7)) ) In =
w! ' :Kiling vector for SU(2);, . U(1)y
W0 R = 1w w" R &'
Tkl — JTIT \\ //
k,l Jm
(pj/ \
When we require Sg;y = 0
Imposing Rz’jkl =0 are too strict

( perturbative unitary )

only R'; . =0 isenough
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Phenomenological implication

1 _ _ 1 _1 — — 1 —1 A2
Saiv = — 75— (Gsbc(’wf ) (W5) Rt (103):6 + €sve(Wy) (W) R jia (5, ) I3

w! ' :Kiling vector for SU(2);, . U(1)y

a

—k -lpt [T D i
E ww R jp =w w" R . ¢\\ ;
k.l

Finiteness of S < perturbative unitarity

S Skl =W . =
he 5 : (e Rijkl =0 )
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Loop expansion
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Loop expansion : tree level

tree level L=ALio

AL10

2020/2/18

2

KEK-PH 2020 " Generalization of Higgs Effective Field Theory "

= %F(h)Tr[(DMU)TD“U] + %8,,,h8“h —V(h)+ -
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L oop expansion : 1-loop level
tree level [ = ALL()
b — dd
lHooplevel L = AL+ ALN1O

(counterterm)  4-fermi

Renormalization condition

>‘\ o /< + >< — Oexp

1-loop diagram counterterm in A Ln1.0
w/ AL o vertex

Observables not used for R.C. can be predicted
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Loop expansion : 2-loop level
tree level [ = AﬁLO
IHooplevel L = AL;o+ ALNLO

2-loop level L = AL:LO -+ AL:NL() + A»CNNLO

Renormalization condition

exp

+;\mm/ ’/. = O

2-loop diagram 1-loop diagrém counterterm
w/ AL vertex w/ ALnio vertex in ALNNLO

2020/2/18 KEK-PH 2(@QbservablesinotUses: forR\C.Feanbepredicted 47




Power counting

26 7.1: HEMEROZEIE, NLO I 21858

LO @ vertex % YL VrL)t | Xug' X2® | X | X)) | Yor¥rim Xu
2K i 7 N el I A g
D it FN B85 n; Ve m T r | u zr(zR)

L-loop diagram: D

DLN

(yv)u (gv)m+2r+2:r+u 4z pd

d=2L+2 -

oFL+FR-2

Fr, + Fp
2

A‘ZL ’

TFp  Ff <Fh
Vi, 'V, Ve Vg

F2

-V —-—v-m-2r-2r-u-—2z

(%) (9

2020/2/18 KEK-PH 2020 " Generalization of Higgs Effective Field Theory " 48




2020/2/18

T, U parameter
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I-loop corrections

Peskin-Takeuchi's S, T, U parameter

1 : A?

Saiv = — 5= (Esbc(@c ) (w3) R jrr(w7) i + €3pe(Wy ) (W) R jra(97) z) In —
127 7
1 Y . e i A2
Uaiv = 1oz (€10e(@) @D R ua(@])s — esne(@f) @) R jua(@h):i) In 5

_ — — — — ~ A2
— Agiy (wh) i (wh):5 gk — 495 (5" (7)1 G }111 2
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T parameter

Tay ~ |(@})(0) - (@) ()
X {Rikjl [gkmgln‘_/,mn T ’lIJ];’U_)fl + gkgl]

_ — — — = P A2
— 493y (05) i (@} a1 — 495 (5°):6 (51 G }m 2
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T parameter

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

_ — — - - A2
— Agiy (wh) i (@} gk — 495 (5°) . (F') ]gkl}ln 2

2020/2/18 KEK-PH 2020 " Generalization of Higgs Effective Field Theory "
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T parameter

Tay ~ |(@})(0) - (@) ()
X {Rik]l[gkm lnvmn —I'U_)k i _I_gkyl]

— — — - -~ A2
- 4912/V(w§);i(w2);jgkl — 49%/(9 )i (yl) ygkl}ln ?

1 It Rik’jl = (

A2
X { - 493‘/(@1;);.(@1 ); j Okl — 49%/(gk);i(gl);j§kl}ln F
=0 (SM)
=0 (2HDM)

% 0 ( Georgi Machacek Model)
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Geometry and symmetry
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Killing eqg. = Model-independent correlation

Pl
Vij:k = R kjivp

V; and Rijkl in SM should satisfy Killing eq. 9ij = --: 2

V; and szk:l in 2ZHDM should satisfy Killing eq. e

V; and Rijkl in SM + Singlet Model should satisfy Killing ejq[ EJ

Goal :
Model-independent constraints on new scalars

HO H:I: H:l::l:
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Goal :
Model-independent prediction on new scalars

HO H:l: H:I::I:

Killing eq. = Model-independent correlation

_ pl
Vijik = R ki

7™ h

Jia = {..J ™ h H A H*

V; and Rijk,l in SM should satisfy Killing eq. 9ij = -I-: )

V; and szkl in 2ZHDM should satisfy Killing eq. o he

V; and Rijkl in SM + Singlet Model should satisfy Killing eq.[ h_}
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