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Higgs Boson
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Nature of Higgs Boson

However, nature of Higgs boson undetermined ...

Fundamental Composite

weak dynamics at TeV strong dynamics at TeV

1 ! A A

N VvV VW V

V() = —m?¢'¢ + \o'¢)?

Landau-Ginzburg description Microscopic theory?
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Higgs or no Higgs

Before the Higgs discovery ...

Standard Model Technicolor

weak dynamics at EW scale strong dynamics at EW scale
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Fundamental/Composite Higgs

An mmportant task for HL-LHC and future collider

Fundamental Composite

weak dynamics at TeV strong dynamics at TeV
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Shape of Higgs Potential

Landau-Ginzburg Higgs Tadpole-induced Higgs Coleman Weinberg Higgs  Pseudo-Goldstone Higgs
\ f
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V(6)=—m*¢T6 + M(610)°  V(9) = —i*Velg+msT¢  V(6) = Ne'0) +e(6!0)’log” 5 V(g) = —asin’(¢/f) + bsin’(¢/f)

Fundamental  Partial Fund. Conformal  Full Composite

Shape of Higgs potential: very different!
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Shape of Scalar Potential

Shape of Higgs potential could be further modified

new scalar

Mixing between scalars

phase transition
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Scale of New Physics

LHC Searches EFT description
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Shape of Higgs potential at EW scale with heavy d.o.f integrate-out
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(1) Fundamental Higgs

A V(0)

“*  Standard Model
Extended scalar sector

Supersymmetry
Left-right Model
GUT model
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UV Models

Scalar Extension Fermion Extension Gauge Extension

Higgs Singlet Type-| seesaw U(l) extensions
Higgs Doublet Vectorlike fermion IUE) extcansiions
: : G331
Type-ll seesaw Vectorlike top

Minimal Dark Matter Singlet-doublet dark matter
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EFT Framework
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SMEFT

Dimension- Dimension-7
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How to Write Complete SMEFT?

[ Li, Ren, Shu, Xiao, Yu, Zheng, 2020]

‘145 Li, Ren, Xiao, Yu, Zheng, 2020]
Detine bulldmg block EOM: decompose into irreps under Lo_r_qg_‘gg group
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Flavor-specified Operators

Operators with repeated field: permutation symmetry among flavors

Qvrst _ ;.abe gk (( .','.,,(‘),,,,-‘.((_)4,,’u"ui“.) ¢ :A',),,Q,,,,((_),1,(_41"u"h_):l ]."“””'
SU(N) Irre
Dim —; nbzgrtizoe > Classes (1) Imep > SSYT
Gauge
Model Symmetry v
Types
% Gauge Lorentz
y-basis y-basis
...................... el I ERL LT R e R e
Repeated _3 ' Symmetrization
Fields b’
Y v
Gauge p-basis Lorentz p-basis
Automated procedure! v v
: Inner Product Decompasition
Easy to write operators J
at any higher dim Flavor p-basis
[ Li, Ren, Shu, Xiao, Yu, Zheng, 2020] ~ Desymmetrization
[ Li, Ren, Xiao, Yu, Zheng, 2020] v
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Fundamental Higgs

Higgs potential in SM
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Higgs potential

in SMEFT
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How to generate (HTH)? operator?
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New Physics Models
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Tree level generate?

Scalar Extension

HYHS, HTHS
Corbett, Joglekar, Li, Yu, 2018 Group theory? 2@2 = 35+1a
[Corbett, Joglekar, Li, Yu, ] 22282 — 4n40
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Fundamental Higgs

Prediction on measurement of Higgs selfcoupling deviation based on UV models
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(2) Pseudo-Goldstone Higgs

4 V(o)

Radial mode
Higgs as ope

Little Higgs
Composite Higgs
Twin Higgs
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Pseudo Nambu-Goldstone Higgs

Higgs boson as pseudo-Nambu Goldstone boson

Jiang-Hao Yu



Pseudo Nambu-Goldstone Higgs

Higgs boson as pseudo-Nambu Goldstone boson
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PNGB Higgs Models

Chiral Lagrangian description

G H

G H C Ng ry = Fsy(2)xsu(2) (Fsu()xuci))
28.(,.,.; ........... ng.(,r%. ...... «‘;r .................. 2(4.._. .(.)2: 2()2..;.) ......... " Composite Higgs
: SO(6 5 5 5=(1.1) | (2, ; |
’St.‘i.g}. .}.(. t. ‘.\.13 - 'SU(‘E) .>(.<. U ”) ........ 5 .................. i.i.l. :;.:}: .1.[.' ......... . - . = [ Agashe, Contino, Pomarol 2004]
SU(4) Spi4) s 5 5 (1,1) + (2, 2) Minimal Neutral Naturalness
LS00 SO6) ¥ 6. 8=2 (L 422 e 2
STTTR0(R) SO(7 v T 7=3(1,1)711(22) " o K
tSU(4) x U(1)  SU(3) x U(1) 7 3. 1m+3i1m+lo=3-lo+2 1,0 & NTIEE
""S(jtﬂ ............. G .2 ......... V_gu;r ............. 7...z1.’.3)-4_.(2.,.2) ........... . [Chacko, Goh, Harnik 2006]
SO(9) SO(8) v 8 8 =2.(22)
SU(4) [SU(2)]* x U(1) v* 8 (2,2)12=2-(2,2)
[SU(3))? SU(3) 8 8 =10+ 2+1/2+ 30
Sp(6) Sp(4) x SU(2) v 8 (4.2)=2-(2,2)
SU(5) SUM) x U(1) v* 8 45 —4d45 =2-(2,2)
[SO(5)]* SO(5) ' 10 10 =(1,3)+(3,1)+(2,2)
SO(7) SO(5) x U(1) v* 10 100 = (3.1) | (1.3) ~ (2,2)
JURP~1 011 R [SU).....¥. . (2.2,3) =3.(2.2)........... .
. SU(s) SO(5) 14 14 = (3,3) 4 (2,2) + (1,1) :  Little Higgs
T R AT AL A S S R L T (arkeniamed . 2000]
SO(6))? SO(6) vi15 15=(1.1)+2-(2,2)-(3,1) +(1,3)

SO9) SO(5) x SO(4) v* 20 (5,4)=1(2,2)+ (1+ 3,1+ 3)
[Csaki, et. al, 2015]
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PNGB Higgs EFT

G H C Ng Ty = Fsu(2)xsu(2) (Fsu(z)xu))
SO(5) SOM) v 4 14— (2,2)
SO(6) SO(5) v 5 5=(1,1) | (2,2)
SL(3) X L(l) SU(Z) X U(l) 5 2i1_/'2 + 1o
SU(4) Sp(4) v 5 5 (1.1)+(2,2)
SO(7) SO(6) v 6 6=2-(1,1)+(2,2)
SO(8) SO(7) v T 7=3-(1,1) 1 (2,2)
I— . o SU{4) x U(1) SU(3) x U(1) 7 3_1/3+3:18+1lo=3-1o+2_1/2
m— (5/H with composite states Lsom - )(:2 ST T (1L,3)+(2,2) |
I—— S0(9) SO(8) /s 8 8=12.(2,2)
I SU(4) [SU(2)* x U(1) v* 8 (2,2)12=2-(2,2)
. SU(3)]* SU(3 8 8 =10+ 2. 3
Integrate out heavy composite states | 58 o noe « s o gt e
SU(4) x U(1) 8 4 5+445=2-(2,2)
"""""""""""""""""""""""""""" SO(5) x U(1) 100 = (3.1) + (1,3) - (2.2)
[SU©2)? - (2.2,3) =3-(2.2)
SO(5) ’ 14 = (3,3) +(2,2) + (1,1)
Sp(6) t 14 14=2-(2,2)+(1,3)+3-(1,1)
SO(6) * 15 15=(1.1)+2-(2,2) - (3,1) +(1,3)
G/H SO SO(5) x SO(4) v* (5,4) =(2,2)+ (1+ 3,1 +3)

Integrate out heavy PNGB other than the Higgs

If all other PNGB heavy If one light PNGB (singlet) If one light PNGB (multiplet)

SO(5)/SO(4) EFT SO(6)/SO(5) EFT

EW chiral Lagrangian [Qi, Yu, Zhu, 2019]
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EFT Description

Composite nggs Left-nght Z2 Twin nggs Neutral Natural

[L| Xu, Yu, Zhu, 2019]

. .
S 4

l
W, Z boson X%oson top 2 (z) top
) ’ M

Heavy COmpOSItC states [Heurtier, Li, Song, Su, Su, Yu, 2020]

V 7
\ .. R
W, Z bOSWZ boson . o
top . to

Generalized Effective Lagrangian

1 f f
LD 5(13.-1-)““ (Io(¢*)Tr(ALAL) + 11, (¢*) S AL A, ST

Lo = trplly, (p*)tr + trpll (0"t — (E211,0,(p%)tR + hoc.)
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EW Chiral Lagrangian

Composite Higgs Left-Right Z2 Twin Higgs Neutral Natural

MCHMs .5 10410 14414 541
MCHM 14,14,

K CTHMg41.8428.8435
T

(99 — H) + Higgs global fit

MCHNM, f=1TeéV

without ttH

06  alldata

_

£ = H8,h)~V(h)
— L1 (@) 0] (1- 20k — bl + )
Ul

v

V2

Higgs effective couplings

[Agrawal, Saha, Xu, Yu, Yuan, 201910

02 04 06 08 10 12 14

Ct [Li, Xu, Yu, Zhu, 2019]Jiang-Hao Yu

EW Chiral Lagrangian

(iL,BL)U(l -1- cl% -- C2:_: + - ) (ybb,q) + h.c.

gg->HH

1.8f

2
D4
\ -

no cut MCH |
£Ty> 70 GV, MCH T
pTy> 140 GaV, MCH '
e 031, CTH ’99
—pTu> 70 G2V, CTH ‘,‘
e T 11> 140 GeV, cm‘ .,'

L
o s =14 Te
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Fundamental vs Composite?

PNGB Higgs EFT SMEFT

[Agrawal, Saha, Xu, Yu,Yuan, 2020]

EW Chiral Lagrangian

£ = 1(8.h)*~V(h)
~ Ly _(a,,l,')fm/] (1-20 — bt +...)

o (5 b T h o, ) [ vtr
Y (tL,bL')L (1 te, teaz+ )(%b‘q) + h.c.

Higgs effective couplings

Higgs nonlinearity

MCOHN g5, f = 1TV

Shape of Higgs potential

0.0}

_:)2

Cithh

-04F

_:)6

_.:)A~A-l-.~..A..__‘
8.2 U4 0.5 0.3 1.0

Cy

Non-flat metric in PNGB field space
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(3) Other Kind of Higgs Potential?

Coleman Weinberg Higgs
I 1

Tadpole-induced Higgs

¢l

V() = MoT9)? + (7 ¢)? log o V(g) = —pi>/otg + m2>eTo
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Coleman Weinberg Higgs

Classically scale invariant theory

[Coleman, Weinberg 73],

Tree-level potential [Gildner, Weinberg 76] ,

Coleman Weinberg Higgs

V(6) = A6y / V() = A0 + e(1¢)? g 2

Self-coupling running are opposite to SM case

Radiative correction triggers EWSB!
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Tadpole Induced Higgs

Long-live technicolor: Bosonic technicolor

Technicolor
(QQ) 1
[Simmons 1989], il
[Carone, Georgi 1994] ,
[Galloway, etc, 2013]

— Hgsu

Elementary Higgs

Induced EWSB V(6) = — 13/ oTd + m2et ¢

Vet = m2H'H + e(E'H+h.c.) + -+
S~ S
my>0 ¢<( neglect quartic

(¥) = (QQ)
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Shape of Higgs Potential

Pseudo-Goldstone Higgs Coleman Weinberg Higgs Tadpole-induced Higgs

NN r
VWV

V() = —asin®(¢/f) +bsin®(¢/f)  V(¢) = N¢'¢)* + e(¢7$)” log el V() = =1’V oo+ m?élo

Can we probe nature of Higgs other than the SM one?

Landau-Ginzburg Higgs

Jiang-Hao Yu



Higgs Self Coupling

[Agrawal, Saha, Xu, Yu,Yuan, 2020]

Make use of large difference 1n Higgs self coupling
\

A3 25 VERNV,
ASM
2.0
1.5
SM
TOfeeeeeeeeo . ... SMEET - WA ()Mt e Mee M e M
0.5 Tadpole Higgs\l\//
Models
g TOOON, o h
S Di-Higgs production
> — ggs p
g ouoo '-

“h
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Quartic Higgs Coupling

[Agrawal, Saha, Xu, Yu,Yuan, 2020]
Confirm quartic coupling

Further determine shape of Higgs potential

2.5
2.0

"o Tadpole Higgs

0.5 MCHM

o/ Models

N tri-Higgs production

) Jiang-Hao Yu @



Higgs Self Coupling

[Agrawal, Saha, Xu, Yu,Yuan, 2020]

27 TeV, 15 ab™! Tadpole Higgs

¢

SMEFT with 0O,

Models

14% accuracy (1 sigma CL) for SM xsec at 27 TeV
[ Goncalves, Han, Kling, Plehn, Takeuchi, 2018] @
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Quartic Higgs Coupling

[Agrawal, Saha, Xu, Yu,Yuan, 2020]

100 TeV, 50 ab~!

2.5 Tadpole Higgs
®

| SMEFT with 0,

0.5

Models

30% accuracy (1 sigma CL) for SM xsec at 100 TeV

[Fuks, Kim Lee, 2017]
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Summary

Explore different Higgs potential by Nature of Higgs Boson

Landau-Ginzburg Higgs Pseudo-Goldstone Higgs
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Coleman Weinberg Higgs Tadpole-induced Higgs

SMEFT 1s not enough to describe effective Lagrangian

Discriminate shape of Higgs potential via di/tri-Higgs production
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Thank you very much!
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Why higher Dim Operators?

e Expect much smaller effects for dim > 7
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A gim— A gim—
|A|2 .y ASM 4 dim—6 dim—8

New operators only appears at dim > 7

Neutral triple gauge boson ZZ7., ZZ A, ZAA couplings not appear at dim-6
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Higher dim operators not tightly constrained
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Strong correlation among operators at dim-6 Q e = [L7"6] [Esuc:]

prst

HL-LHC starts to probe the dim-8 effect

® (Ovbb and proton decay start to probe dim-9 operators
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Redundancy Among Operators

e Often write over-complete set of operators

D?p+dy=0, iDV+Jy=0, D" +J5=0, [DuD))——iFu. XD,Y~—-D,XY.

[Buchmuller, Wyler, 1986] [Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]
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1700 citations 1100 citations
’ CXDLY DXV C
1986 1995 2004 2013 2 010 o - o

16 + 35 + 29 = 80 15+ 19+ 25 = 59

Over-complete operators
v P P Independent operators
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Radiative Higgs Potential

Fundamental Higgs with supersymmetric top partner
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Composite Higgs with fermionic top partner

Pion potential
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Pseudo-Gold

stone Higgs
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VAVERVS

V(¢) = —asin®(¢/f) + bsin®(¢/f)

(40,



Matching Among EFTs

Composite Higgs Fundamental Higgs

Integrate out TeV heavy states

Higgs as Goldstone boson

Integrate out sub-TeV scalar (Including other PNGB)

Higgs with add

tional scalar

i
Sub-TeV EW fermions (neutralino, etc) could exist
but not relevant here

PNGB Higgs EFT

Electroweak breaking scale

SMEFT

Linearization




