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Higgs Boson

Higgs discovery completes the standard model spectrum
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Given Higgs mass, all parameters in Higgs sector are predicted!
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Known Known

Higgs couplings to gauge boson and fermion are measured
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Any deviation from the SM 1n the Higgs sector 1s new physics!
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Known Unknown

Higgs self coupling is not yet determined
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Shape of Higgs potential could be different from the SM!
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Higgs Portal to New Physics

Top-down approach: new physics models

New Couplings

ifferent Potenti
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Bottom-up approach: Higgs effective field theory (HEFT)
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Scale of New Physics
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SMEFT Framework
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Fundamental Higgs

Higss potential in SM Higgs potential in SMEFT

V=—p2HH + N(HTH)? V=—p2HH + N HTH)? C\“;/\(HTH)"‘
_i m; msj, ” _
= m,h + dj (‘.1,)}1 + dy (8?, )h d;—l+ch1\’9 ;3\, 1
dy =1+ cq b,:, ¢ ;;5{’, f)(Ald,

How to generate (HTH)? operator?
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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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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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Scalar singlet 2HDM Triplet/Seesaw Quadruplet

S =s,

H.,
s+1a) o = s . ya
( ) g2 (\}2('02 + HY mg))

Sl

T

3 At
Jiang-Hao Yu \ A" ) @

o At -+ (AHJr\
A= V2 A+t
a . . +
- ﬁ(d""b&‘l‘ln) —% A=




Fundamental Higgs

Scalar singlet 2HDM Triplet/Seesaw Quadruplet

Integrate out heavy scalars

[Corbett, Joglekar, Li, Yu, 2018]
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EWPT and Higgs Data

Constraints on EFT operators Model Parameters
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Fundamental Higgs

EWPT and Single Higgs data put constraints on di-Higgs cross section
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Pseudo-Goldstone Higgs

Higgs boson as pseudo-Nambu Goldstone boson
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EW Symmetry Breaking!

Incorporate the fermion sector

Higgs potential with only boson sector EW symmetry breaking
ey AN
S

\/ =~ VWYV

V(¢) = —asin®(¢/f) + bsin®(¢/ f)

The top partner triggers EWSB!
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Top Partner

The top partner also protects the Higgs mass

Solving hierarchy problem and realize EWSB

Usually need to introduce symmetry in fermion sector

16



PNGB Higgs Models

G/H cosets are universal, but fermion embedding quite different!

Little Higgs (2000) Composite Higgs (2004) . Neutral Naturalness (2015)

I I [Craig, Knapen, Longhi 2015]

fundamental top partner partial composite top partner  Colorless top partner

Littlest Higgs Minimal Composite Higgs

[Arkani-hamed, gf.al. 2000 [Agashe, Contino, Pomarol 2004]

Collective symmetry breaking > [Foadi, Schmidt, Yu, 2010]
LR Z2 Higgs [Chacko, Goh, Harnik 2006]

- ' I[Li, Xu, Yu, Zhu, 2019]
[Chacko, Goh, Harnik 2006]
Minimal neutral naturalness

[Xu, Yu, Zhu, 2018]

< ZZ/SU§6E smeetri |
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PNGB Chiral Lagrangian

Higgs nonlinearity effect 1s not included in SMEFT

Composite Higgs/Neutral-
Naturalness Models

Integrate out impositc states

Pseudo-Goldstone Higgs
Chiral Lagrangian

Higgs series expanslon

Sp = sin h — h
) = sin — — —
. h EWSB F
Sp = sIn —
Higgs nonlingarity included

Higgs EFT

(EW Chiral Lagrangian)

Jiang-Hao Yu

Fundamental Higgs Models

| ntegrate ouieavy states

Dimension-six
operators in SMEFT

EWSB




EFT Description

Composite nggs Left-nght Z2 Twin nggs Minimal NN

[L| Xu, Yu, Zhu, 2019]
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W, Z boson W, Z boson top 2 M(l) top

Heavy composite states

A |
\ T .. R
top to

Generalized 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.)

Jiang-Hao Yu @




Low Energy Theorem

Lo = trpll, (p°)tr, + trplli, (p*)tr — (t210i,15 (%)t + hoc.)

Top Higgs couplings 5
¢t = vz 08 ista (0) [Li, Xu, Yu, Zhu, 2019]
- o ’02 1 0‘°tht‘?(0)
tthh ) my a(h:z
Top quark couplings to gluon gluon
(9) __ Xg u Yap . h 1 , hz
Cf‘})f — (11 ;'“ G Z log m; ’(h) c«’ff ~ 195 ’ ((.‘l; + ?yylfhﬁ + - )
g O g
0OCODO0 Co0OC00
top top
>
g KK
H 3 9 g i
‘ 7

zgman' ---tl a2 62 1
. o0 H ~ d:H:WOWWg nghh = —’02 a<h>2 [Elogﬂt,‘tn(())]
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Radiative Higgs Potential!

Lo = trpll, (p°)tr, + trplli, (p*)tr — (E110i,0,(p°)tR + hoc.)

Coleman-Weinberg effective potential
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[Li, Xu, Yu, Zhu, 2019]

NS v [
£ N / N '/ ‘}
(/\w- \ tL*/\ ,«'\\ tL th“‘w’ \itL
J + 4 - “;f' .\\ - \'-"‘ -
\\_’/ \‘/ = /‘ -7 N_ X e ‘__.,J" ~a
e tr
i
tL 'L ‘L J/ rH
TN ,,z/ - \}x
) - - - | - ) - -
. < e 7 "
S l:\ PN //t,_
tn ~N
T,
2 I
V(h) _ 2Nc A dQ2Q2l [H H 'Q2+H2 ]
_ ]_67T2 0 Og tr tr trLtr
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Cutoff dependence

Jiang-Hao Yu
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Complete Higgs Couplings

Composite Higgs Left-Right Z2 Minimal NN
N \Z/' -

Obtain form factors [Li, Xu, Yu, Zhu, 2019]

Lo = trplly, (p*)tr, + tpplli (p*)tr — (011,15 (p%)tR + hoc.)

Low energy theorem Radiative Higgs potential
0 [1 V(h) = - : dQ*Q*log[I;, 11, - Q% + 112, ]
Cg =1 [—logl‘ItLtR(O)] 1672 0 trtltg titr
6(h)622
1 = —Y 2 ! 1 .
Cgghh = —v? 6(h>2 [Elog HtLtR(O)] Vf5h + "sth +
ct = vmlog IT;,+,(0) Cap, = _%;
. v* 1 0°II;4,(0) 1 oty

2 me o 8(hy? Cah = —24,37
Jiang-Hao Yu 52



EW Chiral Lagrangian

Twin Higgs Minimal NN

Left-Right Z2

Composite Higgs

MCHMs .5 10410 14414 541 K CTHMg41. 84288435
MCHM 14,14, \P—_—. CTHW,;;s_,_,_———-/

EW Chiral Lagrangian

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

v (b IT h o, ) [ vtr
7 (tl,bL)L (1 te, teaz )(%b‘r‘) + h.c.
|

(99 — H) + Higgs global fit Higgs effective couplings

MCHNM, f=1TeéV

Agrawal, Saha, Xu, Yu, Yuan, 201¢
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Cithh

Fundamental vs Composite?

PNGB Higgs EFT SMEFT

[Agrawal, Saha, Xu, Yu, Yuan, 2019]

EW Chiral Lagrangian

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

;- N h hg yttR
- (.u,bz')U(l tea +ek + ) (%b‘q) t+h.c.

Higgs effective couplings

Higgs nonlinearity

MCOHN g5, f = 1TV

Shape of Higgs potential
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Pseudo-Goldstone Higgs

Dim-6 SMEFT (SILH) does not encode Higgs nonlinearity

NMOHNM- o5 / — 1TeV [Li, Xu, Yu, Zhu, 2019]




Pseudo-Goldstone Higgs

Similar to 2ZHDM, di-Higgs cross section 1s larger than SM one

[Agrawal, Saha, Xu, Yu, Yuan, 2019]

g9 -> HH

jgl  =mm=m=no cut, MCH

, -----pTH > 70 GGV, MCH s’
[ ames pTy > 140 GeV, MCH ol
16 ) CUL, CTH 59
—PTH > 70 GeV, CTH ‘Q’
=Ty > 140 GV, CTH _g®

|
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Shape of Higgs Potential

Pseudo-Goldstone Higgs Coleman Weinberg Higgs Tadpole-induced Higgs

AN r
VWV

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

Very different analytic Higgs behavior from SM

Landau-Ginzburg Higgs
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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 runs to negative

Radiative correction triggers EWSB!
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Coleman Weinberg Higgs

Dimensional transmutation:

Running quartic coupling induces minimum.

o
J
- -

0 -g\_/i

A(p) =~ BIn(p/M) V(h) = %h“ = B In % b
oo ( ,\(M'_)) Az D Ay 11
M xp 3 )\gM §7 AzsLM T ?
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Tadpole Induced Higgs

Technicolor vs Higgs discovery

Predict no Higgs ...

Long-live technicolor: Bosonic technicolor

Technicolor

8 A
[Simmons 1989], <QQ>

[Carone, Georgi 1994] , i
[Galloway, etc, 2013]

: : : : — Hsn
Violate unitary in Wr-Wp scattering

Elementary Higgs
Jiang-Hao @



Tadpole Induced Higgs

Bosonic technicolor (Induced EWSB)

[Galloway, etc, 2013]

Vet = m2H'H + €(E'H+ h.c.) + -+
m3{>0 ¢<0 neglect quartic

(¥) = (QQ)

Higgs self couplings are induced by integrating out heavy states

-~ - - ’
.s~ 'o' \‘ '0
. N P
'
' 0' ‘\
' . .
' ’ -
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How to Distinguish Them?

SMEFT PNGB Higgs CWV Higgs Tadpole Higgs

[Agrawal, Saha, Xu, Yu, Yuan, 2019]

L= 5(9:h)*~V(h)
+ £ Tr [(apU)'a"U] (1 +2a2 + bl + .. )

— 2 (b h o) ((Yetr
7 (tL,bL)U(l +e1o e > + ) (ybbR) + h.c.
a b (&] Co C3 d3 d4
SM 1 1 1 0 1 1
SMEFT (with non-vanishing O) 1 1 1 0 0 |1+¢g X—:- 1+ (‘4;6—,(’;-
MCHs 45 ~ - S 1 -2~ - 3¢ > -26 |~ —2¢ |~ - g|~ 1 — %
CTHg, ~1—§ =121 - 36 > —2¢|~ —1€[=1— 3¢|~1—2B¢
pscudo dilaton: SM-+ doublet 1 1 1 0 0 3(1.75) ]—31—(4.43}
psendo dilaton: SM+ 2 singlets 1 0 0 2(1.91) 2 (4.10)
[nduced EWSB: ~1 ~1 ~1 0 0 ~ () ~ () @




Higgs Self Coupling

Make use of large difference 1n Higgs self coupling

2.0

1.5

s ®

Models

Di-Higgs production

Jiang-Hao Yu
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Di-Higgs Production

;L. """ D
iy ’ AT [Many references here ... ]
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Di-Higgs Production

gg -> HH
0000
’ 140 7 o o MOd .............
p h P | ag J% hh Jiot
’ oy 120
. . Vs =27 Tev et
N \\\ Aloo. pTH s 70 GeV MCH "‘_‘.— }
\Il \M/ N e 80 .‘-—'—‘Q‘I—’ "‘
© 60 gﬂ.::~----__ _‘_-—""‘
40 ---~-:"';;-—-—
gg _— HH . ‘-'_. o ---~-—<
. . . 20 . ‘-‘ 4
jgf w——— no cut, MCH . I .
' =====pTy>70 GeV, MCH 2 000 002 004 _ 006 008 040
----- pTy > 140 GeV, MCH o ' | : : ' :
1.6 no cut, CTH ,96’
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D14 Q 140 " o eMod e
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o"‘ S80-
1.0} 1 ; 60 | — T S LT :-—-:;::- ____
0.00 0.02 0.04 0.06 0.08 0.10 40
¢ o
) 0 Cammmnmmpmmm=nem=®r = """ 1
Take LO cross section 0.00 0.02 C.04 0.06 0.08 0.10

NLO K factor=1.6

[Dawson, Dittmaier, Spira, |998]
Jiang-Hao Yu
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Discriminating Models via HH Production

[Agrawal, Saha, Xu, Yu,Yuan, 2019]

27 TeV, 15 ab™! Tadpole Higgs

¢

cTHm CTHM
£=005 &

SMEFT with O, +

Models

14% accuracy (1 sigma CL) for SM xsec at 27 TeV
[ Goncalves, Han, Kling, Plehn, Takeuchi, 2018] @
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Discriminating Models via HH Production

[Agrawal, Saha, Xu, Yu, Yuan, 2019]

100 TeV, 30 ab™!

2 Tadpole Higgs
D

1.5

o/ oy,

SMEFT with O,

0.5 *

Models
5% accuracy (1 sigma CL) for SM xsec at 100 TeV
[ Goncalves, Han, Kling, Plehn, Takeuchi, 2018] @
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Quartic Higgs Coupling

Confirm quartic coupling

Further determine shape of Higgs potential

2.5
2.0

"o Tadpole Higgs

0.5 MCHM

Models

tri-Higgs production

Jiang-Hao Yu @



Quartic Higgs Coupling
Three Higgs production at 10 TeV collider

[Papaefstathiou, Sakurai, 201 6]

[Chen,Yan, Zhao, Zhong, Zhao, 201 6]

- ;3001b
ol 100¢ [Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao, 2018]
[ 15 —
61— S
: 30 B 30 b a95% CL X
45_ ‘ 15F ,// \\._‘
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| 0k > i
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Indirect search via two-loop correction
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w LC2 schenw 1)

% (€) N _ ~ - - B}
Di-Higgs at HL-LHC 4 0
and 100 TeV collider 20
[Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao, 2018] 40t 1, CL.

1LC inonlinean
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Tri-Higgs Production

7/ - — - —

LO cross section

0g->HHH
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Tri-Higgs Production

[Agrawal, Saha, Xu, Yu,Yuan, 2019]

gg -> HHH
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Tri-Higgs Production

[Agrawal, Saha, Xu, Yu,Yuan, 2019]

100 TeV, 45000 ab™"

Tadpole Higgs

$

SMEFT with 0,
(13 = 2. d_; = 7

20% accuracy (1 sigma CL) for SM xsec at 100 TeV Models
[Chen,Yan, Zhao, Zhong, Zhao, 201 6] @
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Determine Quartic Coupling
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Summary

Explore Higgs potential beyond Landau-Ginzburg Higgs potential

Landau-Ginzburg Higgs Pseudo-Goldstone Higgs

\

\

(VN

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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Thanks very much!
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Theoretical Constraints

Perturbative tree-level unitarity constraint (s-wave)

Excluded

red line: MCHM
6} blue line: CTHM
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Tree-level Vacuum Stability
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(a) Landau-Ginzburg Higgs (b) Pseudo-Goldstone Higgs

(c) Coleman-Weinberg Higgs (d) Tadpole-Induced Higgs
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