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O Basic introduction

O Brief background knowledge on Maximally
Symmetric Composite Higgs

O How to realize maximal symmetry, even from
warped extra dimensions (emergence!!!)

O Naturalness sum rule, how to test!?

O Trigonometric Parity for the Composite Higgs
O Outlook on HEP and other fields



High energy physics
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“Old” physics up to d

The Weinberg-Salam
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Why God’s particle!

Higgs potentia

1 A

V(h) = §u2h2 + —h*

4

EVVSB
(Higgs mechanism)

(hy=v#0 — mW:gwg

The origin of the
ENS

Gives all particles
mass



Unknown in “old” physics
C

negative, why?

%/\(h"h)zlog [

V(h) ~ —ysi + (s} .

We actually never know the Higgs CORE question in
potential and why EVSB!? particle physics



Unknown in “old” phy
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Tayler expand on the quanth§
fluctuation of higgs potential

h/A3 h/ 4 hAS. . . . . h7A9

Future
ol Not known how to probe

Same collider
signal, different
botential



Substructure of Higg
9J010

Suppose in NP scale, we see
substructure of Higgs (like

QCD Pi form factor deviations)

Possible NP deviation




Relative Error

Precision Higgs
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Higgs compositeness for Higgs

ao says all particles

are composite from his philosophy!
A great eye-catching and physics motivation

for Higgs factory and great collider

Nima’s talk in IHEP 2018
iggs precision

Self-interaction
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Higgs as a pNGB

Why Higgs as a pNGB?

Kaplan, H. Georgi, Phys.Lett.B 136 (1984) T&
Kaplan, H. Georgi, Phys.Lett.B 145 (1984) 216

O Higgs mass small comping to confinement
scale (1~10TeV) Highly constrained by LEP

O The radiatively generated Higgs potential
O universal prediction on Higgs couplings (Like pion
soft theorem)

If the strong dynamics triggers the breaking G/H,
PNGB is a composite particle.



The origin of Higgs potential

But pions has no vev

only a positive mass

The origin of the Higgs potential

O The “parton” mass for the composite Higgs

L. Da, T. Ma, J. Shu, in preparation
O Quantum corrections from the SM

particles (Mostly top)?
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Maximally symmetric

‘ composite Higgs




Why another CHM{

L (OUQ)Can get the correct EVVSB.
O Can easily get the 125 GeV light Higgs mass?
O No UV dependence of Higgs potential.

gauge hierarchy problem
O Can we have minimal technical tuning

O A general methods based on symmetric coset space
to describe the EWSB (Higgs as a pNGB) in an unified

mannetr. :
Simplest Structure

O Find the new symmetry breaking pattern (Maximal

symmetry) automatically solves all problems above
C. Csaki, T. Ma, J. Shu., Phys.Rev.Lett. 119 (2017) no13, 131803



Symmetric space

For any global symmetry G breaks into H

T2(T%) is the (un)broken generator
1,7 ~ T, [T°T% ~ T T%,T% ~ T

H is a closed group symmetric coset space

G always has an automorphism

VTevt =Te VIievi = -T1¢
Higgs is the NGB in the symmetric coset space

V is also the Higgs parity operator, like pion parity in QCD



Examples:

SUM+N)/SU(M)xSU(N)xU(1)
SO(M +N)/SO(M)x SO(N)

SO(5)/SO(4)

Actually
cover

SU(2N)/Sp(2N) - aITSOeSffJ IaII
SU(N)/SO(N) )

cosets
G X G/GV




oldstone in symmetric

O OC For any global symmetry G
spontaneously breaks into H

If decouple the “Higgs”

The CCWZ transformation
U— gUh(ha',g)f

For any symmetric coset space

Key o Information of G/H
I . .

Simple linear transformation U=VvUuvi = UT.

¥ = 92'9Jr - Goldstone matrix transform linearly!




G/H CW potential fro

OO  Consider the MCHM5 SO(5)/SO(4)
SM Fermion Embed the SM fields into fund rep of G (spurionic

spurion vev
|
ﬁ SU(2) multiplet




G/H CW potential fro

DOO  Most general Lagrangian

Master formular

Lo = Vo, p(IE(p) + I (p)X) Vg, PRAEESIASTINEY
FU,, P (p) + I (p) ) U
+Wq, Mi(p)X'¥,,, + h.c.

Derivatives of GB does not
contribute to Higgs potential

QEpTx((T1 + N{S) P)Q]
Converting back — ¢ £/
to the SM fields by trpTr((Ip + LX) Prlts
using spurions. MiQtrTr[Y P,

P = (AD)Ag, P = (Ar)TAr

Based on G/H, one can write whatever Lag

Master formular : : .
contribute to Higgs potential



Enlarged Global Symme

-— A ey <

‘H(f’t =3l LH & RH top each has SYN
lobal
Vo, - grlo, g

Only acting on fermions, not

Goldstones
Vi, - RV,

Only the mass term breaks them into

QLE'QR =M Maximal subgroup leaves the GB invariant
9r.r = U'grL,rRU

Global Symmetry from composites

Ve =V




What is Maximal Symmetry?

SO(5)/SO(4)

laxa O

We prove (G/H)a

Mathematical structure
Can be used as a new UV _
C. Csaki, T. Ma, J. Shu., Phys.Rev.Lett.

completion of maximal symmetry 119 (2017) no13, 131803
just like moose model for LH, Appendix A



The Higgs potential

O sin(2h

(M7)?| Tx[E". P, ]2 ]

v =-2N. [ 5 Bios |1+ e pri e,

Higgs potential is just the top mass square up to some
factors after integration on momentum.

: CW
Log(|+x) expansion :
potential
top mass from both LH & RH top
mixture with top partners No UV Divergence

ME ~ M Arf2 (Mg — Ms)/p? V(R) ~ M5 f4 (Mg — Mg)? /A?

My ~ Slllgy, Higgs potential (singn)® = sj,




Understand deconstruction

o Collective Symmetry Breaking, “Little Higgs

G/
G/H » G/H One need 3 G/H

H(f’t o p—zN 2t UV G/H structures

Higgs potential tends to have

N=3 for finite potential
P large v/f>| (double tuning)

Even for large N, still Higgs mass tends to be large
have very troublesome than 300GeV
finite piece

Fine-tuning



- f
Realization from MCH

DOC 5=4+| Composite to]\g

Fermion mass from linear mixing
Lomiz = AgGO;
O; ~ U,
partial compositeness

L= G7 AL O + MptrAF O] + hc B U = gUR(RE, g)

[:f = \qu(zv — Mq)\IIQ . ‘I’s(ZW — Mg)\I’S

. . . Anf -
Fermionic Lagrangian: N %f\ptn Pr(esUTs + eqUT0)

Top and top partner masses: + ALf¥q, Pr(egsU¥s + €,QU¥0) + h.c,




The use of V

1
v, = —2(‘I’2+‘1’1) V_=—

V2

The Lagrangian is G invariant except forV

Elementary-composite

A c_. = c_g = 0.
mixing is G invariant

Enlarged global sym:

SO(5)1, x SO(5)r

cf — \i’+ZW‘I’+ -+ ‘i’_ZW‘I’_ + ARfC+R\i’tRPLU\I’+

-+ ALfC+L\i’qLPRU\I]+ — (MQ + MS)\T’_}.L\II_}_R
— (Mg — Ms)‘il+LV\IJ+R + h.c. (22)




Two vector mass: twisted and untwisted:

500,
506

The mass term explicitly break the global symmetry

Maximal Symmetry: Only the Twisted Mass

Mg — Mg =0= SO(5)L x SO(5)r/SO(5)v
Mg + Mg =0= SO(5)L x SO(5)r/SOBG)v: g1V gp

|Mq| # |Ms| = SO(5)L x SO(5)r/SO(4)v (23)



The form factors

mgt 1+ (c2rr +cirr) (MG + Mg — 2p°)
A2 RS2 2(p? — M3)(M§ — p?)
4 6=LRC+L.R(Ms + Mg)(Ms — Mo)

(p? — M3)(M§ — p?)
1* _ C+L,RC—L,R(MC23 + MZ — 2p?)
Integrating out the A rf? (p* — M3)(M3 — p?)
(A r+ L r) (Ms—Mg)( Mg+ Mg)
top partners, we + S MO )

have the fOI”m M{' B M(?)MS(C—L — C+L)(C_R — C+R)

factors in the EFT MArf? T 2(p? — M) (p? — M3)

_ MZMg(c—r+cyrL)(c-r+cyR)
2(p? — M3)(p? — M3)

Mg(c—1 + ctr)(c—r + c+R)D?
2(p? — M3)(p? — M3)

_ Ms(c_p —cyp)(c_r — cyr)P?
2(p? — M3)(p? — M3)

(54)




UV finite

Higgs shift symmetry
/

subgroup of
transformation on the left

(g7 = exp(ia®T9))

ALAR[PE L R (My — My)? /A2, (26)

Top mass square! t = c+rc1r(Mo—Ms)f*/(2Mp Mr, )

Vie ~ |AL|*cq L f2(My + Ma) (M7 — Ma)logh? (24)

Log divergent



Riggs potential tuni

_
€—2§f

Yqivy Mmuch smaller than f ;.
4 6‘}12

S — crek +epp L +cRRg—2)s;?z Large finite piece from \Pl_| form
d factor (expansion over s _h or c_h)
tends to make \gamma >> \beta

log divergent

O(e1) and O(eg).

quadratic divergent parts

€2) and O(€%)

/ /
CLL ~ €Ly, ~ CRR ~ Crp ~ log A

Cp ~ CRrR ™~ 2
If UV divs cancels but finite remains Double tuning
G. Panico, M. Redi, A. Tesi, A. Wulzer, JHEP 1303, 053 (2013)



-/
Tunnlngs in EVWWSB

= —y¢sh + Brsh,

Cancellation from the gauge sector

9f2g*m? log2
6472
Assuming |st & 2nd Weinberg sum rule, UV finite

¢ < 1, we require y¢ >~ —7,.

Yg = —

(5+5) _ max(|v¢[, [vgl) 11 o :
A P——— _ma.x(z5 25 1) = ~é44) 20% tuning




How to get 125 GeV H

my ~~ sin HL SineR ‘MQ _MS|3h

Usually top is too heavy, difficult to get a light Higgs

minimal

myg < min{MT, MT1 }mt/f



Numerical tuning

1

Am'¥2'7g/|'7f+'7g|gg_2

4 A ll One free parameter except f

150 200 250 300 35C< 30:

m,(GeV) i




One free parameter
except for f

1500 2000 2500
M;(GeV)
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Emergence of Maximal

‘ Symmetry

C. Csaki, T. Ma, J. Shu, J-H. Yu, arxiv:1810.07704



Why a maximal symm
"NCC

Ordinary case globa
symmetry breaks into H at
the boundary

Maximal symmetry: global
symmetry breaks into G_{V’}
at the boundary

Integrating out the bulk from this
boundary (composite) preserve
this global symmetry and
transmitted it to the other
boundary (SM elecmentary)

sounds like symmetry inflow



Y -
How to realize a maxi

symmetry?

Bulk femrion:

Loff = Vo pUIIG5 (p) + T (p)2' )Wy, — Wy, Mi(p) X'y,
+ W p(I15(p) + 1T (p)2') Wy, + hec. (2)

Both LH & RH fields are in the
fundamental representation

UV completion of two site moose

Ly = quilqr + ViDV + triDtg
— eV, Uy Vg — MY Vg — egV, UMW, + he
(5)




Y -
How to realize a maxi

symmetry?

/
Var ‘l"m

!
'I’2L ‘I’QL

N
Ls=qrilDqr +tgilty + Z(‘i’iiﬁi‘l’i)
g =2

N-1 N

- ¥, U,¥s5 - Z &Y;.U; ¥ 1r — M, Z‘i’iL‘I’iR
=2 =2
N-1 N

— e'l‘i’tRUl‘I"zL - Z e;-\I-J'jLUj\I’3-+1R o J\.[,-'z \I;'.'L\I’;R
=2 =2

— l\f(\i’NLE\I’fNR + \I—”NLE\I’NR) + h.c. (1 ].)
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Why a maximal symm

Boundary fermion:

o PUIS (p) + TIT (p) ') Wy, + W, pIIE (p) W,
+ W, M{(p)UV,, + h.c. (3)

RH SM fermions are singlets

UV completion of two site moose
H = UV with V = (0,0,0,0,1).

L; = quilqy + ViDV + tgiDtg
- fL‘i'qLUl‘I’R - AI‘i’L‘I’R - GR‘i’LH’tR - ]l(,(ﬁ)




Why a maximal symm
DOC

N
qrilDqL + Z Vi),V + triltg
—

N-1

Gl\I_quUl\I’QR - Z Ej\i’jLUj‘I’j+1R
1=2

N
Z I\Ii\i’,'L\I’,'R - GN\i’NLH'tR + h.c. (7)
=2




Extra dimension ca

/ ‘I’Bull/
\II2Bu

SO(5)

IR brane / 4rane

UV brane UV brane

Lepr = XppUo(p)xp +trptr = plIE(i)x L — OpplIR () vg
+ (M(p)X . Htr + h.c.) + M"(xLVYgr +UrVXL).




What | feel interesting or critical is that:

The boundary symmetry completely controls the bulk
PNGB properties, in particular, the UV sensitivity of the
PNGB Coleman- Weinberg potential

| wonder if there is a application
in condense matter physics!?

MS in the lattice can also be applied to low-dim
condense matter system (Bilayer Quantum Hall System?)
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Naturalness Sum rules

C. Csaki, F. Freitas, L. Huang, T. Ma, J. Shu, M. Perelstein, arxiv:1811.01961



Test and predictions

Top kinetic terms: no corrections from Higg

M;(h) ~ sin (%) (1 + %sinQ(h/f) GHOE Hﬁ(@)))

C. Csaki, T. Ma, J. Shu., 1702.00405
D. Liu, I. Low, C. Wagner, 1703.07791

However, the ggh coupling only scale with
the derivative of the first part.

Cg — G Maximal Symmetry limit

100 TeV perhaps tth |%
M. Mangano, T Plehn, P. Reimitz, T. Schell, H-S. Shao, 1507.08169



Test and prediction:

Find the top partner resonance (charge 2/3), sum rulé€

diagonal Higgs Yukawa & mass
C. Csaki, T. Ma, Phys.Rev.Lett. 119 (2017) no13, -

C-R Chen, J. Hajer, T. Liu, I. Low, H. Zhang,
JHEP 1709 (2017) 129

Tr[Y,,Mp] = 0 + O(v?) No quadratic div

Mass eigenstates

TY[Y,n M) = 0+ O(w?/M?) No log div

C. Csaki, T. Ma, J. Shu., Phys.Rev.Lett. 119 (2017) no13, 131803

Mg+ Mg =0 Lightest exotic charge (5/3)




Gauge Sum rules

Quadratic divergence

Log divergence

TrlgyviM{] = 0+ O/ f?),




-
SUSY Case

Tr[gssn| — 2Tr[YM]WZ) + ]\'IDY]:‘[] + 3Tr[gvvn] = 0,
Tr(gssn| — 4Tr[Yar Mp| + 3Tr[gyvi] = 0.

Quadratic divergence

Top sector/stop sector Gauge/gaugino/Higgs /Higgsino sector

1 Z(y(;'+ conme; +YNiNwmy,) = 3(gw+w-n + 9z2zn)
]

- Z(QH?H?h Y 9utu- n) — 9hhh =0

l




Non-SUSY Case: Collider

Non-susy case done with signs! See the talk tomorrow!
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The build-in twin Higgs

‘ (Trigonometric Parity)

C. Csaki, T. Ma, J. Shu., Phys.Rev.Lett. 121 (2018) no23, 231801



Why twin Higgs!

Z. Chacko, H.-S. Goh, R. Harnik, Phys.Rev.Lett. 96

The key reason is that we still do not see the
colored top partner yet!

Colored top partners are the most sensitive
probe of composite Higgs models

Proved upper limit of lightest | . : .
top partners for given Light Higgs » Light Top Partners

symmetry breaking scale f 5 1. oca M. Serone, J. Shu., JHEP 1208, 013 (2012)

O.Matsedonskyi, G. Panico, A. Wulzer, JHEP 1301, 164 (2013)

EW charged twin top almost have zero LHC bounds
S T e Neutral Naturalness
N. Craig, A.Katz, M.Strassler, R. Sundrum, JHEP 1507, 105 (2015)



Why composite twin Higgs?

Funny trigonometric parity

References added soon

O Why Twin Higgs? Highly constrained by LEP

O The radiatively generated Higgs potential

O universal prediction on Higgs couplings (Like pion
soft theorem)

If the strong dynamics triggers the breaking G/H,
PNGB is a composite particle.



Trigonometric Parity a
build-in Twin Parit

O OC However, the goldstone itself does have the
spontaneous broken symmetry!

The symmetry of the G/H coset space manifold!
Inside any coset space manifold, there is a trigonometric parity

Physical higgs has a shift symmetry in C. Csaki, T. Ma, J. Shu., Phys.Rev.Lett.
: L 121 (2018) no23, 231801
the corresponding unbroken direction (2018) no

w/f — ©w/f + €.
Higgs parity:

SO(N+1)/SO(N)

Exchange of

the 4th and
6th row




Adding matter field:

D OC The matter fields have to conserve such a
build-in trigonometric parity

Vg, & PU; | tp¢rip, ©— PY



Fermion Lag

The top and bottom sector

Lls = brplli(p)br + top(II§(p) + 11§ (p)ei )t L
+ Trplls(p)tr + ELp(1I (p) + 11%(p) s )L

M
+ tR;al'IO(p) R — : \}Q(p) (tLtrsh + tLtRCh) + h.c.




A UV Completion

SO(6)/SO(5) ~ SU(4)/Sp(4)

The latter has the fermion condensation
Sp(2N) SU(2)L U(l)y SU(3). U(1)y

('1’1 ) ¢2)

Gauge sector automatically satisfy the Weinberg sum rule
Lowest chiral breaking operators at UV: 4-fermions dim 6.



Y
SU(4)/Sp(4) matter con

1 0 Q@ 1 [itge? 0
7 0r §) mave =55 ("5 0)

1y i0%hs’

U= (z’azhs' 1, ) n : 1(P1v2 + PY3s — YiY; — Y515)

bLpIl(p)bL + trp(II§(p) — 2115 (p)si )tL
ErpITS(p)tr + LrpIIs(p)ER
tLp(1IG (p) — 201 (p)ch )i
V2M{(p) (thR.sh + tszRch) + h.c.

o

(36)




Extension for Composit

A ww A ww 4.

Sp(2N) SU(2)r U(1)y SU(3). SU(3).
XL E 1 % [] 1
xg|| LC 1 -2 0 1
L u 1 1 1 - SU(4) x SU(12) |Sp(4) x SO(12)
x (YY) (6,12) (5,12), (1,12)
%% | O 1 1 1 (]
x(¥v°) (6,12) (5,12), (1,12)
Y(x¥) (10,12) (10,12)
Y(x“v°) (1,12) (1,12)
v(x¥)|  (15,12) (15,12)




Extension for Composit
D OC

L = fUrU(es.VYsr +€1.V1r) + ferP RV L
+ MV, Vsp+ MV, W5+ h.c,




Riggs potential

V'=Vy+ Vs =—7sh+ Bsi, ly = 75 — 75 and B = 5

NM} oy

= ( )4[_3h+3h]

Notice top
Yukawa 4th power

NSt
“ 162t

¢ [—s% + 83,




Riggs potential

M,[TeV]
19 27 35 43 51

00 110 120 130 140 150
my(GeV)




Novel six top signal

t'" > B, t—>ttt.

Completely new and novel channels

H-Y. Han, L. Huang, T. Ma, J. Shu, T. Tait, Y.C. Wu, arxiv:1812.11286



Future Prospects

O Understanding models of EWSB (real progress
after 2000)

O EFT approach to EWSB, connect collider physics
with true natural of EWSB

O Theoretical Framework can be applied to many
other aspects! (Inflation, axion, condensed matter?)
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Backup
. slice



Discreet Parities

Hidden additional forbids the tuning

term: (like composite twin Higgs)
M. Geller, O.Telem, PRL 114, 191801 (2015)

R. Barbieri, D. Greco, R. Rattazzi, A. Wulzer, JHEP 1508, 161 (2015)
M. Low, A. Tesi, L.T. Wang, PRD 91, 095012 (2015)

IR —ahad 877 in the Higgs potential

Can be realized under the following transformation

V., = PV, U.p > VP VU, U—VUVEY,
U, — VU, =T, , U, — PV, =T, (28)

P1 == diag(13x3,0'1),P2 — diag(13x3, —0'3).



Vector bosons

OO0 so)s04)

Consider one vector meson and one axi-vector meson

1

LY = —Z Ti'[puuplw] + f?pﬁ[(gpp# o E“)z]

L ot Tr(a,,a""] + — Ad,,)2]

A is a free parameter



Y -
Vector bosons

rther simplified as

f2+2f2
4

gafe
2A2
2

2
+%TT[EME“] —mpfoTr[pu(Ey + du)] + ngpTr[p”p“] (7)

L= Tr[d,d"] — me foTr[au(EL +dy)] + Tr[a,a"]

For symmetric coset space, G-invariant building blocks

Pu £ ay - du

L= fiTx[(d, + E.)*| + f2Te[V(E, + d,)V (E* 4 d,,))] 2 = fP42f2+2f52
- mi'ﬂ*[(p“ +au)(dy + Eu)| — mz—rﬂ‘[V(Pu +a,)V(dy + BT 8 ,

m2 +m?2 2 _ mpfptmafa

+ —F 1 Tr[(pp + ap)(pu + au)] mi o= T

mg —m?2 f2 _ fPH2fi-2f7
Ty Tx[V(pp + ap)V(pu + ap) ) L 8




Vector bosons

DOC Again, theory is made of one G-invariant
adjoints for one G and alsoV

SO(5); Higgs shift sym lies in [SO(5)/SO(4)];
Automatically get the
+a, — 0 9) y &
50(5)2 Weinberg sum rules
CYB in the Ist line T f— =0 Ist WS
CYB in the 2nd Iine m_ =0 2nd WS

CYB in the 3rd line }ZRSFUOAGSERIHVICE 11y ~ 1l
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Higgs as pNGB

onsider the minimal group
SO(5)xU(1)x — SO(4) xU(1)x

K.Agashe, R. Contino, A. Pomarol, NPB 7I9 (2005) 165

’U2

at the scalef > v £=—5

There are four NGBs: 7%, with a =1,2,3.4.
f SO(5)/SO(4) They transform as a 4 of SO(4) T —

(2,2) of SU(2) x SU(2) ~ SO(4).

v = f Sjn(<n> /j) SUR)L* U(l)y CSUR)L x SUQR)R * U(1)x ~[SO(4)" x U(1)x

See other holographic models based on SU(3)/SU(2)
R. Contino, Y. Nomura, A. Pomarol, NPB 671 (2003) 14¢




pNGB matrix: The CCWZ transformation

C.G. Callan, S.R. Coleman, J.Wess, B. Zumino, PR 177 (1969) 2247
)

U = exp (i\?h&T&) U— gUh(h&’ g)T

Leading order chiral Lag

. gauK /
| 12

Lo, = = Wi Wi — 2B, B + =Tt (d,d")

iU'D,U =d%T" + E,T*




iU'D,U =d'T" + E,T°

SM gauged
4 = —%Dﬁ

B, = gody+ 5D, h)+ ...

Transform like a gauge field




Riggs physics

o abh ol o) by (k) (A
et 5 =i [sm 5 T 2sin = cos = (;) WV boson mass

" (1 - 2sin’ L?) (%)2 +] modification of hVV

—? 120 /T—Eh+ (1— 26) % + .. coupling

a=+\/1—¢& b=1-—2¢

Similarly for fermions.

. (2h 12
mf(h)ocsm<f> 0= Tt 5 10
my(h) o< sin (%) c=+/1—¢ Spinorial 4
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