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In summary: SM solidly established
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“Higgs isn’t everything. It’s the only thing.” R

M. E. Peskin Lepton-Photon 2025
Questions that we need the answers

Nature of EW Superconductivity: BCS?
Large hierarchy problem: the next scale?
Nature of EW phase transition?

Flavor physiCS° fermion mixing/neutrino mass*®

Dark matter®: WIMP & Higgs portal7

Matter — antimatter asymmetry : baryogenesis

All demands new physics BSM!



2. A Strongly-coupled EW Sector



A LESSON FROM QCD

QCD coupling runs logarithmically between vastly

separated scales:
as(A?) =

s

21n(A2/AéCD)

Sl AQCD ~ A 6_4as(/\2)

Barbieri-Giudice fine-tune measure rather high:

Oln (A M
Q0D/MP)  1n(Mpi/Aqen) ~ 1000 19%-level fine tune!

but we understand 1t: dimensional transmutation.

Below Aocp, QCD becomes strongly interacting
and forms condensate: (Gr.qr + Grqr) ~ [

LR chiral symmetry is spontaneously broken to 1so-spin:
1 a v — L
—7GmGa — Y (@L¥*Dpuar + GrY*Dyugr)
u,d
SU(2)L, ® SU(2)g = SU(2)y,thus Uy, = Ug.

— 3 Nambu-Goldstone bosons: «t*, ot, 7’ (u, d bound states)
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In the non-linear realization of the Chiral symmetry,

the Lagrangian for the Goldstone bosons s*~"
\ T e Sk
& 5 exp(iT - T/ fr) = m TTr(0"U9,U)

* Derivative coupling =2 shift symmetry xt > s+const.

U acquire their

* Pseudo Nambu-Goldstone bosons =, &, «
masses from explicit symmetry breaking: OED, m 4

* There is a rich hadronic spectrum with dynamical mass
m~4 nt: ~1GeV, typically ' = 20% m :
m(fo) ~ 0.4 -1.2 GeV, '~ 0.6 - 1.0 GeV !
mip )~ 077 GeV,. T ~015GeVoi -

* After confinement by QCD dynamics, the composite states
(hadrons) may be described perturbatively,

e.g., by the chiral perturbation theory.



FROM QCD TO TECHNICOLOR

QCD strong dynamics breaks the chiral symmetry
as well as the SU(2); gauge symmetry, therefore:

M(W e O(g f“) Weinberg, Susskind, ‘80
A :
Js
Technicolor: A lesson from QCD g R
SU(Np¢) gauge theory, TC fermions Q = U, D, .
EWSB by TC-fermion condendation at Apq:
v~ (QpQR)Y3 ~ 246 GeV. T

3 Nambu-Goldstone bosons in the non-linear

realization of the gauge symmetry
3

U—exp{zw "o}, DU 8U+2gW7’ U—ngB >

B T S i e /22
7= Q[D“UDU—» ZgW QBB

Mz =g v/2, plus some TC hadrons M ~4 v
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Extended Technicolor for fermions masses
Gauge boson masses are easy to generate (EWSB),
But fermion masses are header.

G ar ddtigestheopy ~ET-C fermions: D = usd
T C-fermion condensate,SM fermion mass generated:

ms ~ (QLQR)/Narc ~ Mo/ Norc:

Flavor 1s the show-stopper:

. D] 1
On the one hand: small FCNC: Aprc < 103 Tev'

On the other hand, heavy quark m¢c~ 1 GeV = Agrc < 30 X 1/\%7\/

—— Non-QCD like: Walking TC

T C gauge coupling running very slowly.
(QrQpr) almost constant over Arc — Aprc.
(QrQRr)ETCc enhanced by 100—1000.



Overall on TC / Extended TC:

1

v/ theory natural: Apo dynamical. Arc = A CXp(—Qa ) & 4.
rTC

\/ predicts new strong dynamics at the TeV scale: np, np, pp, wr...

x Tension with EW precision measurements
x Tension with LHC direct searches
x Dithcult to generate fermion mass hierarchy (ETC)

x AND, hard to have the Higgs boson light
The existence of a light, weakly coupled Higgs

boson carries important message (!) for our
understanding & theoretical formulation

for & beyond the SM.

“Why I would be very sad it a Higgs boson were discovered”

by Howard Georgi, 1993
(Perspectives on Higgs physics, p.337-342)
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THE COMPOSITE HIGGS

Sl Georgi and David B Kaplan, 1984.
The Higgs boson may be a Nambu-Goldstone boson:
Like W*| , Z; ; unlike dynamical states f;, p™" ¢, W etc.

Global symmetry, G spontaneously broken to subgroup, H at scale, f

Resonance mass: 111, ~~ gpf 1S9, S4n

p(n> > TeV

coset G/H O h -+ WL7 ZL}HiggsdoubIet

e.g. SO(5)/SO(4)

Higgs mass protected by shift symmetry
— N -- like pions in QCD ! (h = ht COHSt')

Nambu-Goldstone bosons remain massless,

and thus “naturally light”.



The global symmetry G must also be explicitly broken
to generate the Higgs potential and thus m,

Global symmetry broken by mixing with elementary sector

[Contino, Nomura, Pomarol "03; Agashe, Contino, Pomarol "04]

SM matter and strongly-coupled
gaugefields b mm - e e e e e m - = Higgs sector
U. A Lpiz = Ao, rRY 1, rROw + gv A" J,
2y 4
hy b -
. . 2 2 4 C h <" !
Higgs potential: [V (h) = —pu |H|” + A\ |H| @ 4
tL.R -“--:-/
2 gim 22 9anm 2
Where /,l/h ~ 1687];42 gpf )\h ~ 15’7];42 gp [gsar = SM gauge or Yukawa coupling]

2
EWSB: 02 = M I::>

(0=75

N,
Higgs mass: mj = 2\,v* ~ meg% |:> (gT ~ 1.3)

i.e. light top partners ™Mt ~ g7 f

(= fermionic resonances)
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Bonus feature:

Partial compositeness (E = ALYrORr + ARwROI)

Explains the fermion madass hierarchy [Kaplan 91;TG, Pomarol 00]

myg ~ )\L)\R’U YL
)\L \IJR
A dim OL’R—% H
where AL R~ (_) Ar W
’ Auv
YR

5

o Light fermions are mostly elementary E» dim 0L x> 5

: . . 5
e Top quark is mostly composite! >  dim Op g ~ 5
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A “Natural” Composite Higgs spectrum :

750 GeV < f <1 TeV

10 TeV +
p(n) (spin 2 resonances) 1< g, < dr
E— (vector resonances)
1 TeV T — w(”) (top partners) gr ~ 1.3

Plus possible new light mesons 1, 1, N’ etc.

— pseudo NG boson
100 GeV h ( )
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THE LITTLEST HIGGS MODEL

*Arkani-Hamed, Cohen, Katz, Nelson, hep-ph/0206021.

A specific realization: SU(5) Non-linear o-model*

The gauged non-linear oc-model:

e .
Ly = 2‘2Tr|DMZ|2 > =2/ 5,

g =
(Ann Nelson, 1958-2019)
where f is the condensate scale (the Goldstone-boson decay constant);
20 g el aresS S 5r R atrices:

A subgroup is gauged:

G1®Gx=[SU(2)®U(1)]1 ® [SU(2)®U(1)]>
with the co-variant derivative

2
DuX =0, —i Y [g;WHQIZ + 2Q4T) + ¢jB;(V;= + =Y;1)]
o
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The spontaneous symmetry breaking by

<Z>=ZO= il
1

Global: SU(5) = SO(5), leading to 14 Goldstone bosons;
Gauged: [SU(2)®@U(1)][1 ® [SU(2)®@U(1)]2 = SU(2),®U(1)y

The fate of the Goldstone bosons

19 @ 30 | Longitudinal modes of ZH,WI:;,AH
il h doublet

2
St ¢ triplet

Introduce a vector-like pair of colored fermions
Basically, e (30, 1L)Yz Sl (30, 1L>—Y;'

t3 > ty, t =Ty, u§ —tp, ¥¢— Tkg.

Quadratic divergences cancelled at one-loop level by new states:*
W, Z,B Wy, Zg, By, t<T;  H— P,
(cancellation among same spin states!)
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EWSB & the Higgs mass

The effective Higgs potential is written as
V =X f?Tr(o¢) + idpgnf (hquhT £ h*gbm) — p?hht 4+ X, 4 (RRT)?

In terms of fundamental parameters:

2 12
Ap = 3[9 < 28 ]+8a’A§,
2 |s2 s'2¢/2
(C ) ) 2(0 /2) 2
A}Lgbh = _Z |:g 2 2 g/ /2 /2 + 4a’/>\17
) 2
A g o
e = g | Ea g 2= e

P - i
U S @1-loop7 s 3 A% 42-loop7p >

3
A
|

—> The quadratic divergence is then cancelled at one loop level,
the logarithmically contribution to the Higgs mass square
Xom s, A=

log —- my, = 125 GeV 2 mp < 1TeV

2 mT

mi ~ 6—

J 369



Independent model parameters

tangd =32 =92 | New SU(2) gauge coupling :
91 : g Heavy particles
(or equivalently mixing angle 6)
Ag
/
tang' = £ = g—,? New U(1) gauge coupling
1
(or equivalently mixing angle 6') ZH
f Symmetry breaking scale O (TeV) Wi
v/ Triplet ¢ vacuum expectation value, et
v /v Sv/af e R
my Regular SM Higgs mass T
M Heavy vector top mass, we trade A\, for My
2 3

—> Leads to rich phenomenology:
* New particle searches
* Precision EW physics

* Flavor / neutrino physics
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HOWEVER, precision electroweak, flavor constraints

2
EWPT: S HTT&HBMVWGJ,UJV g — S - my, » f > 2.5 TeV
167202 2 m3 ~ g
o)
—t t v?
Lot T — RO >
o2z (DMH)TH)(HID,H) T = 7 m» [ 255 TeV
. g
eg. FCNC  eeee, 507" e~ mp [f210TeV
P L [Bellazzini, Csaki, Serra 1401.2457]
[Panico,Wulzer 1506.01961]
E:> [f =>> ?J] “Little” hierarchy

Tension partly alleviated by complicating minimal models

e.g. custodial symmetry, flavor, symmetry, twin parity.....
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Precision Higgs coupling constraints

e T affects H — gg o Wi, 1T affect H — ~v
Correlation between H — gg and H — ~:

my %
120 GeV ——
0.98 - 150 GeV ————- ( 3TeV -
180 GeV ------ > TeV
0.96
s
o
SRR e s
(@)} /’// 7 ,’/
c) v,
t 092}
2] :
—
0.9
0.88
0.86

093 094 09 096 097 098 0.99 1
I'(H—yy)/SM
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o (fb)

New gauge bosons: easiest signals

o 7y versus Z'

z: —3 107
B pp->Z'X 3
N, A
=2 LHC 14 TeV s
IR — =
E 710 <
3 )
e Sk o
k —J1105 & Significant differences for FB asymmetry among Z’s:
- = Rt e 92—g%
2 & - AR =2 Az A o A= e
- - g PR~ aanh R
E /K\‘~~ —_1040 05||||
= —h L
K : N 3 o :
- universal ] I :
= potToEe 2] 103 0.4 | Littlest Higgs
?u Y ] | Y T e | | 111 1 | [ | :\{ ~|\‘r: 03 _ LHC pp 14Tev’ CTEQSL _
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e} L d
M, (TeV gF o2} y

01 ¢ Ssimplegroup, univ
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Most wanted: T production:

gg — T'T" phase-space suppression;
qgb — ¢'T via t-channel W;b — T.

1 = A A1 my
J—HL e e {CLtL’YMbL = SLTL’}/“bL} SE e
V2 o
f (TeV)
ot 1.5 2.0 25
10 l 1 1 1 I I ] T Ll I 1 ] ] ] I L 1 L
LHC 14 TeV —3 104
101 :
s ppSPIX g1 3
100 =4
~ g 7))
= > 10 >
b 10~1 \\\ S
\\\\ 101 ;
e |
10—2 0> PEX N 2
100
10—3 1 1 I AT L] l
1.5 2.0 2.5 3.0 3.5 4.0
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| QCD top production |
) 100+ _:

) g .
= . LHC Signals ]
.§ 10¢
é | — tZ
-§ o Permlonlc T production
g 001F ]
0.001F | Scalar T production - .

600 800 1000 1200 1400
m,. (GeV)

| |

B RQOrrre e QCD top production |
A i
§ 10 4
gt
g 2 e MZC
E i —_Fermionic T production 1
B 001 e -
A - Scalar T production .

0001 | | L . T ‘ ]

600 300 1000 1200 1400
m_ (GeV)

qa. g — s B AV ALY b7172 bo— 7 AA° X + c.c.

1200 FERMIONIC TOP PARTNER
1000
800
-«
B oo
400 =
200
400 600

1200
1000

800

FERMIONIC TOP PARTNER




Single T production:
Kinematical features: Wtd — U — ¢Tuvj:
wE £

g —>8F— ¢

forward jet

Q
high p. jet
-2 -2
10 EllllIllllIllllIllE 10 Ellllllllllllllllllllllll:
pp->UqX >l Vi, jiX - [ LHC 14 TeV !
5 e My(Wa) -
0 12 ;i
O
> 1073 S1o-3
N y Na)
A =
2 <
) = O, -4
- 10 <10
10—5 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 10—5
0 500 1000 1500 1000 1500 2000 2500 3000 3500
pr(j) (GeV) M(U) (GeV)
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Q- qW
Q-qz
Q- qgH
QQ singlet
QQ doublet
T— bW
Ttz
T—tH

TT singlet
TT doublet
B—tw

B —+ bZ

B — bH

BB singlet
BB doublet
X5/3 = tW(RH)

X5/3 = tW(LH)

0.1

0.2

1480fb

0.3

0.4

[LHC bound update:
Vector-Like-Quark & Di-jet resonances

Vector-like Quark Pair Production

14 fb

13 TeV

05 06 07 08 09 1
Lower Mass Limit at 95%C.L (TeV)

1.1

1.2

1.3

e Massive spin-1, spin-2 resonances

1.4

1.5
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p™) >3 TeV

=10° CMS Preliminary 27 fb™' & 36 b (13 TeV

< >

Low :High =----
1 04 mass 'mass - Excited quark
< \ \ I Axiguon/coloron
X 103 N, —— — Scalar diquark
M : ' —_— Color-oc1et scalar (k? = 1/2)
10? R
X NN
© 1085, ™ . ~-- DM mediator

------ RS graviton

95% CL limits
—e— gluon-gluon
—=— quark-gluon

—— quark-quark )
-5 lllllllll lllllllllll[llll\l\llllll\kl
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Testing the Higgs “compositeness”

Historically,
* Rutherford (1919) discovered & named the “proton”:
“the 15t (in Greek)” = the most elementary element.
* Otto Stern (1933) discovered the “anomalous” magnetic
moment [ ~ 2.8 [y = not Dirac-like
* Robert Hofstadter (1960) discovered the proton form factor

—> spatial charge distribution.
¢ DIS at SLAC (1969) ... that's all history

Lesson:
If the composite scale 1s not accessible,
* Look for “anomalous coupling” ~ E?

* Probe the form factor at high O
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Higgs Boson Form Factor at top:
e 2m
‘/ttH(p'uap'u) S 3 t ( Q/Acapz/AmQQ/Az D, 72, %)

Current 95%CL bound

from the LHC Higgs signal: H(q=p+p)
e e T
Nucleon foi’m factor: l‘ o (1 . l((g‘) )
L (2 /A2) — Ty
n=2 = “Dipole FF” \\,\.\
Leading to a suppressed ttH | }’\f

But enhanced gg=2>ZZ signal!

HL-LHC: A_~0.8 TeV @ 20
HE-LHC: A_~3.3 TeV @ 20; 2.1 TeV @ 50.
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Other tests at high scales
At far oft-shell [

 gmdgmd) Qe =/
on mhrh off Q2 <
r
include other decay modes, like ZZ, WW ...
At high pT
mr/ t
.t
el R >m <_H
t t

Event rate for gg=2tth comparable to gg 2 h
at high pT at high energy colliders
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(1). Higgs coupling @ high scales:

Largest & most-wanted coupling : the “naturalness” & vacuum stability

/ A
> 2 ‘ : : . > 3
/\_/\@"' h yt<q ) o s mf = Mg — 87r2y('2/\2

t :
gg 2 h* > WW, ZZ Gk
Ut i S Rich structure:
= e . 3 thresholds: my, 2My, 2m,
g2 (m3)g3(m3) g = ) L
Oon X and o hE

mpl'p,

622

2
A’[ 144

Sensitive to:

10—°

s ol Vo Z.Zh: a new mediator, ., .

1 y . :
SMEFT & Form Factor (1+¢2/A%)" 100 2;\4.2 : 21'\4 . ; : : . ; 1000

My | GeV]
CMS/ATLAS: arXiv:2202.06923; 2304.01532

* 3.60/3.30 observation for off-shell Higgs signal i;i?grliico?iﬁit’ “l\]/iznliai‘y P;l:js?(’m :
 SM width bound: 3.2+24,,/4.5*53, . MeV : &6

D. Goncalves, TH, S. Mukhopadhyay, arXiv:1710.02149 (PRL, 2017); arXiv:1803.09751; D. Goncalves, TH. I.
Leung, H. Qin, arXiv:2012.05272; R. Abraham, D. Goncalves, TH, S.C.l. Leung, H. Qin, arXiv:2012.05272.
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tth coupling @ high scales:

T’)’)"V 0000000000 ———————— ¢
o,(D ®--------
OO ———————— &

q a
- t ¢ t
(0%} ~ () b 4q t
N o %’% -
JET»>,7 / i e ; g )
~n < (3 i
@9@1%;(\ 9999'; = OO = - - - - h
99999»‘ A W }99999 O B Oz
& ~i & ~i 4 i
b i

The current LHC sensitivity: &, = 0.3575:35

0.4 —
Oy = (H'H)(Qt)H +h.c.,

031 046 = 9,(Qo™ Tat) HGA, + hoc.

P
-
S
-

Cig/N? [TeV~2]

--- Quadratic:68% CL
—— Quadratic:95% CL

-0.2 --- Linear:68% CL
—— Linear:95% CL
-0.3 > T T T T T 0 ' ‘
B Sl 0 L 2 3 4 1.0 1.5 2.0

Cepl/\? [TeV~2] A[TeV]

HL-LHC @ 3 ab!

R. Abraham, D. Goncalves, TH, S.C.l. Leung, H. Qin, arXiv:2106.00018.
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THE RANDALL-SUNDRUM MODEL

*L. Randall, R. Sundrum, hep-th/9905221.

Warped Extra Dimensions plan®

ds? = ¢24W) Nuv detdz” — dy?, ffﬂ’<
sM

where the “warp” factor A(y) = —ky,
with k& the curvature scale in the 5t"-dim. My ¢

The extra dimension y is “warped’ .

m ~ e YoM,
Randall-Sundrum

e Mass hierarchy M,;/Mpgy, dgenerated on the two branes:

v=e MM,
p Usual spacetime
directions

To get v = 246 GeV, need kyg ~ 40.

. : 4
e 'sizet of extra-dim: gy oo (10 =100)-1,.
e TeV KK resonances: Mgy ~ e koM, Higgs boson
GKK) IK K, AKK,...,fKK..., with 1/TeV couplings. i /
HOSON
top quark
electron
Extra-dimensional
e - boundary

31 Microscopic extra dimension



Resonant production at the LHC:

do/dM (fb/GeV)

Kaluza-Klein states

T T T T T T 1] T T T T T T T
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1076 — f1b o~ 2l
e e
\ o
A5 e i
N
NS
1078 |- W =
N
N
| | | |
2000 4000 8000 8000
M (GeV)

IDavoudiasl, Hewett, Rizzo, hep-ph/9911262.
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Significance

) Randall-Sundrum Graviton
A |
25 | || G » cowithc=0.0N
- |
. | | CMS: Full simulstion
Vo and reconstruction
ST
20\ |\ « 100"
. '|. * I\ s 20 'U'.
) \ ". '!' « 10
15-0 V) ; |
.l .I \!‘
| \. [N
o. \ \
10“‘ \ || .0
- ' 'u. L !
A\ '-\
R
N
o "~
1 ’ “‘ " ey e
L [x b 17 ”"v-;:'w—. e
1 15 2 2.5

Graviton Mass (Tewc?)



THE ADS-CFT CORRESPONDENCE
5d AdS theory «<— 4d strongly interacting walking TC!

S-dumensional
Anti-de-Sitter-
spacetime (AdS)

imensional

1 4-(_'1' ENSIC
S — / e — ] dos O

93

conformal
field theory
(CFT)

gravitational theory
(string theory)

Combined with the AdS/CFT
conjecture, this is a very attractive
idea, dual to TC.

Weakly coupled physics lives on UV
brane. Strongly coupled physics
lives on IR brane, model as CFT.

Expect composite nature of Higgs,
top. No evidence so far.
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Overall for strong EW scenarios:

Strong gauge dynamics 1s “natural”,
solving the large hierarchy problem,
owling to the dimensional transmutation (QCD-like)

The Higgs boson can be “naturally hght
m; M7

as a pseudo-Goldstone boson: 2 ~ e~ T

Predict rich physics near TeV: T, Wy, Zy, H*, p, n...
The no-observation of those pushes f, M high,
creating the “little hierarchy problem”.

The Jury 1s still out ...
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