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WHAT WE KNOW NOW?

WHAT IT TELLS US?

WHAT ELSE WE WOULD LIKE
TO KNOW?

How TO PROCEED FROM HERE?
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Francgois Englert and Peter W. Higgs
"for the theoretical discovery of a mechanism that contributes to
our understanding of the origin of mass of subatomic particles,
and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"
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A PHENOMENOLOGICAL FROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V, NANOPOULOS **
CERN, Geneva

Received 7 November 1975

A discussion is given of the production, decay and observebility of the scalar Higgs
boson H expected in gaugs theares of the weak and electromagnetic interactions sach ag
the Weinberg-Salam model. After reviewing previows experimental limits on the mass of
the Higgs boson, we give g speculative cosmological argument for a small mass. If its mass
it similar to that of the pion, the Higgs boson may be visibie in the reactions » p - Hn or
W Hp near threshold, 17 its mass s <300 MeV, the Higzs boson may be presentin the
decays of kaons with a branching ratio O(10-7), or in the decays of one of the new par-
ticles: 3.7 —+ 3.1 + H with a branching ratioO(10 ™). If its mass i <4 G2V, the Higgs
boson may be visitle in the reactionpp = H+ X, H-=u"x ™, If the Higgs beson has a mass
<2m . the decays H - e*¢  and H ~ v~ deminate, and the lifetimeis Q6 x 1074 to
2 X ﬁ\“‘;’ ) scconds. As thresholds for heavier particles (pions, strange particles, now par-
ticles) are crossed, decays into them become deminant, and the lifetime decreaszes rapidly
to O(10720) sec for a Higgs boson of mass 10 GeV, Decay branching ratios in principle
enable the cuark masses to be deiermined.

Higgs Phenomenology (70’s)
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Moriond 2018 on nggs (D. Sperka, ATLAS & CMS)
Four production channels with sensitivities;
Five decay channels observed;
Fermionic & bosonic couplings verified:
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A PN T IR Particle mass [GeV]
0 0.E 1 1.5 2 25
Parameter value

Measured mass accuracy < 0.2% :

mp = 125.26 + 0.20(stat) 4 0.08(syst) GeV




June 4, 2018: CERN new release, ATLAS
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June 4, 2018: CERN new release, ATLLAS & CMS

Sign in Diraciory

51107 (7 TeV) + 127" (8 TeV) + 35.9 L7 (13 TeV)
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All indications: SM-like Higgs boson,
“elementary” at a scale A < O(1 TeV)
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WHAT (ELSE) WE KNOW
my = 125 GeV

In the SM, the EWSB is parameterized as

V(o) = -—p*@'e+\(2'®) __Youare here .
Tk ZH4
Consequently, :
e e et 30 (Tel e %
R y o v=(V2Gr) Y2 = 246 GeV
o --ufmu b"Lzl)L‘un < c
t—— Completion of the SM: The 1sttime
YW e W : :
s i | | R A perturbative, renormalizable
on| dhon | |l theory, valid up to a high scale of
TeV?.., My ¢
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have been firmly established. An eminent
physicist remarked that the future truths of
physical science are to be looked for in the
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“... most of the grand underlying principles
have been firmly established. An eminent
physicist remarked that the future truths of
physical science are to be looked for in the
sixth place of decimals. ”

--- Albert Michelson (1894)

Michelson—Morley experiments (1887):

“the moving-off point for the theoretical aspects of
the second scientific revolution”

Will History repeat itself (soon)?
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NEwW ERA:
UNDER THE HIGGS LAMP POST

The “Observation” papers:

Now 7~2506 cites each!
8,350

Vast scope of topics, from

tnterpretations, explorations in e> beyond the SM;
applications in astronomy, coomology, CC; strings/branes,
to “Philosopbical Perspectives ....”
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Tao Han

Tao Han
8,350


A REMINDER:
A. The Higgs mechanism # a Higgs boson !



From theoretical point of view,
3 Nambu-Goldstone bosons were all we need!
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From theoretical point of view,
3 Nambu-Goldstone bosons were all we need!

A non-linear realization of the gauge symmetry:
3

—exp‘/v} DU 6’U+ng U—ngB?
2 t 1 21772 12 12
= Q[D“UDU : Zgw+gB)

The theory 1s valid to a unitarity bound ~ 2 TeV
The existence of a light, weakly coupled Higgs

boson carries important message for our
understanding & theoretical formulation

in & beyond the SM —

Ultra-Violet completion / renormalizibility



WHAT IT TELLS US

1.V = n2ldp|2 + Q|4
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1.V = 2ld|2 + Q)4

[t represents a weakly coupled
new force (a fitth force):

* In the SM, A is a free parameter,
now measured at collider energies A = (.13

» In SUSY, it is related to the gauge couplings
tree-level: A = (g;2 + g,2)/8 = 0.3/4 -> a bit too small

* In composite/strong dynamics,
harder to make A big enough.
(due to the loop suppression by design)

Already possess challenge to BSM theories.
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A is NOT asymptotically free.
[t blows up at a high-energy scale (the Landau pole),
unless it starts from small (or zero -> triviality).
For Mu = 125 GeV, rather light:
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% The SM can be a consistent
V'@ perturbative theory up to M, ! ™
allowing My, Mgy - % 400 Triviality
Bezrukov et al., % I
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AN AT HIGH ENERGIES

A is NOT asymptotically free.
[t blows up at a high-energy scale (the Landau pole),

unless 1t starts from small (or zero -> triviality).
For Mu = 125 GeV, rather light:

600

The SM can be a consistent
perturbative theory up to M, ! ™
allowing My Moy ..
Bezrukov et al.,

arxiv:12056.2893.

Top-Yukawa drags the vacuum **°

meta-stable, 100
New physics below 107-11 GeV?
Degrassi et al., arXiv:1205.6497; 0

Djouadi et al., arXiv:1207.0980
13

- EW
Precision

Triviality

3 5 7 9 11
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Ken Wilson, 1970
the only dimensional parameter allowed by SM symmetry.
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. scalar particles are the only kind of free particles whose mass term does
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the only dimensional parameter allowed by SM symmetry.
The “large hierarchy”:

h h
t h h h h
(a) (b) lc
- 8- 1 1 -
2 - 2a2 272
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H—THO T g2% 1672 1672
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.. scalar particles are the only kind of free particles whose mass term does

o

not break either an internal or a gauge symmetry.” Ken Wilson, 1970

the only dimensional parameter allowed by SM symmetry.
The “large hierarchy”:

h h
~ h h h h
ia) (b) (c)
- i 1 1 .
2 ZA2 2pA2 272
m%r = M%r — Y -+ AN + AZA
H HOQO 877'296 l67r29 16,”-2

If A? > m%,, then unnaturally large cancellations must occur.
Cancelation in perspective:
mH2 = 36,127,890,984,789,307,394,520,932,878,928,933,023
-36,127,890,984,789,307,394,5620,932,878,928,917,398
_ (125 GeV)2 ! ?
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2.V = @Icl)\z + Al P[4

.. scalar particles are the only kind of free particles whose mass term does

o

not break either an internal or a gauge symmetry.” Ken Wilson, 1970

the only dimensional parameter allowed by SM symmetry.
The “large hierarchy”:

h h
t* h h h h
(a) (b) (e}
- 8- 1 1 .
7. D 242 .
mer = Mm% — yr N\ -+ A -+ ASA
H HO B2t 1672 1672

If A? > m7%, then unnaturally large cancellations must occur.,
Cancelation in perspective:
mH2 = 36,127,890,984,789,307,394,520,932,878,928,933,023
-36,127,890,984,789,307,394,5620,932,878,928,917,398
= (1256 GeV)21?
“Naturalness” -> TeV scale new physics.
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Unbelievable!
4 mm?2 /20 cm? ~ 10-3 fine-tune.
“Naturalness” -> TeV scale new physics.



Weak-scale Supersymmetry:

Extended symmetry between opposite spin & statistics

“s" -particles symbol spin | SUSY breaking mass param.
gluino g iy 0. M3
charginos R 1/2 M,
neutralinos Y R s X X A e T My, pu, B
m3,, m3,
sleptons €1 Vigy ER 0 Mo
ﬁL! Dllu ﬁR 0
T Vs 0 mfR
squarks ir, dr, ir.dp 0 m?2
CL.,SL, CR,SR 0
t1, 1o, 51,52 O gﬁ
Higgs hY, HY, A°, H* | 0 m#%, tang




Weak-scale Supersymmetry:

Extended symmetry between opposite spin & statistics

“s'" -particles symbol spin | SUSY breaking mass param.
gluino g 1A M3
charginos R 15/D M
neutralinos B e e Yo X A D My, u, B
m3, m3
sleptons eL, VCL, eR 0 Mo
IJ’Lv VIJL' /J'R O
s 7'2: V'rL 0 mt2'R
squarks i, dr, ig,dr 0 mg
¢L,SL, CR,SR 0
{1, 52, 51,52 0 mgﬂ
Higgs hl, H°, AV, H* | 0 4, tang
Natural cancellations: t versus t
W versus W
H versus H

H,; versus Hy,

>
M3gy)

/\2

f N\
N .
1672 4\[‘\,[..\,).

Weak scale SUSY is natural IT Mgirgy ~ O(1 TeV).




Additional Feature | :

e Unification of forces?

Do the forces E & M/Weak/Strong all unify into a single force 7

60 ...
50 | 1/0c1
40 S
i 1/a2 ........
Q 30 et L PN i
E pieb LT T PSS
20 | / -
10 | |
0

102 0% 10° 108 1010 10'2 104 10'®
w(GeV)

Possible if there is a TeV scale new physics threshold !
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The “neutralino” as the WIMP
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Natural extension / maximal symmetry in quantum field theory;
Elegant mathematical structure;
Connection with quantum gravity/string theory.
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Additional Feature II :

 Natural existence of a lightest, neutral fermion: 
The “neutralino” as the WIMP 
(weakly interacting massive particle)
cold dark matter candidate!

Tao Han
Additional Feature III :

 Natural extension / maximal symmetry in quantum field theory;
Elegant mathematical structure;
Connection with quantum gravity/string theory.


Dynamical approach for mass generation:

Technicolor: A lesson from QCD

SU(Np¢) gauge theory, TC fermions Q = U, D, ...

EWSB by TC-fermion condendation at A

v~ (QLQR)/3 ~ 246 GeV.

v/ no elementary scalar, like Higgs.
v/ theory natural: Ay~ dynamical.

v/ predicts new strong dynamics at the TeV scale:
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Dynamical approach for mass generation:

Technicolor: A lesson from QCD
SU(Np¢) gauge theory, TC fermions Q = U, D, ...
EWSB by TC-fermion condendation at A
v~ (QLQR)/3 ~ 246 GeV.

v/ no elementary scalar, like Higgs.
v/ theory natural: Ay~ dynamical.
v/ predicts new strong dynamics at the TeV scale: np, np, pp, wrp...

Extended Technicolor:* Fermion mass generation
G g 9gauge theory, ETC fermions: U, D,..., u,d...
After intrgrating out ETC gauge bosons at the scale App e,
with T C-fermion condensate,SM fermion mass generated:

my ~(QLQR)/Ngrc ~ Nc/Nerc:

Not supported by observation



o “Warped” Extra-dimension Scenario: The Randall-Sundrum model
In a 5-dim space, Randall and Sundrum found a static solution of the form:*

der & 6~y Nuv detdx” — dy?,

where & is the curvature scale in the 5t"-dim.

The extra dimension y is “warped”.

« bra"® Yo

T,

w 5

plaf‘c

M,

gravity

m e~ e “YolM,

Randall-Sundrum 3
M = e *YM,.

*L. Randall, R. Sundrum.



o “Warped” Extra-dimension Scenario: The Randall-Sundrum model
In a 5-dim space, Randall and Sundrum found a static solution of the form:*

ds2 ~ e~ 2ky Nuv dztdx” — dyz,

where & is the curvature scale in the 5t"-dim.

The extra dimension y is “warped”.

ck pran® Yo ~

;\fpl /i_\
gravity

m e~ e “YolM,

Randall-Sundrum 3
M = e *YM,.

*L. Randall, R. Sundrum.

Dual description to strong dynamics/composite theory!
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Little Higgs Models: A less ambitious approach

keep the Higgs boson “naturally” light (at 1-loop level).

Higgs is a pseudo-Goldstone boson from global symmetry breaking (at scale 4= f)*
Higgs acquires a mass radiatively at the EW scale v, by collective explicit breaking

Consequently, quadratic divergences absent at one-loop level®

W B W Zi Barl b A e ®

(cancellation among same spin states!)

‘ /‘\_/‘\| P e O

/ = o _L‘

/ o \ r\'/ W \."\ Ff W \r\

A ) | '

h \l /[ \l\_:}’ {// \k_..}’ {i_/

s b A R T D
s : ;

XL | AR | XR i | |

\ / PN

7 AV ey e ~L



The “Little hierarchy”: Tension with the observation —

e In SUSY, my2= M, 2cos22B + Am2qqy
Tree-level <(80 GeV)?2 + loop-level: >(45 GeV)?2

MSSM Higgs Mass

XZ — \/ng

M= 1247126GeV ___—77 —— |

Xf — O
Suspect -
FeynHiggs

200 300 500 700 1000 15002000 3000
m; [GeV)
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The “Little hieraI’Chy”: Tension with the observation —

e In SUSY; mH2 = M22 COSZZﬁ + AmZSUSY
Tree-level <(80 GeV)? + loop-level: >(45 GeV)?
= Need large tan[3; Mgtop X MIXING X¢ >> My

‘MSSM Higgs Mass BarbicriCnho 1988
] Kitano et al, 2005
X, = V6 m; Giudice, 2007

Feng, 2013

My =124-126GeV ___—77" —— |

| Draper, Shih, Meade, Reece, 2011
Hall, Pinner, Ruderman, 2012
| Carena et al., 2012, 2013

S ,
Fe;ﬁﬂ?;tgs S. Heinemeyer et al., 2012-2014

Xt:O

200 300 500 700 1000 15002000 3000
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The “Little hierarchy”: Tension with the observation —

* In composite/strong dynamics:
(dual of extra dimension theory)

The Higgs boson as a pseudo-Goldstone boson:

Akani-Hamed et al., 2002
12 m2 M2 .

S~ ¢ . T Contino, Nomura, Pomarol, 2003
(4m) i Agashe, Contino, Pomeral, 2005
Csaki, Hubitz, 2012

-> “naturally light”: Need low scale f, M.

SM (valid up to M) I e— Pomarol, ICHEP’12

miy ~

MSsM

Composite Higgs -

. . : A  GeV
50 100 150 20H0)
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* In composite/strong dynamics:
(dual of extra dimension theory)

The Higgs boson as a pseudo-Goldstone boson:

Akani-Hamed et al., 2002
12 m2 M2 .

S~ ¢ . T Contino, Nomura, Pomarol, 2003
(4m) i Agashe, Contino, Pomeral, 2005
Csaki, Hubitz, 2012

-> “naturally light”: Need low scale f, M.

SM (valid up to M) I e— Pomarol, ICHEP’12

miy ~

MSSM Both SUSY/Compositeness

Composite Higes — suffer from some degree of
= e e “hne-tune”: < 1% .
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The “Little hierarchy”: Tension with the observation —

* In composite/strong dynamics:
(dual of extra dimension theory)

The Higgs boson as a pseudo-Goldstone boson:

Akani-Hamed et al., 2002

~ Contino, Nomura, Pomarol, 2003
(4)? i Agashe, Contino, Pomeral, 2005
Csaki, Hubitz, 2012

-> “naturally light”: Need low scale f, M.

2 21 12
e == my M

miy ~

SM (valid up to M) I e— Pomarol, ICHEP’12

MSSM Both SUSY/Compositeness

Composite Higgs —— suffer from some degree of
50 T 150 T ﬁne tune : 10/0

100 heavy to be light; too light to be heavy!
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WHAT WE WISH TO KNOW
IN THE LHC ERA

1. THE NATURE OF EWSB
V(@) = —pu20'® + A(BTD)?

A
S T [ TN S T ZH4
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WHAT WE WISH TO KNOW
IN THE LHC ERA

1. THE NATURE OF EWSB

V(@) = —pu20'® + A(BTD)?
b\
= ,u2H2+)\vH3+ZH4

Fully determined at the weak scale:

v=(V2Gr)Y2 ~ 246 GeV My*= 126 GeV

1
e e = iR OSE )\%g.
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WHAT WE WISH TO KNOW

IN THE LHC ERA

1. THE NATURE OF EWSB

All we

V(@) = —p20'® + A(BTD)?
b\
= [LQHQ + ZH4

Fully determined at the weak scale:

v=(V2Gr)Y2 ~ 246 GeV My*= 126 GeV
1

R e e S e Ll R A D <
2 O(1) deviation on
| | Ay could make EW

l i
know: :D '. . | phase transition

: |
h tr Ist order!
P \/ V strong Ist orde

‘ X.M.Zhang (1993); C. Grojean et al. (2005)

1



2. A “NATURAL” EW THEORY?
“Natural SUSY”:

A Natural SUSY Spectrum
COhen, Kaplan, Nelson, 1996 t _
Hall, Pinner, Ruderman, 2012 > l0-100Tev + strong dynamics
Baer, Barger, Huang, Tata, 2012
3000 + J
f1.2,hr
lsoo als 1
L
500 T m__——— H
s f
mass (GeV)
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. [ ]
Natural SUSY”: A Natural SUSY Spectrum
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Hall, Pinner, Ruderman, 2012 > 10-100Tev - strong dynamics

Baer, Barger, Huang, Tata, 2012
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2. A “NATURAL” EW THEORY?

“Natural SUSY”:

Cohen, Kaplan, Nelson, 1996
Hall, Pinner, Ruderman, 2012
Baer, Barger, Huang, Tata, 2012

Relevant to the Higgs
and the “Most Wanted":

~

R R T e S e
Current LHC bounds:
m; > 200 — 680 GeV,

A

A Natural SUSY Spectrum

> 10-100TeV + strong dynamics
g
3000 +
f] 1./_)/.
|SDO 4 cmesmsssese
1,7+
500 + eeeen i7
125 + -
mass (GceV)

my+ > 100 — 600 GeV (depending on m,o)
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2. A “NATURAL” EW THEORY?

» “Natural SUSY™ A Natural SUSY Spectrum
Cohen, Kaplan, Nelson, 1996 | e
Hall, Pinner, Ruderman, 2012 > 10-100Tev - strong dynamics

Baer, Barger, Huang, Tata, 2012

3000 +
Relevant to the Higgs 1500 4 b
and the “Most Wanted”: LT
500 4 eeeeeee- s i
i A - |
H ) t? b7 (g)a Sa Do 125 e
Current LHC bounds: mass {GeV)

m; > 200 — 680 GeV,
my+ > 100 — 600 GeV (depending on m,o)

» “Compositeness”: the T’, current ATLAS limit:
M > 480 GeV, for M, < 100 GeV.
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3. EXTENDED HIGGS SECTOR?
The Higgs boson should have not only relatives:

f, 5, ﬁi’O; T
But also siblings: 0 40 g+ gt
(/ , ) P s N
; Haber, 2012

Branco, Ferreira, Rebelo,

; Sher, Silva, arXiv:1106.0034;
* Two nggs Doublet MOdel (QHDM) Coleppa, Kling, Su, arXiv:1305.0002.

Ellwanger, Gunion et al., 2012

. S. King et al., 2012
* Plus a singlet: R. Barbieri et al., 2013, ......

* Triplet Model:

21



MSSM Higgs Sector

® Type II Two Higgs Doublet Model

o i NG, after EWSB.
H, = “ Hy = 5 physical Higgses
H Vu/ V2 Hy CP-even Higgses: h?, H?

CP-odd Higgs: A°

v2 + 02 =v? = (246GeV)? tan 6 = v, /vy Charged Higgses: H:

® tree level masses determined by mA, tanf

1 .
o = 5 (4 m2) %\l = m )2+ o in? 2

2 2 2
2 2 2 2 My (Mz — M)
my+ =my +my, cos (f—a)= :
H* A ’ ( ) m%(mi, —mi)

mpo &~ min {ma, mz}|cos28|, mpgo ~max {ma,mz}, mpy+ ~ max {ma, my}.

Tao Han 9

Wednesday, August 15, 2012




Example: MSSM Two Higgs-Doublet Model

atter the discovery: Arbey et al,, 2011, 2012

Baer et al., 2012

Heinemeyer et al., 2012
Carena 204222005 e

Tree-level masses given by My, tang

Collider bounds:

LEP+Tevatron+LHC H* 4

5 Higgs bosons: p0, g, A° H-

500

< 400 -

m
S

H

L 300
E
E%

o 200
E

100
100 200 300 400 500
m, (GeV)

® TH, Su, Christensen, arXiv:1203.3207
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4. THE HIGGS PORTALS TO COSMOS?

HTH 1s the only bi-linear SM gauge singlet.
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(a). Dark Matter
HTH 1s the only bi-linear SM gauge singlet.

Bad: May lead to hierarchy problem with high-scale physics;

Good: May readily serve as a portal to the dark sector:

k
k.HYH S*S, KXHTH Y.
Missing energy at LHC
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4. THE HIGGS PORTALS TO COSMOS?

HTH 1s the only bi-linear SM gauge singlet.
Bad: May lead to hierarchy problem with high-scale physics;

Good: May readily serve as a portal to the dark sector:

k
k.HYH S*S, XXHTH Y.
Missing energy at LHC Direct detection Indirect detection
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SUSY nggs funnel soon covered by direct searches:

10°

10°F
107}
o 107t

Q.

~ 10%
B 4]
10°1C:
101}
10712}

10 SR OO X 1000

TH, Z.Liu, A.Natarajan, arXiv:1303.3040
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SUSY nggs funnel soon covered by direct searches:

108 RREESZ: Llu, A. Natara)an, arXiv:1303.3040
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SUSY nggs funnel soon covered by direct searches:
THZ. Llu, A. Natara)an, arXiv:1303.3040
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SUSY Higgs funnel soon covered by direct searches:

108 RREESZ: Llu, A. Natara)an, arXiv:1303.3040
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Cahill-Rowley, Rizzo, Hewett et al. arXiv:1305.6921
Fowlie, Roszkowsky et al., arXiv:1306.1567
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OTHER POTENTIAL
CONSEQUENCES

For M, = 125 GeV,

EW baryogenesis needs light sparticles:

m ~ 150 GeV Carena et al., 2011;

stop
plus a light neutralino, singlets ... Chungetal, 2011
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(b). Baryon — anti-baryon Asymmetry

o e s 25vGeV,

EW baryogenesis needs light sparticles:

m. =150 GeV Catna o

stop
plus a light neutralino, singlets ... Chungetal, 2011,

(c). Higgs as an intlaton? Besriloe 900S:
(d). Higgs tield & Dark Energy?  Nakayama, 2011.
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OTHER POTENTIAL
CONSEQUENCES

sl £ s 25" (5eV,

EW baryogenesis needs light sparticles:

m ~ 150 GeV Carena et al., 2011;

stop
plus a light neutralino, singlets ... Chungetal, 2011

Bezrukov, 2008;
Nakayama, 2011.

The extstence of a fundamental scalar encouraged the
consideration of scalar fields in coomological applications.
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5. FLAVOR & YUKAWA COUPLINGS
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The fermion mass/mixing is a muchr bigger puzzle!

What controls the mixing structure:

“Minimal Flavor Violation” for BSM?
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The fermion mass/mixing is a muchr bigger puzzle!

What controls the mixing structure:

“Minimal Flavor Violation” for BSM?
The b rare decays are pushing the limits:
b->sy, Bs>p-p- BR(Bs) ~tantp /| M4,

TH, Liu, arXiv:1303.3040
Carena et al., arXiv:13056.5761.
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The fermion mass/mixing is a muchr bigger puzzle!

What controls the mixing structure:

“Minimal Flavor Violation” for BSM?
The b rare decays are pushing the limits:
b->sy, Bs>p-p- BR(Bs) ~tantp /| M4,

TH, Liu, arXiv:1303.3040
Carena et al., arXiv:13056.5761.

x107 T
K LHCb —— Most recent LHCb+CMS:
B5x10°%F T 95/0 S - arXiv:1411.4413
*i X | '. , BB uptp) = 28*3f x 1077 and
Tw 4x10 °r B(BO u+u—) - 39t}2 % 10_10,
&l = 2 o -~ 0 Ty
g 3x10 “F=. SS\‘I = (4).7()41::‘,{: and k\-.s{f'-.r = 3.7 _: 1-
2x10°%F ,ﬁ
%0 With Belle 2 as well,

tanp

likely a surprise to breakthrough!
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The Higgs as pivot for “seesaw’:

28




Sidi

The Higgs as pivot for “seesaw”:  m, ~ &
Type I seesaw: M = M right-handed (sterile) N
1 NN, NG HV, o Yanagida; Ramond et al.; Mohapatra ...
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The Higgs as pivot for “seesaw”:  m, ~ o,

Type I seesaw: M = M right-handed (sterile) Ny
H -> NN, NS HV, gt Yanagida; Ramond et al.; Mohapatra ...

Type 1l seesaw: M = M, , a Higgs triplet ®; H++ -> [+ L

Mohapatra, Senjanovic, ...
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Sidbs

The Higgs as pivot for “seesaw”:  m, ~ &
Type I seesaw: M = M right-handed (sterile) Ny

H S NN N S HV Yanagida; Ramond et al.; Mohapatra

g <= gy e e

Type Il seesaw: M =M, ,a nggs trlplet Oy He o> 14 1y

N1 L S B | | el S ; Mohapatra, Sen;anowc,
AL TT 1 : ee

0.100}

: L  TT |
0 1007 Fileviez-Perez et al., 2008.

Chaudhuri, Grimus,
 Mukhopadyaya, arXiv:1305.5761
| -> l+i 1+J | Chun et al., arXiv:1305.0329
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Sidbs

The Higgs as pivot for “seesaw”:  m, ~ &

Type I seesaw: M = M right-handed (sterile) Ny

NH

H = NN N S HV Yanagida; Ramond et al.; Mohapatra ...

o = , e o o

Type Il seesaw: M =M, ,a nggs trlplet Oy H+ -> 141

1000 MmO ; Mohapatra, Sen;anowc,
AL TT j : ee

BR

0.100}

: it  TT
0 1007 Fileviez-Perez et al., 2008.

Chaudhuri, Grimus,
- Mukhopadyaya, arXiv:1305.5761
1+ 1+ Chun et al., arXiv:1305.0329
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Type IH seesaw: M = M, a fermionic triplet T;:
T+ -> H 1+, , TO0 -=> W+ 1 Senjanovic et al., arX1v:0904.2509.
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Sidbs

The Higgs as pivot for “seesaw”:  m, ~ &

Type I seesaw: M = M right-handed (sterile) Ny

NH

H = NN N S HV Yanagida; Ramond et al.; Mohapatra ...

o = , e o o

Type Il seesaw: M =M, ,a nggs trlplet Oy H+ -> 141

1000 MmO ; Mohapatra, Sen;anowc,
AL TT ; ‘ ee

BR

0.100}

T MM TT
0 1007 Fileviez-Perez et al., 2008.

Chaudhuri, Grimus,
- Mukhopadyaya, arXiv:1305.5761
1+ 1+ Chun et al., arXiv:1305.0329
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Type IH seesaw: M = M, a fermionic triplet T;:

T+ -> H 1+, , TO0 -=> W+ 1 Senjanovic et al., arX1v:0904.2309.
Watch out: HO -> pt (I l-j) for BSM flavor physics!
28 TH, Marfatia, PRL (2001)

Harnik, Kopp, Zupan, 2013



6. COUPLINGS & WIDTH

Higgs boson couplings encode its properties:

Yukawa Coupling i A )
s \ £
a3
W,
H- igmp (1 +Aw)g v
e
EWSB 4
._r'“;'zv
H ig c0319w mz. (1+ 47)8yv
L z.,z}l
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6. COUPLINGS & WIDTH

Higgs boson couplings encode its properties:

Yukawa coupling o S i (11 A)
Pl
W,
SE 5 igmp (1 +Aw)g v

T

EWSB ;
._F'“:'Zv

H (8 coeo M7 (1+A7)8uv

‘-‘UZ“

Color/charged """ & MWW 2(2)
o o t. X \‘>— ————— Ij: . - - _”. - . - "_' - [ |
particles in loops: = ‘ < |
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Precision Higgs Physics

In a pessimistic scenario, the LHC does not see a new
particle associated with the Higgs sector, then the effects
of a heavy state on Higgs coupling g. at the scale M:

A= 10w /M?) = afew % for M= 1 TeV
9sm
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In a pessimistic scenario, the LHC does not see a new
particle associated with the Higgs sector, then the effects
of a heavy state on Higgs coupling g. at the scale M:
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Higgs coupling deviations:
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Precision Higgs Physics

In a pessimistic scenario, the LHC does not see a new
particle associated with the Higgs sector, then the effects
of a heavy state on Higgs coupling g. at the scale M:
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Precision Higgs Physics

In a pessimistic scenario, the LHC does not see a new
particle associated with the Higgs sector, then the effects
of a heavy state on Higgs coupling g. at the scale M:

A= 10w /M?) = afew % for M= 1 TeV
9sm

If no deviations, I'd DEFINE it THE SM Higgs!
Higgs coupling deviations:

A: VVH bbH,TTH ggH,yyH HHH
Composite  (3-9)% (1 TeV/t )2 100%
Ho, A0 6% (500 GeV/M ,)2{tree-tevel
[ -10% (1 TeV/M.)2 (loop)

LHC 14 TeV, 3ab-1: 8% 15% few % 50%
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coLLiSioN coursE BEYONG THE LHC ERA: FCC

Particle physicists around the world are designing colliders that are much larger in size ,
than the Large Hadron Collider at CERN, Europe's particle-physics laboratory. Nature News, July 14

CERN'’s Large e Moy,

. ICUNLEONCOL g China’s electron—positron collider
Circumference: 27 km F A Y, 52 km: 240 GeV

Energy: 14 TeV China’s super proton collider

52 km; =70 TeV

US/European super TR China-hosted international
proton collider . % ? A electron-positron collider
100 km; 100 TeV 80 km; 240 GeV

e+e-&7Z,240-350GeV China-hosted international
%% 0eesecnsenttt super proton collider

80 km:; <100 TeV
International

L|near Colhder o DOSR . S EX'St'ng ....... Proposed
Length: 31 km

51 Tev .................................................... Tev' teraelectronvolt; Gev. glgaelectronvolt
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coLLiSioN coursE BEYONG THE LHC ERA: FCC

Particle physicists around the world are deSlgnmg colliders that are much larger in size
than the Large Hadron (‘I:ic_iiré RN, E ope artu hys:cs laboratory. Nature News, July '14
Yy (2015-2030)

CERN's Larg®
Hadron Colluder

Circimference: 27 km
Energy: 14 TeV
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hina's electrormositron collider
52 km; 240 GeV
China’s super pro
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Length: 31 km ILC as nggS Factory & beyond GeV, gigaelectronvolt

‘oposed
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-
Table 1-1.  Proposed running periods and integrated luminosities at each of the center-of-mass energies
for each facility. Snowmass 15 1 0_8561
Facility HL-LITC ILC ILC(LumiUp) CLIC TLEP (4 1Ps) HE-LHC  VLHC
s (GeV) 14,000 250/500/1000 250/500/ 1000 350/1400/3000 240/350 33,000 100,000
Ldt (fb~') 3000 /expt  2504+500+1000  11504-160042500 5004150042000  10,0004-2600 3000 3000
- ILC 34343 |
dt (107s) 6 3+3+3 ( +3+3) 3.1+4+3.3 545 6 6

+ 3+3+3




HL-LHC:

THE ENERGY & PRECISION FRONTIER
Sasha Valishev

Timeline & Goal:

LHC

Run 2 ‘

7 TeV 8 TeV

2012

2011

LS1

splice consolidation
button collimators
R2E project

2013 2014

experiment
beam pipes

13 TeV

e

L] 13.5-14 TeV

2015

2016

injector upgrade
cryo Point 4
DS collimation
P2-P7(11 T dip.)
Civil Eng. P1-P5

2018 2019

2017

phase 1

lu are here

2020

experiment upgrade

14 TeV

Run 3

cryolimit
interaction
regions

2021 2022
radiation
damage
2 x nominal luminosity -,
}_—, 1

Commissioning 2026; 3 ab-! by 2037 (250 fb-1/y)

J

‘H |
HL-I|_HC PROJECT

HL-LHC
installation

2024 2025

experiment
upgrade phase 2

14 TeV

5to7x
nominal
luminosity
I

energy

2026

integrate:
luminosi

Levelled Luminosity L = 5x103*cm=2s™1
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HE-LHC:
THE NEW ENERGY FRONTIER
Vladimir Shiltsev, this workshop

HE-LHC design goals and basic choices

physics goals:
* 2x LHC collision energy with FCC-hh magnet technology
* c.m. energy =27 TeV ~ 14 TeV x 16 T/8.33T

e target luminosity = 4 x HL-LHC (cross section «1/E?)

key technologies:
* FCC-hh magnets (curved!) & FCC-hh vacuum system

* HL-LHC crab cavities & electron lenses

beam:
* HL-LHC/LIU parameters (25 ns baseline, also 5 ns option)

30



M. Benedikt, F. Zimmermann ‘17

32 34 36 38 40 42

. St.rategy. Upda.te 2026 — as:s,umed. proje:ct de(.:ision .

16 T dipoles preseries
16 T series production I

- Civil Engineering FCC-hh ring \
§ \ CE TL to LHC LHC Modification
- Installation + test FCC-hh
> I CE FCC-ee ring + injector
2 - mectr
(1
O
I
-
L
I

HE-LLHC design & construction

technical schedule defined by magnets program and by CE
— earliest possible physics starting dates:

« HE-LHC: 2040 (with HL-LHC stop at LS5 / 2034)
* Options: FCC-ee @ 2039; FCC-hh @ 2043.
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THE NEXT ENERGY FRONTIER:
100 TEV HADRON COLLIDER

s [TeV]

1055 rmr e e e e
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Higgs Production @ SPPC

8 TeVY 14 TeV 33 TeV 100 TE‘J
[ LHC LHC HE LHC VLH
10°—— - - —10°
108;- total N

1 I! nr’ Inrl_ 111‘1 r‘ nr’ LALLE 1 117‘ T r‘ ui’ ™

Snowmass QCD Working Group: 1310.5189



Higgs Selt-couplings:

1 o .0 YHHH ,,5 UHHHH 4 LHC 100 TeV pp
L=——myH* - H* — H
2 3! 1 H
3m7 3m?2
guupn =6 v= r” Gy =6 = .1.2”-
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Higgs Self-couplings:

AL — —lm%{HZ _ gHHHHg B QHHHHH4 LHC 100 TeV pp
2 3! 4!
3m2 3m2 '/'H H
gupp = 6ev = —™12 g = 66 = =11 -
v @ D s

Triple coupling sensitivity:
Test the shape of the Higgs potential, and
the fate of the EW-phase transition!

HL-LHC ILC500 ILC500-up  ILC1000  ILC1000-up CLIC1400 CLIC3000 HE-LHC VLHC
V5 (GeV) 14000 500 500 500/1000  500/1000 1400 3000 33,000 100,000
[ £at (fb=') | 3000/expt 500 1600° 50021000  1600+2500° 1500 +2000 3000
X\ ( 50% ) 83% 46% EETED 13% 21% 10% 20% € 8%
< » e S

Snowmass 1310.8361

Adequate to test EW phase transition strong 1 order:
- O(1) deviation on Aypp



HE-LHC: Higgs self-coupling

D. Goncalves, TH, F. Kling, T. Plehen, M. Takeuchi, arXiv:1802.04319.
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I v—4| 'JI | :
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8 qi T LLi )
| 001+
0.05 i
002 |
001 - 0.001
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Vs [TeV] “

Cross section 1ncreases ~3X.

hh = bb yy: 64 ~ 30% @ 20

Also, S. Homiller, P. Meade, this workshop.
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DM Searches

]owuwm LUX collaboration, 2013
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DM Searches

]owuwm LUX collaboration, 2013
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DM Searches

]’"f’“’“‘”‘* LUX collaboration, 2013
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HE-LHC: WIMP Dark Matter

TH, S. Mukhopadhyay, X. Wang, this workshop;
M. Low, D. Egana-Ugrinovic, J. Ruderman, L.-T. Wang, to appear.
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e+e- colliders: Energy/LLumi projection

ZT 19 % 1oaﬁrcmg;g ' ' X 0 'Cep'C_(Z—IP?) ' TLEP Report: 13086176
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e+e- colliders: Energy/LLumi projection
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Ecm running time statistics (FCC-ee)
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nggs-Factory Mega (109) nggs Physics
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- TLEP 106 Higgs: ', ~ 1%, Am ~ 5 MeV.
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Higgs Total Width & Invisibale BR:

TH, Z.Liu, J.Sayre, arXiv:1311.71565

Relative Error 0 X/X

0.05

—0.05

Model-Dependent Fitting A (MDA)

2
——

1~ 3%

1H+JH@M

ILC250 + LHC
+1LC500 + HL. LHC

rh, &L gw gy e gh

ge g Brinv

Also see, Peskin, arXiv:1312.4974
including ILC luminosity upgrade.
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Summary:

- The Higgs boson 1s a new class,
at a pivotal point of energy,
intensity, cosmic frontiers.
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Summary:
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- It should not be a lonely solitary particle; has an
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An exciting

|
- Precision Higgs physics: Journey ahead'
LHC hghts the way: g~10%; Ay ~ 50%; Br.  ~ 20%

1nv.

CEPC/SppC: g~1%; Ay < 10%; Br,  ~2%; ', < 6%

- 6x LHC reach: 10 —= 30 TeV —> fine-tune < 104
WIPM DM mass ~1 -5 TeV
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LHC ROCKS!

Standard Model Production Cross Section Measurements Status: July 2017
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m-y [GeV]

HE-1LLHC: Extended SUSY Reach:

Reach of HL/HE-LHC for top squarks

— _1 -1 7 T
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B 15
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e e CEe——— o C.hifi > th+ BF=  ~25%.
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A recent update: Stop Mass [GeV]

TH, A. Ismail, B. Haghi, HE-LHC reach extends to m(t1)~3-3.8 TeV

n(b-jets)>=2; MET>750 GeV

tO appearo HB, Barger, Gainer, Serce, Tata, PRD96 (2017) 115008
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Production cross-seclion [pb)

Pushing the “Naturalness” limit
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The Higgs mass fine-tune: dm/m  ~ 1% (1 TeV/A)?

Thus, TGS 8 TeV -> 104 fine-tune! 39



WIMP DM: Moy < 1.8 Tev (g_)
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New Particle Searches

Electroweak Resonances: Z’, W’

1 I 1 L] T L] 1] L] T L] ] L] 1 L] 1

SSM

0 10 20 30
Mz (TeV)

~ 6x over LHC

(g g »q") (pb)

Colored Resonances:

10 Excited Quark
e Black 100 TeV
Red 14 TeV
107 — ug-uw
10! : --- dg->d’
10"
107!
102
10-3
1074




Z-Factory: Tera (1012) Z Physics

TLEP Report: 1508.6176
* (Clean environment, AEcm <1 MeV, 105 x LEP-1

* possible longitudinal polarization

* Precision measurements (statistical):

Z-ploe: AN SAT <0 15 VeV - Astn2bs =il
AMy, ~ O(1 MeV), Am_~ O(10 MeV), Am, ~ O(10 MeV).
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