~| What will we see through
v the nggs Portal?

.

John Ellis

Proposal, discovery, measurement,
Interpretation, what next?
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New Accelerators:
HL-LHC, LBNF, ILC,
CLIC, CEPC, CEPC...

Electroweak: Flavour:

sin%0, TGCs, .» Standard MOdeI Top, CKM, ...
2t 3

QcD: (E
soft, heavy 1ons, PDFs, hard, ... e
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L = Qriv*DiQr + qrin*D,jqr + Lyin* DLy + liv* Diflg

La= —EBWB“"' — 1Iﬂﬂ[’;’;‘uIJ«’P"*“‘"*" v Experiment: accuracy < %

d d

Ly = (D;¢) (D"¢) — V() No direct evidence
Ly = yaQrdqt + y.Qréqs + yrLrdlr + until July 4, 2012

Dl =08, —igWiT*—iY¢B, , D}=08,—iY¢B,
V(g) = —p’e” + A¢*
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L= (D#@)—'_ (Dﬁ@) B If( ”D - ﬁFH};F’uMg D,u,. — a,u,. — ’ieﬂ,u,_
e Gauge transformation «'(x) = ¢*® ¢(x) = @ @)y ()

1.
AL_(J:) = A, (x) + E&)HQ(J:)
e Choose a(x) =—0(x): ¢(x)=n(x)
* Rewrite Lagrangian: £ = |0 - fz.fef’lL)-?y\z —Vi(n) — iF:HJF ol
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Nambu EB, H, GHK and Higgs

______

e

Spontaneous symmetry breaking: massless Nambu-
Goldstone boson ‘eaten’ by massless gauge boson




Masses for SM Gauge Bosons

» Kinetic terms for SU(2) and U(1) gauge bosons:
r—_2gi g _Llp pe
4 e -_L i

Where G, = fj-'}#[.{.:i_ff}H[,{;i_|_.igEUI‘,[.{_r£[_{_r!i.- F,, =0,W; — rf}b,l.’[_r; _

 Kinetic term for Higgs field:
L,=—|D,d]* D,=08,—igo;, W.~igd Y B,
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L]

. . 1
— B, B" +g¢ gft*‘z B, e gE >

=

wE W

gW3 +gB,
Vgt + g

gv 7 — g”f - .':-J"JIB,H,
VP +gR

o omg =0

1
L 3\392 +g%v; A, =




1966, 1967
Higgs Boson Couplings




of the Higgs Boson

 First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva
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Eeceived 7 MNovemmber 1975 =

A discussion is given of the production, decay and observability of the scalar Higes =

boson H expected in gauge theores of the weak and electromagnetic interactions such as :,.p S

the Wemnberg-Salam model. After reviewing previons experimental limits on the mass of ;::fé

] . . . i 5 = ',

We should perhaps finish with an apology and a caution. We apologize to ex- ot
perimentalists for having no idea what is the mass of the Higgs hoson, unlike the e

case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.
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2011 _ _
Constraints on Higgs Mass

 Electroweak observables sensitive via quantum loop
~| corrections: | | o | . -

My sin” By, = rrr'f:,- cos® By sin” By = 756 (1 + Ar)
=y
 Sensitivity to top, Higgs masses:
-"5*"1'15 > V2Gr ., 11 M2
— =Ty R_j f mi-(— In B ), My >>mw
v 2 167* 3 ms ’

. Preferred Higgs mass: m,, ~ 100 %= 30 GeV
« Compare with lower limit from direct search at LEP:
m,, > 114 GeV
and exclusion around (160, 170 GeV) at TeVatron




2011: Combining Information from
Prevmus Dlrect Searches and Indlrect Data

—— Fit including theory errors
--- Fit excluding theory errors




| A la recherche

du Higgs Production at the
Higgs perdu ... | HC

LHC HIGGS XS WG 2016
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LHC Higgs Cross-Section & SEEToR<
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= Many production modes measurable if M, ~ 125 GeV
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Higgs Decay Branching Ratios
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 Important couplings t

rough loops:

—@luon + gluon — Higgs —f yy

Many decay modes measurable if M, ~ 125 GeV
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What we Expect

H>ZZ*->4l Observed decay modes: |
Rare (3%) Hovy vV, ZZ, WW, Tt
e 31 B Very rare (0.2%) e
Abundant (6%) AM/M ~ 1-2% 1y : Missing bb,cc, py, Zy

S/B<1 S/B<1
AM/M ~ 10-20% {(2-9%)\\\ AM/M ~ 1-2%

H->gg (8.5%) - ;!!

B Howw*>212v
~ Very Abundant (22%)
i S/B<1

AM/M ~ 30%
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Abundant (58%)
S/B<<1

What do we know? fee



Higgs Mass Measurements
« ATLAS + CMS /7" and yy fmal states
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12509 =021 (stat) =0.11 (syst)
| Statistical uncertainties dominate

|+ Allows precision tests

2+ Crucial for stability of electroweak vacuum s
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Comparison with Electroweak Fit

1] L] I | 1
fitter

o N
=
T =
]

|_ SM fit w/o M, measurement
- ATLAS measurement [arXiv:1207.7214]
== CMS measurement [arXiv:1207.7235]

70 20 90 100 110 120

Quite consistent: Ay? ~ 1.5




Theoretical Constraints on Higgs Mass

» Large M,, — large self-coupling — blow up at

AMQ)

A(v)

a4
'33*3"11: log Q NEIERE |nstability @ S
Im2pyd 77O 4, 10111=13 GeV il

— vacuum unstable

|+ Small: renormalization ™" —
due to t quark drives s \ ki
quartic coupling<0 | .
at some scale A Ejjj: -

I 1 1 1 1 1]
1I]2 1Cl4 105 10° 10'° 102 10% 10'¢ 10'® 107
RGE scale g in GeV

~ » Vacuum could be stabilized by Supersymmetry




Vacuum Instability in the Standard Model
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Instability during Inflation?

Hook, Kearns, Shakya & Zurek: arXiv:1404.5953

* Do mflatlon fluctuatlons arive us over the hill?
20 Y fi—
15;_ R _ ~1\\\‘ 1{}2- o Smbﬂjzinfzm;nsé S
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‘:5 r Quantum flucthations *-"/' 1 s d____,a*"'
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 Then Fokker-Planck evolution

* Do AdS regions eat us?
— Disaster if so
— If not, OK if more mflatlon |




How to Stabilize a Light Higgs Boson?

» Top quark destabilizes potential:
Introduce stop-like scalar:

Lo Mo|*+ T”|H|~’ || I

« Can delay collapse of potential:
 But new coupling must be
fine-tuned to avoid blow-up:

o Stabilize with new fermions:
— just like Higgsinos
e Very like Supersymmetry' I




ATLAS and CMS -o- Observed 1o

Measurements LHC Run 1 = Th. uncert.
INn Run 1

ggF

» Open questions:

— H=>bDb?
« 2.66 (@ LHC
« 2.80 @ FNAL

— H=2>1?
— ttH production?
— tH production?
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Measurements 1n Run 2

Measurements
In yy and ZZ*
final states

10c significance

Cross-section
agrees with
theory

Searching for
ttH, H=>»up and
tH
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The Next Frontiers

CMS Preliminary

35.9 fb' (13 TeV)

—— Best fit

SM Expectation

-2

0 2

Best fit 1 = O'/GSM

11427,
L= -1 20+1 .50

-1.47

2lss+1r,

_ +0.79
M= 0'86-0.66

3l+1r,

_ +1.33
=122

Combined

_ +0.62
H= 0'72-0.53

Entries / GeV

T ATLAS Preliminary
| VBF loose
x2/ndof = 32.6/48

L B . i e e e

—e— Data

—— Signal [125] x 20

\s=13TeV, 36.1fb™" ]

Background model
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C M S Prel‘rmmary
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pp — tH +tiH
H— WW/ZZ /77

Kr =Ky 5
] :

&% BR [pb]

35.9fb ' (13 TeV)

—e— Observed limit (7.x BR) ]
--- Expected limit (7. x BR)
+1 standard dev.
+2 standard dev.

:Hele % BR (sy = 1.0)
_ ol < BR (sy = 1.0)
o = BR (kv = 1.0)
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IS HC finng the missig piece? '
IS it the right shape?
IS it the right size?




The ‘Higgs’ has Spin 0

OMS predirminay] 197 &' (8 TeV) + 6.1 1" {7 TeV)

@~ CMS data - - - Median expecied e = ' I

Mo+t | N TR 77 G4l WW a2y

W0 20 M+ 20 -
0"+ 3c J +3a

RN R EEEEE
BN LA EEEEEE

« Alternative spin-parity hypotheses disfavoured




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

Fl>  [aTLAS ana Cws
1k ATLAS and CMS

) L) LHC Run 1
M2

il
¢+ ATLAS+CMS

------- SM Higgs boson
— [M, €] fit
[168% CL

95% CL




Flavour-Changing Couplings?

* Upper limits from FCNC, EDMs, ...

* Quark FCNC bounds exclude observability of
quark-flavour-violating h decays

| » Lepton-flavour-violating h decays could be large: |
| BR(tp) or BR(te) could be O(10)% .

~ Blankenburg, JE, Isidori: arXiv:1202.5704 BR(HG) must be <2 X 10

g - A ”"\.a&"v’r‘;




Flavour-Changing Higgs Coupling?

uT, 0 Jets

1.32% (exp.)
2 04% (chs.)

- T, 1 Jet
1.66% (exp.)
2.38% (ohs.)

ut, 2 Jets

A.77% (exp.)

N 3.84% (obs.)

Mt 0 Jets

2.34% (exp.)

2 B1% (ohs.)
|t 1 et

2.07% (exp.)

- 2.22% (obs.)

| uT, 2 Jets

- 2.31% (exp.)

© 3.BB% (ohs.)

 Hoput
C 0.75% (exp.)
" 1.51% [obs.)

CMS

19.7 fo" (8 TeV)

s Observed
«  Expected

[ Expected = 1o
DEupet:Ind:E-ﬁ

= R

u2

95% CL limit on B(H—u1), % |

‘B( — y) = .43:33?9%\

4 6 8

Also: BR(e1) < 0.69%, BR(eu) < 0.036%

.tp“ \L‘ 1

RS

{
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AN

ut 0 Jets
had
0.51% (0.43%)

1
nT Jet
0.53% (0.56%)

ut L, 2Jets
had
0.56% (0.94%)

ut ,VBF
had
0.51% (0.58%)

ut,, 0 Jets
1.30% (0.83%)

ue, 1 Jet
1.34% (1.19%)

ut, 2 Jets
2.27% (1.98%)

ut_, VBF
e
1.79% (1.62%)

CMS rreiiminary 35.9fb " (13 TeV)
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h—pt: BDT Fit

® QObserved

X Median expected
I 68% expected

x
I [ ] 95% expected
x

HB(H — ut) < 025%

| Also: BR(et) < 0.61%



Elementary Higgs or Composite?

» Higgs field: « Fermion-antifermion
<0[H|0>#0 1 condensate
» Quantum loop problems =« Jjust like QCD, BCS

.

e RIS | superconductivity
AERUREYA |« Top-antitop condensate?

/S needed m, > 200 GeV

| force?
- Heavy scalar resonance?

Cut-off A ~ 1 TeV with

- Inconsistent with
precision electroweak data?




UV completion ?

Higgs as a
Pseudo-Goldstone
Boson

‘Little Higgs’ models

sigma model cut-off

colored fermion related to top L|llLl|‘|~;

new gauge bosons related to SU(2)

new scalars related to Higes

| or 2 Higgs doublets,
possibly more scalars

N

(breakdown of larger symmetry)

- L —

8l Loop cancellation mechanism S =
W W) . stol}.‘i
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Phenomenological Framework

« Assume custodial symmetry:
« SU(2) xSU((2) = SU(2)y (p= Mw/MzcosB, ~1) §
« Parameterize gauge bosons by 2 X 2 matrix X:

UQ, NEalAw h‘ ,hQ e h i1
E:ZTID#LDL 14+2a—+b—+..) —myi X 1+r';+... Yr + h.c.

v v?
1 1 1 (3m; I f3ms
Sim gt S o 2T Yoan L L [F ol .
—{-—2( m ) +2mh +(‘)6< 5 h + 494 )2 h 2 )
QA Qg (e h
. T O ,C. = — I:—&b.f_-.G{L UGHH + ﬂbﬁ?nF yF.ﬂ-ﬂ-":| X7
Y = exp (z . ) A oy Hr-T g aT H V

| » Coefficients a = ¢ = 1 in Standard Model §
PR RN g, oy vy T oL T T v, | ‘I—'..?::




Examples of Higgs as
Pseudo-Goldstone Boson

- » Sample models:

» Dependences of
couplings on
model parameters:

e To be measured!

 Translation to
experimental
parameters:

a=kK,C=Kp

il >

Model Symmetry Pattern Goldstones
o
SM SOM4)y50(3) Wi, 4
— SUYSU2)U(1) Wi Zy h
MCHM SO YSOd )= U(1) Wi Zp. h
NMCHM SO(6)SOS )= U(1) Wi 2 hoa
MCTHM  S00(6)/S50(4)=x50(2) xU(1) W, . Z,.hH H* a
Parameters SILH MCHM4 MCHMS
i 1 - f:”.f,."? 1._"II — rf: 1._"II — rf:
b | = 2epné -2 1-2¢6 £
by —3€ —3ET-¢& 3£ 1-¢
c | —(cu/2 +c, )¢ v1—& i_—;&
7 —(cy + 3c,)E/2 —&/2 —2£ e
i3 1 + (Cg — HL",IJIEIE_:'.f 1._"II - rf: ]__I.:i_' | o |
I+ (65— 25cy /306 1-Tg3  EEE ¥

|

-
-

1-£ .
S— A~ " g o x N
—~ ."~4A.'-'“~ a ) .l‘".‘y‘dr.c L [ TR ——




Global Analysis of Higgs-like Models

 Rescale couplings: to bosons by a, to fermions by ¢

GLOBAL Combination

'ﬂ No evidence for
deviation from SM

0.4 0.6 0.8 1.0 12 14 16 13
d

K Standard MOdeI a=C= 1 JE & Tevong You, arXiv:1303.3879




Global Analysis of Higgs-like Models

5 AP RO AVEN By

» Rescale couplings: to bosons by «,, to fermions by «;

|» Standard Model: x, = x; = 1

1_E-|||| |||||||||||||||||||||||

T
L . Higgs Measuraments . EW-fit + Higgs Measuremants LHC {? TeV +8 TEV}

1.6 — " i 05% C 5 BE% and 85% CL fit t 1
- BB and B L fit conmtours 0 =;¥¢1{| ltcon U"”a'_: 6 # Standard Model —
— i

1.42— ® Standard Model prediction % Fit minimum _: p * Best fit - ~,

12
w9
0.8 :
06 -

0.4 -

 Consistency between Higgs and EW measurements
» Must tune composite models to look like SM

e *"" b E
g p ; » . o i e T Ly
R, T R AR . b, o, T R




HO J=0

| ||
Wh at I S I t ? Mass m = 125.09 + 0.24 GeV
u HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.

. Does it have spin 0 or 2? W =081+ 016

Z7* =1157337 (S=12)
o 1 1 vy = 1.171'0:19

Spin 2 strongly disfavoured bt 4
putp= < 7.0, CL = 95%

* |s it scalar or pseudoscalar? r+r— = 0.79 £ 0.26

Zvy < 9.5, CL = 95%

— Pseudoscalar disfavoured tEHO Production = 2.5+ 09

Combined Final States = 1.17 + 0.17 (S =1.2)

* |s it elementary or composite?
— No significant deviations from Standard Model

» Does it couple to particle masses?
|  — Prima facie evidence that it does

* Quantum (loop) corrections?
— vv, 9g couplings ~ Standard Model

|+ What are its self- and other couplings?

|
7h T =~ "
)y ¢ . B LS andh = ’ [ T ——



Assuming H(125) is SM-like: Model-independent search for new physics:

Standard Model Effective Field Theory

L D

_I_

_|_
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|+ Constrain W|th preC|S|on EW, nggs data TGCs

 Higher-dimensional operators as relics of higher-
| energy physics, e.g., dimension 6: . ZEO
v € A2

f  Operators constrained by SU(2) X U(l) symmetry:
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Electroweak Precision Data

)
-
g

. Global f|t to dlmenS|on 6 operators

. 0} o 2
B ry T L T E .

Operators affecting oblique parameters

-‘Cdlm i —C}L 7 + —{fj
u H T n 711 u

Also other electroweak tests
Constraints from LEP et al. data

X [Tev] A=vTI M v A [Tev] A=vTl M vl
25 28 1.5 4.9 49 35 8 25 12 1.4 L7 25 35 15 25
: gk b
. Leptonic SRl -+ hadronic e
r.ll || - -
* 3] -
observables ) observables -y
|,.l_-' . - i
|"r|' | "',l'j‘ —.‘— Jllll N
e . &
or "'}r
] .
r,e” '—I— i Cr L ]
(5N
i |'..|I [ ]
-0,010 0,005 0.000 0,005 0,010 005 -0.04 =043 -0.0Z2  —0.01 000 .01

Fits to individual dimension-6 operators

W




Fits mcludlng nggs Production

a.,nf L‘rrevj )
08 11 25 11 0.8

'« Usingsignal |
strengths & VH
Kinematics in |-

global fit

 Single-
parameter fits

JE, Sanz & Tevong You, arXiv:1404.3667



Global Fits including |

LHC TGCs

1.0[ ¥ TGC
¥ Higgs
| i TGC+Higgs
050

A [TeV] A=A
0.1 0.2 03 04 08 04 03 0.2
1 1 1 1 I T | T
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|
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Caw : :
|
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— »
¢, ( »x100) ol :
- % I
|
|

_osL

1 D'- Falkowski, Gonzalez-Alonso, Graljo, Idl:'m:ﬁl
JRS I | B L ¥ B
== 08,7

» Associated production

 LHC Triple-gauge
couplings

 Global combination

|+ Individual operators




Present & Future Constraints on D=6 Operators

Operators

Bosonic CP-even
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» « Empty » space IS unstagsiisyg

& - Dark matter SUSY

. Origin of matter SUSY

L W Masses of neutrinos

A ‘!_- Hierarchy problem SUSY

i\ | - Inflation SUSY
N - Quantum gravity SUSY
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What lies beyond the Standard Model?

Supersymmetry

o New motivations
Stabilize electroweak Vacuum  [Fny e

 Successful prediction for Higgs mass
— Should be <130 GeV In simple models

|« Successful predictions for couplings
— Should be within few % of SM values

|* Naturalness, GUTSs, string, ..., dark matter‘;'

S -
-




Loop Corrections to Higgs Mass?

 Consider generic fermion and boson loops:
f S

—— — 4 '+____ \
N,

N / H ‘oL

« Eachis quadratlcally divergent: I/‘d“k/k2

Am3, = s 5 [2: A%+ hm In(A/my) + .
lf) <
Al — As A2 — 2miIn(A/me) ]
Ams, = 62 [A° —2mSIn(A/mg) + ...]

 Leading divergence cancelled if

As =y x 2 Supersymmetry! §

-l

- . T R -
T ! *y . ‘ " o s
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~ : ' - B - 1 1 '
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T |' L] L] Li Li 'I | T L

Minimal
supersymmetric
extension of
Standard Model

T T T T 'I T T T
1 10° 100 101°
Mustration: Typoform Energy, GeV

* Impressive!
 Over-ambitious? Hubristic?

Energy, GeV




Higgs Bosons In Supersymmetry

* Need 2 complex Higgs doublets
(cancel anomalies, form of SUSY couplings)

« 8 -3 =5 physical Higgs bosons
Scalars h, H; pseudoscalar A; charged H*
« Lightest Higgs < MZ at tree level:

M, = [J 2 + M2+ \/ (M2 + M2)2 — AM2M?2 cos? 203

 |Important radiative corrections to mass:

. { mz_ Mg
Gy _hn( t,j”t 2) AM, |7 ~ 1.5 GeV

B % . o A ) >
. KQ‘ : . ‘,v

;Il.



MSSM Higgs Masses & Coup

lings
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a50l-  m " scen., tanp =5

Lightest Higgs mass
up to ~ 130 GeV
Heavy Higgs masses
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Limits on Heavy MSSM Higgses

CMS Preliminary, ys =7+8 TeV, L = 17 fb"
T | | | E— | | | T | | L
85% CL Excluded Regions 3

[—1 Observed E

.............. Expected ;""
+10 expected ;f
=20 expected &

S LEP

MSSM m, "~ scenario

MEUS‘f =1 TeV




What Next: A Higgs Factory?

|+ An ep collider?

To study the ‘Higgs’ in detail: | =
Vs =14 TeV: : [Ldt=3000 fb"

d The LHC .|- Ldt=300 fb"' extrapolated from 7+8 TeV
I

[T | I I | I
/T,

— Consider LHC upgrades 1n this perspective

* A linear collider?
— ILC up to 500 GeV
— CLICup to 3 TeV

(Larger cross section at higher energies)

e A circular ete collider?

[* A vy collider? A muon collider? 0 02 04 i PPad

| * Wait for results from LHC @ 13/14 TeV_




Luminosity [10%* cm2s-1]

Projected e*e- Colliders:

—
o
N

—
o

Luminosity vs Energy

' -
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Future Clrcular e+e Colllder?

M =246.0 = 0.8 GeV, e = 0-0000+O'0015-0.001o

10°

-----

‘
| ]
|
. Schematic of an :
80 - 100 km 1
‘ long tunnel ¥
'

~..- --‘

‘alaz

rmf Not just Higgs physics: | ¢F
HEW W't Is‘Tera- -W, ea—t

Coupling A
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Impact of Higgs Measurements

|» Predictions of current best fits Best Fit Predictions
in stmple SUSY models e = |
|« Current uncertainties in SM o "'
calculations [LHC Higgs WG] »www| ..
| » Comparisons with hovasl T
— LHC L :
~ HL-LHC e || B
1Lc =
- (Blf% YBSRSAB/BEW(% - :
(Able to dlstlngulsh from SM) ‘

i T ol DU |
PF ; i ATy W . T pe ‘ - i
’ 'r‘.é e ‘..-"_.5;""..“ .‘. ! f.'z . o
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(( E& )) JE & Tevong You, arXiv:1510. 04561—-
‘ CC-ee Higgs & TGC Measurements

EWPTs and Higgs | Higgs and TGCs
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| — With/without | — Effect of including

theoretical EWPT - TGCsat ILC
uncertainties Should extend to include prospective

e FCC-hh measurements of TGCs, ...



Higgs Cross Sections

« At the LHC and beyond:

3
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Benedikt

LHC HIGGS XS WG 2013
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Summary

Beyond any reasonable doubt, the LHC has
discovered a (the) Higgs boson

A big challenge for theoretical physics!

The LHC may discover physics beyond the
SM when It restarts at ~ 13 TeV

If it does, priority will be to study it
If it does not, natural to focus on the Higgs

In this case, TLEP offers the best prospects
— and also other high-precision physics
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