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Two problems for spontaneous gauge symmetry breaking
— problem 1: Goldstone’s theorem
SU(2). x U(1)y — U(1)q gives 3 massless scalars

— problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 # 2
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Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution

Vorume 13, Numser 16 PHYSICAL REVIEW LETTERS 19 Ocroner 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

In a recent note* it was shown that the Gold- about the “vacuum” solution ¢,(x) =0, @,(x) = ¢yt
stone theorem,® that Lorentz-covariant field
theories in which spontaneous breakdown of Elet) (8¢))-eqA }=0, (2a)
symmetry under an internal Lie group occurs o
contain zero-mass particles. fails if and only if
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— problem 1: Goldstone’s theorem
SU(2), x U(1)y — U(1)q gives 3 massless scalars

— problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution

Vorume 13, Numser 16 PHYSICAL REVIEW LETTERS 19 Ocroner 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

A déuued discussion of these questions will be

presented elsewhere. d- about the “vacuum” solution ¢,(x) =0, @,(x) = ¢@,:
It is worth noting that an essential feature of ! oMo (ag,)-ew A }=0 (2a)

the type of theory which has been described in T O

this note is the prediction of incomplete multi- v if . JU

plets of scalar and vector bosons.® It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.”

'P. W. Higgs, to be published.
%J. Goldstone, Nuovo Cimento 19, 154 (1961);
J. Goldstone, A. Salam, and S, Weinberg, Phys. Rev.
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— problem 1: Goldstone’s theorem

SU(2), x U(1)y — U(1)q gives 3 massless scalars

— problem 2: massive gauge theories

massive gauge bosons have 3 polarizations, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

1964: combining two problems to one predictive solution

1966: original Higgs phenomenology

PHYSICAL REVIEW

I Q. Breakd

VOLUME 145, NUMBER 4

27 MAY 1966

P 2 4

without Massless Bosons*

Perer W. Hicost
Department of Physics, Unisersity of Nertk Carolina, Chapel Hill, North Carolina
(Received 27 December 1965)

We examine a simple relativistic theory of two scalar fields, first discussed by Goldstone, in which as a
result of spontaneous breakdown of U (1) symmetry one of the scalar bosons is massless, in conformity with
the Goldstone theorem. When the symmetry group of the Lagrangian is extended from global to local U (1)
transformations by the introduction of coupling with a vector gauge field, the Goldstone boson becomes the
longitudinal state of a massive vector boson whose transverse states are the quanta of the transverse gauge
field. A perturbative treatment of the model is developed in which the major features of these phenomena are
present in zero order. Transition amplitudes for decay and scattering processes are evaluated in lowest order,
and it is shown that they may be obtained more directly from an equivalent in which the original
symmetry is no longer manifest. When the system is coupled to other systems in a U(1) invariant La-
grangian, the other systems display an induced symmetry breakdown, associated with a partially conserved
current which interacts with itself via the massive vector boson.

I INTRODUCTION

‘HE idea that the apparently approximate nature

of the internal symmetries of elementary-particle

physics is the result of asymmetries in the stable solu-

tions of exacdy s)'mmelnc dynamlca] cqu:mons, ralher
than an in the

appear have been used by Coleman and Glashow? to
account for the observed pattern of deviations from
SU(3) symmetry.

The study of field theoretical models which display
spontaneous breakdown of symmetry under an internal
Lie group was initiated by Nambu,* who had noticed®
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— problem 1: Goldstone’s theorem

SU(2), x U(1)y — U(1)q gives 3 massless scalars

— problem 2: massive gauge theories

massive gauge bosons have 3 polarizations, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution

— 1966: original Higgs phenomenology

PHYSICAL REVIEW

VOLUME 145, NUMBER 4

27 MAY 1966

II. THE MODEL

The Lagrangian density from which we shall work

is given by®
= =189 F ol o= 18"V 2uV 24

+imi®a—} f(@aa)?.

y Breakd without Massless Bosons*

Perer W. Hicost

Department of Physics, Unisersity of Nertk Carolina, Chapel Hill, North Carolina
(Received 27 December 1965)

<- stoncy of two scalar fields, first discussed by Goldstone, in which as a

‘symmetry one of the scalar bosons is massless, in conformity with
try group of the Lagrangian is extended from global to local U (1)
upling with a vector gauge field, the Goldstone boson becomes the
on whose transverse states are the quanta of the transverse gauge
el s developed in which the major features of these phenomena are
les for decay and scattering processes are evaluated in lowest order,
| more directly from an equivalent Lagrangian in which the original
the system is coupled to other systems in a U(1) invariant La-
duced symmetry breakdown, associated with a partially conserved
massive vector boson.

In Eq. (1) the metric tensor g”=—1 (u=»=0),
+1 (u=»70) or 0 (u¥»), Greek indices run from 0
to 3 and Latin indices from 1 to 2. The U(1)-covariant te nature

derivatives F,, and V&, are given by

Fp=0,4,—0,4,,

y-particle
ible solu-
1s, rather

wnamieal

appear have been used by Coleman and Glashow? to
account for the observed pattern of deviations from
SU(3) symmetry.

The study of field theoretical models which display
spontaneous breakdown of symmetry under an internal
Lie group was initiated by Nambu,* who had noticed®
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Two problems for spontaneous gauge symmetry breaking

— problem 1: Goldstone’s theorem
SU(2), x U(1)y — U(1)q gives 3 massless scalars

— problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 # 2
Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology

PHYSICAL REVIEW VOLUME 145, NUMBER 4 27 MAY 1966

Sp S; y Breakd without Massless Bosons*
Perer W. Hicost
Depariment of Physics, Unisersity of Nerth Carolina, Chapel Hill, North Carolina
e et e ot i. Decay of a Scalar Boson into Two
II. THE MODEL Vector Bosons

The Lagrangian density from which we shall v  The process occurs in first order (four of the five
cubic vertices contribute), provided that me>2m;. Let

# be the incoming and k;, ks the outgoing momenta.

is given by®
L£=—1g9g"F ol »— 18"V 2V B, Then
+imidDa—§ f}(@ada).

In Eq. (1) the metric tensor g”=—1 (u=»: —e(ip)[a**(ke)$* (k) +a**(k2)é* (k1))

+1 (u=»#0) or 0 (u#»), Greek indices run fro — 2ema,* (k) a** (ks) — fmes* (k)6* (k)

to 3 and Latin indices from 1 to 2. The U(1)-covar

derivatives F,, and V&, are given by By using Eq. (15), conservation of momentum, and
b‘(k) 0) of the vector wave

lhc transversality (%

« 4"

Fp=0,4,—0,4,,

[P T

M=i{e[a**(ky) (—ikan)$* (ks)+a*#(ks) (—iky)¢* (k1))
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— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology
— lots of collider phenomenology starting in 1976
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Two problems for spontaneous gauge symmetry breaking
— problem 1: Goldstone’s theorem
SU(2). x U(1)y — U(1)q gives 3 massless scalars

— problem 2: massive gauge theories
massive gauge bosons have 3 polarizations, and 3 # 2

Higgs-related Papers  [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology
— lots of collider phenomenology starting in 1976

Adding in Glashow—Weinberg—Salam—t Hooft—Veltman

— massive, minimal Standard Model complete

— renormalizability unique for particle physics  fand cosmology]
= Higgs a powerful handle for new physics

= bias: no strongly interacting Higgs sector!
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Questions for Run 2

1. What is the ‘Higgs’ Lagrangian?

— psychologically: looked for Higgs, so found a Higgs — D
— CP-even spin-0 scalar expected, which operators?

spin-1 vector unlikely

7

spin-2 graviton unexpected 1 " ]
— ask Stephie and Ul [Cabibbo—Maksymowicz-Dell’ Aquila—Nelson angles] 4

Agi

Aa;.;u ~f2 Ar;4 broad

spin-0: 035,055,055
21wz
Spin-2: 25y, 2iw g

An;a narrow/di

Anfy ~0

0;\]

2Ewig

max
AT ~ 0

+
2Ew+q

o
Anji™ ~ 4 +
15
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1. What is the ‘Higgs’ Lagrangian?

— psychologically: looked for Higgs, so found a Higgs

— CP-even spin-0 scalar expected, which operators?
spin-1 vector unlikely
spin-2 graviton unexpected

— ask Stephie and Uli [Cabibbo-Maksymowicz—Dell’Aquila-Nelson angles]

2. What is the Lagrangian?

— naive-but-good: set of ‘couplings’ given Lagrangian
— bottom-up: Higgs effective theory
— top-down: modified Higgs sectors
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Higgs boson 1. What is the ‘Higgs’ Lagrangian?

Cotplncs — psychologically: looked for Higgs, so found a Higgs
New physics — CP-even spin-0 scalar expected, which operators?
Pt spin-1 vector unlikely

Meaning spin-2 graviton unexpected

— ask Stephie and Uli [Cabibbo-Maksymowicz—Dell’Aquila-Nelson angles]

2. What is the Lagrangian?
— naive-but-good: set of ‘couplings’ given Lagrangian
— bottom-up: Higgs effective theory
— top-down: modified Higgs sectors

3. What does all this tell us?
— strongly interacting models?
— weakly interacting extended models?
— TeV-scale new physics?  [anja's tak]
— hierarchy problem, vacuum stability, Higgs inflation, etc
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Standard Model operators (uan's tai]

assume: narrow CP-even scalar
Standard Model operators

couplings proportional to masses?

total rates only
Lagrangian

L= Lsu+ Aw gmwH W“W‘L + Az

w

g M,
5o MZH 212, = 37 A 7’H (faf, + h.c.)

T,b,t

H H
+ AgFg " GG + A Fp m A A" + invisible + unobservable

— electroweak renormalizability through some UV completion

— QCD renormalizability not an issue

99 — H

qq — qqH
g9 — ttH
qq’ — VH

—

Grxx = G (1+ Ax)

H— zZZ
H— WW
— H — bb
H— 7171~
H =y
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Higgs Portal

Higgs portal to new physics [dark matter, etc]

all-renormalizable combined potential  with or without VEV]

V(0,8) =p2 (®T &) + Ay [0T02 + 43 8% + kS® + X S* + Ng [T 0| S?

SpZ (T 0) + A [0TOPP + u2 8%+ 2 S 4 Ag [0F 0| S?
—u2 (@7 0) + A [OTD2 4+ 3 8% + A |0 $|S?

mixing to the observed Higgs mass eigenstate
Hy = cosx He +sinx S
visible and hidden decays defining F1 [plus Hy — Hq Hy cascade decays]

Iy = cos? x I$™ + sin? x ¢

constraints on event rate

2
o oy g S
UEM - r?id
1 2, 1 2 gl
14 tan® x F?M
. % 15 b M = 195 Gev, 95% CL 1
— collider reach gz 15 s =126 GeV, 95
[
i
ot g
Vs =14 TeV.
£L=50f *
05 | Viormv Gi—rmev g
L=5f"" L:Eﬂfh"/
o . ; .
0 0.2 0.4 0.6 0.8

1
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Higgs portal to new physics [dark matter, etc]

all-renormalizable combined potential  with or without VEV]

V(0,8) =p2 (®T &) + Ay [0T02 + 43 8% + kS® + X S* + Ng [T 0| S?

SpZ (T 0) + A [0TOPP + u2 8%+ 2 S 4 Ag [0F 0| S?
—u2 (@7 0) + A [OTD2 4+ 3 8% + A |0 $|S?

mixing to the observed Higgs mass eigenstate
Hy = cosx He +sinx S
visible and hidden decays defining F1 [plus Hy — Hq Hy cascade decays]

Iy = cos? x I$™ + sin? x ¢

constraints on event rate

2
om __cofx 1o T
UEM r?id
1 2, 1 2 gl
14 tan® x F?M
= invisible Higgs the key 75 1O M =13GV, 9
&
£
= 1 r B
Vs =14 TeV.
£L=50f *
05 VE=TTeV VE=17Tev B
L=5f"" L:Eﬂfh"/
0 ‘ : ‘
0 0.2 0.4 0.6 0.8

1
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AT EGRmET Two doublets  no fiavor, CP, custodial troubles]
Cotplncs — angle 8 = atan(vo/vy)
New physics angle « defining hand H
Operators gauge boson coupling gy, z = sin(3 — a)gﬁVMZ
Meaning

— type-I: all fermions with ¢»
type-II: up-type fermions with ¢»
lepton-specific: type-l quarks and type-II leptons
flipped: type-Il quarks and type-I leptons

- Single hierarchy mp K mH’A’Hi [custodial symmetry]
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Two Higgs doublets

Two doublets [no flavor, CP, custodial troubles]

— angle 8 = atan(v»/vy)
angle « defining hand H

gauge boson coupling gy z = sin(8 — a)gﬁv’\{'z

— type-I: all fermions with ¢»

type-II: up-type fermions with ¢»
lepton-specific: type-I quarks and type-ll leptons
flipped: type-Il quarks and type-I leptons

— single hierarchy my << My a4 yt  lcustodial symmetry]

Facing data

— fit including single heavy Higgs mass
— decoupling regime sin? o ~ 1/(1 + tan? 8)
= 2HDMs good fit with decoupling heavy Higgs
type-II

type-I

10 20 30 40 50
tan B

10 20 30 40 50
tan B

-1
0

lepton—specific

10 20 30 40 50
tan B

flipped

10 20 30 40 50
tan B
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Higgs boson Two doublets [no flavor, CP, custodial troubles]
Couplings — angle 8 = atan(v2/vy)
New physics angle « defining h and H
Operators gauge boson coupling gy z = sin(8 — a)gﬁv“f'z
Meaning

— type-I: all fermions with ¢»
type-II: up-type fermions with ¢»
lepton-specific: type-l quarks and type-Il leptons
flipped: type-Il quarks and type-I leptons

— single hierarchy my < My 4 y+  lcustodial symmetry]

Yukawa-aligned 2HDM

- Ay & (B-a) Dyt < {8} Ay < my+

AY not free parameter, top partner? s
custodial symmetry builtin Ay < 0 0:6 et measured data
— Higgs-gauge quantum corrections 0al = dioned oM const)
enhanced Ay < 0 0.2 *+
— fermion quantum corrections o4t 4
large fortan 8 < 1 0.2
Ay # Az > 0 possible 04 1717
= consistent, but not realistic 06
-0.8

©
&
o
A
W
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Extended Higgs sectors

Decoupling in one dimension  (cranmer, Kreiss, Lopez-Val, TP]

— decoupling defined through the massive gauge sector

<

Ay

52

3
S +0()



Higgs Evening

Tilman Plehn

Higgs boson
Couplings
New physics
Operators

Meaning

Extended Higgs sectors

Decoupling in one dimension  (cranmer, Kreiss, Lopez-Val, TP]

— decoupling defined through the massive gauge sector

9v 3
s =1- 5 +0(&)
9y
— dark singlet
Fiv = €%Tsm Hp.d

54 Ay

_ Tsm
Fsm + Finy

. £ 3
=-75 o)

=1-£4+0% <1
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Extended Higgs sectors

Decoupling in one dimension  (cranmer, Kreiss, Lopez-Val, TP]

— decoupling defined through the massive gauge sector

9v £ 3 & 3
Vo1 PN Ay = — >
5 - +0(&) v=-5 o)
— dark singlet
Msm 2 3
iy = 2F = — =" —1— + 0O <1
inv & Tsm Hp,d o + Finw 3 (E )

— mixing singlet [no anomalous decays]
14 Ay =cosf =+/1— €2 Hpa =1—€+0(&%) <1
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Extended Higgs sectors

Decoupling in one dimension  (cranmer, Kreiss, Lopez-Val, TP]

— decoupling defined through the massive gauge sector

gv £ 3 £ 3
== =1-= Ay = — =
o 5> ToE) - v 5 oK)
— dark singlet
Msm 2 3
M = €T =M _q_ 1
inv & Tsm Hp,d Tow + My &+ O(E ) <
— mixing singlet [no anomalous decays]
14+ Ax=cosf =+/1—¢2 ppg=1—6 +0(%) < 1
— composite Higgs
v HWBF,d (1-¢%? 2 3
= - = =142+0 > 1
¢ f HGF,d (1—2¢2)2 ¢ )



Higgs Evening

Tilman Plehn

Higgs boson
Couplings
New physics
Operators

Meaning

Extended Higgs sectors

Decoupling in one dimension  (cranmer, Kreiss, Lopez-Val, TP]

i =1- 5 +0E)
o
— dark singlet
Fiv = €%Tsm Hp.d

mixing singlet [no anomalous decays]
1+ Ax=cos0 =+/1—¢2
— composite Higgs

v HWBF,d

decoupling defined through the massive gauge sector

52

< N +0(&%)

Msm

B Fsm + Finy

=1-£4+0% <1

Hpg =1—E +O(%) < 1

(-2

E=-— =

f HGF,d

— additional doublet [type-x fermion sector]

1+Ay=sin(f—a)=+1-¢2

(1 -2y

=142+ 0(%) > 1
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Extended Higgs sectors

Decoupling in one dimension  (cranmer, Kreiss, Lopez-Val, TP]

— additional doublet

dark singlet

=1-2 10
gV
2
Finv = & Tsm Hp.d

mixing singlet [no anomalous decays]

1+ Ax=cos0 =+/1—¢2

composite Higgs

v HWBF,d

decoupling defined through the massive gauge sector

. £ 3
& Ar=-5+0()
=M o) <t
rSM‘f’rinv

Hpg =1—E +O(%) < 1

(-2

f HGF,d

[type-X fermion sector]

1+Ay=sin(f—a)=+1-¢2

- MSSM

& =~

[plus tan 3]

2 (2 2
mp, (mz — mj)

m% sin?(23)

2 (2 2y~
ma(mg, — my)

7
my

(1 -2y

=142+ 0(%) > 1
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Extended Higgs sectors

Decoupling in one dimension  [Cranmer, Kreiss, Lopez-Val, TP]

— decoupling defined through the massive gauge sector

9v & 3 & 3
1-=>+0 =3 Ay=—-=+4+0
gEM 2 (5 ) v 2 (5 )
— dark singlet
r
2 SM 2 3
Tiny = €T =———— =1-£4+0(&) <1
iv =& Tsm Hp,d Fon t P 13 (£)
— mixing Singlet [no anomalous decays]
1+ A, =cos6=+/1—¢2 ppg =1—€+0(£%) <1
— composite Higgs
v HWBF, d (1—¢)7 2 3
§=~ = = =14+28+0(7) > 1
f HGF,d (1 —2¢2)2
2 T 2 T T 2 T
| £<04 | | <04 ] §<”-4ﬁ ]
. E=02 . 5=02 ¢ 5=02
1.5 1.5 1.5 MSSM
2HDM 1L
F MCHMS 2HDM 1L 4 . N
'y \ /?; ] M(‘HWQ‘/ N singlet__ ¢ 2HDM 1
g singlet —_ > inglet 10g N
MSSM MSSM 2HDM I [ )
03 JHDM I 05 051 Supmn
0 05 1 s 2 05 i TS w2 % 05 I TS g
GF GF GE
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D6 operators

Higgs sector effective field theory uans tak]

— set of Higgs-gauge operators

Ogg = ®T0G%, G Oww = "W, W o Opg =+
Opgw = "B, W" o Ow = (D, &) W"" (D, ®) 0 =

Op1 = (D) dof (DFd)  Op2 %8"’ (‘DT‘D) o (‘D*‘D)

(D.®)" (D) (o70)

Ops = % (¢T¢)3 Ov.a
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D6 operators

Higgs sector effective field theory uans tak]

— set of Higgs-gauge operators

Ogg = ®T0G%, G Oww = o'W, W*" o Opg=--
Opw = 1B, W o Ow = (D) W"* (D, ®) Og=---
1
Ooi = (D, 0) ® &1 (D'0)  Opp = -0" (aa%) 8, (q>*q>)
2
_ 1 lete)? _ tpe t
Oos =5 (¢70) o = (Du®) (0"0) (®10)

— relevant part after equation of motion, etc

asV f f, fw fa f f
£ = - 8; AgzoGG‘f‘EOBB"’ zvoww—F 03+%Ow+ Xzoo,z
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D6 operators

Higgs sector effective field theory uans tak]

— set of Higgs-gauge operators

Ogg = ¢T¢Ginaw Oww = T W, W
Opw = 1B, W o Ow = (D) W"* (D, ®) Og

%a"’ (of0) 0. (o70)

Os,1 = (Duq))T o of (D*o) Oo,2

_1oie)? _ e t
Oos =5 (¢70) o = (Du®) (0"0) (®10)
— relevant part after equation of motion, etc
v f f, fwi fg f I/
v Gl GG+EOBB+ ZVOww+ OB+TM£OW+22

8r A2

— Higgs couplings to SM particles

LHVV =gy HGa Gauu +9, HAHVA[LII
+ 90 Z,, 240" H+ ¢P HZ,, 2" + ¢ Hz,Z*

+g (w+ W™ Hg¥ H+h.c.)+gw) HW,!, W™ 4 gl HW W

nv

Ogg="---

O

®,2
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D6 operators

Higgs sector effective field theory uans tak]
— set of Higgs-gauge operators

Ogg = ®T0G%, G

Oww = o'W, W*" o

Opw = 1B, W o Ow = (D) W"* (D, ®)

Op1 = (D,0)T 00T (D*0) O

%a"’ (of0) 0. (o70)

Ogg="---

Op

_1oie)? _ e t
Oos =5 (¢70) o = (Du®) (0"0) (®10)
— relevant part after equation of motion, etc
v f, fBB f ww f fW f(p 2
Pl L O &0 o L 0p+ 20
8 A2 GG + BB + A Ww+ B+A2 w+A

— Higgs couplings to SM particles
LHVV =gy HGa Gauu + gy HAHVA[LII
+90 2,,2"0"H+ ¢® HZ,, 2" + ¢© HZ, Z"

O¢ 2

+g (w+ W™ Hg¥ H+h.c.)+g HW,!, W™ 4 gl HW W

v
— plus Yukawa structure 7.
— 9 operators for Run | data
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D6 operators

Higgs sector effective field theory uan's tai

— set of Higgs-gauge operators
Ogg = ©10G%, G
Opw = 1B, W o
Os.1 = (D,0) ® 0T (Do)
1 3
1ot
5 (')

— observable Higgs couplings

O¢ 3

_ fGGv _ as ng
9= N =B
o = @ i fw + & fs
Z T 2A2 2c2
g = _ g°v sy fes + Chyfaw
z 2A2 2¢2,

9z

L P N
gr = ” opz 0.2 \/§A2f

Oww = &' W,,, W*" o

Opg ="+

Ow = (D, &) W** (D, ®) Og=---

Oo2 = %a“ (o70) 0, (o70)

Oo.s = (D,®)! (D"0) (¢70)

g _792V5§V fes + fww
T 2A2 2
o — &V Iw
W 2N 2
2
@__gVv
W =" fww

2

2
fo,z)

2
v v
& = Mi(V2Gr)'/? (1 - wa) o = M2, (V2Gr)' /2 (1 -5
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D6 operators

SFitter analysis

— set of Higgs-gauge operators
Ogg = ©10G%, G
Opw = 1B, W o

(D,®)" & o (Do)

— same setup and data as before
A L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) io! , ATLAS + CMS

fIA
[Tev?

Higgs sector effective field theory uan's tai

Oww = &' W,,, W*" o

Ow = (D, )T W"* (D, ®)

%a“ (o70) 0, (o70)

O¢ 2 =

Oo.s = (D,®)! (D"0) (¢70)

% % %

AN
[TeV]
2
0 0.25
10 | J 03
0.5
0 oo
0.5
-10 0.3
.2
20 0.25
0.2
-30
@ SMexp. 68% CL
-40 - SM exp. 95% CL
data 68% CL 015
-50 = data 95% CL
-60

fIA,
[TeV?

60

40

20

0

-20

~O
Ne)
~O

AN
[Tev]
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D6 operators

Higgs sector effective field theory uan's tai
— set of Higgs-gauge operators
Ogg = ©10G%, G Oww = &' W,,, W*" o Oss
Opw = &' B, W o Ow = (D,®)'W*(D,®) O
%a“ (o70) 0, (o70)

(D.®)" (D) (o70)

Os1 = (Du®) ®of (D) o2

O¢ 3

% (¢T¢)3 Oo.a

SFitter analysis
— same setup and data as before
— correlations a problem  [giagonalization means 1 + 4]
— improvement on theory side?

0 .20 30
fy/AZ [TeV]
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D6 operators
Higgs sector effective field theory uan's tai

— set of Higgs-gauge operators
Ogg = ©10G%, G
Opw = 1B, W o Ow

Oy = (D,0)' T (D'0)  Oa

O¢ 3

% (¢Td>)3 Os.4

Including distributions
— some operators momentum-dependent
— example: pr v or Ad;
= just a start...

Oww = &' W,,, W*" o
= (D.®) W"" (D, ®)

= %a“ (o70) 0, (o70)

= (D) (0"®) (o70)

10 20
fu/AZ [Tev?

30
]



Exercise: higher-dimensional operators
Higgs sector including dimension-6 operators

2 f ) 1 1
Lps = 2_1: 2201 with 040 = 20,(616) 0(879) , Op5 = —5(6"9)°
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

1
2

2 f/ ) 1
Los = 7501 With Oy =20,(6'9) 0"(6'9), Op3=—3(s"0)

i=1

first operator, wave function renormalization

1 1 - -
Op2 = 50u("0) 0"(8"0)= 5 (H+v)* 0,H 0" H

proper normalization of combined kinetic term (Lsz)

1 ~ -
Lin = 50, H 0" H (1 +

f¢72v2
A2

);

1 .
S0uHO"H & H=H\l1+

f¢12 v2
A2
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

1
2

2 f/ ) 1
Los = 7501 With Oy =20,(6'9) 0"(6'9), Op3=—3(s"0)

i=1

first operator, wave function renormalization

1 1 - -
Op2 = 50u("0) 0"(8"0)= 5 (H+v)* 0,H 0" H

proper normalization of combined kinetic term (Lsz)

1 ~ -
Lin = 50, H 0" H (1 +

A2

fy2v? 1 -
“ZV);E@“Ha“H o H=H1+

second operator, minimum condition giving v

ve =

2

pe o fyapt

X 4N3AZ

f¢12 v2
A2
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AT EGRmET Higgs sector including dimension-6 operators
Couplings 2 f ) 1 1 3
New physics Lps = Z /TIZO’ with O¢‘2 = 58#(¢T¢) 6“(¢’T¢) ) O<75,3 = 75(4;4))
i=1
Operators . ’ . . .
" first operator, wave function renormalization
leaning

1 1 - -
Op2 = 50u("0) 0"(8"0)= 5 (H+v)* 0,H 0" H

proper normalization of combined kinetic term (Lsz)

1 ~ ~ fd> 2V2 1 ~ f¢ 2V2
L= H b} = H _ 5
Lk.nféa“Ha H(1+ o ,Ea#HaH & H=H 1+ e
second operator, minimum condition giving v
o _#: _ fsap*
A 4\3N2
both operators contributing to Higgs mass
2 2
Bore B oro o315 4rp 0 My o
L =——H — AWH - —_—VH =-—H
mass 2 2 A2 24 2
fyov? £, aV2
2 2 .2 .3
& my, =2\ 1-—
H v < T 2/\2,\>
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Higgs boson Higgs sector including dimension-6 operators
Couplings 2 f . 1 1 3
Now iysics Lo6 =2 7501 With Opz=50,(¢79) 9"('¢) . Opa=—3(¢"¢)
i=1
Operators . ’ .
D Higgs self couplings momentum dependent

mz,_, fy N 2fy 3v4 3 2f N
C _ ’ s H ) H B H 9u H
self ! 2/A2 3A2m,2_, Asz, H

2 foov®  4f, gv* 4f, ov2
,ﬂ{<17 b2V | MoV ) yu MooV oy yany

2 2 m? 2 m2
A AZm3, AZmg,



HessEvenno - Exercise: higher-dimensional operators

Tilman Plehn
s e Higgs sector including dimension-6 operators
Couplings 2 f. ) 1 1 .
Now iysics Lo6 =2 7501 With Opz=50,(¢79) 9"('¢) . Opa=—3(¢"¢)
i=1
Operators X ' .
Meaning Higgs self couplings momentum dependent

rr72 f, 2V2 2f, 3V4 2f, 2V2
Lo =— =1 |1 - 2 &, H — 2222 o, HO"H
sl 2v e T 3, nemg

2 fooV?  4fy gVt 4f, ov?
ﬂ{<17 b2V” | MoaVT\ ja MooV oy puy

T 82 2 2 2
1% A A2, A2,

alternatively, strong multi-Higgs interactions

fooV?\ = fyoVieo foon N
H= <1+ 0.2V >H+ 02V Jlo2ps ot

2/2 2N2 612
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Exercise: higher-dimensional operators

Higgs sector including dimension-6 operators

2 f ) 1 1
Los = 7501 With Oy =20,(6'9) 0"(6'9), Op3=—3(s"0)
i=1

Higgs self couplings momentum dependent

m2 fyoV®  2fy gv* 2f, ov?
Lop=—TH | (1 1e2V 2oV ) ys Zlo2V g Horn

2v 2/2 3N2m2, N2,
n1,2_, f¢, 2V2 4f¢, 3V4 4 4f¢, 2V2 2
> > > o
— g |1~ T e | ' g T 0u HOMH

alternatively, strong multi-Higgs interactions

H=(1+ fy.2V? g fe2Vpe  fozps o
2A2 212 612

=- operators and distributions linked to poor UV behavior
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Meaning

TeV scale

fourth chiral generation excluded

strongly interacting models retreating  [Goldstone protection]
extended Higgs sectors wide open

no final verdict on the MSSM

hierarchy problem worse than ever  {ight fundemental scalar discovered]

= whatever...



Meaning

ngh scales [Lindner etal; Wetterich etal]

— Planck-scale extrapolation

dx
dlog@ ~ 1672

3 3
[12>\2 + AN — 30 — 2 (36 +07) + 15 (208 + (5 + 912)2)]
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Higgs boson ngh scales [Lindner etal; Wetterich etal]
Couplings — Planck-scale extrapolation
New physics ax

_ [120% + 6207 — 35|
Operators W = @ t t

Meani
e — Landau pole: exploding X for large @, small X;
— stability issue: sign change in X for large Q, large ¢
— IR fixed point for >\/>\? f|X|ng m%/th [with gravity: Shaposhnikov, Wetterich]

my —171.2 41— as —0.1176 %15
2.1 0.002
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Exercise: top—Higgs renormalization group

Running of coupling/mass ratios  [wetterich]
Higgs self coupling and top Yukawa with stable zero IR solutions

di

dlog@

167

2

(12X + 67 - 3y7)

dy?

dlog@

9
3272

yi
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Exercise: top—Higgs renormalization group

Running of coupling/mass ratios  [wetterich]
Higgs self coupling and top Yukawa with stable zero IR solutions

di

dlog@
running ratio R = \/y?

dR
dlog @2

1672

3\

~ 3272R

(12X + 67 - 3y7)

(8H2+R72)£0

dyf _ 9 4
dlog@ 3272 Y
V65 — 1
R. = 6156 ~ 0.44
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Exercise: top—Higgs renormalization group

Running of coupling/mass ratios  weterich]

Higgs self coupling and top Yukawa with stable zero IR solutions

dx
dlog@? 1672

running ratio R = \/y?

numbers in the far infrared, better for Q ~ v

dR 3\
dlog @ — 3272R
A_my v

y2  2v? 2m?

(12X + 67 - 3y7)

(8H2+R72)£0

2
_ My
am?
IR

IR

=0.44

<

dyf _ 9 4
dlog@ 3272 Y
V65 — 1
R. = & ~ 0.44
16
Ml _ 433
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Higgs boson ngh scales  [Lindner etal; Wetterich etal]
Couplings — Planck-scale extrapolation
New physics da 1
Operators _— = {12)\2 + 6)\/\2 — 3)\4]
) dlog@ 1672 t t
Meaning

— Landau pole: exploding A for large Q, small A;
— stability issue: sign change in X for large Q, large A;
— IR fixed pOiI"It for /\/)\? flxmg mf,/mf [with gravity: Shaposhnikov, Wetterich]

my —171.2 as —0.1176

mH:126.3+T><4.1—W><1.5
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High scales  (Lindner etal; Wetterich etal]

Planck-scale extrapolation
d 1 > 2 4
T - |92 _
Tog & = Tor7 [ 22 4 62N 3,\,]
Landau pole: exploding X for large Q, small \;
stability issue: sign change in X for large Q, large \;

IR fixed point for >\/>\? f|X|ng m%/th [with gravity: Shaposhnikov, Wetterich]

my —171.2 41_a570.1176x1'5

= 126. _— .
My = 1263+ ——7— X 0.002

Vacuum stability [Eichhorn, Gies, Jaeckel, TP, Scherer, Sondenheimer]

W~

— RG running of Higgs potential
—A<O0at 1019 GeV? [Buttazo etal] 0.8

06

04

SM couplings

02

00 L L i I
102 10 106 10° 10" 102 10™
RGE scale u in GeV

10'6  10'8 1020
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Higgs boson ngh scales [Lindner etal; Wetterich etal]
Couplings — Planck-scale extrapolation
New physics
dA 1 2 2 4
Operators dlog @ = Ton2 {12>\ +BAAE — 3)‘1]
Meaning

Landau pole: exploding X for large Q, small \;
stability issue: sign change in X for large Q, large \;

IR fixed point for >\/>\? f|X|ng m%/th [with gravity: Shaposhnikov, Wetterich]

my —171.2 41 as —0.1176

1- 1.
21~ o002 <

my = 126.3 +

Vacuum stability [Eichhorn, Gies, Jaeckel, TP, Scherer, Sondenheimer]

— RG running of Higgs potential 10 : — ‘ ‘
— A<0at 1010 GeV? [Buttazo etal] 0.8—\ i
— new physics at 10'" GeV? W
g, 04l !
g 02f 3
S9Y !
0.0[-A¢ :

100 10° 10° 10" 104 10Y
RGE scalek in GeV
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Higgs boson ngh scales [Lindner etal; Wetterich etal]
Couplings — Planck-scale extrapolation
New physics
dA 1 2 2 4
Operators dlog @ = Ton2 {12>\ +BAAE — 3)‘1]
Meaning

Landau pole: exploding X for large Q, small \;
stability issue: sign change in X for large Q, large \;
IR fixed point for >\/>\? f|X|ng m%/th [with gravity: Shaposhnikov, Wetterich]

my —171.2 4d_ as —0.1176 <15
2.1 0.002

my = 126.3 +

Vacuum stability [Eichhorn, Gies, Jaeckel, TP, Scherer, Sondenheimer]
10 T T T T T

RG running of Higgs potential

A<O0at 1019 GeV? [Buttazo etal] 0-8’\93\ 1

new physics at 10! GeV?

new physics at 10'° GeV!

running couplings

100 10° 108 101 101 107 102

RGE scaekin GeV
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Higgs boson ngh scales [Lindner etal; Wetterich etal]
Couplings — Planck-scale extrapolation
New physics
dA 1 2 2 4
Operators dlog @ = Ton2 {12>\ +BAAE — 3)‘1]
Meaning

Landau pole: exploding X for large Q, small \;
stability issue: sign change in X for large Q, large \;
IR fixed point for >\/>\? f|X|ng m%/th [with gravity: Shaposhnikov, Wetterich]

my —171.2 as —0.1176
—_— x4l - =
2.1 0.002

my = 126.3 + x 1.5

Vacuum stability [Eichhorn, Gies, Jaeckel, TP, Scherer, Sondenheimer]

— RG running of Higgs potential Lof ‘ ‘ ‘ ‘
- A<0at10' GeV? i '
. i, [Buttazo etal] é 0.8*\93
— new physics at 10" GeV? T 06 Y-
S o6l
— new physics at 10'® GeV! 8
04f
— TeV-scale DM portal? £ s
0.2f
= ~A4
0.0F -
100 106 100 10 109

RG scalekin GeV



Hierarchy problem

Tuning in Lagrangian  (Giugice 0801.2562]
— electron Yukawa me/v < 1 a problem?
(1) no, it's just a number
(2) no, me = 0 is chiral symmetry
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Hierarchy problem

Tuning in Lagrangian (Giudice 0801.2562]

— electron Yukawa me/v < 1 a problem?

(1) no, it’s just a number
(2) no, me = 0 is chiral symmetry
— so what about ratio?

Grh?
GN c2

~ 1.7 10%



HiogsBvening - Hiararchy problem

Tilman Plehn

S TS Tuning in Lagrangian (Giudice 0801.2562]

Couplings — electron Yukawa me/v < 1 a problem?

New physics T

(1) no, it’s just a number
Operators X .
N (2) no, me = 0 is chiral symmetry
— so what about ratio? )
Gl 22
~ 1.7 10

GN02

Quantum field theory

— stability with respect to quantum corrections
1 1
Gr~ — ~—5  with  omf o A2
1% mH

— scale hierarchy unstable
— effective field theory broken
= symmetries welcome
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Hierarchy problem

Tuning in Lagrangian (Giudice 0801.2562]

— electron Yukawa me/v < 1 a problem?
(1) no, it's just a number
(2) no, me = 0 is chiral symmetry

— so what about ratio? )
Geh

~ 1.7 10%
GN02

Quantum field theory

— stability with respect to quantum corrections
1

v with 4 m,z_, o A?

Gr ~

T omg
— scale hierarchy unstable

— effective field theory broken

= symmetries welcome

SUSY little hierarchy

— quadratic Higgs divergence gone

— logarithmic dependence left » , M
sm?, o< v¥log ——2
H mt2
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Higgs boson Blg questions
coein — is it really the Standard Model Higgs?

NETERE is there new physics in/outside the Higgs sector?
e — does fundamental theory still hold to Planck scale?
do we really care if it does?

Meaning

Lectures on LHC Physics, Springer, arXiv:0910.4182 updated under www . thphys.uni-heidelberg.de/~plehn/

Much of this work was funded by the BMBF Theorie-Verbund which is ideal for relevant LHC work ﬁ% E_J_ur";‘_‘emgim”“m
und Forschung


www.thphys.uni-heidelberg.de/~plehn/
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Higgs boson WW scattering at high energies  [tao etal; Dawson]
Etblios — historically alternative to light Higgs

ST AFEES — WW scattering at high energies  ia Goldstones]
Operators i (g

Meaning 9v H (aL VLH VL e VTH VT )

— still useful after Higgs discovery?
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Longitudinal WW scattering

WW scattering at high energies  [tao etal; Dawson]

historically alternative to light Higgs

WW scattering at high energies [via Goldstones]
gv H (aVi V! +arVvr, VE)

still useful after Higgs discovery?

high energy signal reduced by Higgs

tagging jets as Higgs pole observables instead
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Longitudinal WW scattering

WW scattering at high energies  [tao etal; Dawson]

historically alternative to light Higgs
WW scattering at high energies [via Goldstones]

gv H (aL VLH VL‘L +ar VTM V#)

still useful after Higgs discovery?
high energy signal reduced by Higgs
tagging jets as Higgs pole observables instead

Tagging jet observables  (grehmer, Jickel, TP]

— polarization defined in Higgs frame
— transverse momenta
14+ (1—x)7? P}
X (1 = x)m, + p%)?
1—x  2(1 —x)mipr
X (= x)m, + p3)z

Pr(x,pr) ~

Pi(x, pr) ~
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Longitudinal WW scattering

WW scattering at high energies  [tao etal; Dawson]

historically alternative to light Higgs
WW scattering at high energies [via Goldstones]

gv H (aL VLH VL‘L +ar VTM V#)

still useful after Higgs discovery?
— high energy signal reduced by Higgs
— tagging jets as Higgs pole observables instead

Tagging jet observables  (grehmer, Jickel, TP]

— polarization defined in Higgs frame
— transverse momenta
— azimuthal angle
Y= o(Adj < 5) —o(A¢; > 3)
o(Adj < 3)+o(Ad; > F)
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Longitudinal WW scattering

WW scattering at high energies  [tao etal; Dawson]

historically alternative to light Higgs
— WW scattering at high energies  [via Goldstones]

gv H (a Vi, V' + arVr, V¥)

still useful after Higgs discovery?
high energy signal reduced by Higgs
tagging jets as Higgs pole observables instead

Tagging jet observables  [grehmer, Jackel, TP]

— polarization defined in Higgs frame
transverse momenta

azimuthal angle

total rate o ~ (A.a> + Ara%)

= simple question, clear answer

T
N

Combined

95% CL, 300 fb™
No systematics

P B I
05

P
1.5 2
aL
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