2. Aspects of EWSB

o Naturalness
e Vacuum stability
e Custodial Symmetry

e Equivalence Theorem

e Unitarity




Don Quixote and the Windmills

Hutlldine

N
» ‘* .
!j( "‘_ ’ Look, your worship, it's

just the spectrum of the

Standard Model
Massive & dark SUSY
states show up through
a hidden portal from a
warped dimension

a S
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Beautiful Discovery

Boson, J=20

Fermions = Matter ; Bosons = Forces

e Fundamental Boson: New interaction which is not gauge

e Composite Boson: New underlying dynamics
2 2
If New Physics exists at Anp MY ~ (fT)z Nip log </E—§>

Which symmetry keeps My away from Anp?

e Fermions: Chiral Symmetry
e Gauge Bosons: Gauge Symmetry

e Scalar Bosons: Supersymmetry, Scale/Conformal Symmetry ...7
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Symmetries & Mass Scales

Fermions: g — e LRy g Chiral symmetry

Ly = P (i —my) ¥ = i + Pridibr — my (Pripr + Pripr)

Symmetry recovered at my, =0 —p dmy, o< my,
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Symmetries & Mass Scales

Fermions: g — e LRy g Chiral symmetry

Ly = P (i —my) ¥ = i + Pridibr — my (Pripr + Pripr)

Symmetry recovered at my, =0 —p dmy, o< my,
Vectors: A, — A, + 09,0 Gauge symmetry
La = —7 FuF™ + 3 my A A"

Symmetry recovered at may =0 — 5mi X mf‘
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Symmetries & Mass Scales

Scalars: Lo = 20,00"¢p — 1 md ¢ Any symmetry?

No additional symmetry at my =0 ==l (5m§5 x M? (M = any scale)

e Shift symmetry: o — ¢d+c

Pseudo-Goldstone Boson
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Symmetries & Mass Scales

Scalars: Lo = 20,00"¢p — 1 md ¢ Any symmetry?

No additional symmetry at my =0 ==l (5m§5 x M? (M = any scale)

e Shift symmetry: o — ¢d+c

Pseudo-Goldstone Boson

e Scale symmetry: x — x/\ , d(x) — A p(x/A)
M=0 , VM

Conformal Invariance. Dilaton

A. Pich Higgs Physics




Which symmetry keeps My away from Anp ?

A. Pomarol
SIMPLICITY )
Quantum Stability
falls
under
quantum
. fluctuations!
Vectors/fermions e
db stable stable unstable
rotecte
P y “Vector” “fermion” “scalar”
= s=1/2 s=0

gauge/chiral symmetries s=I
No spin,
no “structure” to keep it light

1) Keep the Higgs elementary, but protect it by
symmetries: Supersymmetry

Higss (boson) <«—— Higssino (fermion)

Proposed Solutions ?ﬂ,ﬁi‘h

SUSY / Composite Higss 2) The Higgs is not elementary: Composite Higgs

Higss made of fermions

(as a pion in strong interactions)

A. Pich Higgs Physics



Spin, Mass & Degrees of Freedom

J=1 =1 =0
2 d.o.f. 2d.of. | 1d.o.f.
M=0
Trans. Pol. o
3 d.o.f. 4 d.of. | 1d.o.f.
M0
Trans & Long. | ¥, YR

Vector (2 # 3) and fermion masses are safe (2 # 4)

Scalar masses not protected (continuous m — 0 limit)

A. Pich Higgs Physics



Higgs Self-energy:  The top is the largest SM contribution

6M2H stabilized through new-physics contributions

e SUSY: stop loops

e Composite Higgs: fermionic top partners

A. Pich Higgs Physics



Desperately Seeking SUSY (Dulcinea)

In all the world there is no
maiden fairer than the
Empress of La Mancha, the
peerless SUSY del Toboso

Your worship should bear in mind
that SUSY is badly broken; got
heavy through anomaly mediation

Theory Highlights & Outlook



The Heaviest Mass Scale

o v = ~my = 246 m, = 1 (0.995)

The top quark:

e Sensitive probe of Electroweak Symmetry Breaking
¢ Non-perturbative (strong) dynamics?

e Very different from other quarks: y, =0.025, y. = 0.007 ...
e Is it really a SM quark?

b So far, we only know the decay t — Wb
t
Z;;H' Vio| > 092  (95% CL)




Top Mass

e Monte Carlo mass:

m¥c = (173.34 £ 0.76) GeV

Lacks a proper QCD definition

Amih = |mP' — mMC| ~ O(1 GeV)

Hoang-Stewart 0808.0222

A. Pich

Tevatron+LHC m,, combination - March 2014, L, =3.5f6"-8.7 fo”
ATLAS + CDF + CMS + DO Preliminary
———— 172.85+ 1120522049

—_— 170.28 + 3
Runll, aljets ——— 172,47 +2.01 1.0
CoF R, 7 vits ——u 173.93%18! 5086)
56 Runll, I+t s +1.50
06 Runll ciepton e 117400279023
——r 172.31+ 1.5
—— 173.09+ 1.63
———— 173.49.% 1.06
———— 172,50+ 1.52
——— 17349+ 1.4108
ot 173.34 £ 0.76 0270262 067)
) 173204 0.87 (0512036 061) |
LG September 2018 ., 17329+ 0.95 020+ 026+ 059)
‘ ) ) ol st syst)
165 170 175 180 185
My, [GeV]
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Top Mass

e Monte Carlo mass:

m¥c = (173.34 £ 0.76) GeV

Lacks a proper QCD definition

th _ pole
Am = |m™" —

Well-defined

my'¢| ~ O(1 GeV)

Hoang-Stewart 0808.0222

. mass: oy
5 ol T s
8 350p ATLAS — — MSTW 2008 NNLO uncertainty |
c RO crion ]
S CrionNLO wnceraimy
B £ R 3 B
g s00f G vy ]
& r F:rnv.l.slb yvem, 1
8 L s =8TeV, 2031 t ]
S 250k -
=~ 1
200 —
[ S
1501 s ]
[ |
[ | | I I I I I \\\"
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m:w‘e [GeV]
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————
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My, [GeV]

NNLO + NNLL Czakon et al., Birnreuther et al., Cacciari et al.

2 TL‘A s Top quark p‘ole mass from cross-section |
compared to direct measurement
DO approx NNLO: MSTWO08, 1.96 TeV 2009 v 169, 1':'
DO approx NNLO: MSTWO8, 1.96 TeV 2011 * 167577
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 —— 1767,
ATLAS NNLOSNNLL: PDFALHC, 7 TeV 2014 1714526
ATLAS NNLOANNLL: PDFALHC, 8 ToV 2014 1741 5 26
ATLAS NNLO+NNLL: PDFALHC, 7-8 TeV 2014 1729727
Direct reconsiruction LHC+Tevatron 2014 * 1783+ 08
| | | | |
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A(LEP) ‘ 14372
45
A(SLD) —_— 387,

0b 628

A —=—1503 Tzaa
My, —_— 75

LHC average 125.1+£0.2
6 10 20 10%2x10? 10°

M, [GeV]

Favoured by
EW precision tests

A. Pich

Ax?

M, [Gev]

L B B A B
4.5
I sM fit with M, measurement
4 SMTtwio M,
3.5 [_HBH ATLAS measurement [arXiv:1406.3827)

CMS measurement [arXiv:1407.0558]

60 70 80 90 100

o:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\:

110 120 130 140
M, [Gev]

L s s B sy e B S
[ 68% and 95% CL contours

80.5 [— I fitwio M, and m, measurements
C fitwio M, m, and M,, measurements
[ W diectM,, and m, measurements
80.45 |-
80.4

02076 0050, Gov

£ W, world comb. + 15
My = 80.385 + 0,015 GeV

Higgs Physics




/\47 2V227122 M/%/3 M/%/4
V(¢)+4v 7/\(|¢| 5 72MHH+2VH +8V2H

v = (V2Gr) ? = 246 GeV

2
My = (125.00 £0.24) GeV  maie A = 2H _ 013

2v2

A. Pich Higgs Physics
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A. Pich

My = (125.09 + 0.24) GeV

v = (V2Gr) ™ = 246 Gev

—-

M

A= 2 =013

2v2

M3,
2v2

Higgs Physics

e [A+3 (2= \) log (1/me)] + -

ye = ﬁmt/vml

13



Vacuum Stability: A(A) 2 0 Degrassi et al, 1205.6497, 1307.3536

Buttazzo et al, 1307.3536

0.10
008 30 bands in
M, = 1733 £ 0.8 GeV (gray)
a3(My) = 01184 2 0.0007(red) >
~ 006 M, = 125.1 £ 0.2 GeV (blue) 3
@
£ E
g 0.04 =
H 2
8 4
g om B
:
0 g
~0.02
—0.04 i L L i
100 10° 106 10° 10" 10 10 106 10" 10 50 100 150

RGE scale jtin GeV' Higgs pole mass M, in GeV

N=M,, . w= My>(120.6+15)GeV

180

Top pole mass M, in GeV

120 12 14 126 18 10 132
Higes pole mass M, in GeV.

Assumes SM valid all the way up to A < M,

Planck
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A. Pich

132

A(N) > 0

= My > (129.6 + 1.5) GeV

pole

Higgs Physics

o 172

Degrassi et al, 1205.6497, 1307.3536
Buttazzo et al, 1307.3536
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o0 o
= < =
r=eo = (% %)

v

2

2

Lo = (D,®)'D'o— ) <|<|>|2 - —

A

1 H
= 5 Tx[(D Y)'D, %] - 7 (Tr [ZTE] - v?)

;

2

Higgs Physics




Custodial soee- (%)
Symmetry

2\ 2
Lo = (D,L¢)TD“¢—>\(|<D|2—V?>

1 " A 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl

A. Pich Higgs Physics



Custodial sowa- (54
Sym metry u@) = oo {iz- 2}

L (v H) U@)

< |6

v2

2
Lo = (D,®)'D'o— ) (|<|>|2 - ?>

1 " A 2
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

- V;Tr[(D“U)TDNU} + O(H/v)

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl

A. Pich Higgs Physics 15



Custodial o= (%%) = e

1

Symmetry ) = o {17}

<

v2

2
Lo = (D,®)'D'o— ) (|<|>|2 - ?>

1 B A
= 5T [(D*%)ID, %] — n (Tr [ZT5] — v?)

- V;Tr[(D“U)TDNU} + O(H/v)

2

SU(2)L ® SU(2)r — SU(2)1+r Symmetry: Y g Yl

Same Goldstone Lagrangian as QCD pions:
fr = v g WEZ

A. Pich Higgs Physics
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EFFECTIVE LAGRANGIAN:

A. Pich Higgs Physics

LU) =) Lo

n

16



EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@,q},10) (QCD), ® (SM) =  U;(¢) = {exp(i7-F/f)};
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2

e SU(2)L ®SU(2)g invariant

U = g Ugg ; 8, € SUQ2),r
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EFFECTIVE LAGRANGIAN: LU) =" Lo

e Goldstone Bosons

01@d,10) (QCD), & (SM) =  Uy(d) = {exp(i7-5/F)};

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2

e SU(2)L ®SU(2)g invariant

U = g Ugg ; 8 € SUQ2)Lr

f2 Derivative

Lr = o T (9.t 0v)

Coupling
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EFFECTIVE LAGRANGIAN:

A. Pich

Goldstone Bosons

Expansion in powers of momenta

Parity == even dimension

SU(2)L ® SU(2)r invariant

U i gLUgg

&, « S SU(2)L7R

Ly =

%2 T (9,0 0"U)

<@ derivatives

UUt =1 wae 2n>2

Derivative
Coupling

Goldstones become free at zero momenta

Higgs Physics

LU) =) Lo

(01@.d,10) (QCD), & (SM) =  Uj(¢) = {exp(id-3/f)};

16



Electroweak Symmetry Breaking

2 v=1 L2= Mj V‘/JW”JF%M%Z#Z“
Lr = TTr(D#UT Dry) ==
Mw = Mgz cosfy = %gv

DHU = 9*U — i WHU +i U B* , DHUt = orUt 4+ i UtWH — j Brut

~ — ~ ’
Wh = —£5.-WH , Bt = —% g3 B*  (explicit symmetry breaking)

A. Pich Higgs Physics 17



Electroweak Symmetry Breaking

%4

Ly = = Tr (DU D U) -

1
> u=1 Lo = My WW"+_M;Z2,2"

My = Mgz cosby = %gv

DHU = 9*U — i WHU +i U B* , DHUt = orUt 4+ i UtWH — j Brut

~ — ~ ’
Wh = —£5.-WH , Bt = —% g3 B*  (explicit symmetry breaking)

e EW Goldstones are responsible for My, z (not the Higgs!)

. Pich

Higgs Physics
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Electroweak Symmetry Breaking

%4

2 U=1 52:MSVWJW”+%M§42“
Ly = = Tr (DU D U) -

My = Mgz cosby = %gv

DHU = 9*U — i WHU +i U B* , DHUt = orUt 4+ i UtWH — j Brut

~ — ~ ’
Wh = —£5.-WH , Bt = —% g3 B*  (explicit symmetry breaking)

e EW Goldstones are responsible for My, z (not the Higgs!)

1
e QCD pions also generate small W, Z masses: .My = 5 gfr

A. Pich

Higgs Physics

17




- ( ¢’
— P

V2o~

i@

Goldstone interactions are determined by the underlying symmetry
V2t >

< 16

}

VTZ(BHUTO“U) = Oup 0"p" + %Gw‘)@”w‘)
+ 62 {((/ﬁ 3u (p_) <LP+BH90_) + 2 (‘P

U(Z) = exp {i(r‘-
) i)

0<—>

0

- o)

Higgs Physics

A. Pich
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- ( @
0

V2o~

ER]

Goldstone interactions are determined by the underlying symmetry
V2t >

< 16

}

U(F) = exp {i(r‘~

V{@wa = O 0T+ 5 0O
+ e (T Be) () 42 (PB) ()

+ O(cpﬁ/v4)
- ~ Tt
RN T(pte = eteT) = 5V2

Higgs Physics

A. Pich
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- ( ¢’
— P

V2o~

i@

Goldstone interactions are determined by the underlying symmetry
V2t >

< 16

}

U(F) = exp {i(r‘-

V{@wa = O 0T+ 5 0O
*ea (T 0ee) (¢ 0%) 2(0ueT) (o7 016))

+ O (cpﬁ/VA)
_ _ +t
T(ete™ = ote) =
20 = 2p, 4p .-+ related

Higgs Physics

Non-Linear Lagrangian:

A. Pich
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Equivalence Theorem

w+ w= Cornwall-Levin—Tiktopoulos
Vayonakis

w= w- Lee—Quigg—Thacker

_ _ s+t M
TWIW, »Wiwp) = = + o(%)
_ - M
= T(pTe = p)+ 0 (7?)

The scattering amplitude grows with energy
Goldstone dynamics <@ derivative interactions

Tree-level violation of unitarity

A. Pich Higgs Physics 19



Longitudinal Polarizations

k“:<k0,0,0,|l?|) — eg(E):MiW <\E\,O.,O,k°> = M—“+o



Longitudinal Polarizations

. -, 1 - k* My
b= (kO k) = —— 0) — -
k (k ,0,0,|k|) - 0= (\k|,0.,0,k) i +o< T )
o ivel T(W W, — W,tw, 2 JKl*
ne naively expects (WrW - WW) ~ g M—ﬁv
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Longitudinal Polarizations

k“:(k°,0,0,|l?|) — eg(E):MiW (\E|,0.,O,k°) = A;—“+O<M—XV>

w k]
o) ivel T(WrwW, — witw, > JK"
ne naively expects (WfW = WW) ~ g M—ﬁv
w wt Gauge
E }\N\{: Cancelation
w W
B N +t My
TWSWr »wiwy) = 225 4 o 24
(WSW — Wwp) 2T NG

T(eTe™ = 9Tp7) + 0 (M—\/VEV>

A. Pich Higgs Physics 20



Wrw, — wiw;:
e Y el Y

To 1 sit s t? _ M?, s n t
M2 s—M,  t—MZ[ T v | s—-MZ ' t—M?

Higgs-exchange exactly cancels the O(s, t) terms in the SM

A. Pich Higgs Physics
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Wrw, — Wi

B S S A

To 1 sit s t? _ M2, s n t
M2 s—M,  t—MZ[ T v | s—-MZ ' t—M?

Higgs-exchange exactly cancels the O(s, t) terms in the SM

2M? 1 [t M?

2 ~ H ~ __"H

When s> Mj , Tom =~ - , a0 = 3o- [ldcosﬁ Tom =~ o3
U n itarity: Lee—Quigg—Thacker

|ao| <1 —) My < Vv8mv 2/3 ~ 1 TeV
~—

W+HW—,ZZ HH
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