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SPontaneous ngmetrg Breaking




FACT: We don’t understand most of the Universe

Some new

1Corm omC matter

Particle Phgsics?




The origin of mass in the SM

SM is based on gauge sgmmetries




The origin of mass in the SM

SM is based on gauge symmetries
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Phgsical clegrees of freedom
GAUGE BOSONS

Force carriers




Gauge sgmmetrg Force carriers

COﬂSérVCCl ! arc massless

v

Force is long range

| He

This Picture works extremelg well with E
SED

= 137,035 999 084 (33)(39)
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theory




SELE

SM also theorg of weak interactions

Weak interactions are

1 6—7"/7"0
>
TZ 7°2

Ep=c 10—="m g m, ~ 100 GeV

Force carrier

—)  Symmetry is

massive




50, we have to break the symmetry

So what!? That's a no-no




S50, we have to break the symmetry

So what!? That’s a no-no

How do we compute in Particle Physics?

Lphysical = L:clas »Cqua

(a) (b)
Physical C A=
quantities M




1t wejust add a mass term to tlﬂe classica! theory

Eweak = mZZ 22

We can’t regularize the theorg!

Conclusion

massive force carrier=no Prcclictions’:’

Aivergences cancelled if Precise

adjustment of constants? ——

Feinberg 1958




Spontaneous SHmmetrg Breakiﬂg




Lagrangian preserves the symmetrg

ISR
the vacuum of the theorg doesn’t




SPontaneous ngmetrg

Breaking

Lagrangian preserves the symmetrg

DR

the vacuum of the theorg doesn’t

SM way: the iggs mechanism

(DH)(DH)" —V(H)

DH=0H —1gA., H

=W interactions

Higgs = Scalar clﬁargecl under




Higgs Potential

"F‘alse vacuum

True vacuum




Higgs Potential

"F‘alse vacuum

True vacuum

Re(d)

PI"IHSiCS:CXPBHCl arouncl true vacuum




e <H> Breaks EW sgmmetrg




e <H> Breaks EW sgmmetrg

Shift = masses for EW force carriers

(D H) (D H)f — g2(H)2A2, = m?, A2

ecw ew




e <H> Breaks EW sgmmetrg

=W force carriers

Shitt = masses for

(D H) (D H)! — g2(H)? A2, = m2, A’

ew ew

Lagrangian preserves the sgmmetrg

shitt doesn’t cl’xange the UV structure of the tlﬁeorg
secret renormalizabi!ity




e <H> Breaks EW symmetry

=W force carriers

Shitt = masses for

(D H) (D H)! — g2(H)? A2, = m2, A’

ew ew

Lagrangian preserves the symmetry

no new infinities to deal with

shitt doesn’t change the UV structure of the theorg
secret rcnormalizability

Conclusion

SPontaneous 59mmetr9 Breaking:

Preclicti\/e theorg of massive force carriers




CWP Is SM way:

]COY'CCS arc local sgmmetries

Measurement Fit  |OMes_QMMgmeas
(I) 1 2 3

91.1875 +£0.0021 91.1874 :W ngmetrg IS
2.4952 +0.0023 2.4959
41.540 + 0.037 41.478 Spontaneously broken

20.767 £0.025 20.742
0.01714 + 0.00095 0.01645

0.1721 £0.0030 0.1723
0.0992 £0.0016  0.1038
0.0707 +0.0035  0.0742
0.923 + 0.020 0.935
0.670 £0.027 0.668
0.1513 £ 0.0021 0.1481

0.21629 + 0.00066 0.21579 O UtSta N Cl iﬂ g SUCCESS

80.399 + 0.023 80.379
2.098 +0.048 2.092
1731 +£13 173.2

August 2009




CWP Is SM way:

]COFCCS arc local sgmmetries

Measurement Fit  |OMes_QMMgmeas
(I) 1 2 3

m, [GeV] 91.1875+0.0021 91.1874 :W Sﬂ m m Ctrg IS
I, [GeV] 2.4952 +0.0023 2.4959
Ggad [nb] 41.540 = 0.037 41.478 Spontaneously brokeﬂ

20.767 £0.025 20.742
0.01714 + 0.00095 0.01645

0.21629 +0.00066 0.21579 O UtSta N Cl iﬂ g SUCCESS

0.1721 £0.0030 0.1723
0.0992 £0.0016  0.1038
0.0707 £0.0035 0.0742

0.923 + 0.020 0.935

0670£0027  0.668 W,Z cliscoveryjust the

0.1513 £ 0.0021 0.1481

80.399 +0.023  80.379 begin N lﬂg

2.098 +0.048 2.092
1731 +£13 173.2

| EWTPs characterization

Principle: EWSDH




TOKEN: masses for evergbo&gl

Yukawa interactions e (H) T

preserve W

EWSB is the origin of mass:

short range forces AND massive fermions




TOKEN: masses for evergboclyl

Yukawa interactions = (H)OD

preserve W

Conclusion

Higgs, and onlg Higgs=

origin of SM masses?




Nice story, unknown endiﬂg

1.) Higgs sector is incomple’ce

(H)" ~ mj /X

lnteracting Higgs

after LE

=k quar‘cic order ]
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1.) Higgs sector is incomple’ce

Interacting Higos
(HY? ~ i) =

f aftter LEP quar‘cic order ]

Trivialitg & stabilitgz need new Phgsics @ high scale
or theorg is trivial or unstable(zno SSB)




Nice story, unknown endiﬂg

1.) Higgs sector is incomple’ce

Interacting Higos
(HY? ~ i) =

f aftter LEP quar‘cic order ]

Trivialitg & stabilitgz need new Phgsics @ high scale
or theory is trivial or unstable(:no SSB)

2.) New Plﬁgsics ta”dng to the Higgszclisaster




Whg New Phgsics&Higgs = disaster?




Whg New Phgsics*-Higgs = disaster?

Higgs IS a New type of Particle: scalar

Ang new states couplecl to the
Higgs: threshold correction

classical quantum

2 + 5m%

tree

ome; ~ M-

new

™m

Mphys ™ Mnew :
or cance”a’clons




1.Trivia|it9) stabilitg === New States
2. Quantum

corrections

Conclusion: Higgs mass i1s at least e Possiblg Planck

e nggs mass ~ |argest scale




I.Trivialitgj stabilitg === New States
2. Quantum

: = Higos mass ~ largest scale
corrections £5 -

Conclusion: Higgs mass i1s at least ey Possiblg Planck

Measurement Fit |O™2_Qft/gmeas
0 2 3

m, [GeV] 91.1875+0.0021 91.1874
I, [GeV] 2.4952 +0.0023  2.4959

Ggad [nb] 41.540 +0.037 41.478 ), :-_. ::: — 0.02758+0.00025 ’1"_‘ :

+ . s 3 N P ——
20.767 £ 0.025 20.742 B G e DO274094000012 1B ; . e
0.01714 + 0.00095 0.01645 A Liow Ot o B S
0.1465 +0.0032  0.1481 Tk o e -

0.21629 £ 0.00066 0.21579
0.1721 +£0.0080  0.1723
0.0992 +0.0016  0.1038

o : | Hi Zgs below ~200 GeV

0.670 +0.027 0.668
A(SLD) 0.1513+£0.0021  0.1481
sin®0/F'(Q,) 0.2324+0.0012  0.2314
my [GeV]  80.399+0.023  80.379 . 1
Iy[GeV]  2.098+0.048 2.092 od "\, S Preliminary
m, [GeV] 173.1+1.3 173.2 ;
300

August 2009




| |
- ATLAS Preliminary =~ 2011 Data -
— Obs. P
---- Exp. Ldt = 4.6-4.9 b

E +1
l:li2<c5$ Vs =7 TeV

-
o

I IIIlIIII

Indeed

95% CL Limit on o/,

—

I IIIIIIII

Excitin g NEWs

ICLSLIimitsI | | | | |
110 115 120 125 130 135 140 145 150
R m,, [GeV]

- Ns=7TevV - 9 Expected (68%)|
- L =4.6-4.8 fb' Expected (95%)|

—
Q

from Moriond

(

95% CL limit on o/c,

ATLAS, CMS and
TeVatron

Higgs/boson mass (GeV)
Tevation Run Il Preliminary, L =< 10 b

‘el ; | ATLAS:CMS

Obkerved Tevatribn Exclusidn

e w--m-_-_-, """'l"&.ijim&m:

=2ag Expected- o
Exclusion

hints of a Higgs
around 25 Gey,

95% CL Limit/SM

ATLAS+CMS
Exclusipn

February 37. 2012

100 110 120 130 140 150 160 170 180 190 200
my, (GeVIcz)




OPtion#l No r‘liggs

some‘thing else breaks EW symm

unitarization WW scatter ng =
something else MUST be @TeV
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new Phgsics




OPtion#] No r‘liggs

something else breaks EW symm

unitarization WW scattering =
something else MUST be @TeV

OPtion#Z Higgs
Need (very sPecial) new Phgsics

TeV Physics is the origin of SM masses




‘5@9oncl the SM: New Phgsics at the Terascale




F’rinciple: Spontaneous symmetrg breaking

Realization?




F’rinciple: Spontaneous sgmmetry breaking

Realization?

0‘

e “:‘

Higgs Partice SuPerconcluctivitg Compacti ication




Principle: Spontaneous 59mm<—:tr9 breaking

Realization?

Dar’ticle ad hoc Properties

needs ﬁne~tuning

as in the massive force carriers:

new Principle? Supersymmetrg?




F’rinciple: Spontaneous sgmmetry breaking

Realization?

SuPerconcluctivitg

fermions
Known and /

vectors ti ghtl y
bouncl to each

other conclense

natura
(no ﬁne»-tuning)

aka Technicolor




F’rinciple: SPontaneous sgmmetry breaking

Realization?

Particles live in more than 4D

Com Pacti ication

some dimensions are boxes

zero~l:>oint energy=mass

aka Extra-Dimensions:
ElEEERS—
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D scenarios

Non-Standard EWS.




What is standard?

==

EWSDH bﬂ clemcntar9 Higgs (es)

includes SM and SUSY

What is non-standard?

EWSB bu
",

—-composite = iggs

- NO scalar at a”

=wtra-Dimensions and

includes Little Higgs, |

Technicolor



Composite Higgs




Composite Higgs - Motivation
What if there is a Higgs?

- ATLAS Preliminary 2011 Data -

Light scalar

Need stabilization mechanism

— Observed p
- ---- Expected JLdt =1.0-49fb"

N NES
- ° (=7 TeV

—
(&)

(or we have no clue about QFT)

95% CL Limit on 6/Ggy,

—_
TTT

Symmetries
S Fermionic SUSY
S i ey Tas a0 i3 A T st

0 M [GeV] Bosonic GO!CJSJEOHC

Squark-gluino-neutralino model, ()’Z?) =0 GeV
LI I} | I LI = l | I LI | I‘\ L | L | I. LI | L |
P i ‘ _

N
o
o
o

since SUSY may not be

there to save the cl89
Higgs as a PGB

like the Pion of QCD

—
[0}
o
o

squark mass [GeV]
2
o

comPosite Higgs




ComPosite Higgs - Realizations

Composite Higgs is realized in

| ittle Higgs, Extra-Dimensions and Technicolor

sgmmetrg PGDH
~Little Higgs, TC: new 4D symmetry

| B

Extra-dimensions: SM >D gauge= 4D gauget+G




Composite Higgs~Generic eatures
scalar resonance WW unitarization

. deviations

f_z degree of ﬁne»—fcuning

Giudice, Grojean, Pomarol
and Rattazzi ‘07

Theorg stuc19 300 ith @ 14 TeV for £>:0.2
comPosite Higgs
alreadg unitarize WW

£ — 0 5M~l!|<€

generic features are too SM-like




MCHMS5: 95% CL Exclusions

Azatov, Contino and

Galloway, 12023415.

| |
Favored by EWPT
. |

100




Composite Higgs-Common

[ s5=] J ex= LT Lrrere
not crucial for ww scattering




Coml:)osite Higgs-Common

[ s5=] J ex= LT Lrrere
not crucial for ww scattering
i new gauge sgmms‘?




Composite Higgs—-Common
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i new gauge sgmms’?

[522_] ex. G K, 2TC

Extra-Dimensions and TC~t3Pe

see next
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New heavg quarks
mix with SM quarks
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i new gauge sgmms’?

[522_] ex. G K, 2TC

Extra-Dimensions and TC~t9Pe

see next
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New heavg quarks = 5rd gen
mix with SM quarks = |

ight quarks



Composite Higgs—-Common

[ s=] J EX:. Z’,,OTCI ZKK
not crucial for ww scatteriﬂg
i new gauge sgmms’?

[522_] ex. G K, 2TC

Extra-Dimensions and TC~t9Pe

see next

[5:] / 2} ex. T, @k K, techni-baryons

New heavg quarks / 5rd ECT i 4th gen?
mix with SM quarks \liglﬂt quarks -




How to tell aPart a graviton from an iml:)ostor’?
Fok, Guimaraes, Lewis, VS

arXiV-120%.2917

I.e. massive spin~2 resonance = smoking gun of extra~dimensions?
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How to tell aPar’t a graviton from an iml:)ostor?
Fok, Guimaraes, Lewis, VS

arXiV-120%.2917

I.e. massive sPin~2 resonance = smokinggun of extra~dimensions?

N\
CaN -

KK~gravion | TC-ty pe im Postor

Propagation Pauli-Fierz Pauli-Fierz




How to tell aPar’t a graviton from an imPostor’?
Fok, Guimaraes, Lewis, VS

arXiV-120%.2917

I.e. massive spiﬂ~2 resonance = smokinggun of extra~dimensions?
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KK.,grantOﬂ ' TC-ty pe Im postor
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C; overlap G with fields i and




How to tell aPar’t a graviton from an imPostor’?
Fok, Guimaraes, Lewis, VS

arXiV-120%.2917

I.e. massive spiﬂ~2 resonance = smokinggun of extra~dimensions?

/\
N

KK.,grantOﬂ ' TC-ty pe Im postor
Propagation Pauli-Fierz Pauli-Fierz

C;
, , ULV
interactions ==l /WTz', Saf

C; overlap G with fields i and




é couplings’?

| orentz and ZAUZE mm NO dimension-4




GA Couplings’?

IEOrCHEZ ancl gauge = 1O dimension~4

: , dimension-5
flavor and CP invariant ,
same as inl),,

2 couples like (&

same sPin determination




; A o
v ; a2
\ \! » ,‘.;"" e/ WA
N & - — —
B = s N = -
| PR Ay, g
Y | R ' < </ D
> by o //,g,“, e
: ; S : /I, ’
@ ‘/ Z o) oy
’ AW |5
71 | IS
ek
{/
A \

Lorentz and ZAUZE mm NO dimension-4
climension»-—ﬁ

é couplings?

flavor and CP invariant ,
same as inl),,

2 couples like (§

same sl:)in determination

How do we clistinguish them?




In any extra-dimension of the tgpe

ds® = w(z)* (nudz*dz” — dz*)

cxample (Eh




In any extra-dimension of the tHPC
ds® = w(z)* (nudz*dz” — dz*)
* cxample U]

G Rg/*v =3

é’ can Procluce any other ratio




First generation compositeness

Composite bargons and elementarg quarks Mmix

Lmia}ing = )\%,R uL,RUL S (’LL =t d)

Y X ALAR

Martin and VS
SR @O
Redi VS, Weiler

N Preparation




1F:‘_,’ p f
Irst generatlon comPOSIteness At

SR @O
Redi VS, Weiler
n Prel:)aration

Composite bargons and elementarg quarks Mmix

[’mixing == %7R uL,RUL =c (’LL =2 d) =00 )\L)\R

st generation compositeness! Flavor?




1F::,’ - :
st generatlon comPOSIteness At

SR @O
Redi VS, Weiler
n Prcparation

ComPosite bargons and elementary quarks Mmix

Lmia:ing == )\QIJJ,,R uL,RUL =c (u =2 d) =00 )\L)\R

st generation comPositc "ess! Flavor?

MFV if comPosite sector Havor invariant
Redi, Weiler 11

)\LuOCId, )\LdOCId

R O Y s ARd X Yd

+ Left-handed compositeness:

& Right—-handed compositeness: ALu X Yu ALd X Yd
ARy X Id, Apg o< Id




Composite bargons and elementarg quarks Mmix

First generation compositeness

[fmia;ing = )\%,R uL,RUL S (’LL =t d)

st ge
e

M

neration composite
£

Martin and VS
SR @O
Redi VS, Weiler

N Prel:)aration

Y X ALAR

"ess! Flavor?

B composite sector:

':_,\/
COUICl

lavor invariant
Redi, Weiler 11

half of the Proton

be composite




How to tell aPart Ist generation ETe 2 sl

compositeness?

SEgnature: single Procluction heavg quark

q rQ
IO

== coml:)ositeness R H Coml:)ositeﬂess
W.Z

O

-




How to tell aPart Ist generation ETe 2 sl

COr

1positeness?

hositeness

Martin ana VS
JHEP (2010) W, 7

O

—

Z(ll) + jets

IT + jets
WZ + jets

signal

Events/20 GeV/10 b

N o)

=) =)
IIIIIIIIIIIIIIIllIIII

IIIIIIIIIIIIIIIIIIIIIIIIIlIIIIlIIIIIIIIIIIIIIIIII
900 550 600 650 700 750 800 850 900 950 1000
W+j

Figure 11: Single production invariant mass
reconstruction in the 2 £ + 2 5 channel.

. ng = 2, same-flavor, opposite sign leptons and mgy = myz £+ 20 GeV

. nj = 2, where propq; > 100 GeV, Hr; > 800 GeV and mj; < 45 GeV or m;; >125

GeV

. ARz ; < 2 for the nearest jet

. ET < 150 GeV

. my . > 500 GeV



How to tell aPart Ist generation ETe 2 sl

compositeness?

| H compositeness

Martin ana VS
JHEP (2010) W, 7

ATLAS-PH-EP-2011-19%.
O L epton channel w/ 1ifb.

. ;
ssss==i=: LO Cross Section @
Expected 95% CL_Upper limit

=~ 1o Uncertainty
= 2 Uncertainty

Observed Limit

-
Q

I I Illllll

BR(U— Z q) [pb]

-
o

| IIIIIIII

1

EW Procluction

c(pp — U q)

ATLAS

I IIIIII[|

J Ldt = 1.04 fb"' Vs=7 TeV

IS I Tt T T U T T T U T U A N T U N O O AN B O O BN B
200 300 400 500 600 700 800 900 1000
U mass [GeV]




How to tell aPar’c Ist generation e s

compositeness?

RH comPositeness Lookmg CiEEtRiCi bouncls and Alscoverg
Prospects

Redi VS, Weiler

N prepa ration ATLAS-PH-EP-2011-154
Rfjection: exclude Aﬂet near W or Z and veto b~tagging, cut

O on leaclingjet
QCD generated with ALPGEN -> PYTHIA
signal xsecs mQ=l TeV, mG=2 TeV

BGs: multget, W+jet5, ZJrjets, top Pair and single top

Logio(o(f0))

\4 Cuts QCD 4 jets (fb)|Signal (tb)
3 basic cuts 2 % 10° 1300
> pleat > 700, pr > 200 100 354

pr > 200 2900 556

pr > 100 3.5x10° 1040
ped > 500, pr > 100 9000 830
pid > 500, pr > 200 670 495




How to tell aPar’c Ist generation e s

compositeness?
, Redi VS, Weiler
RH ComPOSIteness , :
i Preparatlon

We use two methods: deltaR and leaclingjet
oPtimizecl for high-low mQ

Number of Events for 10 fb™

00 500 1000 1500 2000 2500 3000 3500 4000
m,; (GeV)




Higgsless



- B
- ATLAS Preliminary =~ 2011 Data |
— Obs. P
---- Exp. J- Ldt=4.6-4.9 fb

(R ES Ke;
[J+2c Vs =7 TeV

—
@)
T TTTT

95% CL Limit on o/c,

—

CLs Limits

P T T T T T T T T U | T T T I U U I T SO O B | N

110 115 120 1 130 135 140 145 150
. m,, [GeV]

Ns=7TeV B9 Expected (68%)
L=46-481f"' - Expected (95%)|

C

\

95% CL limit on o/,

Higgsless
107 5 130 135 140 145 ?

boson mass (GeV)
on Run Il Preliminary, L <10 fb™'

Obkerved Tevatron Exclusidn
A5 ATLAS+OMS:

5
=2

95% CL Limit/SM

ATLAS{CMS
e February 37. 2012

| |

)

I
100 110 120| 130 140 150 160 170 180 190 200
my, (GeVIcZ)




No Scalar-Generic features

Realized in warpecl extra-dimensions and TC~t9P<-:

s=1 resonances do unitarize WW scattering
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No Scalar-Generic features

Realized in warpecl extra-dimensions and TC~t9P<-:

s=1 resonances do unitarize WW scattering

=E =]

SO

— Non-calcu

= Problem: = Parameter

utions do not abound

able) igﬂore TCSM Eichten, Lane

Phys. Lett. B ‘89




No Scalar-Generic features

Realized in warpecl extra-dimensions and TC~t9Pe

s=1 resonances do unitarize WW scattering

Skl Problem: = Parameter

solutions do not abound
Eichten, | ane

Phys. Lett. B ‘89
=l Mechanisms to cancel, war[:)ecl models
—p Cured Higgsless

— Non-calcu able, PRore——F&ESHM

Cacciapaglia et al
(s=1)-(s=1/2) cancellation Phys. Rev. D 05

= Holographic FC Hirn,VS

S |t Phgs. Rev. Lett. ‘06
s=] cancellation




How to tell aPart scenarios of clgnamical EWSBH”?

Baneljee, Martin and VS

In ClIICPtOﬂ5~~ JHEP (2012)

SRR s

1200

1000

-
o
N

—
o
TTTTT T T T TTTTT

8001

Arbitary Units
Arbitary Units

600F
400F

200F

- | | | | | | | | | | | | |
200 400 600 800 1000 1200

§%o 600 650 700 750 800 850 900 m,. . (GeV)
m. . (GeV)

MG> PYTHIA> ATLFAST and DELPHES@7 TeV




How to tell apart scenarios of clgnamical EWSBH”?

Banexjee, Martin and VS

% Charge asymmetry JHEP (2012)

4 = e
Quree= N(An > 0) + N(An < 0) An = |ne+| —| 1¢-|

eta asym 1s a goocl measure can te” \/,A aclmix‘ture

oF chlralltg

AxV \?2
A2 4 V2

95 2 15 - -o'?np/(-)lr],-/O'S 1 15 2 25 A a‘[:tér SlmUlaA‘Eim&n)h




Conclusions

Non-standard EWSDB ideas abound and have a very
rich Phenomenologg.

Mag not be easy to discover bﬂjust looking at scalar

EWSB sector. Need correlations with other signals.

Tell apar’c Extra-Dimensions from TC~tgPe: gravitons

and its impostor.

First generation RHorlLH coml:)ositeness N multije’ts.

Tell aPart ditferent scenarios of DEWSBD in clilel:)tons.




Operators

Oﬁff’“"’ coefficients

'L'T"U s

"r‘T'"Tﬂ 0
"1»'3"/5 Yu ¥

nionic operators up to dimension 5 that could lead to two-body
atribute to G decay because G*“g,, = 0. As long as we consi
iy, (c) must vanish as they are CP odd. The only remaining oper
elative 4-momenta of the fermions because of the gauge conditio
term in the Lagrangian is c'}(}“"éﬁg"“l‘. Expressions for the coeff

Oﬁff“y CP | coefficients
(a) F.fF,, +
€05 I,ﬂu ) F'QB
(c) Fly
d,H §,H




ratio to gluons
gluon-jet from quark-jet?

1. most models: G coupling to light quarks suppressed
2. Angular correlations

do (
d cos 6*

qq — G) = EEE cg* (1 = 433*) to fermions

= = R

3. Tag hight jet using Galliccio-Schwartz techniques




