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The/Higgs/has/been/discovered…//
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An/incredible/joint/effort/by/theorists/and/experimentalists/together!/



Although/we’ve/come/a/long/way/since/1964,/there’re/sQll/many/quesQons/we/
have/no/answer/to./
/
Some/Qme/ago/I/was/reminded/by/my/(then)/7^year^old/of/one/such/quesQon:/
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Although/we’ve/come/a/long/way/since/1964,/there’re/sQll/many/quesQons/we/
have/no/answer/to./
/
Some/Qme/ago/I/was/reminded/by/my/(then)/7^year^old/of/one/such/quesQon:/
/
/

What'is'it'made'of?'

'

/
A/physics/Ph.D./could/ask/the/same/quesQon/in/a/slightly/(but/not/much!)/
more/sophisQcated/way:/
/
Is/it/made/of/even/smaller/degrees/of/freedom,/like/the/proton/is/made/of/
quarks?/
Or/is/it/part/of/the/fundamental/structure/of/our/Universe,/like/the/electron?/
/
'

/



It/is/worth/recalling/two/simple/observaQons/regarding/the/Higgs:/

1)  It'is'the'ONLY'scalar''

parAcle'in'the'Standard''

Model.'



It/is/worth/recalling/two/simple/observaQons/regarding/the/Higgs:/

2)'All'other'scalar'parAcles'we''

observe'in'Nature'so'far'are'

“composite'scalar”!'
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In/parQcle/physics,/the/most/famous/example/of/a/composite/scalar/is/the/
pion/in/low^energy/QCD/and/the/theory/of/spontaneously/broken/
symmetry./
Just/like/the/Higgs/boson,/this/is/another/Prize^winning/work:/



Today/we/understand/the/pion/as/the/pseudo^Nambu^Goldstone/boson/
(pNGB)/arising/from/the/spontaneously/broken/chiral/symmetry:/
/
''''''''''''''''''''''''''''''''''''''SU(3)L'x'SU(3)R'!'SU(3)V'

/
It/is/natural/to/wonder,/could/the/Higgs/boson/be/a/composite/scalar/à/la/
pion/in/low^energy/QCD?/
/
The/Higgs/boson/would/be/a/pNGB/of/some/global/symmetry/G/that/is/
spontaneously/broken/to/a/subgroup/H/at/an/energy/scale/higher/than/1/
TeV:/
/
''''''''''''''''''''''''''''''''''''''''''''''''''''''''G'!'H'

/
Nowadays/this/class/of/theories/goes/under/the/name/of/“Composite/
Higgs/Boson.”/



Over/the/last/decade/the/Composite/Higgs/model/has/become/an/all^
encompassing/paradigm,/with/many/different/realizaQons:/
/

LiRle'Higgs'

Twin'Higgs'

Minimal'Composite'Higgs'

GaugeTHiggs'UnificaAon'

Holographic'Higgs'

PNGB'Higgs'



Many/of/you/heard/of/the/buzz/word/“extra/dimensions”/in/the/past:/

Photo/credit:/G./Burdman/

Warped'extraTdimension' Flat'extraTdimension'



But/nowadays/people/seem/to/have/stopped/talking/about/extra/dimensions.../
/
The/two/paradigms/model/builders/talk/about/are:/
/

' '



But/extra/dimensions/didn’t/go/away;/they/in/fact/are/related/to/composite/
Higgs/models/in/modern/thinking:/

''

AdS/CFT'Duality'and/or''

Dimensional'DeconstrucAon'



Supersymmetry/v.s./Composite/Higgs:/
/



Supersymmetry/v.s./Composite/Higgs:/
/
Neither/of/them/is/doing/great/^^/



Supersymmetry/v.s./Composite/Higgs:/
John/Ellis’/defense/of/Supersymmetry:/
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Supersymmetry/v.s./Composite/Higgs:/

If/you/know/of/a/beker//
hole,/go/to/it!/

I/am/ouka/here!/



In/QCD/the/effecQve/theory/describing/pion/interacQons/is/the/chiral/
Lagrangian:/
/
/
/
/
/
/
/
/
This/effecQve/lagrangian/is/based/on/the/spontaneously/broken/chiral/
symmetry/in/QCD:/
/
/



Theorists/have/come/up/with/many/different/possibiliQes/for/the/broken/
symmetry/G/and/the/unbroken/symmetry/H:/

Bellazzni,/Csaki/and/Serre:1401.2457/



So'how'are'we'going'to'test'all'these'“Composite'Higgs”'models?'



It/turns/out/there/are/two/salient/features/of/composite/Higgs/that/are/quite/
generic:/
/
/
•  InteracQons/of/a/composite/Higgs/have/a/certain/pakern./

•  Exist/new/fermions/that/are/partners/of/the/Standard/Model/top/quarks./



It/turns/out/there/are/two/salient/features/of/composite/Higgs/that/are/quite/
generic:/
/
/
•  InteracQons/of/a/composite/Higgs/have/a/certain/pakern./
//////The/pakern/is/different/from/supersymmetry./
//////Precision'measurement'is/the/key/here!/!'A'Higgs'factory!'

•  Exist/new/fermions/that/are/partners/of/the/Standard/Model/top/quarks./
//////In/supersymmetry/partners/of/the/top/quark/are/scalars!!/
//////Need/energy'reach'to/be/able/to//
//////1)/produce/the/top/partners/
//////2)/measure/their/spin/quantum/number/and/couplings/to/the/Higgs/
''''''!'A'new'hadron'collider!'



At/this/point/it/is/worth/emphasizing/the/Standard/Model/Higgs/boson/is/a/very/
special/one!/
/
In/the/Standard/Model:/
Couplings/to/massive/gauge/bosons/!/
/
Couplings/to/massless/gauge/bosons/!//
/
/
/
/
/
Couplings/to/fermions/!/
/
Self^couplings/!//
/
Once'the'mass'is'known,'every'single'coupling'is'then'determined!!'

!



At/the/LHC/we/have/only/measured/a/subset/of/these/couplings/with/
uncertainQes/of/10/–/20/%/or/larger://
/
In/the/Standard/Model:/
Couplings/to/massive/gauge/bosons/!/
/
Couplings/to/massless/gauge/bosons/!//
/
/
/
/
/
Couplings/to/fermions/!/
/
Self^couplings/!//
 
 

✔ ✔

✔✔

✔ for bb, tt, and ττ only! 

✔ ? 

? 

? 

? 



These/couplings/allow/the/SM/Higgs/to/do/one/very/special/thing/in/the/SM:/
/
It/is/well^known/that,/in/the/SM/without/the/Higgs,/WW/scakering/amplitude/
violates/unitarity:/
/
/
/
/
/
/
/
/
Before/the/Higgs/discovery,/this/was/the/strongest/evidence/argument/for/the/
existence/of/“something”/which/unitarizes/WW/scakering./



Including/the/Higgs/diagrams/allows/the/growth/to/be/cancelled/completely,/
provided/the/hWW/couplings/have/precisely/the/forms/in/the/SM:/
/
/
/
/
/
/
/
/
/
/
/
/
This/is/an/extremely/simple/and/economical/soluQon,/except…/



Except/that/this/is/not/how/Nature/usually!deals/with/a/situaQon/like/this./
(Recall/we/have/NOT/observed/a/fundamental/scalar/previously!)/
/
/



Except/that/this/is/not/how/Nature/usually!deals/with/a/situaQon/like/this./
(Recall/we/have/NOT/observed/a/fundamental/scalar/previously!)/
/
/
For/example,/pi^pi/scakering/is/unitarized/NOT/by/a/fundamental/scalar,/but/
by/a/series/of/heavier/resonances,/the/spin^1/rho/meson/for/instance:/
/
/
/
/
/
/
/
Each'resonance'only'parAally'unitarizes'the'piTpi'scaRering.'



This/raises/the/interesQng/possibility:/
/
Can/the/Higgs/boson/we/observed/is/only/the/first/one/of/a/series/of/
resonances/that/parQally/unitarize/WW/scakering?/
/
In/this/case/the/Higgs/coupling/to/WW/boson/is/reduced/from/the/SM/
expectaQon!!/
/
/
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/



This/raises/the/interesQng/possibility:/
/
Can/the/Higgs/boson/we/observed/is/only/the/first/one/of/a/series/of/
resonances/that/parQally/unitarize/WW/scakering?/
/
In/this/case/the/Higgs/coupling/to/WW/boson/is/reduced/from/the/SM/
expectaQon!!/
/
/
ObjecQon://
Where/are/the/other/“resonances”/that/will/fully/unitarize/the/WW/scakering?/
/
The/125/GeV/Higgs/can/be/“naturally”/lighter/than/other/resonances/if/it/is/a/
(pseudo)/Nambu^Goldstone/boson,/just/like/pions/are/significantly/lighter/than/
the/spin^1/rho/meson/in/low^energy/QCD./
/
/
/
/
/



To/answer/the/quesQon/of/whether/the/125/GeV/Higgs/fully/unitarizes/WW/
scakering,/we/need/to/measure/hWW/coupling/very/precisely!/
/
Current/LHC/measurements/have/
/
/
/
/
If/the/precision/is/improved,/
/

�hWW ⇠ v2

f2
⇠ 10% ) f ⇠ 500 GeV

HL� LHC : �hWW ⇠ 1% ) f ⇠ 1.7 TeV

CEPC : �hWW ⇠ 0.1% ) f ⇠ 5.5 TeV



But/of/course/we/would/like/to/be/able/to/directly/probe/WW/scakerings/at/a/
collider.//
/
Then/a/PNGB/Higgs/predicts/the/following/interesQng/relaQons:/
/
/
/
/
/
/
/
/
/
These'predicAons'are'generic'and'do'not'depend'on'what'G'and'H'are!!'

/
/

W

W

q

q

Contino et. al.: 1309.7038 
Low: 1412.2146 



A/nice/study/on/WW/scakering/at/a/linear/lepton/collider:/

ConQno,/Grojean,/Pappadopulo,/Rakazzi,/Thamm:/1309.7038/



Another/important/channel/for/composite/Higgs/models/is/gg^>hh:/
/
•  Within/SM/the/interest/stems/from/directly/measuring/the/Higgs/self^

coupling./

SM' SM' Composite'Higgs'

Higgs/self^couplings/



If/one/looks/at/the/total/rate/only,/there’s/going/to/be/degeneracy/in/extracQng/
the/self^coupling:/
/
/
/
We/can/look/at/distribuQons/to/break/the/degeneracy./
The/challenge/^^/a/small/cnl/could/easily/overshadow/effects/from/the/Higgs/
self^coupling:/
/

C.^R./Chen/and/IL:1405.1040/



An/example/of/the/comparison/between/HL^LHC/and/FCC^hh:/

Aztov,/ConQno,/Panico,/Son:/1502.00539/



For/couplings/of/the/125/GeV/Higgs,/there/are/several/interesQng/pakerns/for/
composite/Higgs/models./One/example/is/

ct ⌘
gttH

(gttH)SM

cg ⌘ gggH
(gggH)SM

Montull,/Riva,/Salvioni,/Torre:/1308.0559/

The/relaQon/ct/~/cg/seems/to/be/
generic/among/
Composite/Higgs/models./
(D./Liu,/IL,/C./Wagner:/to/appear)//

MCHM14'



At/ILC/this/relaQon/can/be/tested/very/well:/

ILC/TDR/



So/far/I/have/moQvated/the/PNGB/Higgs/using/pions/in/QCD./
But/the/story/of/composite/Higgs/cannot/be/as/simple/as/pions,/where/
the/pion/mass/is/roughly,/
/
/
/
/
Applying/the/same/formula/to/composite/Higgs/models,/mh/~/125/GeV,/
one/would/conclude/that/the/cut^off/of/the/low^energy/effecQve/theory/is/
at/
/
/
/
Such/a/low/cut^off/creates/tension/with/precision/electroweak/
measurements/and/direct/searches./



So/some/other/model^building/tricks/are/needed/to/have/a/larger/
separaQon/between/mh/and/the/cut^off/scale/Λ./Typically/one/can/
engineer/so/that/
/
/
/
/
/
Among/these/tricks,/a/universal/feature/is/the/introducQon/of/fermionic/
“top/partners”/T,/whose/purpose/is/to/cancel/the/quadraQc/sensiQvity/
coming/from/the/SM/top/quark/in/the/Higgs/mass.!



In/the/SM/there/are/three/dangerous/contribuQons/to/the/quadraQc/UV^
sensiQvity/in/the/Higgs/mass/at/the/one^loop/level./
“Naturalness/principle”/expects/these/to/be/cancelled/by/�something�/at/
the/TeV/scale:/



CancellaQon/of/quadraQc/divergences/in/the/top/sector/by/introducing/a/
fermionic/top/partner/T:/
/
/
/
/
/
/
The/Naturalness/condiQon:/
/



CancellaQon/of/quadraQc/divergences/in/the/top/sector/by/introducing/a/
fermionic/top/partner/T:/
/
/
/
/
/
/
The/Naturalness/condiQon:/
/
•  /λT/could/vanish/if/there/is/a/“parity”/in/the/top/sector.//
////////(H.^C.Cheng,/IL,/L.^T./Wang:/hep^ph/0510225.)/

•  The/top/partner/doesn’t/have/to/carry/QCD/color./
////////(Chacko,/Goh,/Harnik:/hep^ph/0506256.)/

•  The/Naturalness/condiQon/need/to/be/guaranteed/by/some/symmetry/
//////!/This/is/the/(broken)/symmetry/group/G/for/the/PNGB/Higgs./



Colored/top/partners/have/been/searched/for/extensively/at/the/LHC:/

CMS'B2G'Summary'



ProjecQons/at/100/TeV:/

Matsedonskyi,/Panico,/Wulzer:/1409.0100/



However,/I/wish/to/emphasize/that/discovering/the/“top/partner”/is/only/
HALF/of/the/job…/
/
To/be/sure/of/the/underlying/mechanism/of/“Naturalness”,/we/need/to/test/
the/Naturalness/relaQon:/
/
/
/
/
/
/
/
Naively/we/need/to/measure/three/processes/to/directly/measure/three/
couplings:/
/ pp ! ttH , pp ! tTH , pp ! TTHH



At/leading/order/in/v2/MT
2/and/aver/rotaQng/to/mass/eigenstates,/the/

Naturalness/relaQon/is/encoded/in/only/two/processes:/
/
/
Even/at/100/TeV,/the/producQon/cross^secQon/is/not/so/large:/
//

pp ! ttH , pp ! TTH

C.^R./Chen,/J./Hajer,/T./Liu,/IL/and/H./Zhang:/to/appear/



Given/the/small/rates,/we/need/luminosity/even/at/100/TeV!/



QuesQon:/Is/100/TeV/enough?/
/
/
/
/
/
/
/
/
/
/
/
For/such/an/important/quesQon/on/Naturalness,/is/it/possible/to/have/a/
definiQve/answer/at/the/next/pp/collider?/

Slide/from/Gao/Jie/on/Monday/



Summary/(the/conclusion/is/yet/to/be/wriken…)/
/
•  The/Higgs/is/a/brand/new/type/of/parQcles/that/we/had/not/observed/

previously!/

•  Whenever/we/observed/a/new/type/of/maker/state,/it’s/our/job/to/study/
the/heck/out/of/it./

///////The/first/fermion/was/discovered/by/J./J./Thompson/in/1897./
///////To/this/date/we/are/sQll/doing/“precision/measurements”/on/the/electron!/
/

•  There/is/a/rich/program/in/pursuing/quesQons/raised/by/the/discovery/of/
the/Higgs/boson./

//////We/need/both/the/precision/and/the/energy/reach!/


