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LHC Searches

Two modes of exploration at LHC: § “fxsme=s77"
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LHC Searches

Two modes of exploration at LHC:  § "f &7
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B) Indirect Search

CMS (Ga7TeML=S1R E=8TeV.LaS3R
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LHC Searches
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LHC Searches

Why can we call these Osearcl
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Effective Field Theories
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Effective Field Theories provide the correct framework for
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Effective Field Theories

Why can we call these OsearchesO?

Effective Field Theories provide the correct framework for

EFT
Ictiona
SM
Precision TestsE | M BSM

Lesm ' Le !l Lyg+ Lg+ 48

(E < M) |
N
|

In practice itOs an expansignlimandderivative
New BSM:oupIings_bg*(I) J \_, Dy

(power-counting) M
New BSMnass—" M

Higgs couplings to E

2 expansion paramete

(in technicolor-like theories the Delq expansion fails -> C)non-[i
Alonso,Brivio,Gavela,MerloRigolin,Yepes'14, Buchalla,Cata,Krause'14-15



Indirect Searches
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» Exploits resonant enhancement of
SM process to measure it precisely

» Tests departures from SM couplings



Indirect Searches
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1) On-shell processe
and implications for
N-physics



E=m;  Zresonance (LEP1)

Measures deviations from SM Zcouplings to fermions

How Many parameters? 7
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11/1000



e=m;  Zresonance (LEP1)

Measures deviations from SM Zcouplings to fermions

O% — (iH'D, H)(amyur)

0% = (iH' D, H)(dry"dg)

O, = (iH' D, H)(ery*er)

O} = (iH TBuH )(Qry*QL)

0P = (iH'0* D, H)(QLo"+*QL)
O, = (iH TDH H)(Lyy*Ly)
0P = (iH'0*D,H)(Lpo%v*Ly)

What precision? At given order in M, combinations

|1/1000 operators proportional to EoM redunt

] | Different equivalent bases
(translator:
Falkowski,Fuks,Mawatari,
Mimasu,FR,Sanz ‘14)



e=m;  Zresonance (LEP1)

Measures deviations from SM Zcouplings to fermions
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What precision?
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/-resonance (LEP1)

Implications of EFT perspective:*

| | | M (testingg. &
Relation with new physics scalgz | 2.5 TeV expansion)

Relation witlh-physicandW-physics

W-Z Oh-1h-2h
custodial .
relation relation

Effects in aTGEffects irh — Z2Z°
' ' |

P

*=since here the #experimental parameters is Pnite, EFT expansion not necessarily needed (see parabptriz
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h-resonance (LHC)

Measures deviations from SM h-couplings
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-resonance (LHC)

Measures deviations from SM hcoupllngs

Oy, = ya|H|*QrHdg
Oy, = ye|H|*LrHepg
Oy, = yu|H|2QLFIUR
Oge = |H|2GA GAr
Opp = %lfﬂzBuuB“”
— Clp?

Oww

In vacuum <h>=v, operators|H|*! Lsu

only redefine SM parameters!
Observable only in nggs physucs'
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h-resonance (LHC)

Implications of EFT perspective:*
Relation between 1h2h processes

Custodial symmetry persists atd=6z = tw(
(accidental in the SM d=4) ’

il
oy

*=since here the #experimental parameters is bnite, POs (Greljo,Isidori,Marzocca O14-015) can also be usec
on-shell decays, however (see later) for the off-shell h->ZZ* an EFT perspective\is



h-resonance (LHC)

Implications of EFT perspective:*
Relation between 1h2h processes

Custodial symmetry persistsatd=6z = 'w -
(accidental in the SM d=4)
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More preciselsince h->Z7* , h->\W\W#re off-shell,
custodial preserving, E-dependent, d=6 operators (s¢
Introduce effects sensitives to SM custodial breakin

/\%/VZ —1 =~ Sgw [OQCW — 2.6CB - 3K’HW — S.QISIHB]
0.66g7 — 0.50k, — 1.6k, € [—6,8] x 1072
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12

» W Rt ed
1s=7TeV, /Lot = 46481 — Observed

by s=8TeV, [Lat = 13-207"  -- SM expected

e e T T ey

04 06 08 1 q2 7738

*=since here the #experimental parainicicis 1> Fie, rus \uucuji]'fusidori,Marzocca 614-615) can also be usec
on-shell decays, however (see later) for the off-shell h->ZZ* an EFT perspective\is



|s there an more Info related
with Higgs-physics?

2) Eoff-shell E>»,my
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Precision Searches at high-|

» Exemple 2->2 Processes

LEP2, LHCYP | 1© :
( gZD%WJFW! » Important for Run2, FCC,E

(LHC) VBF, VH

» Observables=distributionsin principle  informati
» Theory guidance (EFT expansiomgsar

> Testing new (non-SM-like) interact

» Two operators with H still unconstrained by on-shell measu
. >
Onw = ig(D*H)lo*(D"H)Wg, — Ow =% (Hio®D*H) D*Wg,

(more precisely, se@arolFR'16; Gupta,Pomarol FR'14



Precision Searches at high-|
Amplitude for 2->2 has dimension of ccuplng ! gz,

»We can think of these measurements as testing the E-growth of

gt E~
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Agsm ! gém 1+
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Precision Searches at high-|
Amplitude for 2->2 has dimension of ccuplng ! gz,

\— Can be >>1 favg<g*<4y

For strongly coupled new physics there can be effects larger

III 11 I 1
: SM -
compatibly with EFT expansion E/M<<1 & with non observation



Precision Searches at high-E
In Practice

Measurements afd — W' h | |
(fake data for illustratio

Mwn[TeV] | 0.5 1 1.5 2 2.5 3
olosy | 1+£12|1+1.0[1+08|14+12|14+16|1+3.0

1.0/

0.8/

0.6/
Using only M<Mv

0.4 )
0.2f N\
;,Gg{ixga ‘ |
0.0t 1 5 3 - 2 : A Resonance enter experimental reach:
M,[TeV] Naive EFT analysis inconsistent

Consistent EFT analysis conserve

Contino,Falkowski,Grojean,Goertz,FR'16



Precision Searches at high-E
In Reality

» 2 remaining operatol 0y, = @ (HfaaﬁﬂH) D*Wg,
(in fact linear combinations with others) . "
Opw = ZQ(D“H)TUG(DVH)W,?V

» Glve E-gr()wing effects WV h*  Inthe SM, all scalars be|
l — hV h+ ih%« 7, to the Higgs doul
V:WZ/
90— RECASTOT ATLAS WW. w——Recastof CMSVH
8 \ :{:'.. ‘ ‘ '
6.

Biekotter,Knochel Kramer,Liu,FR ‘14; Liu,Pomarol,Rattazzi,FRto appear
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» 2 remaining operatol 0y, = @ (HfaaﬁﬂH) D*Wg,
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Precision Searches at high-E
In Reality

For large g* LHC constraints strongest __Recast of CMS VH _

(because the same effect corresponds to a largef/cut-offor
so that a consistent analysig/icontains more events) |
ot0} |
0.05
000§
—-005.
0Kny
~0.10
015} | EPZ — R i ‘ ]
--------------- ~0.05 0.00 0.05 0.10
~0.04 <002 000 02 004 006 632
1

Biekotter,Knochel Kramer,Liu,FR ‘14; Liu,Pomarol,Rattazzi,FRto appear
Corbett,Eboli,Gonzalez-Garcia,Fraile’12-13; Ellis,Sanz,You'l4; Beneke,BoitoWang'l4
Butter, Eboli, Gonzalez-Fraile, GonzalezGarcia, Plehn,Rauch’16



Precision Searches at high-E
In Reality

For large g* LHC constraints strongest Recast of CMS VH
(because the same effect corresponds to a largel/cut-offor S T LU | TV TN
so that a consistent analysig/icontains more events)
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This is all very nice, b

what is being teste
what are these theories with a new strong couf3l

Biekotter,Knochel Kramer,Liu,FR ‘14; Liu,Pomarol,Rattazzi,FRto appear
Corbett,Eboli,Gonzalez-Garcia,Fraile’12-13; Ellis,Sanz,You'l4; Beneke,BoitoWang'l4
Butter, Eboli, Gonzalez-Fraile, GonzalezGarcia, Plehn,Rauch’l6
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stronglycoupled &>>pYP
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| new couplings to the whole SM |
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Strongly Coupled BSM?

How can SM bghtandweaklycoupled &<m and

W

stronglycoupled &>>pYP

- Need shieldir

SM Lagrangia

(dim-4

uantum effectsznerallpropagate

4
!/A\new couplings to the whole SM |

Approximate Symmetr

. E° .
> " G(E)

Al ggy 1+

5
Jsnr

gi

Higher-dim
operators
(dim-6, sim-8E



Strongly Coupled BSM?

How many examples of such approximate symmetries exist”

(situations where a New strong sector delivers naturally weakly coupled light

Georgi,KaplanO84; Agashe,Contino,Nomura,Pa

SCa|arS 1) CompOS|te H|ggS Giudice,Grojean,Pomarol,RattazziO07;E

Higgs Is a Pseudo Goldstone boson of a
spontaneously broken global symmetry, e.g. SO(5)/SO(4)

FermIOnS 2) COmpOS|te fermiOnS Eichten,Lane,Peskin'
Chiral symmetry is broken by SM Yuk:

3) SM fermions as Goldstinos (non-linear SUSY)

Bardeen,VisnjicO82, Bellazzini,FF

Vectors: 4) Strong dipoles

Liu,Pomaral,Rattazzi,FR

(Arguments based on unitarityanalicity show that no other approximate symmetries are possik
AdamsArkani-HamedubovskMicolisRattazziO06; Bellazzini,Martucci,TorreO14; Bellazz


spires-search://a%20adams,%20allan
spires-search://a%20arkani-hamed,%20nima
spires-search://a%20dubovsky,%20sergei
spires-search://a%20nicolis,%20alberto
spires-search://a%20rattazzi,%20riccardo

Example 1: (Composite) Higgs

»Higgs himself a (pseudo) Goldstone from New strongly interacting sector:
Georgi,KaplanO84; Agashe,Contino,Nomura, P

(e.g. SO()/SO(4)) Giudice,Grojean,Pomarol,RattazziO07:E

= \ | Shift symmetry: 9 O H e

= H + C +n| L small symmetry

breaking parameter

Callan,ColemanWess,Zuminc

(',HIH)? big  » MHTH)? small

Implications:

»Small mass, but large effects in W W, scattering
(which is why the LHC was built)

gf E°
BYE

e.g. Contino,Grojean,Moretti,Piccinini,Rattaz

. S8 :
a P
A Y
Y 4
Y | |
" A [ n 1 I
P <
A
Y 4
<
4
A



2. Composite Fermions

SM fermion interactions small because of chiral symmetry
(and because gauge bosons elem

Ls =y HYL YR

‘\— smallsince violates chiral symm



2. Composite Fermions

SM fermion interactions small because of chiral symmetry
(and because gauge bosons elem

Ls =y HYL YR

L smallsince violates chiral symm

- largesince preserves chiral symm (but only sizable a




2. Co

SM fermion inte

La=y
A

» Large effect:

'1s=8TeV,17.3f6" ATLAS
& 0.06 i ® Data —— SM prediction -
= i T Theoretical uncert. SM, no EW correction _
= S— seeees CLA=8TeV, n =41 -
............ CLA=12TeV, 1 =-1 -
Z 0.04 e 'Y nu
v e 1 4 VIVN
0.02 m;>3.2TeV -
0.04 —e—
0.03E™ s 26<m <32TeV S
0.04 ' .
0.03 20<m <26TeV ™
0.04 ' =
0.03f 1.6 <m <20TeV
0.04 '
0.03f 12<m<16TeV
0.04 ) -
0.03 Fem <12TeV =
0.04f ' =
0.03- 6 <m <08TeV

3 4 56789 B s
X:elyl_yZI

M1 (g/4 )40 TeV.
For light quark

2

(see also Drell-Ya

mposite Fermions

Dijet:

ral syn
gauge bosons elem

mm (but only sizable a




3. 3rong transverse vectors?
W

|
e g Mzac I
|

W

ProblemGauge bosons associatedw&i#hiSM coupling.(+ 9A. )
how can they couple with a different coupling g*>>g?

new new new new

Sedl603.03064
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3. 3rong transverse vectors?

(! 7) M %!abcwﬁ! Wlb WC"Ll
|

ProblemGauge bosons associatedw&i#hiSM coupling.(+ 9A. )
how can they couple with a different coupling g*>>g?

g'YA,"*!  monopoldipole g, ¢F,,

new new new

Two ways a particle can couple to gauge boson: \%

Large dipoles>1  possible, even with small r
' * Possible for operators invol¥itig to be sizable
. J

weak Ocovariant-derivativeO interactions

q=1

Sedl603.03064



3. Strong transverse vectors

SM | g°
g« E°
Strongvectors: =2 g M? |
9 BSMdimension-6 ' gd W
* a v\£\1 b c pu
M2 a CW W W g* E2 I
- ] 2 .
Eandstrongfermions: | ng_4 g M
BSMdlmensmnS | | M 4
]\94'4"3 LDyt W R
(remember: one coupling per Peld)
0ABSM |

1 dimension-6 analysis ok
Asm



3. Strong transverse vectors

BSMdlmensmn 8

3

—_
o

SM g
g« E° |
Strongvectors: =2 g M?"
BSMdimension-6 ,- | 99 75
g ' N
* av\pb c B N 1(8Te
TR I T e g, E?
S e Wl
, - g M2
Eandstrongfermionsie * L

1  dimension-6 analysis ok



Strong transverse vectors: Implica

SM | g°
g« E° |1
Strongvectors: =2 g M?"
BSMdimension-6 l g9 —
Y M =
1 ape WAYW D ek
M 2 v P s E2| 1
' . M2
Eandstrongfermions: @ E4 g
BSMdlmensmnS | | M 4
%!ﬂ Dy W WA
0ABSM | 1 © Some dimension-8 necessary due to coupling enhan

Aswm A rationale for neutral TGC studies (that already exr
(EFT E/M expansion still valid: dimension-10 small)




Conclusions

E =mgzy Measures modibcations of SM couplingss

(Pnite # observables) 9Ny
vk 1

EFT relates different observablés.
(accidental d=6 custodial + Oh-1h2h rela

{Experimet

Relation with physical scalefcouplin

E > Mz h
(inbnite # observables)»Measures E-growing effects

For g* strong' /"gy ! 1 compatibly
with LEP and EFT

g* strond approximate symmetries

Consistent situations where-1.(x<lim-»lim-6



Conclusions

Precision Tests at LHC




