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How can an experiment be motivated?

1) Any measurement is per-se important

Humboldt

2) We have an hypothesis (the SM) and we measure all its couplings
and relations with increasing precision

Too many!
How fo quantify if a measurewment is good?

3) We know what we can find and we prepare for it

A comparison with something also gives a way tfo
quantify how good the SM is
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Effective Field Theories

EFT
Dictionary

SM
Precision Tests BSM

Idea: no direct evidence of light new resonances

Assume )7 > ELHC
Expand all possible New Physics modelsin £ /M < 1

We don't need to know all models explicitly*: termsin E/M < 1 ¢an

be added to the SM Lagrangian (bottom-up) o,
M* (D, guH guVrr gvFu e
Lot = z(M“ o ar ! A >:£4+£6+---

Derivatives and fields = Powers of 1/M

. (matches vnits of energy)
Every field = One power of coupling
(matches units of 72)

SM =#rr BSM



Here: I'll ask what we can see in SM precision tests, rather than what
we to see

(sometimes coincide)



SM precision tests at LHC

Use EFT dictionary to understand what are LHC SM precision tests testing

LHC: SM tests * Direct resonant searches VS. LEP: SM tests only
Which best?
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SM precision tests at LHC

Use EFT dictionary to understand what are LHC SM precision tests testing

LHC: SM tests * Direct resonant searches VS. LEP: SM tests only
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SUSY?

SUSY is usually thought as a weakly coupled solution to the
hierarchy problem

On top of this: B-parity OM: R=+1
SUSY Partners: R=-1

K=}
K:-\- 1 F< K:-l- l

No Tree-level effects, only loop-suppressed



SUSY?

SUSY is usually thought as a weakly coupled solution to the
hierarchy problem

On top of this: K-parity SM: R=+1
SUSY Partners: R=-1

(exception: second Higgs doublet R=+1)

R- 40
R=+1 R=+1

No Tree-level effects, only loop-suppressed

SUSY typically very small effects in SM precision tests

(exception: modification of hbb coupling)



Strongly Coupled BSM?

How can SM be light and weakly coupled at E<my and
strongly coupled at E>>my?

: quantum effects oenerally propagate
- new couplings to the whole SM !
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Strongly Coupled BSM?

How can SM be light and weakly coupled at E<mw and

W

strongly coupled at E>>my?

: quantum effects oenerally propagate
- new couplings to the whole SM .

- Need shielding:

SM lagrangian

(dim-4)

Approximate Symwetries

2
gsm

Higher-dim
operators
(dim-0, sim-$...)



.unfortunately theories with strong coupling are not always
thinkable in terms of simple examples

(e.g. QCP pions only have an EFT description)



Example 1: (Composite) Higgs

»Higgs himself a (pseudo) Goldstone from strongly interacting sector:

Georgi,Kaplan'84: Agashe,Contino,Nomura,Pomarol’ 04

(e. g 4S50 ( ) / 50(4)) Giudice,Grojean Pomarol Rattazzi'07...

—./ |

— 1 ) Shift symmetry: g+OuH et
| H JH i Cy —|_nl L small symmetry

breaking parameter
Callan,ColemanWess,Zumino'69

» (G HP)? big v AHTH)? dall



Example 1: (Composite) Higgs

»Higgs himself a (pseudo) Goldstone from strongly interacting sector:

Georai,Kaplan'84: Agashe,ContinoNomura,Pomarol'04

(e. g 4S50 ( ) / 50(4)) Giudice,Grojean Pomarol Rattazzi'07...
R Shift symmetry: 9+OuH cH
| H Z H + c _|_n1 L small symmetry

breaking parameter

Callan,ColemanWess,Zumino'69

2
| 9« : |
b (8u/H|?)? big » A(H'H)? small
Implications:

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

2 2
@ A (1 o >

A M?

e.q. ContinoGrojean Moretti,Piccinini,Rattazzi’l1 0
»Modifications of Higgs couplings (but here I focus on high-E)

Givdice,Grojean, Pomarol Rattazzi'07



Strongly Coupled BSM?

How many examples of such approximate symmetries exist?
(situations where a New strong sector delivers naturally light states)

Scalars: 1) Composite Higgs

Higgs is a Pseudo Goldstone boson of a
spontaneously broken global symwetry, e.g. S0(9)/50(4)
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Strongly Coupled BSM?

How many examples of such approximate symmetries exist?
(situations where a New strong sector delivers naturally light states)

Scalars: 1) Composite Higgs

Higas is a Pseudo Goldstone boson of a
spontaneously broken global symwetry, e.g. S0(9)/50(4)

Fermions:  2) Gomposite fermions
Chiral symmetry is broken by SM Yukawas

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

Vectors:  4) Strong dipoles (see later)

(Arguments based on unitarity/analicity show that no other approximate symwetries are possible)
Adaws, Arkani-Hamed, Pubovsky, Nicolis, Rattazzi'06



2. Gomposite Fermions

SM ferwion interactions small because of chiral symwmetry
(and becavse gauge bosons elementary)

L4 =ypHYrYR

‘\— small since violates chiral symm



2. GComposite Fermions

SM ferwion interactions small because of chiral symwmetry
(and because gauge bosons elementary)

L4 =ypHYrYR

‘\— small since violates chiral symm

- large since preserves chiral symw (but only sizable at high-E)




2. Composite Fermions

SM ferwion inter
L4 = ?/3

Lo = _

§) je

» large effeets i

s
Dijet:
" : 1s=8TeV, 17.3 ' o ATLAS
& i ® Data —— SM prediction -
Z 0.08 : [ Theoretical uncert. *+-+* SM, no EW correction _|
© fonnaese weeeee ClLA=8 T?Vi,rh- +11 :
% e ClLA=12TeV, n,=-
' T 20<m <26 TeV—i
0.04 ) =
03 16 < m, <20 TeV
- .§<q<0.8TeV“i
1 2 3 4 56789 mn an
Y = oly1—y2|
M =2 (g«/4m)40 TeV
p |
For light quarks

(see also Prell-Yann)

metry
ge bosons elementary)

out only sizable at high-E)




Strong transverse vectors?

b W

0

W

Problem: ¢auge bosons associated with weak $SM coupling (9. +ig4,.)
how can they couple with a different coupling g*>>97

See 160202064
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Strong transverse vectors?

b W

0

W

Problem: ¢auge bosons associated with weak $SM coupling (9. +ig4,.)
how can they couple with a different coupling g*>>97

Two ways a particle can couple to gavge boson:
g A, "1 wmonopoledipole g.iypc"YF,,

Large dipoles %* > 1 possible, even with small monopole

Possible for operators involving 7~ to be sizable, despite
weak ‘covariant-derivative” interactions

See 160202064



Strong transverse vectors?
What is the symmetry?

9=0 +—— g#0
Non-abelian SU

cal

U(l)?ocal X SU(Q)global

— 5

Inonu-Wigner Contraction ('53)
#generators invariant

(Like Poincare->Galilei)




Strong transverse vectors: lmplications

Large departures (few x SBA) consistently possible!
~ g2



S’rrong transverse vectors: lmplications

_ E2
AWy — VV) ~ gg, 2

Large departures (few x SM) consistently possible!

o2
00nsls’ren’r EFT analvsls cu’r\/_ <M for dn‘feren’r M
s i
53 =
2 -
i |

800 1000 1200 1400 1600 1800 2000
Biekoetter,Knochel,Kraemer,Liu,FR'14 Zw [GGV]
Liu,Pomarol,Rattazzi,FR ‘to appear

- a,v\2 2 Nm_W 3
" D) >vx0< e ) E - T

Barbieri,Pomarol Rattazzi Strumia’'04




Strong transverse vectors: lmplications

g Py 2015 | e
~ €W, § Rl
M 8 TeV WW ~same as LEP &,
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Strong transverse vectors: lmplications

M

Strong vectors:
BSM dimension-6

9+ avyixsb c pu
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..and strong fermions:

) BSM dimension-8

g* . a av
174 Oy Dy W WP

(remewmber: one coupling per field)

0ABSM
Asn

<1

dimension-6 analysis ok
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M

Strong vectors:
BSM dimension-6

avyixsb c pu
cabe WY WL W

g«
M?2

a_
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N
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Ry
\V)

..and strong fermions:
) BSM dimension-8

9« 7 a av
M4 wfy’u,Dl/wWMpW p

(remewmber: one coupling per field) S "100

0ABSM
Asn

Events / (75 GeV)
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Prelimina
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<1  dimension-6 analysis ok



Strong transverse vectors: lmplications

M
g« E° S
Strong vectors: g M2~ !
BSM dimension-6
g* a v C
e W W g E? |
: A2
..and strong fermions: g
) BSM dimension-8

g* . a av
174 Oy Dy W WP

0ABsM > 1 » Some dimension-8 necessary due to coupling enhancement
Asnr ™ v Arationale for nevtral T6C studies (that already exploit d=8)

(EFT E/M expansion still valid: dimension-10 small)
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Conclusions

Motivate SM precision tests as searches for broad BSM hypotheses
EFTs offer the dictionary
What can we see (rather than what we want to see)?

SM precision searches at the LHC mostly for strongly coupled new physics
(weakly coupled, such as SUSY, needs resonant enhancement)

SM@low-E & Strong@High-E: Approximate Symwmetries

Higgs=Composite Strona Di
g Dipoles
Pseudo-Goldstone Boson Composite Fermions  (deformed symm.)
(with chiral symm)

Consistent sitvations where dim-1 0<<dim-8>>dim-6

(Pepartures from the SM in SM precision tests, might
have a different form than presently searched for)




Conclusions

Precision Tests at LHC




Longitudinal gauge bosons
w> .
ey W,
In the SM, all scalars belong to the Higas doublet ( , ﬁfhogz

Their interactions are related*:

X O\N\\“Q‘

S’((Q& w\ﬁqx R Z
9
* H'D,HU"T = + -
" M?2
ew,, A Dimension-6 operators .
'90'%}’% - ' h
afp 'CS

leading EFT effects

di-boson experiments complementary to Higogs Physics (combination)

* This relation is valid at leading order in the EFT See 14050181 for specific relations



Longifudinal gauge hosons

What physics makes this? >‘ g* TD \I!ﬂy“’\If
Wi,

U(1) currents:
@-(g * in the SM couple to Z and Y
New physics wit the same quantum numbers as Z:

Z' p,..
typical of composite Higgs models

See 1406.7320



Longifudinal gauge hosons

What physics makes this? >Q g* TD Yy M
Wi,

U(1) currents:
g}_(g * in the SM couple fo Z and Y
New physics wit the same quantum numbers as Z:

Z' p,..
typical of composite Higgs models

Prawback:
Wi
(2
The same physics (but a different combination of operators)

already constrained by LEP (S and T parameters)

% > 2.5 TeV
9« See 1406.7320



