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- LHC precision tests (di/tri-boson): what is being searched for? -

CMS Prel. Limits
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Two modes of explora’non at LHC:
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ATLAS Preliming

A) Direct Searches:
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Two modes of explora’non at LHC:

A) Direct Searches:

e Background-only 2
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B) Indirect Searches'
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From LHC

Plenty of Data in multiboson processes:

CMS Preliminary
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why nobody cares

1] Smallness

These parameters <> EFT coefficients:
>\fy < din"'G eachSVWyprC P

he ¢ fimg H'D,H D,B* B
im 4
Uy

Involve the fransverse polarizations of vectors

In popular models (e.g. SUSY, CH), Vr elementary, these are tiny:

%\ GAy ~ g__miy
T 16m2 M2

SILH: Giudice,Grojean,Pomarol,Rattazzi’2007
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There is in fact one wmore obstruction to test transverse veetors:

For £ > myy states have well defined helicity h
Awplitudes for 2—2 with different h:,: don't interfere
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12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

There is in fact one more obstruction to test transverse veetors:
For £ > myy states have well defined helicity h

Awplitudes for 2—2 with different h:,: don't interfere

Selection Rule:

tree level + at least one transverse vector » No interference
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12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR'16

How?| i) Helicity sums:  h(An) = h(Am) + h(Am)

n=m+m’-2 legs
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12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

How?| i) Helicity sums:  h(4n) = h(Am) + h(Am)

n=m+m’-2 legs

p € C g0 that on-shell  SM or BSMs
condition p* =0
satisfied also for As
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12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

Row?| i) Helicity of 3-point<scoupling dimension:
|h(As)[ =1 — [g]

BS
S—M<J = [hSM] =1 Ms‘<~ S [RBSM| =3

From: Little group scaling + dimensional analysis

(see e.g. Elvang,Huang'13)
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Azatov,Contino,Machado,FR16

How?| iii) SUSY" Ward ldentities: h(AM)] < 2 lexoepter* v v+ )
(aka Ultra Helicity Violation)
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12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR'16

How?| iii) SUSY* Ward ldentities: |h(A7™)] <2 lexcepty v i)
(aka Ultra Helicity Violation)

*in the limit of either y,=0 or ys=y=0: DM\ ggr, /M
upliftable to SUSY*K—pari’rg (with 1 Higgs doublet) P

Grisaru,Pendleton,vanNieuwenhuizen'77  Psm Dsar
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12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

How?| iii) SUSY" Ward ldentities: h(AZM)| < 2 (exoeptv* i v v)
(aka Ultra Helicity Violation)
*in the limit of either y,=0 or ys=y=0: PsMN\ g5,/ TM
D5
ol tableto SUSY-Eparity ith | Hggs doolet] ,/®5i,,,
~ @.0. 0= (0/[Q, T VIVFVT]0) = omﬁ [Q.VT]..VvT0) oc (O|VFTVTVTVT|0)

A’év\] Lwﬂfr...:o

SM : AVVVIY) = AVTV YY) = A(VTV T gg) = A(VHytyte) =
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12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR 16

How?| iii) SUSY* Ward ldentities: |h(A7™)] <2 lexcepty v i)
(aka Ultra Helicity Violation)

*in the limit of either y,=0 or ys=y=0: DM\ ggr, /M
upliftable fo SUSY+E- parl’rx (with 1 Higgs doublet) s

Grisaru,Pendleton,vanNieuwenhuizen77 s Dsn

~ @.0. 0= (0/[Q, T VIVFVT]0) = omﬁ Q. V..V o< (0|VTVTVTVT|0)

‘év\] L¢+¢+...:O

SM : AVHVIVIV.) = AVTVYty™) = A(VTVgg) = A(VTytyte) =

BSM : Operators with transverse V not supersymwmetrizable

Elias-Miro,Espinosa,Pomarol’l4
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[2]Non-Interference for BSM; amplitudes

Azatov,Contino,Machado,FR16

How?| 1) Helicity sums  h(An) = h(Am) + h(Am)

i) Helicity of 2-point<>coupling dimension |r(43)|=1-[g]
iii) SUSY” Ward ldentities |r(A™M)] < 2



why nobody cares

2] Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR'16

How?| Helicity sums  h(An) = h(Am) + h(Am')

i) Helicity of 2-point<>coupling dimension |r(43)|=1-[g]
iii) SUSY* Ward ldentities |A( ASM )| < 2

>—- —< htOt_l—l_()
>sﬂ+3i% ot =1+3=2/4




why nobody cares

12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR'16

How?| Helicity sums  h(An) = h(Am) + h(Am')

i) Helicity of 2-point<>coupling dimension |r(43)|=1-[g]
iii) SUSY* Ward ldentities |A( ASM )| < 2

>— ’< htOt_1—1_0
N()’rerference

(dim-6, 4-point)
>_ ’~< htOt 13 = 2,




How?

» 0 X Z | Amp|* ~ SM=(1 + ¢;

why nobody cares

12| Non-Interference for BSMg amplitudes

Azatov,Contino,Machado,FR'16

() Helicity sums  r(An) = h(Am) + A(Am)

i) Helicity of 2-point<>coupling dimension |r(43)|=1-[g]
iii) SUSY* Ward ldentities |A( ASM )| < 2

>—- —< htOt_1—1_0
No Interference
(dim-6, 4-point)
>« ¥ .~< it =14+3=2.14
interference

vanishes

[ Swall effects, are even smaller!]



why nobody cares

Non-lnterferencetSmallness

Present constraints:

LEP2: E = 130 — 209 GeV
2 2
Ay € [-0.059,0.017] ~ "W — AT > 30 GeV

2 2
95%C.L. (LEP EW: 1302.3415) 16m= M

LHC: F > 1TeV
A, € [-0.019, +0.019]

.50 small that is doesnt even make sense as an EFT.



why nobody cares?

Because there is no structured scenario
where these searches are self-consistent
(need strong coupling)



Part 2

why caring

(Rewedios)



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<my and
strongly coupled at E>>my?

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

- Need shielding: Approximate Symmetries broken in SM

9°(E)
9’ 0* strong
dsm weak , ,
SM Lagrangian Tg:)re r,rg:,?
(dim-4)  opera
(dim-6, sim-8...)
Marginal e Irrelevant




Strongly Coupled BSM and Approximate Symmetries

Scalars: Composite Higgs

Higgs is a Pseudo Goldstone boson from new strong sector (symm=S0(5)/S0(4))

Georgi,Kaplan'84: Agashe,Contino,Nomura,Pomarol'04; GivdiceGrojean Pomarol, Rattazzi'07...

i ShiftSywm: [ — H to g %ﬁl\/ eHX
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Scalars: Composite Higgs
Higgs is a Pseudo Goldstone boson from new strong sector (symm=S0(5)/S0(4))

Georgi,Kaplan'84: Agashe,Contino,Nomura,Pomarol'04; GivdiceGrojean Pomarol, Rattazzi'07...
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Strongly Coupled BSM and Approximate Symmetries

Scalars: Composite Higgs
Higgs is a Pseudo Goldstone boson from new strong sector (symm=30(%)/50(4))

Georgi,Kaplan'84: Agashe,Contino,Nomura,Pomarol'04; GivdiceGrojean Pomarol, Rattazzi'07...

\—* ./‘.'\ / s lffs
g\ﬁ/_\g/ h ywmm: H%H%—c 90, H\/ ﬂHﬁm

2
9« |
» 75 (0| H[?)? large P ALH[* small

o4 2 12
» Large effects ViVi=>V\V, at high-E: @& 4 ~ Cgx B
g g "Q\A A (1 F I




Strongly Coupled BSM and Approximate Symmetries

Scalars: Composite Higgs
Higgs is a Pseudo Goldstone boson from new strong sector (symm=30(%)/50(4))

Georgi,Kaplan'84: Agashe,Contino,Nomura,Pomarol'04; GivdiceGrojean Pomarol, Rattazzi'07...

g Shift Symm: H — H+c g+0,, H\/ eH'X

N\ @9 (L svmmetry
g2
v 25 (9| HI)? large PAH|* small
. ‘. "o 2 E2
» Large effects ViVi—>ViVy at high-E: N I
'l‘\j4 A 1 A M2

Vectors: 7



Strong transverse vectors at high-E

Problem: Naively, contrary to scalars, gauge bosons couple universally
Gauge bosons: weak SM coupling (0. +igA,)

Liu,Pomarol Rattazzi FR'16



Strong transverse vectors at high-E

Problem: Naively, contrary to scalars, gauge bosons couple universally
Gauge bosons: weak SM coupling (0. +igA,)

However:

g=70
» A, composite, g*

> No light charged d.o.f e 0,
(but large dipoles possible)

(8, ~F,

(Euler-Heisenberg)

» Strong higher-d interactions
Liu,Pomarol Rattazzi FR'16



Strong transverse vectors at high-E

Problem: Naively, contrary to scalars, gauge bosons couple universally
Gauge bosons: weak SM coupling (0. +igA,)

However:

g=10
A, cowmposite, g*

g # 0

o  Light d.of. with charge L < 1

No light charged d.o.f | W, o20% 9+
(but large dipoles possible |
#‘ £ (%O, B o)

9, ~F g Mo T MR
c= 1% ot _9
LQMMQ’(I)> "o

(Euler-Heisenberg)

Weak marginal interactions

Strong higher-d interactions
Liu,Pomarol Rattazzi FR'16



Strong transverse vectors at high-E

What symwmetry is broken by g and not by -7 none...

Multipole interactions Monopole interactions
(field strengths) (covariant derivative)
Q*FILCLLV aﬂ T igAZTa

U(l)?ocal X SU(Q)globa,l No"'abeha"

-—
, Inonu-Wigner Contraction ('53)
#generators invariant

(Like Poincare->Galilei)

SU

ocal

» Symwmetry deformation: a new selection rule to build EFTs
(different from spurions)

Liu,Pomarol Rattazzi FR'16



Strong transverse vectors: lmplications

1 :
2
4 —(D WV a’y) m?
~ W -3
M2 WY = -5 S10 - MZ2TeV
Barbieri,Pomarol Rattazzi, Strumia'04




Strong transverse vectors: lmplications

1 V2 '
»W(DPWS”) >v‘»< W,Y:mﬁi‘/,ﬁl@_g - M2 2TeV

Barbieri,Pomarol Rattazzi, Strumia'04




Strong transverse vectors: Implications

=8 TeV

CMS WW Vs

| So far the only models that motivate these searches onsistently]

Kemedio S (Remedios the Beauty was not a creature of this world-
Gabriel Garcia Marquez )









(NDA: 4-point vertex= coupling?)



(NDA: 4-point vertex= coupling?)

. 0ABSM

< 1 dimension-6 analysis ok

Asm
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fransverse vectors: lmphca’nons







5ABS V 4

2 & 2> 1) dim-6 not ok! dim-8 dominate!
Asm

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



VTVT — VTVT

My &
4rf ‘
LO: SM
8o
NLO: BSMg+BSMg>
SM Srormsw, T
' Non-interference:
0 my v even at low-E V8>06
E
T ——

dim-8 always large for WW scattering
(EFT E/M expansion still valid: dimension-10 small)
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(dimension-10 smaller by E2/M?)
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Approximate (Non-linear) symme’mesqobeyond shielding ’rloe SM

» Rewedios Model: I (e )t

» Cowmposite Higgs:
(flat coset)

Proportional o
coset curvature

(dimension-10 smaller by E2/M2?)



V i me "s io ““8 Liu,Pomarol Rattazzi,FR'16

Approximate (Non-linear) symme’mesgobeyond shielding fhe SM

Rewedios Model:
S S0(4) x T
Cowmposite Higas: 17 < 150(4)/50(4) #—H+e. ropartional o
(flat coset) . 4 =+ 8, cosg’r curvature

Fermions as Psevdo-Goldstinos sy = ¢ - 2F2 Outh(PYFHE — E711)

92 o 7
>‘< M*4 (Opipy*'eh)?

(dimension-10 smaller by E2/M2?)




HEFT 993 19456...

2708173478

(from Brian)

HEFT2013-2016 -~ fearnot.



HEFT 993 15436...

LPIJ \.:ua Uu L L J_JL .L

7557 30052

(from Brian)

27817388

HEFTZO 1;7

HEFT2013-2016 ', | fear wnot...

Can there be symwetries that protect dimension-10 in 2—2 processes?



HEFT 997 15436,...

tJH AU CUULVILIL. W4 A JA L

=2 (from Brian)

HEFT2018 o
HEFT2013-2016 / /

fear not...

Can there be symwetries that protect dimension-10 in 2—2 processes?
NO! Positivity constraints from analyticityunitaritycrossing symm.:

Adams,Arkani-hamed,Dubovsky,Nicolis,Rattazzi'06;
) Bellazzini'16;.

L = 9,mo" (5’MW5’“W)2 | “10 (8M7T8V8“7T)2

» A symwetry that protects dim-10 can never be considered exact
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Conclusions

LHC/LEP: many €€resources€€ to test transverse vectors

Not BSM motivated (non-interference, smallness in ordinary models)

Rewmedios: structurally robust scenario for strong coupling
- large wmultipoles/small monopoles

- deformed symwmetry
Approximate symwmetries can lead to dim-8 domination in 2—2 processes

Motivation for some QGC searches
Motivation for dim-8 operator classification

New patterns for deviations from the SM

So far the hierarchy problem has shaped our picture of TeV-physies.

Here “Data-driven™ what can we learn from well-measured quantities?



Conclusions

Precision Tests at LHC




Strong transverse vectors: UV?

Through Partial Compositeness?
L = EAANJ“ —+ GFFMVO/W

Marginal dim[J] =3
Relevant if dim|O] < 2
Unitarity dim[O] > 2

Either free or irrelevant

No CFT or Warped Extra-V wmodel exists



Sfrong ’rransverse vectors: UV7

S’rrong fransverse vec’rors Kemedlos

Rewedy to motivate (some) LHC searches

No warped UV wmodel

(Remedios the Beauty was not a creature of this world-
Gabriel Garcia Marquez )




