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Significant pheno. differences, but common framework
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Composite Vectors

The Composite Higgs picture for high energy physics

E
Avh Two sectors exist at some Very ngh (>>TeV) scale Ay
Elementary Sector Composite Sector
SM minus Higgs QCD-like confining theory.
We. B, f No fundamental Higgs.
e T 'No Un-Natural d<4 operators.
M= Atm,, the CS confines. Hadrons” form, among which the Higgs
. Below here, the SM is recovered: m., = Aq.
EW i According to the general tuning formula ...

2 2
2 ASM _ ( T )
500 GeV 500 GeV

.. Naturalness requires m. to be below around the TeV.
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Composite Vectors

The Composite Higgs picture, some more details

Elementary Sector Composite Sector
=gW,J"|Global ¢ D SU(2), x U

SM gauge fields: W', B,. Lt
Coupled by gauging.

SM fermions: maybe coupled
by Partial Compositeness. —————— Resonances

Little relevance for this talk Light Higgs

1. mg<<m,~T1eV
2. Has ~ SM couplings

Higgs must be special, e.g. a Goldstone boson
Goldstone nature not assumed in this talk. Only doublet
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CS resonances expected for each CS operators:
GO SUR), xU(l)y mp J] > J;0 =V =3,6 14
Triplet plus singlet are unmistakably present.

Focus on the triplet: V* = {VT, vV~ V")

Typically there are more because of custodial symmetry:
G D SU2), x SUQ2)r W JJ D J;VDexSURn—(3 1)&(1, 3)

And even more if the Higgs is a Goldstone
G > SO(5) W J7 > ,3)D(2,2)

If Partial Compositeness, the CS carries QCD color:
G > SU3). W J¢ > 8 = KK-gluon
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CS interactions obey a power-counting rule:
| | » Composite fields

7 0 g.H ¢.V gW-— Elementary fields

gz |my my o me mas

m

C:

m .= CS scale. Saturates energy dimensions
gJ. = CS coupling
g = SM gauge coupling. Elementary origin

Power-counting justified by explicit 5d models
and by large-N QCD analogy: g. = 47/V N

Notice: g < g. < 4m. Strongest coupling in the theory
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Composite Vectors

CS interactions obey a power-counting rule:

2'5’ g H ¢,V gW~

gz |my my o me mas

m

C:

Strongest V interaction is with H:

4 3
m o M — M
= yepts, D' H = g.VeH'7,D H
g Ty
by Equivalence Theorem ‘

{WL7 ZL7 h}

V strong coupling to vector
™ Y bosons and Higgs

{WL7 ZL7 h}
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Composite Vectors

CS interactions obey a power-counting rule:
[0 g H gV o gW

gz |my my o me mas

™m

L

Direct CS couplings to fermions generates Yukawas.
Thus, typically negligible for light quarks and leptons.

4

m{:o

Sizeable direct coupling instead possible to t, b.
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A popular “Elementary” model: (Barger et.al., Phys.Rev. D22 (1980) 727)

, Matter and SM Higgs only
| | charged under these groups
SU(2)1 X SU(2)2 X U(l)y

I l SU(2)z = [SU(2)1 x SU(2)2]p

Heavy Higgs in the (2, 2) ey
breaks this to diagonal

All couplings originate from the same inte;action:

LCgWi,frray"fL+H 7D H]

g Higgs and fermions
~ ~g- 2t with same couplings.
g2 Potentially weak.
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Elementary or Composite, general Triplet Lagrangian is:
(kinetic mixing eliminated by field redefinition)

]. a via m%/ a a
_ZD[IUJVV]D[MV ] I 2 V,u Vlu
<~ U 92 a
—|-’igVCHV;HTTaD H + ~—cpV;J}
gv

+ ey canVEVEDI VA 4 ghevy ViV B H — Sevvwea V'Y VRV
rm gp I L ¢ |
['heory ?) > [ - 9 Data

Limits (or discoveries!) on HVT parameters immediately
translated in any explicit model.
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The HVT Framework

Elementary or Composite, general Triplet Lagrangian is:
(kinetic mixing eliminated by field redefinition)

1 2

m

——Dy, VaiDmyre 4 —Yyayma

4] 9 M

: aryrfa AH 92 a TH a
+1gyegVIiH'T™D H+ =—cpV7?J
H gv ok

!‘ P Syasdeth and o Y , a a T ,‘ IPp—— % gaam i a A e

T o CVVV Cabe Vo Vo Ll et m R i et 3 e SV VW E g ” . .'. :

Basic phenomenological viability (e.g.dp <1%) implies:
1. M. ~ M, (essentially degenerate), 5, ~ 2¢,(from PDF)
2. Decays to transverse gauge bosons are extremely suppressed
3.T[Vo - W W] ~T[Vo — Zh| ~T[Vy - WEZ]| ~T[Vy — WEh]
4. Terms in the last line have little impact on the phenomenology



The HVT Framework

Elementary or Composite, general Triplet Lagrangian is:

, (kinetic mixing eliminated by field redefinition)
1 a L vya V a U a
D[ D[ V ] | V“ V

2
T
igverVOH T D H —;’V RV Jh

S e WY

Controls decay to longitudinal W,Z and Higgs:
{WL7 ZL7 h}

{WL7 ZL) h}
Correlated VB and Higgs channels



The HVT Framework

Elementary or Composite, general Triplet Lagrangian is:

, (kinetic mixing eliminated by field redefinition)
1 a L vya Y a U a
——D[“V D[ V ] i V“ V

4

2

—|-Z'chHVIL?HTTal<_§MH g—CFVManwa

gv

"l (]

Mo o T TN ‘? = l-,‘_.- L2 o SIS VAN 4 C__ | - a N ARy B S S ppant S N s el gl & o
+ _ a.b ' Vo1 Ll oot o o IS L e ﬁmﬁ ab ” o /

Controls production, 2-lepton, 2-jet and 3rd fam. decays

7 CF/fL in full generality:

B Cp — {Clac(pCS}
fr

Equal in what follows, but 3rd fam. deserves further studies



The HVT Framework

Example: (our recast)

—g———

__, WZ final state hadronic and

- leptonic searches.

» 2-lepton (lv) search

Model A = Elementary

Model B = Composite
(Contino et. al. JHEP 1110 (2011) 081)

-10 =05 00 05 10
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From the collaborations: W, H,; (cus Pas Exo-14-010)

; CMS Preliminary 19.7 fb' (8 TeV)
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The HVT Framework

From the collaborations: W, /Zje, H 7 @as 1503.08089)
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The HVT Framework

Elementary/Composite comparison

Elementary

Model A

~
——————

500 1000 1500 2000 2500 3000
My [GeV]

3500

Composite

theoretically
excluded

Model B

500 1000

1500

2000 2500
My [GeV]

3000 3500

“Natural” region poorly explored in the Composite case
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Could a triplet explain this?

Boosted hadronic vector bosons,
1W + 1Z selection.

Not even try with the Elementary
triplet (2-lep bound). Try Model B

Events / 100 GeV

Significance
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OaNW

I
N

ATLAS
\s=8TeV, 20.3 b

T r“f

—e— Data
—— Background model

— 1.5TeVEGM W', c =1
20TeVEGM W' c=1
25TeVEGM W' c=1

—— Significance (stat)
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WZ Selection
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Could a triplet explain this?

Boosted hadronic vector bosons,
1W + 1Z selection.

Not even try with the Elementary
triplet (2-lep bound). Try Model B

Hopes

10*

Events / 100 GeV
500

ATLAS

\s=8TeV, 20.3 b

—e— Data

—— Background model

—1.5TeVEGM W', c =1
2.0 TeVEGM W', c =1
2.5 TeVEGM W' c=1

—— Significance (stat)

Il Significance (stat + syst)

WZ Selection

+ 3.40|loc.|, 2.50|glob.

|“IIIIIIII I IIIIIIII I IIIWI_I I IIIIIIII I IIIIIIII L L L1

10
Accounting for events in excess,
with their stat. error, requires: 1
myv [TeV]| gv  |[(6 xBR)y+ [fb]|(c x BR)o [fb]
1.8 |3.95716 4.51 2.04 10~
1.9 |3.37758 4.63 2.09
2.0 |2.81753 4.79 2.16 o
g 3
S 2
Mass-range chosen on the basis < ok
of jet-jet mass uncertainty 2 -

l l l I l l l l

I l l l l I l l l l I l l l I _

Swrz=LA|(c XBR)y+€ws_ws

1.5

+ (O' X BR)VOGWW—H/VzI I

2 2.5 3 3.5



Hopes

Could a triplet explain this?

Compatible with other selections
(less performant, mainly WZ sign.)

Events / 100 GeV

Significance

10*

ATLAS —e— Data

\s=8TeV, 20.3fb" —— Background model B
— 1.5 TeV Bulk G, k/M,, = 1

2.0 TeV Bulk G, k/Mp, = 1
—— Significance (stat)
B Significance (stat + syst)

WW Selection

¢_

il| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| [ 111

o
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Hopes

Could a triplet explain this?

Compatible with other selections
(less performant, mainly WZ sign.)

Combination impossible with
ATLAS public results

Events / 100 GeV

Significance

10*
10°
107

10

= ottt

= ATLAS —e— Data

;_ s=8TeV, 20.3 fb™ —— Background model

= — 1.5 TeV Bulk Gg, k/M, = 1
2.0 TeV Bulk G, k/Mp, = 1

: | "\ﬂ"”l SR IR B B

—— Significance (stat)
B Significance (stat + syst)

+.T. ZZ Selection
e

I I




Hopes

Other di-boson searches exclude the putative signal®?

CMS boosted W/Z. No attempt to a’) i —— Observed
distinguish. Assume same accept. = IR Expected (68%)
| "a ----------- Expected (95%)
Signal can account for the —
(44 b} N '
CMS excess” (< 20) N\ 107E
\% F S
s
-2
9 10
b .....
10'3§
B | | | | | | | | | | | | | | | | | | | I

1 1.5 2 2.5 3

BRyy s 1a
(0 xBR)er = (0 x BR)y+ + BRVZV_;]T j (6xBR),o esonance mass [TeV]
—ha




Hopes

Other di-boson searches exclude the putative signal?

1 e e s e e e

CMIS Zi, + Z Reitorpretation ©)
of the Graviton limit I T Feib apedsiy |-
I O FroquonitCL, xpoctedazo |-

Notice important combinatorial
factor of 1/2

| 1 | | | | | 1 | I | | | | I | | |

600 1000 1500 2000
(0 x BR)egr = BRw —had (o x BR)y+ Resonance mass [GeV]

- 2BRz_pad



Hopes

Other di-boson searches exclude the putative signal?

CMS Wiep. + Zhad.is the most | "_._[

constraining one. ZiﬁﬁZfiIIIﬁiﬁfZéﬁﬁﬁﬁIIZﬁZIIﬁﬁﬁiﬁiiﬁﬁﬁiﬁﬁ]ﬁﬁi ......... FrequemistCL:expectedi10
................................................................ oA sz

Signal not excluded mainly 107 .

because of combinatorial 1/2

102

10°E
o | ........ e i.:
800 1000 1500 2000 2500

BR ad €
(6 X BR)egr = (0 X BR)y0 + BRVZV_H; z 215 (0% BR)ViResonance mass [GeV]
—na



Hopes

Final states with the Higgs:

CMS combination of several
channels in the HVT framework

f) 10¢ — 19.7 fb! (8TeV)
- —— Observed
= _ - Expected (68%)
B E e Expected (95%)
T E
E/ n
e 107F
an F
X I
@
10°=
1 0'3 | | | | | l | | | | I | | | | | |

1 1.5 2 2.5
Resonance mass [TeV]



Hopes

Final states with the Higgs:

CMS combination of several
channels in the HVT framework

Combination does not include
Wlep. + hhad.With ~ 20

CMS Preliminary e+y combined 19.7 6" (8 TeV)
: L] L L] 1] 1] L L3 1] I ’ :

o 10 I
& ——@—— FullCL_ Observed
f SRRRsssssRse  FullCL, Expected + 1o
............. Full CL. Expected + 20
g >
T e HVT B{gva3):xsec  * BR(W — WH)
-; L] : I LH model:xsec,, " BR(W — WH)
E’ m
m }-
" “°
N
v 107k
102} =
1 0'3 1 1 1 I 1 1 l 1 1 l |
800 1000 1500 2000

19.7 b (8TeV)

I T TTTTI

| IlIIllll

CMS —— Observed

- Expected (68%)
Expected (95%)

I | | |

| l |
1 1.5 2
Resonance mass [TeV]




Hopes

Dileptons are well under control.
Model might account for CMS excess. Not for 2-] excess.

20.6 fb' (8 TeV, uw) + 19.7 b (8 TeV, ee)

A‘I 0_4 — | | | | G ‘L | | | | | | | | | | | | | | | | | | | -
§ s [ I I [ [ [ E
T : CMS oo e Median expected 7]
o~ i " ' 68% expected |
™ = 95% expected
Lio*E E
=) T L'y E
E """ ZL'ssm i
3 —— 95% CL limit -
= s
r 107 E =
o4 — -
+ L .
N n _
1 B )
o
Qo
o107 £ —

- | | | | | L1 | | I I | I I B | | |""n1 | | 'T. L1 1 :

500 1000 1500 2000 2500 3000 3500

M [GeV]



Conclusions

 The HVT framework:

Defines a comprehensive search strategy for triplets at the LHC
Contributes to liberate our field from benchmark models plague!

» Composite HVT are robust signatures of CH scenario

Relevant for “Naturalness”, or “Un-Naturalness”, searches
Poorly constrained by run-1 data

« ATLAS excess:

Can be accounted for by Natural and plausible New Physics
To be confirmed or disproven in the next few months
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Defines a comprehensive search strategy for triplets at the LHC
Contributes to liberate our field from benchmark models plague!

» Composite HVT are robust signatures of CH scenario

Relevant for “Naturalness”, or “Un-Naturalness”, searches
Poorly constrained by run-1 data

« ATLAS excess:

Can be accounted for by Natural and plausible New Physics
To be confirmed or disproven in the next few months

New physics might be still waiting for us at 13TeV.
Run-2 has started and we must take the best out of it.
Not yet time to “relax”.




