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Two body resonances

 Theoretically quite simple:
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the cross-section is determined from the branching ratios of X.
Observable signals (if narrow width):
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« Example: scalar at 13 TeV [Franceschini et al. 1604.06446]
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 Peak around the invariant mass of the resonance.
Final state gives informations about spin, parity, ... (e.g9. vector - )



Sketch of the talk

» Scalar singlets: diboson and di-Higgs

* The diphoton “resonance’

* An explicit model: the NMSSM

* \ector resonances: beyond the simplest scenario

A composite model with scalars and vectors



Scalar singlets



Scalar singlets

e |f a CP-even scalar, the mixing with the Higgs boson can be sizeable:

» can be singly produced
» decays to SM particles

» modified Higgs couplings

y

V2

S =uvg + s

\

H— (’LT('—'_ v"‘ho—l_iﬂ-o

)

>
mass eigenstates

e

(h = hY cosy + sV sin~

\

¢ = s cosy — h’sin~

V =y H? + A |H|* + 125% + £3S% + AsS* + Aus S H|? + ks S|H|?



Scalar singlets

e |f a CP-even scalar, the mixing with the Higgs boson can be sizeable:

» can be singly produced
» decays to SM particles :zésmv < ? 555
» modified Higgs couplings

- ( N v+h0+i7ro)
= (im T,
V2 > {

S = vg + s° mass eigenstates

y

(h = hY cosy + sV sin~

O = sY cosy — hYsin~y
\

The phenomenology of ¢ mainly depends on 3 parameters:
(ignoring effects of higher dimensional operators)

Kb = C,QY X HSM

Hosvv.pf = 52 X pgm(me) X (1= BRg—nn),
2
2

Ho—hh = Sy X osm(me) X BRghn,

¢ is like a heavy SM Higgs, with narrow width + hh channel



Scalar singlet decays

* At high mass the equivalence theorem relates the decay widths
1 1
BR¢_>hh ~ BR¢_>ZZ — §BR¢_>WW ~ Z, meg > mp,
(these are the dominant channels, fermionic modes suppressed)

= Phenomenology roughly determined just by my and Mns at high mass!
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Scalar singlet decays

* At high mass the equivalence theorem relates the decay widths
1 1
BR¢_>hh ~ BR¢_>ZZ — §BR¢_>WW ~ Z, meg > mp,
(these are the dominant channels, fermionic modes suppressed)

= Phenomenology roughly determined just by my and Mns at high mass!
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Direct searches: VV & hh

« Several LHC searches for resonances in the WW, ZZ, hh channels

* Run-I limits still stronger below ~ 1 TeV (but Run-Il almost comparable)
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Projections for the future

How to get fast estimates of the reach of future machines?

» Rescale 8 TeV LHC data with the parton luminosity of the bkg

see also Salam, Weiler '14: Thamm, Torre, Wulzer '15

The limit on the cross-section is mainly determined by the number
of background events around the resonance peak
DB, Sala, Tesi 1505.05488
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These results are valid for any scalar resonance decaying to V'V, hh



Singlets: direct searches at the LHC

, M2, —m? .
siny? = —4b—*n M, < v? depends only on EW physics
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Considering both ¢ — V'V and ¢ — hh the combined reach does
not strongly depend on BRy xp [DB, Sala, Tesi 1505.05488]



Singlets: direct vs. indirect

The mixing with ¢ induces modifications in the 125 GeV Higgs couplings

A , M?Z, —m?
P sin?y = —hn " Tk
[DB, Sala, Tesi 1505.05488]
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Diphotons



Facts about the diphoton excess

« 8 TeV: small fluctuations at 1-2 o, but no significant excess

e 13 TeV: excess of events at the level of 3.5-4¢

¢ BOth ATI_AS aﬂd CMS Production ag uu dd 3SS CC bb | VY

mode

* No other hard activity in o13/0s | 4.6
the events

150

* A naive combination, assuming

gluon-fusion production: 10}
B 11.2 =
1 (13TeV) = 47712/ S
DB, Greljo, Marzocca 2016] 5 " ATLASgqey weee -
' ATLAS{3Tey ===
CMS omb —_ ]
see also Franceschini et al. 2015 Comlfination —_— | ]
Falkowski et al. 2015 oL LA
... many others... 10 15

o131ev XB(S—yy) [1b]



The minimal framework: only loops

Qg Q

L= GO Gk
CG127Tm¢¢ pv

(e WL W 4 5B, B)
Cy = CB COS by, + cyy sin by,

[s ~ (4.1c + 0.022¢% + 0.064c;;,) x 1072 GeV

A simple realisation:

‘everybody’'s model”

Dijet bound:
o(jj) <1.8pb = cg <12




The minimal framework: only loops

« «
L=c & G G
G127Tm¢¢ HE | 47Tm¢

Other decay channels:

Mz~ 2(1 — RWB)2 tan2 HW

[y (1 + Rwn tan? Qw)Q 5

pzz _ (tan?Ow + Rwp)’ :

oy~ (1 ‘|‘RWB tan2 Hw)2 °
HW W _ QRYQ/VB

[y~ (cos? Oy + Ry g sin? Oy )2

(Rws = cw/Cg)

/Y searches @ 8 TeV.

O'(Z’y) <56fb = Rwp Z —1.1

¢ (cwW,, W' + cgB,, B")




The minimal framework: only loops

« «
L=c & G G
G127Tm¢¢ HE | 47qu5

Other decay channels:

Mz~ 2(1 — RWB)2 tan2 HW

[y (1 + Rwn tan? Qw)Q 5

pzz _ (tan?Ow + Rwp)’ :

oy~ (1 ‘|‘RWB tan2 Hw)2 °
HW W _ QRYQ/VB

[y~ (cos? Oy + Ry g sin? Oy )2

(Rws = cw/Cg)

/Y searches @ 8 TeV.

O'(Z’y) <56fb = Rwp Z —1.1

¢ (cwW,, W' + cgB,, B")




A generic scalar: other (tree-level) SM couplings

¢ _ ¢
L= Cvm—¢ (mQZZMZ“ + Qm%VWJW “) -+ cfm—¢mfff
2
L2 <dhc‘9uh8“h - ch%h2>
mey 2

* Main decay widths: ¢ Singlet: cv ~ ct

Ly 7z =~ ct X 6.8GeV
F¢—>WW ~ C%/ x 13.9 GeV,

Tg—nn ~ (dn +0.029¢;)? % 6.3 GeV  Other SU(2) representation:
5 charged states at ~ 750 GeV
I'y_15 >~ c; X 3.3GeV

e Pseudo-scalar:cy =0

e (Contribution to yy and gg also from SM loops:

Ty = |y + (—0.74 + 0.940)cy 4 (0.40 — 0.99%)¢y|* x 2.3 x 107° GeV
2

3
0.59 + 1.54)c;| x 4.1 x 1072 GeV

Lp—sgg = |Cgg + Z(

It is not possible to get the yy signal only with SM particles: T';; = 10my



Experimental bounds

Run-I limits still stronger at 750 GeV (but Run-Il almost comparable)

Observed limits on o x BR from
various resonance searches:

Channel |ATLAS [fb] CMS [fb]
A% 1.3 2.2
il 1800 —
/7 27 12
VAY, — 9
WW 220 38
hh 52 35
tt 600 700
Invisible - 3000

5
T 0.100¢
<
o
as
S 0.010]
E
—
2 0.001
Q.
- B
L4 [DB, Greljo, Marzocca 1512.04929]
10~ 0.001 0.010 0.100 1

BR(S—yy)

Assuming a diphoton signal that fits the
excess: limits on BR's



Large width

113 TeV = Opp—¢p X B¢—>’YW ~ 0.3 X 10_5 (

exclusion

40F
30}
Dijet <20 I

10[

Dijet
exclusion

O 5 10 15 20 25 30 35

CG

)cgfbgl.aax 10° fb

* Alarge width (~ 45 GeV) can be only into tt or invisible!



Supersymmetry



SUSY: the NMSSM
W = Whssm + ASH Hy + f(S)

« MSSM + a scalar singlet: 3 CP-even states (h,H,S), 2 CP-odd (A, P)

= Interesting limit when one doublet is heavy: h —S mixing

A simple case analogous to the one already discussed



SUSY: the NMSSM
W = Whssm + ASH Hy + f(S)

« MSSM + a scalar singlet: 3 CP-even states (h,H,S), 2 CP-odd (A, P)

= Interesting limit when one doublet is heavy: h —S mixing

A simple case analogous to the one already discussed

* Extra tree-level contribution to the Higgs mass
M}%h — m%cgﬁ —|_ )\2?]2336 —|— AQ
* Alleviates fine-tuning of the electroweak scale for A ~ 1 and small tan 3

cot 26 1
Sv° ~ o X i 5v° ~ — X 1h°
NMSSM A MSSM ¢

2

* Non-perturbative regime at high scales (100 — 1000 TeV) it A > 0.7



SUSY: the NMSSM

* Recast the bounds for a generic singlet in the (Mnn, Mmg) plane

M7, = mQchﬁ + )\202335 + A?

200

400

600
¢ [GGV]

800

1000

A ~70-80 GeV
(fixed by stop masses

and A terms < TeV)

DB, Sala, Tesi 1505.05488]

A=0.7
M/ psm

> SM

200

800

1000



The NMSSM with vector-like matter
 (Can the singlet of the NMSSM be responsible for the yy excess?

= Need for extra matter! Can this be motivated by fundamental arguments?

* SUSY particles in the loop
not sufficient (unless more

Add 1 generation of vector-like matter: complicated final-state)

B OH.D. 1 a3
AW = A\gSH, Hy + Z AiS Qi P; + 3 5 [Barbieri, DB, Hall, Marzocca 1603.00718]

scale invariant potential

e Masses of vector-like fermions
Mg, = \jvsg (and pug = Agvs)

 Assume all the Yukawa couplings
get large at a common scale A

unification not necessarily spoiled




The NMSSM with vector-like matter

= The gauge couplings unify at a = [fA~104-107 GeV,
semi-perturbative value from RGE running one gets
60: - : : : : — }\H ~ 06 — 1

s0f

Higgs mass naturally
reproduced!

4of

20f
180

A,e[75.85]1GeV
NNel15V4n] ]

10F

| | MSSM+VM 170
10° 108 10™ 1014 1017
p [GeV] 160

mpo [GeV]
= O
(@) -}

130f

120}

[Barbieri, DB, Hall, Marzocca 1603.00718] 1104 — |
logloA/lGeV



Pseudo-scalar phenomenology: diphoton

 Diphoton: scalar or pseudo-scalar?

u(pp=P-yy)i31rev BP—-gg)~" [fb]

S mixes with h: LS — 22) — 3 x 10°
L(S = y7)

. . ['(P — tt) 6

P mixes with A: — 2 x%x 10
(P — vv)

-- Limit mp<<2Mf
— Full, A=10°GeV |
— Full, A=10°GeV

— Full, A=10*GeV |

2

87 < < -3 :
’C ‘2 ~J 6 = SV ~ 10 ‘CW’Y| X
Yy
33 2
<300 = s <107 t5|CW7’ ¢

t%|¢w’2 ~

mp mp
Cgg,yy ™ E :)‘i — E :
Mi Vg

= Diphoton signal can be
reproduced for vs ~ TeV

59 <0.05 = BR(P — t) <20%

pww ~ 251b
nzz ~ 101b
Mz~ ™ 1.51b




Scalar phenomenology: diboson

. . . M2, —m?
» The real scalar mixes with the Higgs, 2 = —— "k ~ 1072+ 107

mg — My,

 Mass predicted in terms of the parameters of the potential (vs, K)

2
L m
[Barbieri, DB, Hall, Marzocca 1603.00718] mg = 4r20? — ?P
I Fo> ' ]
1400 LW\
1200 -
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Scalar phenomenology: diboson

. . . M2, —m
» The real scalar mixes with the Higgs, s> = mgh mzh ~ 1072 +10""°
S '

 Mass predicted in terms of the parameters of the potential (vs, K)
2

[Barbieri, DB, Hall, Marzocca 1603.00718] me = 4k°v> — =

1/

1400 ||

— K not too large from

1200 boundary conditions at A

1000} P s

v, [GeV

800 |
Signal in ZZ expected soon,
iIn any case in Run-|I!

600 |

@ ATLAS
@ CMS

400 - | -
* 5] * The other doublet is heavy,
200 — ma~1—-2TeV
500 1000 1500 2000

mg [GeV]



Composite scalars
and vectors



Heavy vectors

* Simple parametrisation: HVT [Pappadopulo, Thamm, Torre, Wulzer 2014]

1 m2 a a a a - a a
Lyt = =7 D VgDVt 4 ZLVIVE 4 g Vi (H T iDH) + Vg 4 ...




Heavy vectors

« Simple parametrisation: HVT [Pappadopulo, Thamm, Torre, Wulzer 2014]
1 rVia m2 a a a a - a a
Livr = =1 Dy Vg DUvIe 4 ZXvevee g ve(H'y iD, H) + V! JHe 4

bounded by LEP data:
e S parameter
e /ff couplings

e |[fVff couplings tlavour-universal,
no effect on Z termion couplings
[see e.g. 1402.4431]
* |V couples mainly to 3rd gen.

strongest bound from Zbb
[see e.g. 1506.01705]



Heavy vectors

« Simple parametrisation: HVT [Pappadopulo, Thamm, Torre, Wulzer 2014]
1 vla m2 a a a a - a TLa
Livr = — Dy VDIV + ZXVavee fggVyi(H' T iD,H)+ V! JH g

bounded by LEP data:
e S parameter
e /ff couplings

only term responsible
for V-diboson couplings

gvmy

NV —>WW)~T'(V — Zh) ~ + .. | |
1927 * |f Vff couplings flavour-universal,
Main production mechanisms: no effect on Z fermion couplings
VBF and Drell-Yan [see e.g. 1402.4431]
(the details depend on the model) * It V couples mainly to 3rd gen.
T T strongest bound from Zbb
: r =01 1402.4431 i [see e.g. 1506.01705]
10'} T
§ 10°i m_,,:—,::::::::::’—'—: """
S : --".:::u.-usﬁ‘ """
= I e LHC@8TEV
------------ LHC@14TeV ]
0_2; LHC@100TeV |
by ' 05 ‘




Opy/OVBE

Heavy vectors

« Simple parametrisation: HVT [Pappadopulo, Thamm, Torre, Wulzer 2014]
1 vla m2 a a a a - a TLa
Livr = — Dy VDIV + ZXVavee fggVyi(H' T iD,H)+ V! JH g

bounded by LEP data:
e S parameter
e /ff couplings

only term responsible
for V-diboson couplings

™m
(V= WW)~T(V = Zh) ~ 2LV , |
1927 * |f Vff couplings flavour-universal,
Main production mechanisms: no effect on Z fermion couplings
VBF and Drell-Yan [see e.g. 1402.4431]
(the details depend on the model) * ItV couples mainly to 3rd gen.
T P _ strongest bound from Zbb
? cr =01 1402.4431 i [see e.g. 1506.01705]
10'} _...—‘ ,,,,,,,
O e LHC is now really starting to probe the
21 i interesting region of masses > 2 TeV
o == Il e L HCeSTeY
------------ LHC@14TeV ] .
o0l ~ ——— LHCel00TeV | see previous 2 talks
0.1 0.5 1




Vector-like confinement

* A new strongly interacting sector with confining gauge group SU(Ntc)

confines
at/\ ~ TeV

elementary
TC fermions



Vector-like confinement
* A new strongly interacting sector with confining gauge group SU(Ntc)

* Global flavour symmetry SU(NF) x SU(NF), spontaneously broken

SU(NF)L x SU(NF)r x U(l)v

confines
at/\ ~ TeV

elementary
TC fermions

SU(NF)v x U(I)v




Vector-like confinement
* A new strongly interacting sector with confining gauge group SU(Ntc)
* Global flavour symmetry SU(NF) x SU(NF), spontaneously broken

* Higgs not necessarily part of the composite sector (but could be)

SU(NF)L x SU(NF)r x U(l)v

confines

SMgauging at A ~ TeV

elementary
TC fermions

SU(NF)v x U(Dy




Vector-like confinement
* A new strongly interacting sector with confining gauge group SU(Ntc)
* Global flavour symmetry SU(NF) x SU(NF), spontaneously broken

* Higgs not necessarily part of the composite sector (but could be)

SU(NF)L x SU(NF)r x U(l)v

SM gauging confines
E— at \ ~ TeV
mixing
TC
qr,tr aryons elementary

TC fermions

SU(NF)v x U(Dy

- pNGB: 7=, 7% 7, - = \ector mesons: o=, p°,w, ¢, - -



Diphotons from pions

* Chiral symmetry breaking SU(Ng) x SU(Ngp) — SU(Npg)
N2 - 1 (pseudo) Goldstone bosons

Lopr = f; (Tr [(DMZ)T(DME)} + 2B, (Tr[MY)] + Tr[MTZT]))

2 | _
> = exp (%t“w"’) Goldstone matrix, M = diag(my,) (ih;) = — [?Bodij

[see also Redi et al.

e Chiral anomaly: <L > —— 1 o NpTr[tte b Fe B 1602.07297]
y WZW 1672 f TcTr| ] pv L pv
92 3 HIANU
_ a“Nrc¢ n~21 T — Model I-A
Fn—yyfy — 327T3 Tr[t Q ]_27 ol _ i/l/[gg:HI__BA’B
2 3 | |
_asNre a4

Fitting the diphoton signal
f~ (70 +-80GeV) X Ny

N
013 Tev*B(77=> )13 Tev [1b]

100 150 200 250 300 350 400
f [GeV]



Interlude: flavour

e QOther 3 recent anomalies, at the level of 3—40: violation of Lepton
Flavour Universality in B decays (to D, D7, and K)!

 (Can be explained by the tree-level exchange of vector resonances

coupled to third generation leptons and quarks

|DB, Greljo, Isidori, Marzocca 1604.03940]

0.2F

0.0

—0.2}

son —0.4F

(_) I
>

— 1.2t -
-0.1 00 0.1 02 0.3

—0.6f
—0.8¢f
—1.0f

Ry = (R -1)/2

[Greljo, Isidori, Marzocca 2015]

* Perfect fit to experimental data (flavour
+ diphoton) in vector-like confinement

» Consistent with a weakly broken U(2)%
flavour symmetry

* Large couplings to 3rd generation
fermions required



An explicit example

* Fermion content: @ ~ (N,3,1)y,, L~(N1,2)y,

o Symmetry breaking: SU(5)r x SUR(5) — SU(5)y 24 pNGB

Flavour structure | Ggyp irrep pNGB Mass m?
vV (QQ) (8,1,0) 2Bomg
U (LQ) (3,2,Yo—Y1) | Bo(mr + mq)
r (L) (1,3,0) 2By
n  3(LL)—-2(QQ) | (1,1,0) s Bo(3myz, + 2mq)

e Baryons with SM-fermion quantum numbers:

‘LLL>(1,2¢%)7 ‘QQL>(3 1,—2)
(Yo,Yr) | Rzy Rzz Rww
* Other decay channels A: (-2,4) | 6.7 11 37
B: (0,—%) | 5.0 9.1 34

all these predictions are model-dependent.



Vector mesons

1 - 1 -
|,0a>(1,3,0) — ﬁ!waw% ‘W>(1,1,0) — EWW,

» Mass of the vectors:  mi, = cg(4nf)* + ¢{Bo(m; + my), (con < 1)

 Coupling between vectors and baryons in the strong sector
Ysm
Lo = gplag Byy* B + ag Bey" Be)w,, B
S~ N 07l rule
induces a coupling with SM fermions, —
if they mix with the TC-baryons B

* Exchange of vectors contributes to processes involving heavy
fermions, both at low (flavour observables) and high (LHC) energies

an




L HC phenomenology: p mesons
Due to large coupling, vector mesons decay mainly into 3rd gen. fermions.

9; 94
; g
Loosrtr=—@rmn) = g6 e Lpospben = 55 M-

» p Is expected to be a broad resonance

Decays to pairs of pNGB through TC
Interaction can also be sizable:

2 2
9orn dm:
Lpomm = 1927 P (1  m?2 ) ’

P
(£ = P copeppm0um”)
gy [DB, Greljo, Isidori, Marzocca 1604.03940]

» Main production channel: bb — p° single production.
For g, =5, m, = 1.7TeV, one finds oy /0ua = 7.



LHC phenomenology: o — 77
ATLAS search for Z’ decaying into 77—, 1502.07177
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o For large masses (above ~ 1.5 TeV), basically one bin in total
transverse mass: ml . > 850 GeV.

o 95% C.L. exclusion above 1.5 TeV: o < 4fb (7fb) for a narrow
width (20% width).



LHC phenomenology: o — 77

: : : T [DB, Greljo, Isidori,
Recast the exclusion approximating m;,, ~ M : Marzocca 1604.03940]

Oppser - (1D)

7+ 77 invariant mass
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Cross-section o(pp — p — 77), for m,. > 850 GeV

ATLAS bound: ¢ 2 4 +~ 7fb. The relevant region above ~ 1.5 TeV still
allowed, but will be probed soon!

A detailed recast for large width would be useful to get precise bounds...



LHC phenomenology: p —bb

 Large couplingtot, b: p” — bb can be another relevant channel

19.7fb" (8 TeV)
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02 N, . = 2 e If g, ~ g it could become an
E : interesting channel soon!
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Summary Other decay channels

| 2y, LZ, WW, ... yy + X "who ordered it?"
Vector resonances: measure its properties 0

+ composite Higgs

+ extended gauge group
Interesting region
above ~ 2 eV

Dibosons

Diphotons
WW, ZZ, hh

l Additional states:

Scalar singlets: how to find them?

+ SUSY extra Higgses

+ Twin HIggs |
relation with Fermions
Higgs couplings 1T, bb,

+ composite Goldstones

v
Flavour anomalies



