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• La descrizione della rottura elettrodebole nel MS è corretta? (anche GdL SM)

• La descrizione della rottura elettrodebole nel MS è completa?

La comprensione della scala elettrodebole

V = µ2|H|2 + �|H|4
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La comprensione della scala elettrodebole

• M	 = O(1016 GeV)
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La comprensione della scala elettrodebole

• M	 = O(1016 GeV) SU(3) SU(2) U(1)

L 1 2 -1/2

e 1 1 1

Q 3 2 1/6

u 3* 1 -2/3

d 3* 1 1/3

SO(10)
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La comprensione della scala elettrodebole

• M	 = O(1016 GeV)

• Teoria dei campi m2
H ⇠ �2µ2 +

g2

(4⇡)2
M2
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La comprensione della scala elettrodebole

• M	 = O(1016 GeV)

• Teoria dei campi

• La comprensione della scala elettrodebole richiede nuova fisica a mNP « M
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La comprensione della scala elettrodebole

• M	 = O(1016 GeV)

• Teoria dei campi

• La comprensione della scala elettrodebole richiede nuova fisica a mNP « M

• 3 commenti

m2
H ⇠ �2µ2 +

g2

(4⇡)2
M2
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1: l’upper bound su mNP è soggettivo

• Chiara relazione tra la scala elettrodebole e la scala di nuova fisica

• Ma ogni valore di mNP è possibile pur di accettare una cancellazione 

!

 
Esempio: 
mNP > 1.5 TeV		 ↔ 	 	 Δ > 10 
mNP > 5 TeV	 	 ↔ 	 	 Δ > 100

� &
⇣ mNP

0.5TeV

⌘2
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1: l’upper bound su mNP è soggettivo

• Chiara relazione tra la scala elettrodebole e la scala di nuova fisica

• Ma ogni valore di mNP è possibile pur di accettare una cancellazione 

!

 
Esempio: 
mNP > 1.5 TeV		 ↔ 	 	 Δ > 10 
mNP > 5 TeV	 	 ↔ 	 	 Δ > 100

• Nota: 

� &
⇣ mNP

0.5TeV

⌘2

mNP x 2   →   Δ x 4
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2: il bound su Δ è model-dependent

• Caso “supersoft” 


!

• Caso “soft”


!

E.g. la supersimmetria è soft, con M = scala di mediazione 

!

 
Supergravity: M = MPl, log ≈ O(70) ⟹ mNP ~ MZ... 
Possible message: low M

� ⇠
⇣ mNP

0.5TeV

⌘2

� ⇠
⇣ mNP

0.5TeV

⌘2
⇥ log

✓
M2

m2
NP

◆

� ⇠
✓

mNP

0.5TeV/
p
log

◆2
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 few %

minimal sugra (≠ supersymmetry)
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3: l’argomento assume che

la scala elettrodebole possa essere compresa in termini di fisica a M ≫ mh 

• se non fosse così? 
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• e.g. non c’è nulla a scale M ≫ mh 	 	 (finite naturalness) 
- doloroso (e la gravità?) ma 
- tutto non lontano dal TeV 
- nuR, DM, ... → m ≲ TeV
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3: l’argomento assume che

la scala elettrodebole possa essere compresa in termini di fisica a M ≫ mh 

• se non fosse così? 

• e.g. non c’è nulla a scale M ≫ mh 	 	 (finite naturalness) 
- doloroso (e la gravità?) ma 
- tutto non lontano dal TeV 
- nuR, DM, ... → m ≲ TeV

• e.g. c’è vita a M ≫ mh ma no riduzionismo: selezione antropica 
- pure doloroso ma 
- unificazione, DM al TeV preservabili
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• LHC-II: concrete chances di vedere i primi segnali


• Se sì: occorre comunque andare ad energie più alte? saranno conclusivi? 


• Se no: quali deviazioni possiamo aspettarci per i coupling dell’Higgs?


• Se no: che spazio rimane per la fisica naturale? Quali benchmark motivati?


• Composite Higgs, modelli semplificati (e.g. top-partner single prod)


• Supersimmetria con bassa M e un singoletto (e.g. settore Higgs)


• ...

Se Δ è rilevante
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• È possibile stabilirlo? Δ > 100? Δ > 10000? 


!

• Se non è rilevante: cosa c’è di sbagliato?


!

• Conseguenze?

Se Δ non fosse rilevante
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OBIETTIVO	  GRUPPO	  BSM
• Ricerca diretta di nuovi fenomeni non previsti nel modello standard	


– ricerche indirette trattate in collaborazione con GdL di Precisione e di Sapore	

!

• Produzione diretta tipicamente cercata nei collisori adronici	

– Aumento di energia per accedere a nuovi canali di produzione	

‣ Nessuna scoperta implica particelle sono piu` pesanti	


– Aumento di statistica per essere sensibili a particelle poco interagenti	

‣ Particelle ci sono ma con sezione d’urto piccola	


!

• Alternative	

– collisori leptonici se si sa dove cercare	

– targhetta fissa se si sa cosa cercare	

!

• Non ripetere studi fatti negli ultimi 2 anni	

– documenti pubblici già disponibili in diverse forme e livello di dettaglio

11



RICERCHE	  DIRETTE	  A	  LHC
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SPS8 model of GMSB supersymmetry.

These limits are the most stringent for long-lived neutralinos.239
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TENTATIVO	  DI	  RIASSUNTO

13Circa 200 articoli di ricerche a LHC finora
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discovery reach from ⇠1050 to ⇠1250 GeV comparing 300 and 3000 fb�1.

5 Conclusions

The sensitivity to heavy SUSY particles will be increased significantly when the centre-of-mass-energy
of the LHC reaches a value close to the design of

p
s = 14 TeV. Feasibility studies on two benchmark

SUSY scenarios, stop pair production and chargino neutralino production, are carried out with 14 TeV
MC samples and by applying detector response corrections to generator level particles. An increase
of integrated luminosity from 300 fb�1 to 3000 fb�1 extends the sensitivity potential for stop quarks
decaying in top and �̃0

1 by about 200 GeV, and by about 300 GeV for �̃±1 �̃
0
2 production assuming �̃±1 (�̃0

2)
decaying via W(Z) and �̃0

1. In addition projections from existing 8 TeV analyses are pursued for pair
production of sbottoms and pair production of charginos, showing improvements of the discovery reach
by 200 GeV and 150 GeV for the two cases respectively. Future improvements in the understanding of
experimental and theoretical systematic uncertainties on the SM background would provide additional
potential for sensitivity gains at high luminosity on SUSY scenarios reported here and beyond.
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BASELINE:	  ALTA	  STATISTICA
• Piano attuale per CERN e nella strategia europea	


– Accumulare 3000 fb-1 con LHC a 13-14 TeV 	

‣ Sezione d’urto incrementata di diversi fattori  

a seconda del processo d’interesse	

‣ Aumento di statistica circa x100 rispetto ai  

dati del 2011-2012 a 7-8 TeV	


• Studi esistenti con simulazione dettagliata 	

– Presentati a Strategia Europea e Snowmass	

– Accoppiamenti dell’Higgs finora forza trainante	


• Studi da fare per BSM con alta statistica	

– Esplorare varianti di supersimmetria o Higgs composito 	

‣ particelle non troppo massive e quindi piu` sommerse dal fondo modello standard	

‣ particelle con vita media non-nulla	


– Interpretazione delle deviazioni nelle misure di precisione	

– Stimare sensibilità a particelle più leggere come ad esempio neutrini sterili	

– In generale studiare come sfruttare ulteriormente e  al meglio la mole di dati	

‣ Esperienza alla b-factory di imparare a fare di piu` strada facendo

14



ALTERNATIVA:	  INCREMENTO	  DI	  ENERGIA
• riferimento esistente: Very Large Hadron Collider a 100 TeV	


– Senza dubbio raggiungere energia piu` alta possibile e` desiderata	


• Studiare alternativa di aumentare  energia di LHC nel tunnel attuale	

– relativamente pochi studi teorici e sperimentali in letteratura	

– Ipotesi da studiare	

‣ Non si vedono risonanze nuove a 14 TeV	

‣ Si vede una risonanza di di-jet o di-leptoni con larghezza ≲ 10%	


‣ Indicazioni di decadimenti invisibili dell’Higgs al 10%	


– Vale la pena andare a 18, 22, 33 TeV? 
‣ quali e quanti benefici in ciascuna ipotesi?	

‣ quanto si perde per studi di precisione dell’Higgs? 	


– ma soprattutto, è fattibile?	


• Vero problema e incognita da capire: sfida tecnologica	

– stato dell’arte dei magneti e prospettive su scala temporale	

‣ Non solo sviluppo ma installazione e messa in funzione prima di alta statistica

15



GUADAGNO	  CON	  ENERGIA
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RISONANZE	  ADRONICHE
• Abbondante produzione a macchina adronica	


• Stato finale adronica con branching fraction grande	


• Esplorazione di masse ed accoppiamenti in base a energia e statistica 
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).

20 New Particles Working Group Report

In the context of supersymmetry, Z 0 can play an important role, such as the solution of the µ problem and
the mediator of the supersymmetry breaking. Z 0 decaying into superpartners can be an important discovery
channel.

In addition to Z 0 minimal gauge couplings to the Standard Model fermions discussed here, gauge-invariant
anomalous (magnetic moment type) couplings with the known fermions could also be present. The dilepton
final states, like e+e� and µ+µ�, are still the most clear channels. The reach of this scenario at hadron
colliders have been presented in [70]. For example, with integrated luminosity of 3 ab�1, pp collider at 14(33)
TeV can discover such a Z 0 up to 6(13) TeV.

1.3.3.2 New hadronic resonances
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Hadron colliders are also ideal for searching for new leptophobic resonances by looking for a peak in the
dijet invariant mass distribution. Aside from serving as a standard candle for understanding experimental
issues such as jet energy resolution, these searches are strongly motivated in theories with a new U(1) baryon
number gauge symmetry, coloron models, and models of Universal Extra Dimensions (UED). The discovery
reach in the coupling–mass plane [96] for LHC and HL-LHC, a 33 TeV pp collider, and a 100 TeV pp collider

Community Planning Study: Snowmass 2013

From snowmass report arXiv:1311.0299
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MATERIA	  OSCURA	  A	  LHC

• Increased LHC energy in 2015 critical for  
searches in Run II	


• High-Luminosity LHC provides an opportunity  
for Higgs to play a crucial role for dark matter  
(if not found yet!)

18
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Figure 2: Projection of 90% CL spin dependent and spin independent limits for the DM-nucleon
scattering cross section as a function of Mc with 3 ab�1 at 14 TeV, with CoGeNT [8], SIM-
PLE [28], COUPP [29], CDMS [10, 30] and XENON100 [7] results. Also shown is the projection
for 300 fb�1.

Table 5: 90% CL limits on sCLs
cc (in cm2) and corresponding limits on LCLs (in GeV) and on

cross sections (in cm2) for c-N interaction as a function of the c mass. Axial vector (AV) and
vector (V) interactions, corresponding to spin dependent and spin independent interactions
respectively, are shown.

Model(Mass GeV) sCLs
cc (pb) LCLs limit ( GeV) c-N s (cm2)

AV(1) 0.1677 2067.48 5.24 ⇥10�43

AV(10) 0.1854 2015.91 1.82 ⇥10�42

AV(100) 0.1601 2008.7 2.17 ⇥10�42

AV(200) 0.9650 2133.09 1.72 ⇥10�42

AV(400) 0.0849 1909.22 2.69 ⇥10�42

AV(700) 0.0542 1711.04 4.18 ⇥10�42

AV(1000) 0.0518 1376.97 9.98 ⇥10�42

V(1) 0.2013 1975.4 1.71 ⇥10�41

V(10) 0.1304 2201.49 3.49 ⇥10�41

V(100) 0.1381 2144.08 4.55 ⇥10�41

V(200) 0.0952 2274.01 3.63 ⇥10�41

V(400) 0.0839 2146.94 4.59 ⇥10�41

V(700) 0.0757 1881.67 7.80 ⇥10�41

V(1000) 0.0473 1778.21 9.79 ⇥10�41

8 Summary137

Discovery sensitivities for DM searches at center-of-mass energy 14 TeV at the upgraded CMS138

detector using the monojet final state have been presented for an integrated luminosity of139

3 ab�1. Using projections of background and signal event yields with DELPHES, 90% CL lim-140

its on L and associated DM-nucleon scattering cross sections have been estimated. Both vector141
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shown in Fig. 24 for the combination of electron and muon channels. Given 3000 fb�1 of data,
it is possible to discover a W0 with a mass up to 6 TeV. For high masses the sensitivity is affected
by the center-of-mass energy due to the growing fraction of W0 bosons produced off-shell. The
extrapolation assumes that lepton reconstruction and, in particular, isolation efficiency are not
affected by increased pile-up, based on the observation of flat efficiency in events from data
with up to 50 vertices. The W0 cross sections are NNLO with a mass dependent k-factor.

The same event selection optimized for SSM W0 can be used to search for pair-produced dark
matter particles. Detailed studies at 8 TeV using this method have shown the signal efficiency
to be 60% (10%) in the case of constructive (destructive) interference [55]. Applying this same
procedure to the 14 TeV lepton + Emiss

T final state, the discovery reach relative to L, the scale of
the effective interaction for associated dark matter pair production, is shown in Fig. 25. Signals
with L < 1.4 TeV could be discovered in the case of destructive interference (x = +1) with
an integrated luminosity of 3000 fb�1. For x = �1, values up to L = 2.3 TeV lie within the
sensitivity of the experiment. The discovery reach on the parameter L can be translated to
a nucleon cross section as shown in Fig. 25 (right) for M

c

= 10 GeV considering a vector or
axial-vector coupling.
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Figure 25: Projection of the discovery reach on L (left) and the dark matter-nucleon cross sec-
tion (right) for the pair-produced dark matter model at

p
s = 14 TeV and a variety of luminosity

scenarios. The discovery threshold is 5s.

6.3 Searches for Heavy Stable Charged Particles

CMS has conducted searches for heavy stable charged particles (HSCP) produced in pp colli-
sions at

p
s = 7 and 8 TeV, with integrated luminosities of 5.0 fb�1 and 18.8 fb�1 respectively,

the results of which are presented in [56]. These searches present the most stringent limits to
date on long-lived gluinos, scalar top quarks, and scalar t leptons. The signatures utilized in-
clude long time-of-flight to the outer muon system and anomalously large energy deposition in
the inner tracker, and the existing results are presented for each separately and in combination.

The sensitivity of these searches in the HL-LHC era is projected by scaling the results of the
8 TeV searches. Unlike many conventional searches, where backgrounds arise from irreducible
physical processes, the background to these searches comes primarily from instrumental ef-

Assuming H(invisibile) ~ 20%



PROPOSTE	  ALTERNATIVE
• Esperimenti a targhetta fissa	


– SHIP: proposta di nuovo esperimento per ricerca neutrini sterili a SPS	

!
!
!
!

– stimare se LHC puo` fornire limiti in attesa di possibile approvazione e realizzazione 	


!

• Collisori fotone-fotone e muon collider	

– fare il punto delle problematiche tecnologiche attuali	

– Investigare possibile motivazione per fisica BSM a bassa massa accessible con 

tali macchine 	

– Se utile a problematiche di BSM potrebbe attrarre forze fresche e giovani su 

aspetti tecnologici 
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Walter M. Bonivento - CERN/INFN Cagliari Roma 10/03/2014

!

• nel νMSM forti limitazioni nello spazio dei 
parametri (U2,m)!

• molte ricerche di HNL in passato  ma, per 
m>mK, con sensibilità’ non di interesse 
cosmologico (es LHCb in decadimenti del B 
raggiunge U2≈10-4, arXiv:1401.5361) 

• questa proposta: ricerca in decadimenti dei 
mesoni D (prodotti ad alta statistica nella 
collisione di p di 400 GeV su bersaglio fisso)!

• Lo scopo di questa collaborazione e’ di 
progettare  un esperimento che ottimizzi 
tutti i parametri sperimentali, dato il fascio 
(che esiste, SPS).

!12

 Future Hadron Collider meeting, CERN, February 6, 2014 R. Jacobsson 

� Production in mixing with active neutrino from leptonic/semi-leptonic weak decays of 
charm mesons 

• Total production depend on ࣯ଶ = σ ࣯κூ ଶூୀଵ,ଶ
κୀ,ఓ,ఛ

 

 

• Relation between ࣯
ଶ,࣯ఓ

ଶand ࣯ఛ
ଶ depends on exact flavour mixing 

 
Î For the sake of determining a search strategy, assume scenario  
      with a predominant coupling to the muon flavour  

 
 

 
 
 

 
 
 

� Production mechanism “probes” ࣯ఓ
ଶ = σ ௩మ ഋ

మ

ೃ
మ

ூୀଶ,ଷ
 

Î Br(ܦ ՜ ܰܺ) ~ 10ି଼ െ 10ିଵଶ 
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(arXiv:0705.1729) 

Produzione  di N2,3

 Future Hadron Collider meeting, CERN, February 6, 2014 R. Jacobsson 

1. See-saw: Lower limit on mixing angle with active neutrinos to produce oscillations and masses 
2. BAU: Upper limit on mixing angle to guarantee out-of-equilibrium oscillations (Ȟேమ,య < H) 

3. BBN: Decays of ଶܰ and ଷܰ must respect current abundances of light nuclei 
Î Limit on lifetime ߬ேమ,య < 0.ͳݏ  (ܶ >   (ܸ݁ܯ 3

4. Experimental: No observation so far   
Î Constraints 1-3 now indicate that previous searches were largely outside interesting parameter space 
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gerarchia inversa di massa dei neutrini

Walter M. Bonivento - CERN/INFN Cagliari Roma 10/03/2014

Decadimenti del N2,3
• Accoppiamento HNL-ν attivo molto debole 

—>N2,3 hanno vita media molto  lunga  

• distanze di decadimento O(km)!: per    
U2

μ=10-7, τN =1.8x10-5s  

• Vari modi di decadimento : i BR’s 
dipendono dal mescolamento tra sapori 

• Probabilita’  che N2,3 decada nel volume 
fiduciale dell’esperimento ∝Uμ

2                

—> numero di eventi ∝Uμ
4

!13



ATTIVITÀ	  NEI	  PROSSIMI	  MESI
• Molti giovani coinvolti attualmente negli esperimenti hanno espresso 

interesse a partecipare	


!

• Sfrutteremo questo entusiasmo per studi senza ricorrere a strumenti di singoli 
esperimenti	

– occasione per collaborazione tra giovani sperimentali e teorici in Italia	

– permette ai giovani di capire e partecipare al processo che determina  

il loro futuro in ricerca	

– studi di interesse a prescindere dall’aspetto tecnologico di come o quando 

costruire una nuova macchina	

!

• Approfondire tramite contatti con esperti i limiti realistici per ottenere 
energie piu` alte nei prossimi 10 anni	

– Primo passo in vista di

20

https://agenda.infn.it/conferenceProgram.py?confId=7567


PROPOSTE	  SOTTOMESSE	  FINORA

21



SOMMARIO
• Fisica al collider fornisce un modo unico per sondare nuovi 

fenomeni	

– Aumento di energia nel corsi di anni ha sempre portato a nuove scoperte	


!

• Alta statistica e alta energia forniscono possibilità diverse per testare 
e validare le teorie	


!

• Investire forze giovani sulla tecnologia per nuovi acceleratori 
garantisce alternative a medio o lungo termine	


!

• Approcci alterativi per esplorare la regione a bassa massa

22



MATERIALE	  AGGIUNTIVO



WHAT	  NEXT?	  
 

WHAT’S	  NEXT

• Materiale discusso oggi e la prossima settimana  
non sono conclusioni né ciò che verrà	


!

• Solo punto di partenza per capire insieme ciò che si vorrebbe fare	


!

• Discussione e input da tutti gli interessati fondamentale e chiave di 
successo per questo processo

24



TEMPISTICA	  DELLE	  ATTIVITÀ
• Gennaio: formazione gruppo di lavoro	


• Febbraio: Definizione obiettivi del convegno e scala temporale	


• Inizio Marzo: Raccolta proposte da tutti gli interessati 	


• Fine Marzo: Formazione della mailing list per future comunicazioni	


• Inizio Aprile: primo draft del documento di lavoro in vista del kick-off	


• Aprile: Inizio attività di gruppo di lavoro	


• Fine Maggio: Workshop CSN1 all’Isola d’Elba	


• Fine 2014: Secondo appuntamento di What Next?	


!

!

• Estate-Autunno 2015: Ultimo incontro What Next?	


!

• Autunno 2015: Preparazione di un documento finale per il GdL
25



BENEFICI	  DI	  ENERGIA	  E	  STATISTICA

• Segnale	

– spesso piccola sezione d’urto	


• Fondo	

– dominato da processi standard	

‣ Cresce al crescere di energia	


• Piccolo segnale/rumore	

– beneficia di alta statistica

26

• Segnale	

– tipicamente grande sezione d’urto	


• Fondo	

– dominato da processi standard	

‣ Cresce al crescere di energia	


• Ottimo segnale/rumore	

– Beneficia di aumento di energia

Bassa Massa Alta Massa



ESEMPI	  DI	  STUDI	  DA	  SNOWMASS
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6.2 Searches for Monoleptons+MET 25
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W� [48] and a dark matter
effective theory [49, 50]. In the SSM, the W� boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W� masses ranging from
0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /

10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are

Community Planning Study: Snowmass 2013
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

would also push sensitivity to lower couplings in

the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [47], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

at small tan θ (for example, they are sensitive to

the color-octet scalar present in ReCoM [34]).
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In the context of supersymmetry, Z 0 can play an important role, such as the solution of the µ problem and
the mediator of the supersymmetry breaking. Z 0 decaying into superpartners can be an important discovery
channel.

In addition to Z 0 minimal gauge couplings to the Standard Model fermions discussed here, gauge-invariant
anomalous (magnetic moment type) couplings with the known fermions could also be present. The dilepton
final states, like e+e� and µ+µ�, are still the most clear channels. The reach of this scenario at hadron
colliders have been presented in [70]. For example, with integrated luminosity of 3 ab�1, pp collider at 14(33)
TeV can discover such a Z 0 up to 6(13) TeV.

1.3.3.2 New hadronic resonances
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Figure 1-16. Hadronic resonance discovery sensitivity at hadron colliders. Left panel: Z0
B . Right panel:
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Figure 1-17. Left panel, the discovery reaches for KK-gluon in minimal UED model at hadron colliders.
Right panel, the discovery reaches for KK-gluon in next-to-minimal UED model at hadron colliders.

Hadron colliders are also ideal for searching for new leptophobic resonances by looking for a peak in the
dijet invariant mass distribution. Aside from serving as a standard candle for understanding experimental
issues such as jet energy resolution, these searches are strongly motivated in theories with a new U(1) baryon
number gauge symmetry, coloron models, and models of Universal Extra Dimensions (UED). The discovery
reach in the coupling–mass plane [96] for LHC and HL-LHC, a 33 TeV pp collider, and a 100 TeV pp collider
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