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Run I has confirmed many aspects of the Standard Model,

and measured Mh = 125.09± 0.24 GeV (ATLAS + CMS, 1503.07589).

The LHC is probing the laws of nature at the

shortest distances accessible by humans so far.

We do not know what the LHC Run II will find ...



Observed elementary particles:

• Chiral fermions (spin 1/2): 6 quarks and 6 leptons (left-handed

doublets and right-handed singlets)

• Gauge bosons (spin 1): γ,W,Z, g.

• Scalar (spin 0): Higgs boson

Legacy of LHC Run 1: a 4th generation of chiral quarks

and leptons is ruled out.

Direct searches set limits & 700− 800 GeV on b4, t4 masses,

e.g. mt4 > 770 GeV from t4→Wb (ATLAS 1505.04306)

→ ht̄4t4 Yukawa coupling no longer perturbative.



Vectorlike fermions

Vectorlike (i.e. non-chiral) fermions — a new form of matter.

Masses allowed by SU(3)c × SU(2)W × U(1)Y gauge symmetry

⇒ naturally heavier than the t quark.

Unlike chiral fermions, vectorlike fermions have a decoupling limit:

m� vH ≈ 174 GeV → Standard Model is recovered.



A vectorlike quark that transforms as (3,1,+2/3) under

SU(3)c × SU(2)W × U(1)Y would mix with the SM top quark.

Mass eigenstates: t and t′.

t′ branching fractions:
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Current limits: mt′ & 700 GeV

−→ boosted topologies with Wb, Zt, ht, ...



Dark matter requires particle(s) beyond the SM

DM particle can be a fermion (Majorana or Dirac) or a boson.

DM particle(s) may be part of a large hidden sector.

If DM particles interact with quarks,

then they may be produced in pairs at

the LHC (complementary to direct detection)

Mono-jet signature of DM

(Beltran et al 1002.4137; Bai, Fox, Harnik, 1005.3797, ...)

CMS 1408.3583:
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Mono-W/Z search: a boosted “W/Z jet” + ET/

ATLAS 1309.4017
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Various other DM searches at the LHC:

mono-Higgs (Berlin, Lin, Wang 1402.7074), tt̄+ /ET (1303.6638), ...

.



W ′ boson near 2 TeV

W ′→ eN → e+e−jj (no e+e+jj signal → Dirac mass for N)

CMS (1407.3683):
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ud̄→W ′→ jj
gR√

2
W ′µ (ūRγ

µdR + c̄Rγ
µsR + t̄Rγ

µbR)

CMS (1501.04198): ATLAS (1407.1376):

qq resonance mass (GeV)
1000 2000 3000 4000 5000

 (
pb

)
A × 

B × σ

-510

-410

-310

-210

-110

1

10

210

310

410

CMS

 (8 TeV) -119.7 fb

95% CL upper limits

Observed

Expected

σ 1±

σ 2±

Axigluon/coloron

Scalar diquark

W' SSM

Z' SSM

 [TeV]’Wm

1 2 3

 [p
b]

A × σ

-210

-110

1

10

210

310

ATLAS

’W

Observed 95% CL upper limit

Expected 95% CL upper limit

68% and 95% bands

-1L dt = 20.3 fb∫
=8 TeVs



pp→W ′ cross section

CMS dijet excess indicate σ(pp→W ′ → jj) ≈ 100–200 fb.

W ′ decays predominantly into quark pairs −→ B(W ′ → jj) ≈ 2/3
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“A W ′ boson near 2 TeV: predictions for Run 2 of the LHC”:



Higgs sector – T :(1,3), Σ:(2,2) under SU(2)L × SU(2)R

〈T 〉 =

(
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)
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)
↙ ↙

MZ′ > 3.5 TeV “maximal” WL −WR mixing

Dobrescu & Liu, 1507.01923, (Heavy Higgs bosons and the 2 TeV W ′)

Mass terms for the charged gauge bosons:
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Mass eigenstates: W and W ′.



W ′ branching fractions
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W ′→WZ → JJ

CMS (1405.1994): ATLAS (1506.00962):
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W ′→WZ → J(`+`−) W ′→WZ → (`ν)J
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W ′→Wh→ (`ν)(bb̄)

CMS (EXO-14-010): ATLAS (EXOT-2013-23, 1503.08089):
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W ′→Wh→ (`ν)(bb̄)

CMS (EXO-14-010): ATLAS (EXOT-2013-23, 1503.08089):
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W ′→ tb̄→ (jjb)b̄

CMS (B2G-009):
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W ′ decays into heavy Higgs bosons
1507.01923

W ′→ H+H0, H+A0→ (tb̄)(tt̄)→ 3W + 4b

ATLAS 1504.04605

`+`+ + (≥ 3)b and `+`+bb

Excess explained for MH± ≈MH0 ≈MA0 ≈ 500 GeV

(MW ′ ≈ 1.9− 2 TeV)



Signal channel efficiency signal events obs. (background)

bb`±`±

W ′→ H±(H0/A0) → 3t+ b 2.5× 10−4 1.0-1.8

4-7 12 (4.3±1.1± 1.1)W ′→ (τ/e)N→(τ/e)(τ/e)tb 5.3× 10−4 2.2-3.8

pp→ tt̄A0, tt̄H0 → 4t 1.7× 10−2 1.1

≥3b `±`±
W ′→ H±(H0/A0) → 3t+ b 6.3× 10−4 2.5-4.4

5-7 6 (1.1±0.9± 0.4)
pp→ tt̄A0, tt̄H0 → 4t 4.1× 10−2 2.6



“Baryonic” Z′ boson

If Z′ couples only to quarks (“leptophobic”), then it can be

produced at hadron colliders and decays back to quark-antiquark

pairs:

The two hadronic jets form a resonance that can show up above

the background if MZ′ is large enough.



“Baryonic” Z′B: same coupling (gB) to all six quark flavors.
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Spin-1 fields are well behaved in the UV provided that they are

bound states or gauge bosons.

Leptophobic Z′ is associated with a new gauge symmetry.

Simple choice: SU(3)c × SU(2)W× U(1)Y × U(1)B

Theoretical requirements:

• U(1)B must be spontaneously broken.

Simple choice: a new scalar field φ acquires a VEV.

• All U(1)B gauge anomalies must cancel.

.



Any leptophobic Z′ that couples to quarks requires new charged fermions

to cancel the anomalies (or to mix with the SM quarks).

⇒ The new fermions (“anomalons”) must be

vectorlike with respect to SU(3)c × SU(2)W× U(1)Y , and

chiral with respect to the new gauge group.

Cascade decays via anomalons:

(1506.04435)



Conclusions

• Standard Model confirmed in Run 1 of the LHC.

Run 2 is exploring “Terra Incognita”

→ huge potential for surprises, data driven environment ...

• Five mass peaks (each of significance between 2 and 3σ) near

1.8–2 TeV reported by CMS and ATLAS:

W ′→ e+e−jj , jj , Wh0 , WZ

rates consistent with gauge-invariant model (1506.06736)

• Jet substructure techniques are essential to searches for new

physics: dark matter, vectorlike quarks, new gauge bosons, ...

Bogdan Dobrescu (Fermilab)


