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Hadron colliders vs Lepton colliders
Hadron and lepton colliders are antithetical machines

hadron colliders lepton colliders

high energy reach limited energy reach

limited accuracy
(large systematics    few %)

high accuracy
(small systematics < %)&

exploration
of new energy ranges

direct searches

precision measurements

indirect searches



Energy frontier at LHC: direct searches

CMS Exotica Physics Group Summary – LHCP, 2016!
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2016-0781.35 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0781.86 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<400 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2016-0781.83 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 13.2 m(χ̃
0
1)<400 GeV ATLAS-CONF-2016-0371.7 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1

2 e, µ (SS) 0-3 jets Yes 13.2 m(χ̃
0
1) <500 GeV ATLAS-CONF-2016-0371.6 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 14.8 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 14.8 m(χ̃
0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 13.2 m(χ̃

0
1)<150 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2016-037325-685 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077117-170 GeVt̃1 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 4.7/13.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2016-07790-198 GeVt̃1 205-850 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 13.3 m(χ̃
0
1)<300 GeV ATLAS-CONF-2016-038290-700 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 13.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-096640 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 14.8 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2016-093580 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 13.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-0961.0 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110270 GeVχ̃±

1 , χ̃
0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃

GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493590 GeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 14.8 m(χ̃

0
1)=700 GeV ATLAS-CONF-2016-0941.75 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 14.8 625 GeV<m(t̃1)<850 GeV ATLAS-CONF-2016-0941.4 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: August 2016

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.

Simplest way to use LHC data

CMS Exotica summary ATLAS SUSY summary

✦ quick progress at run 2
✦ slower improvement with high luminosity



The LEP legacy
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Model Btheoretically
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ρ

ρ → WZ

ρ → ℓν

EWPT
EWPT   50% canc.ρ

8 TeV LHC direct exclusions

[Pappadopulo, Thamm et al.]

But indirect searches can also play an important role

oblique parameters

✦ bounds from LEP still competitive with 8 TeV LHC!
Example: oblique parameters used to constrain vector resonances

bounds from S parameter



Accuracy frontier at LHC
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Can we perform “precision measurements” 
at the LHC?

Obvious answer:
   yes,  for previously “untested” observables



Accuracy frontier at LHC
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Can we perform “precision measurements” 
at the LHC?

Obvious answer:
   yes,  for previously “untested” observables

Parameter value
2− 1− 0 1 2 3

|µκ|

bκ

|τκ|

tκ

Wκ

Zκ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

 intervalσ1
 intervalσ2

Example: precision measurements 
             of the Higgs couplings

✦ useful to derive constraints

✦ deviations expected in several BSM 
scenarios (eg.  SUSY and composite Higgs)



Accuracy at LHC: the Higgs

◆
★★

★★

ATLAS

CMS

68% CL
95% CL

◆ Standard Model
★ Best fit

LHC (7 TeV + 8 TeV)
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Composite Higgs couplings:
✦ model-independent predictions (based on symmetries)

✦ direct connection with tuning 
(    Goldstone Higgs decay constant)

kV =
p

1� ⇠

kF =
p

1� ⇠

kF =
1� 2⇠p
1� ⇠

MCHM5,14

MCHM4,10

8
<

:Higgs-vectors Higgs-fermions

⇠ =
v2

f2
� & 1

⇠f

• current bounds ⇠ & 0.1

• not much improvement 
expected with next runs  
(if central value goes to SM)



Accuracy at LHC: the Higgs

CV CF

p
s = 14 �1

�1
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s = 14 �1
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g
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�1

Slow progress on Higgs couplings in future runs

[CERN-CMS-NOTE-2012-006]

Close to threshold due to systematics



Energy and accuracy: EW precision

?

en
er

gy

accuracy

Can we take advantage of high energy
to improve EW precision measurements?

Are there other precision observables 
we can access at the LHC?



Energy and accuracy: EW precision

If new physics is heavy, low-energy effects are well described by the 
EFT language:

leading corrections from dimension-6 operators

L = Lsm +
X

i

c(6)i

⇤2
O(6)

i +
X

i

c(8)i

⇤4
O(8)

i + · · ·

O(6)
i



Energy and accuracy: EW precision

If new physics is heavy, low-energy effects are well described by the 
EFT language:

leading corrections from dimension-6 operators

L = Lsm +
X

i

c(6)i

⇤2
O(6)

i +
X

i

c(8)i

⇤4
O(8)

i + · · ·

O(6)
i

✦ deviations from SM typically grow with energy

0.1 % at 100 GeV 10 % at 1 TeV

✦ LHC could match LEP sensitivity by going at high energy

Asm+bsm

Asm
⇠ 1 + #

E2

⇤2



EFT validity
Corrections can not be arbitrarily large

• in many cases:
• necessary condition:

# < 1

✦ a meaningful bound can be obtained only if the precision is 
better than the SM

Asm+bsm

Asm
⇠ 1 + #

E2

⇤2

Restrictions:

✦ leading effects are linear in BSM  (from interference with SM)

E . ⇤ ) (E2/⇤2) . 1
9
>=

>;

�A
Asm

. 1

clean channels with low syst. and stat. errors

✦ pay attention to the cut-off!   (restrict analysis to valid region)



Examples of analyses

A proof of principle:  oblique parameters at the LHC

✦ Di-lepton Drell-Yan production

✦ Di-boson production   (          and          )W�WZ

Going beyond:  more challenging channels



A proof of principle: oblique parameters 
Di-lepton DY production

Farina, GP, Pappadopulo, Ruderman, Torre, Wulzer ‘16



Oblique parameters at LHC

Drell-Yan production (         or      )`+`� `⌫

✦ Large cross section and interference at leading order with SM
ideal process to test new physics

q

q ℓ

ℓ
W/Z/γ



Oblique parameters at LHC

Drell-Yan production (         or      )`+`� `⌫

Simple BSM effects: oblique parameters

✦ Deformation of the gauge propagators from dim.-6 operators

LEP bounds at the 0.1% level

� W

4m2
w

(D⇢W
a
µ⌫)

2 � Y

4m2
w

(@⇢Bµ⌫)
2

� g2T̂

2m2
w

|H†DµH|2gg0Ŝ

16m2
w

(H†�aH)W a
µ⌫B

µ⌫

✦ Large cross section and interference at leading order with SM
ideal process to test new physics

q

q ℓ

ℓ
W/Z/γ



Oblique parameters at LHC

Drell-Yan production (         or      )`+`� `⌫

Simple BSM effects: oblique parameters

PC = 1+((T̂�W�t2wY )�2t2w(Ŝ�W�Y ))/(1�t2w)
q2�m2

w
� W

m2
w

PN =

2

4
1
q2 � t2wW+Y

m2
z

tw((Y+T̂ )c2w+s2wW�Ŝ)
(c2w�s2w)(q

2�m2
z )

+ tw(Y�W )
m2

z

? 1+T̂�W�t2wY
q2�m2

z
� t2wY+W

m2
z

3

5



PC = 1+((T̂�W�t2wY )�2t2w(Ŝ�W�Y ))/(1�t2w)
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Oblique parameters at LHC

Drell-Yan production (         or      )`+`� `⌫

Simple BSM effects: oblique parameters

✦     and    :  only affect pole residues (i.e. total cross-section)  
 LHC measurements (% from syst.) not competitive

Ŝ T̂
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Oblique parameters at LHC

Drell-Yan production (         or      )`+`� `⌫

Simple BSM effects: oblique parameters

✦     and    :  only affect pole residues (i.e. total cross-section)  
 LHC measurements (% from syst.) not competitive

Ŝ T̂

W Y✦     and    :  induce constant terms
 quadratically enhanced at high energy



~10% accuracy at 1 TeV

Experimental uncertainty

m`` d�
dm`` �stat �sys �tot �unc �1cor �2cor �3cor �4cor �5cor �6cor �7cor �8cor �9cor �10

cor �11
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cor �15
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cor �25
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cor �35
cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
116–130 2.28 ⇥ 10�1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05
130–150 1.04 ⇥ 10�1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07
150–175 4.98 ⇥ 10�2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09
175–200 2.54 ⇥ 10�2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12
200–230 1.37 ⇥ 10�2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15
230–260 7.89 ⇥ 10�3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18
260–300 4.43 ⇥ 10�3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19
300–380 1.87 ⇥ 10�3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20
380–500 6.20 ⇥ 10�4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25
500–700 1.53 ⇥ 10�4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66 ⇥ 10�5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17
1000–1500 2.66 ⇥ 10�6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2: The combined Born-level single-di↵erential cross section d�
dm``

. The measurements are listed together with the statistical (�stat), systematic (�sys) and
total (�tot) uncertainties. In addition the contributions from the individual correlated (�1cor-�35

cor) and uncorrelated (�unc) systematic error sources are also provided.
The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.
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run-1 error dominated
by statistics

~10% accuracy at 1 TeV

Experimental uncertainty
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[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
116–130 2.28 ⇥ 10�1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05
130–150 1.04 ⇥ 10�1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07
150–175 4.98 ⇥ 10�2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09
175–200 2.54 ⇥ 10�2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12
200–230 1.37 ⇥ 10�2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15
230–260 7.89 ⇥ 10�3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18
260–300 4.43 ⇥ 10�3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19
300–380 1.87 ⇥ 10�3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20
380–500 6.20 ⇥ 10�4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25
500–700 1.53 ⇥ 10�4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66 ⇥ 10�5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17
1000–1500 2.66 ⇥ 10�6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2: The combined Born-level single-di↵erential cross section d�
dm``

. The measurements are listed together with the statistical (�stat), systematic (�sys) and
total (�tot) uncertainties. In addition the contributions from the individual correlated (�1cor-�35

cor) and uncorrelated (�unc) systematic error sources are also provided.
The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.

20

Good experimental accuracy

Neutral DY at 8 TeV     [ATLAS 1606.01736]

large improvement 
possible at run-2

systematic error ~2%



Theory uncertainty

[Panico, Pappadopulo, Ruderman, Torre AW, 2016]
Oblique Parameters at the LHC

Theory errors are well under control:

• q-qbar PDF error < 10% below 3 (4) TeV @ run-1 (run-2) 
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Accurate experimental measurement:   Syst. ~ 2%
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Theory errors well under control
✦ accurate cross section computations
• NNLO QCD accuracy   (<1% scale variation error)    [FEWZ]

✦ small       pdf uncertainty   (error    10%  for  E   3 - 4 TeV)

✦ small photon pdf uncertainty   [Manohar, Nason, Salam, Zanderighi ‘16]

• NLO EW corrections known

q-q . .



Oblique parameters at the LHC
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Oblique parameters at the LHC
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✦ Neutral DY at 8 TeV is roughly competitive with LEP
✦ Charged DY at 8 TeV could improve LEP bound on W 

(experimental analysis not available, our extrapolation assumes 5% syst.)

✦ 13 TeV measurements will be much better than LEP



Oblique parameters at FCC100
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✦ FCC100 could improve the LHC bound by more than one order 
of magnitude



The relevant energy range
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✦ Energy bins up to ~ 3 TeV are relevant for the bounds  
(at higher energies statistics quickly degrades due to pdf ’s)
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of the energy cut
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ŝ < ⇤cut



The relevant energy range
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✦ Energy bins up to ~ 3 TeV are relevant for the bounds  
(at higher energies statistics quickly degrades due to pdf ’s)

✦ Limits at LHC-300 still statistically dominated 
HL-LHC benefits from larger statistics at high energy
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Validity of the EFT description

✦ the cut-off is a free parameter of the EFT  
(encodes information on the UV theory)

Important to assess the range of validity of the EFT

✦ bounds must be set as a function of the cut-off  
(considering only data below the cut-off)

✦ cut-off can not be arbitrarily large: 
maximal cut-off depending on the effective description



new physics directly coupled to SM 
fermions with “universal” couplings

(not fully motivated)

Validity of the EFT description
alternative descriptions of W and Y in terms of dim.-6 operators

form factor picture contact interactions picture
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Validity of the EFT description
alternative descriptions of W and Y in terms of dim.-6 operators

form factor picture contact interactions picture
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new physics coupled only
to SM gauge bosons

(eg.  composite Higgs with vector resonances)

new physics directly coupled to SM 
fermions with “universal” couplings

(not fully motivated)

maximal cut-off is different!

new operators smaller than SM kinetic terms
BSM < SM always

perturbativity bound
BSM can be larger than SM

✦ the two pictures are equivalent only at low energy



Validity of the EFT description

1000200 2000500 5000

0.1

1

10

0.03

0.3

3

30

Λcut in GeV

W
,Y
⨯1
03

pp → ℓ+ℓ-

dotted: 8 TeV, 20 fb-1

solid: 13 TeV, 0.3 ab-1

dashed: 13 TeV, 3 ab-1

103W 103 Y

Derivative expansion
breakdown

1000200 2000500 5000

0.1

1

10

0.03

0.3

3

30

Λcut in GeV

W
⨯1
03

pp → ℓν

dotted: 8 TeV, 20 fb-1

solid: 13 TeV, 0.3 ab-1

dashed: 13 TeV, 3 ab-1

δc, uc=2%,10%

Derivative expansion
breakdownmaximal cut-off limits the 

range of validity
⇤

max

=

mw

max(

p
W,

p
Y )

Basic Sanity Check: Limit from scales (2-3 TeV) well below cutoff

Oblique Parameters at the LHC
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FIG. 3. Projected bounds as a function of a cuto↵ on the mass variable. The gray region corresponds to ⇤
cut

> ⇤
max

from
Eq. 2. Left: Bounds on W(with Y = 0) or Y(with W = 0) from neutral DY including only events with the dilepton invariant
mass smaller than ⇤

cut

. Right: Bounds on W from charged DY including only events with the lepton transverse mass smaller
than ⇤

cut

.

certainties down (2%) or up (10%) with respect to our
estimate (i.e., 5% for charged DY) is shown on the right
panel of Fig. 3.

The shape of the limit/reach contours in the W-Y
plane can be understood as follows. The interference
term in the partonic neutral DY cross section depends on
a q2-independent linear combination of W and Y, when
integrated over angles. The orthogonal combination is
only constrained when W and Y are large enough for
quadratic terms to be relevant. In view of the strong con-
straint expected on W from charged DY, this flat direc-
tion is irrelevant in practice. However, we note that the
flat direction can in principle be constrained with neutral
DY only, using angular information such as the energy
dependence of forward-backward asymmetries [35]. In
practice, this does not improve the 8TeV limits (due to
the dominance of the qLqR ! l�L l

+
R amplitude), but may

be significant at higher energies/luminosities. We leave a
full study of the power of angular distributions to future
work.

Beyond EFT’s.— When using EFTs to describe high
energy processes, one has to keep in mind that an EFT
provides an accurate description of the underlying new
physics only at energies below the new physics scale. The
latter scale is the EFT cuto↵ and it should be regarded
as a free parameter of the EFT [57]. A related concept
is that of “maximal cuto↵”, which is the maximal new
physics scale that can produce an EFT operator of a
given magnitude (e.g., a given value of W or Y). The
EFT limits become inconsistent if they come from ener-
gies above the cuto↵. This concept has been addressed
in DM EFT searches [57, 58] and electroweak EFT stud-
ies [59]. Depending on whether we consider new physics
that directly generates contact interactions (L0), or mod-
ifies the vacuum polarizations (L), the maximal cuto↵

estimate is,

⇤0 ⌘ 4⇡mW /g2

max(
p
W, t

p
Y)

, ⇤ ⌘ mW

max(
p
W,

p
Y)

< ⇤0 . (2)

The first estimate comes from demanding 2 ! 2 ampli-
tudes induced by L0 not to exceed the 16⇡2 perturbativity
bound, the second one from the validity of the deriva-
tive expansion, taking into account that L is a higher-
derivative correction to the (canonically normalized) vec-
tor boson kinetic terms. There is no contradiction in the
fact that the two pictures have di↵erent cuto↵s since L
and L0 are equivalent only if the d > 6 operators induced
by the field redefinition are negligible (as is the case when
q < ⇤).
In order to quantify the impact of the limited EFT va-

lidity, Fig. 3 shows how the reach deteriorates when only
data below the cuto↵ are employed.[60] If the resulting
curve stays below the maximal cuto↵ lines corresponding
to Eq. (2), as in our case, the EFT limit is self-consistent.
The right panel of Fig. 3 also shows how lowering the sys-
tematic uncertainties moves the limit curve far from the
maximal cuto↵ line. This allows to test EFTs with below
maximal cuto↵s.
Our results can be applied to various new physics sce-

narios. Higher derivative corrections to the SM gauge bo-
son kinetic terms directly test their compositeness above
a scale ⇤2 ⇡ mW /

p
W for the SU(2) gauge fields and

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

⇤2 & 4TeV from charged DY at 8TeV and (⇤2,⇤1) &
(6.5, 5)TeV from neutral DY with an LHC luminosity of
300 fb�1. Our bounds are also applicable to composite
Higgs with partial compositeness, in which elementary
W and B bosons mix with composite vector resonances.
Following the notation of Ref. [15], and using the results
of Ref. [61], we find that charged DY measurements pre-

Mass limit competitive or stronger than direct searches for small-coupling 
SILH realisation or for W-compositeness “remedios’’ power-counting
More model-independent limits, better from “exploration” view-point.

[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]
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Eq. 2. Left: Bounds on W(with Y = 0) or Y(with W = 0) from neutral DY including only events with the dilepton invariant
mass smaller than ⇤
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. Right: Bounds on W from charged DY including only events with the lepton transverse mass smaller
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certainties down (2%) or up (10%) with respect to our
estimate (i.e., 5% for charged DY) is shown on the right
panel of Fig. 3.

The shape of the limit/reach contours in the W-Y
plane can be understood as follows. The interference
term in the partonic neutral DY cross section depends on
a q2-independent linear combination of W and Y, when
integrated over angles. The orthogonal combination is
only constrained when W and Y are large enough for
quadratic terms to be relevant. In view of the strong con-
straint expected on W from charged DY, this flat direc-
tion is irrelevant in practice. However, we note that the
flat direction can in principle be constrained with neutral
DY only, using angular information such as the energy
dependence of forward-backward asymmetries [35]. In
practice, this does not improve the 8TeV limits (due to
the dominance of the qLqR ! l�L l

+
R amplitude), but may

be significant at higher energies/luminosities. We leave a
full study of the power of angular distributions to future
work.

Beyond EFT’s.— When using EFTs to describe high
energy processes, one has to keep in mind that an EFT
provides an accurate description of the underlying new
physics only at energies below the new physics scale. The
latter scale is the EFT cuto↵ and it should be regarded
as a free parameter of the EFT [57]. A related concept
is that of “maximal cuto↵”, which is the maximal new
physics scale that can produce an EFT operator of a
given magnitude (e.g., a given value of W or Y). The
EFT limits become inconsistent if they come from ener-
gies above the cuto↵. This concept has been addressed
in DM EFT searches [57, 58] and electroweak EFT stud-
ies [59]. Depending on whether we consider new physics
that directly generates contact interactions (L0), or mod-
ifies the vacuum polarizations (L), the maximal cuto↵

estimate is,
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, ⇤ ⌘ mW
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The first estimate comes from demanding 2 ! 2 ampli-
tudes induced by L0 not to exceed the 16⇡2 perturbativity
bound, the second one from the validity of the deriva-
tive expansion, taking into account that L is a higher-
derivative correction to the (canonically normalized) vec-
tor boson kinetic terms. There is no contradiction in the
fact that the two pictures have di↵erent cuto↵s since L
and L0 are equivalent only if the d > 6 operators induced
by the field redefinition are negligible (as is the case when
q < ⇤).
In order to quantify the impact of the limited EFT va-

lidity, Fig. 3 shows how the reach deteriorates when only
data below the cuto↵ are employed.[60] If the resulting
curve stays below the maximal cuto↵ lines corresponding
to Eq. (2), as in our case, the EFT limit is self-consistent.
The right panel of Fig. 3 also shows how lowering the sys-
tematic uncertainties moves the limit curve far from the
maximal cuto↵ line. This allows to test EFTs with below
maximal cuto↵s.
Our results can be applied to various new physics sce-

narios. Higher derivative corrections to the SM gauge bo-
son kinetic terms directly test their compositeness above
a scale ⇤2 ⇡ mW /

p
W for the SU(2) gauge fields and

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

⇤2 & 4TeV from charged DY at 8TeV and (⇤2,⇤1) &
(6.5, 5)TeV from neutral DY with an LHC luminosity of
300 fb�1. Our bounds are also applicable to composite
Higgs with partial compositeness, in which elementary
W and B bosons mix with composite vector resonances.
Following the notation of Ref. [15], and using the results
of Ref. [61], we find that charged DY measurements pre-

Mass limit competitive or stronger than direct searches for small-coupling 
SILH realisation or for W-compositeness “remedios’’ power-counting
More model-independent limits, better from “exploration” view-point.

[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]
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the dominance of the qLqR ! l�L l
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full study of the power of angular distributions to future
work.

Beyond EFT’s.— When using EFTs to describe high
energy processes, one has to keep in mind that an EFT
provides an accurate description of the underlying new
physics only at energies below the new physics scale. The
latter scale is the EFT cuto↵ and it should be regarded
as a free parameter of the EFT [57]. A related concept
is that of “maximal cuto↵”, which is the maximal new
physics scale that can produce an EFT operator of a
given magnitude (e.g., a given value of W or Y). The
EFT limits become inconsistent if they come from ener-
gies above the cuto↵. This concept has been addressed
in DM EFT searches [57, 58] and electroweak EFT stud-
ies [59]. Depending on whether we consider new physics
that directly generates contact interactions (L0), or mod-
ifies the vacuum polarizations (L), the maximal cuto↵
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The first estimate comes from demanding 2 ! 2 ampli-
tudes induced by L0 not to exceed the 16⇡2 perturbativity
bound, the second one from the validity of the deriva-
tive expansion, taking into account that L is a higher-
derivative correction to the (canonically normalized) vec-
tor boson kinetic terms. There is no contradiction in the
fact that the two pictures have di↵erent cuto↵s since L
and L0 are equivalent only if the d > 6 operators induced
by the field redefinition are negligible (as is the case when
q < ⇤).
In order to quantify the impact of the limited EFT va-

lidity, Fig. 3 shows how the reach deteriorates when only
data below the cuto↵ are employed.[60] If the resulting
curve stays below the maximal cuto↵ lines corresponding
to Eq. (2), as in our case, the EFT limit is self-consistent.
The right panel of Fig. 3 also shows how lowering the sys-
tematic uncertainties moves the limit curve far from the
maximal cuto↵ line. This allows to test EFTs with below
maximal cuto↵s.
Our results can be applied to various new physics sce-

narios. Higher derivative corrections to the SM gauge bo-
son kinetic terms directly test their compositeness above
a scale ⇤2 ⇡ mW /
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W for the SU(2) gauge fields and

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

⇤2 & 4TeV from charged DY at 8TeV and (⇤2,⇤1) &
(6.5, 5)TeV from neutral DY with an LHC luminosity of
300 fb�1. Our bounds are also applicable to composite
Higgs with partial compositeness, in which elementary
W and B bosons mix with composite vector resonances.
Following the notation of Ref. [15], and using the results
of Ref. [61], we find that charged DY measurements pre-
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SILH realisation or for W-compositeness “remedios’’ power-counting
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Comparison with future colliders 

Bounds on W and Y at different colliders

✦ HL-LHC comparable with TLEP

✦ FCC100 much better than ILC 500 GeV and CLIC 3 TeV

LEP LHC13 FCC 100 ILC TLEP CEPC ILC 500 CLIC 1 CLIC 3

luminosity 2⇥ 107 Z 0.3/ab 3/ab 10/ab 109 Z 1012 Z 1010 Z 3/ab 1/ab 1/ab

W ⇥104 [�19, 3] ±0.7 ±0.45 ±0.02 ±4.2 ±1.2 ±3.6 ±0.3 ±0.5 ±0.15

Y ⇥104 [�17, 4] ±2.3 ±1.2 ±0.06 ±1.8 ±1.5 ±3.1 ±0.2 ⇠ ±0.5 ⇠ ±0.15



Comparison with direct searches
Competitive with direct searches on new vector states

constraints from W stronger 
than direct searches

Example:  massive W' mixing with SM   (eg. composite vector state)



More challenging channels 
Di-boson processes

GP, Riva, Wulzer ‘17
Franceschini, GP, Pomarol, Riva, Wulzer ‘17



More channels for precision

Which other channels can we exploit for EW precision?

Required features:

✦ sizable cross section   (low statistical error)

✦ good sensitivity to new physics   (corrections growing with energy)

✦ small background and good theory understanding 
(low systematic error)

Natural candidates:    2 → 2  scattering processes



• background ok in lepton channels
• large cross section

✓

2 → 2 scattering

There are three main classes of  2 ➝ 2  processes:

ff ! ff

ff ! V V

V V ! V V

(V V ! ff , fV ! fV )

• good cross section

• small cross section

• background ok in lepton channels 
(pay branching fractions)

• need “dirty” channels for statistics

?

?

• large new-physics effects



Growth vs non-growth
All dim. 6 operators induce a growth   …but not in all channels!

Example: the WZ channel

O3
L = (q̄L�

a�µqL)(iH
†�a !D µH) OL = (q̄L�

µqL)(iH
† !D µH)

Triplet operator Singlet operator

‣ corrections to W and Z interactions ‣ corrections to Z interactions
u

d̄

W
W

Z

W

W

Z

Zu u

d̄ d̄

u d

u

d̄

W
W

Z

W

W

Z

Zu u

d̄ d̄

u d

‣ growth with E2 ‣ no growth!

✦ difficult to guess the growth/no-growth in unitary gauge



Growth vs non-growth
Easier to understand growth with equivalence theorem:

‣ at high energy gauge fields can be “traded” for Higgs Goldstones

W±, Z φ±, φ0

O3
L = (q̄L�

a�µqL)(iH
†�a !D µH) OL = (q̄L�

µqL)(iH
† !D µH)

Triplet operator Singlet operator

uL

dL

φ+

φ0

uL, dL

uL, dL

φ±,φ0

φ∓,φ0

‣ contributes to   p p → W Z ‣ does not contribute to   p p → W Z
    (contributes only to neutral channels
      WW and ZH)



Growth vs non-growth
Easier to understand growth with equivalence theorem:

‣ at high energy gauge fields can be “traded” for Higgs Goldstones

W±, Z φ±, φ0

‣ probing di-boson at high-energy is a way to test the Higgs dynamics!

q

q̄

φ

φ



Limitations: non-interference

Limitation:  at high-energy interference of dim.-6 with SM only  
                in few helicity channels                [Azatov, Contino, Machado, Riva ‘16]

✦ only longitudinal channels interfere at LO in ("v)
0 = (mv/E)0

✦ transverse channels interfere only at subleading order
      eg. Asm(  V(+)V(�)) ⇠ "0v Absm6(  V(+)V(�)) ⇠ "2v

  VLVL VLVLVLVL

‣ growth at high energy

‣ no growth at high energy

    … but see later for a “trick” to get interference in transverse channels



WZ, WH : a(3)q , au, ad

WW, ZH : a(3)q , a(1)q , au, ad

Which operators in di-boson?

O3
L = (q̄L�

a�µqL)(iH
†�a !D µH)

OL = (q̄L�
µqL)(iH

† !D µH)

Ou
R = (ūR�

µuR)(iH
† !D µH)

Od
R = (d̄R�

µdR)(iH
† !D µH)

‣ can be connected with explicit basis,  eg.  with Warsaw basis:
8
>>>>>>>>><

>>>>>>>>>:

Amplitude High-energy primaries Low-energy primaries

ūLdL ! WLZL,WLh
p
2a(3)q

p
2
g2

m2

W

⇥
c✓W (�gZuL � �gZdL)/g � c2✓W �gZ

1

⇤

ūLuL ! WLWL
a(1)q + a(3)q � 2g2

m2

W

⇥
YLt

2

✓W
�� + T uL

Z �gZ
1

+ c✓W �gZdL/g
⇤

d̄LdL ! ZLh

d̄LdL ! WLWL
a(1)q � a(3)q � 2g2

m2

W

h
YLt

2

✓W
�� + T dL

Z �gZ
1

+ c✓W �gZuL/g
i

ūLuL ! ZLh

f̄RfR ! WLWL, ZLh af � 2g2

m2

W

h
YfRt

2

✓W
�� + T fR

Z �gZ
1

+ c✓W �gZfR/g
i

Table 2: Parameter combinations (in the high- and in the low-energy primary bases) that

control E2-enhanced e↵ects in each polarized longitudinal diboson production process. Here,

T f
Z = T f

3

� Qfs2✓W and YL,fR is the hypercharge of the left-handed and right-handed quark

(e.g., YL = 1/6).

The fact that only the 4 HEP parameters produce sizable e↵ects at high energy is non-

trivial from the point of view of the generic d = 6 EFT, where a total of 6 anomalous couplings

contribute to longitudinal diboson processes. These couplings can be identified as �gZuL, �g
Z
uR,

�gZdL, �g
Z
dR, �g

Z
1

and �� in the notation of Ref. [18], defined through their contributions to

trilinear vertices as

�L
BSM

= �gZuL


ZµūL�µuL +

c✓Wp
2
(W+µūL�µdL + h.c.) + · · ·

�
+ �gZuR [ZµūR�µuR + · · · ]

+ �gZdL


Zµd̄L�µdL � c✓Wp

2
(W+µūL�µdL + h.c.) + · · ·

�
+ �gZdR

⇥
Zµd̄R�µdR + · · · ⇤

+ igc✓W �gZ
1

h
(Zµ(W+⌫W�

µ⌫ � h.c.) + Zµ⌫W+

µ W�
⌫ + · · ·

i

+ ie ��

⇥
(Aµ⌫ � t✓WZµ⌫)W

+µW�⌫ + · · · ⇤ , (4)

where Zµ⌫ ⌘ Ẑµ⌫� iW+

[µW
�
⌫] , Aµ⌫ ⌘ Âµ⌫ , W±

µ⌫ ⌘ Ŵ±
µ⌫± iW±

[µ(A+Z)⌫] with V̂µ⌫ ⌘ @µV⌫�@⌫Vµ,

and c✓W ⌘ cos ✓w where ✓w is the weak mixing angle. Modifications of the left-handed quark

couplings to the W are related to modifications to the Z couplings, due to an accidental

custodial symmetry present in the dimension-six operators. Similarly, the above 6 low-energy

primary parameters are related to certainx modifications of the physical Higgs couplings,

denoted with dots in eq. (4) (see Ref. [18] for details). The relations between the HEP

parameters and the 4 combinations of the low-energy primaries that produce growing-with-

energy e↵ects are reported in the third column of table 2.

9

Only 4 High-Energy Primaries inducing LO interference and growth 
with energy:

8
>>>>>>>>><

>>>>>>>>>:

‣ parametrize BSM contribution: �A(q0q̄ ! V V 0) = aE2 sin ✓⇤



Estimate of reach in diboson

Estimate of the reach on         in diboson channels at HL-LHC

only events with 
longitudinal polarizations

bkg. estimate includes only 
transverse polarizations

boosted Higgs analysis from
[Butterworth et al. 1506.04973]

main bkgs.:  Wbb, tt, Wt, WZ

✦ WZ channel more promising, followed by WH

Channel Bound without bkg. Bound with bkg.

Wh [�0.0096, 0.0096] [�0.036, 0.031]

Zh [�0.030, 0.028] –

WW [�0.012, 0.011] [�0.044, 0.037]

WZ [�0.013, 0.012] [�0.023, 0.021]

Table 5: Bounds on a(3)q (in TeV�2) from the estimates of table 4.

of detailed analyses focused on the high-pT,V regime of the Zh process, therefore we studied

this channel in the unrealistic hypothesis of no background. The reach in Zh is slightly worse

than the one in WZ even in the absence of background because of the small leptonic Z

branching ratio. The background will further worsen the situation similarly to what happens

in Wh. The two channels Wh and Zh are expected to face similar challenges for background

reduction.

We see that the fully leptonic WZ process is expected to have the best reach among

the channels we considered. Compared with associated Higgs production processes, it does

not su↵er from the large background due to boosted Higgs mistag and from the potentially

sizable systematic uncertainties that could emerge when dealing with hadronic final states.

Compared with WW , WZ has a smaller background from transverse polarizations. This

properties follows from a reduction of the transverse amplitude in the central region, as we

will now discuss. While in what follows we will focus on this channel, it should be kept in mind

that WZ is only sensitive (see table 2) to a(3)q , so that other channels will have necessarily

to be studied in order to probe all the 4 HEP parameters. We will further comment on this

aspect in the Conclusions.

3.2 Leptonic WZ

The fully leptonic WZ process

pp ! W±Z + jets ! `⌫`0 ¯̀0 + jets , with l, l0 = e, µ ,

is likely to be measured with good accuracy. The leptons can be accurately reconstructed

and the reducible background from other processes (which might hamper the whole procedure

if not modeled well enough) is very low [6]. At the experimental level the situation might

not be too much di↵erent from the neutral Drell-Yan process, in which a measurement with

2% relative systematic uncertainty of the di↵erential cross-section was performed, with run-1

data, up to TeV energies [45]. A systematic uncertainty of 5% might be considered as a

realistic goal for the di↵erential cross-section measurement in the leptonic WZ channel.

Since reducible backgrounds are under control, the main obstacle to obtain sensitivity

to new physics is the potentially large contribution of the other polarizations, which for our

purposes constitute a background, since they are insensitive to the new physics parameter
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Looking for subleading channels 

The         processWZ

Franceschini, GP, Pomarol, Riva, Wulzer ‘17



Asm + bsm
LL (qq̄ ! WZ)

Asm
LL(qq̄ ! WZ)

⇠ 1 + a(3)q E2

WZ production

q′

q Z

W
W

q′

q Z

W

✦ small background

Clean fully-leptonic final state: qq ! WZ ! (`⌫)(``)

✦ systematic uncertainties under control (   few %)  
                                                                               [ATLAS Phys. Rev. D 93 (2016)]

.

Energy enhanced new-physics effects in longitudinal channel



WZ production

… but transverse channels dominate the SM cross section

q′

q Z

Wlarge cross section
due to t-channel singularity

(only there for transverse)

cross sections with standard acceptance cuts:
�
tot

�
LL

�
LL

/�
tot

8 TeV 12 pb 0.73 pb
6%

13 TeV 25 pb 1.5 pb

( BR for fully-leptonic decay not included                                              )BR(WZ ! (`⌫)(``)) ' 1.5%
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✦ longitudinal amplitude 
dominates for ✓ ⇠ 90�

Extracting the longitudinal channel

A(+�)(ud ! WZ) , A(�+)(ud ! WZ) / cos ✓ � 1

3

tan ✓w

Transverse amplitudes vanish for (nearly) central scattering
[Baur, Han, Ohnemus ‘94]

✦ cuts in    and             
can be used to isolate 
the longitudinal channel

cos ✓ŝ

13 TeV �
tot

�
LL

�
LL

/�
tot

| cos ✓| < 0.5
p
ŝ > 300 GeV 630 fb 230 fb 37%

| cos ✓| < 0.5
p
ŝ > 500 GeV 80 fb 34 fb 42%
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A realistic analysis
✦ NLO corrections partially spoil the LO zeroes (mainly due to real emission)
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A realistic analysis

NLO effects can be kept under control with a cut on the transverse 
momentum of the WZ system  (safer than jet veto)

✦ NLO corrections partially spoil the LO zeroes (mainly due to real emission)

possible choice:
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pTWZ < 70 GeV



✦ drastic improvement from LEP and “naive” LHC analysis
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Reach at LHC
Estimates of the bounds on

✦ systematics play an important role in the precision reach
✦ bounds cover wide range of weakly-coupled new physics 

(accuracy is important to access these theories)

~ mass of new states

“weak” theories
a(3)q = g2/M2

a(3)q
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Reach at future colliders
Estimates of the bounds on

✦ additional improvement possible at future colliders
✦ reach at FCC-hh comparable with CLIC      see  [Ellis, Roloff, Sanz, You ’17]

a(3)q

~ mass of new states
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Bounds on universal theories
Comparison with LEP bounds on universal theories
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✦ LHC is probing an independent direction from LEP

✦ big improvement on        with respect to global fit at LEP

• comparable sensitivity in many theories    (eg. composite Higgs                 )
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direction testable
with Zh

ZWW interaction



“Interference resurrection” 

The         processW�

GP, Riva, Wulzer ‘17



“Switching on” the interference

The non-interference theorem applies only if we are dealing with 
final states with definite helicity

when the gauge bosons decay helicities get “mixed”

interference between transverse and longitudinal channels  
gives rise to azimuthal correlations!

✦ interference affects only the exclusive cross section: 
it modifies only the azimuthal distribution of the decay products

✦ interference is erased by integrating over the decay angles

Important features:
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Wγ production
A simple process to explore interference is        production W�

Polarized production:
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✦ azimuthal phase depending on W polarization
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Wγ production: the amplitude

Total amplitude:

interference:
azimuthal 

correlations

no interference

interference terms lead to non-trivial dependence on �
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Wγ production:  TGC corrections

ie
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+⌫
µ W�⇢

⌫ A⇢
µExample: corrections to TGC’s:

SM-BSM

SM

�� = 0.012�� = 0.012 ⇠ cos 2'

✦ BSM effects from interference clearly visible
• neutrino reconstruction induces small uncertainty
• detector effects under control



✦ significant improvement also on overall bound at HL-LHC 
                               w/o interference
                               no syst. error

Sensitivity reach
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pp →Wγ (LO), 100fb-1@14 TeV

weakly-coupled new-physicsone-loop new-physics
�� ⇠ 6g2/(16⇡2)m2

W /⇤2 �� ⇠ 6m2
W /⇤2

“Interference resurrection” improves the bounds at LHC

✦ largest effects in low-energy bins   (factor ~2 improvement)

✦ sensitive to tree-level weakly-coupled new physics

|�� | < 1.3⇥ 10�3

|�� | < 1.0⇥ 10�3

|�� | < 0.9⇥ 10�3



Conclusions



Conclusions
Hadron colliders can be used to get precision EW measurements

Challenges:

✦ exploit energy growth of new-physics effects

✦ accessing high-energy tails, good statistics   (eg. 2 ➝ 2  scattering)
✦ accuracy, low systematic uncertainties   (eg. leptonic final states)

LHC can be competitive or even better than LEP
✦ di-lepton DY production  (test of universal W and Y)
✦ di-boson production  (test trilinear gauge couplings;  analogous of S)

Outlook (in progress):
✦ exploit full kinematic distributions
✦ enhance new-physics with “interference resurrection”


