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OUTLINE OF LECTURES

• 1.  Introduction to Standard Model/Higgs Physics
• Where are we now?
• Personal (subjective) selection of interesting topices

• 2.  Extended Higgs sectors
• 3.  Effective field theory

See review:  Higgs Physics (Dawson, Englert, Plehn)
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https://arxiv.org/pdf/1808.01324.pdf


WE’VE DISCOVERED A “HIGGS-LIKE” PARTICLE
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How do we prove it’s the object predicted by the Standard Model, and 
not the low energy manifestation of some more complicated theory?
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NO NEW PARTICLES DISCOVERED

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 CERN-EP-2018-1792.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 1707.024244.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π CERN-EP-2018-1742.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) fb−1

√
s = 8, 13 TeV

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

†Small-radius (large-radius) jets are denoted by the letter j (J).

Many limits exceed 1 TeV

Best limits at 13 TeV 4



IS THERE PHYSICS BEYOND THE SM?

• To the best of our knowledge…. The Higgs has no structure, no charge, no 
spin

• We know that the Higgs couples to fermions and gauge bosons at the 10-20% 
accuracy level

• We postulate that the Higgs interactions come from a scalar potential: 

• The potential could just as easily be an effective theory: 

V ! �M
2
H

2
H

2 + �3H
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M2
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= .13v
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We have no idea how to measure l4
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V = µ2�†�+ �(�†�)2
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WHY MIGHT NEW PHYSICS HIDE IN HIGGS 
SECTOR?

• Many unanswered questions:  dark matter, the pattern of fermion 
masses (including neutrinos), baryogenesis, strong CP violation, EW 
hierarchy….

• Why does the SM only have one Higgs doublet?

• No good answer to this question

• Higgs can be portal to dark matter

• Motivates models with extra Higgs gauge singlet

• Higgs models can be constructed to have flavor violation such as H→µe

• Motivates 2HDM type models
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WHY DO WE EXPECT SOMETHING NEW IN THE 
HIGGS SECTOR? 

• The Higgs mass has quantum corrections that we can calculate:

• L is the largest mass scale in the theory, maybe Mplanck = 1018 GeV?

• Requires arranging counterterms to cancel

• Attractive solution is to add new states whose contribution cancels 
SM contribution to Higgs mass because of some symmetry

HH

top

�M2
H

= �
3m2

top

8v2⇡2
⇤2
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• Generically, solutions to naturalness involve new particles

WHY DO WE EXPECT NEW PHYSICS IN 
LOOPS?

SM 
particles

New stuff For this cancellation to work, new stuff 
can’t be too much above TeV scale

L is scale of new physics

�M2
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This argument 
appears to be 
wrong, or maybe 
just too simplistic



WHERE ARE WE GOING?

We are here

PDG, 2017

A good time to take stock of physics goalsNormalized to SM

If theory is incomplete, interpretations of Higgs results inaccurate

9



10European Strategy Process
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• Standard  Model includes complex Higgs SU(2) doublet

• With SU(2) x U(1) invariant  scalar potential

• If µ2 < 0 (WHY???) then spontaneous symmetry breaking

• Minimum of potential at:

• Choice of minimum breaks gauge symmetry

Invariant under j® - j

w’s correspond to longitudinal 
degrees of freedom– all the 
action is here!

EWSB IN A NUTSHELL

VSM = µ2(�†�) + �(�†�)2
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GAUGE SECTOR

• Couple j to SU(2) x U(1) gauge bosons (Wµa, a=1,2,3; Bµ)

• Gauge boson mass terms from:

• Free parameters in gauge sector: g and g’

L� =(Dµ�)
†(Dµ�)� V (�)

Dµ =@µ � i
g

2
�iW i

µ � i
g0

2
Bµ

Couplings fixed by gauge invariance

(Dµ�)
†(Dµ�) !1

8
(0, v)(gW a

µ�
a + g0Bµ)(gW

b,µ�b + g0Bµ)

✓
0
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◆
+ ...
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g2(W 1

µ)
2 + g2(W 2

µ)
2 + (�gW 3

µ + g0Bµ)
2

�
+ ...
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Potential fixed by gauge 
invariance and renormalizability



MORE ON SM HIGGS MECHANISM

• Massive gauge bosons:

• Orthogonal combination to Z is massless photon
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W, Z, HIGGS COUPLINGS

• Lagrangian in terms of massive gauge bosons and Higgs boson:

• Higgs couples to gauge boson mass
• Spontaneous symmetry breaking gives W/Z mass Þ longitudinal 

polarization

hZZgMhWWgML
W

Z
W µ

µ
µ

µ

qcos
+= -+

No free parameters in couplings!
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WHAT ABOUT FERMIONS?

• Current-current interaction of 4 fermions

• Consider just leptonic current

• Only left-handed fermions feel charged current weak interactions 

• This induces muon decay
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MUON DECAY

• Consider nµ e®µ ne

• Fermi  Theory:
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• GF measured precisely

• Higgs potential has 2 free parameters, µ2, l

• Trade µ2, l for v2, Mh2

• Large Mh ®strong Higgs self-coupling
• A priori, Higgs mass could have been anything
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FERMION MULTIPLET STRUCTURE

• Left-handed fermions couple to W± (cf Fermi theory)
• Put in SU(2) doublets 

• Right-handed fermions don’t couple to W±

• Put in SU(2) singlets  (this is an assumptioned , but well 
tested experimentally)

• Fix weak hypercharge to get correct couplings to photon

Put this in by handQ = T3 +
Y

2
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STANDARD MODEL IS VERY ECONOMICAL
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Except for masses, the 
generations are identical

Reasons for flavor 
symmetry not understood

QL=

5 multiplets with 3 generations each:  flavor symmetry (broken explicitly by Yukawas)
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WHAT ABOUT FERMION MASSES?

• Left-handed fermions SU(2)L doublets, right-handed fermions SU(2)L
singlets

• Dirac mass term forbidden by SU(2)L gauge invariance:

• Effective Higgs-fermion coupling is gauge invariant

• Mass terms generated with f0=(h+v)/√2
• Diagonalizing mass matrix diagonalizes Higgs Yukawa couplings

LY = �Q
i
LF

ij
u �̃uj

R �Q
i
LF

ij
d �djR � l

i
LF

ij
l �ejR + hc i,j=1,2,3 =generation index

mij
u =

vp
2
F ij
u Y ij

u =
F ij
up
2

Higgs has no flavor changing couplings

L = �m  = �m( L R +  R L)

L ⇠ ui
Lm

ij
u u

j
R + Y ij

u ui
Lu

j
Rh+ hc
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REVIEW OF HIGGS COUPLINGS

• Couplings to fermions proportional to mass: 

• Couplings to massive gauge bosons proportional to (mass)2 :

• Couplings to gauge bosons at 1-loop: *

• Higgs self-couplings proportional to Mh
2:

Only unpredicted parameter is Mh
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v
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SM PREDICTS MW

• Inputs: g, g’, v, MH → MZ, GF , a, MH

• Predict MW

• Need to calculate beyond tree level
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M paap

MW predicted =80.935 GeV

MW experimental =80.379  ± 0.012 GeV
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MW AT 1-LOOP

• Predict MW

• Need to calculate beyond tree level
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In general: quadratic dependence on top mass, 
logarithmic dependence on Higgs mass

Dr contains all the 
radiative corrections
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PRECISION CONSTRAINS NEW 
PHYSICS

• Use precision measurements to constrain BSM physics (long history starting 
with LEP)

• Higgs mass is precision observable 

140 150 160 170 180 190
 [GeV]tm
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]
W

M

68% and 95% CL contours
 measurementst and mWFit w/o M

 measurementsH and M
t

, mWFit w/o M
 measurementst and mWDirect M

σ 1± comb. WM
 0.013 GeV± = 80.379 WM

σ 1± comb. tm
 = 172.47 GeVtm

 = 0.46 GeVσ
 GeV theo 0.50⊕ = 0.46 σ

 = 125 GeV

HM = 50 GeV

HM  = 300 GeV

HM  = 600 GeV

HM
G fitter SM

M
ar ’18

SM predicts relationship between v, l, and MH

123 124 125 126 127 128
 [GeV]Hm

Total Stat. onlyATLAS
        Total      (Stat. only)

 Run 1ATLAS + CMS  0.21) GeV± 0.24 ( ±125.09 

 CombinedRun 1+2  0.16) GeV± 0.24 ( ±124.97 

 CombinedRun 2  0.18) GeV± 0.27 ( ±124.86 

 CombinedRun 1  0.37) GeV± 0.41 ( ±125.38 

gg®H Run 1+2  0.19) GeV± 0.35 ( ±125.32 

l4®H Run 1+2  0.30) GeV± 0.30 ( ±124.71 

gg®H Run 2  0.21) GeV± 0.40 ( ±124.93 

l4®H Run 2  0.36) GeV± 0.37 ( ±124.79 

gg®H Run 1  0.43) GeV± 0.51 ( ±126.02 

l4®H Run 1  0.52) GeV± 0.52 ( ±124.51 

-1 = 13 TeV, 36.1 fbs: Run 2, -1 = 7-8 TeV, 25 fbs: Run 1
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HIGGS COUPLINGS TO GLUONS

• Largest contribution in SM is from top quarks

• (hff coupling ~ mf/v)

• Not a direct measurement of tth coupling since there could be new particles in 
loop

t

Contribution of b quark ~ - 6%

No direct ggh , ggh couplings 
since Higgs couples to massh

L ⇠ ui
Lm

ij
u u

j
R + Y ij

u ui
Lu

j
Rh+ hc
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Independent of Mt in large top mass limit
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HIGGS COUPLINGS TO PHOTONS

• Dominant contribution is W loops
• Contribution from top is small

topW

Note opposite signs of t/W loops: Sensitive to sign of top Yukawa

Loops imply sensitivity 
to new physics

*limits are small Mh limit
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HIGGS DECAYS AND WIDTH

• GSM=4 MeV << detector resolution
• Width is sensitive to light “invisible” particles

 [GeV]HM
80 100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t

-410

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
3

bb

ττ

µµ

cc

gg

γγ γZ

WW

ZZ

28



HIGGS PRODUCTION AT A HADRON 
COLLIDER

Most important processes:

h

h

h

h
Vanishes if v=0:  Fundamental test of EWSB mechanism

Depends on new 
physics in loop

Direct measurement 
of tth Yukawa

gg ! h

qq ! qqh

qq ! qqh

qq, gg ! tth
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ERA OF PRECISION CALCULATIONS

• New analytic  and computational techniques
• Surprisingly large corrections to gluon fusion production:

LO NLO NNLO NNNLO
100% increase 20% increase 2% increase

1977  è 1995     è 2002        è 2015   
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�(13 TeV ) = 54.80 pb+4.28 %
�6.42 %(theory)

± 1.96 %(PDF )± 2.7% (↵s)

Exact results in Mt → ∞  limit at NNNLO:  
[Mislberger, 1802.00833]

GLOBAL PROGRAM OF CALCULATIONS

• Dominant  Higgs production mechanism is gluon fusion
• Higgs production from gluon fusion known at NNNLO

LO NLO NNLO NNNLO

0
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20

30

40

50

σ
/p
b

LHC
pp→h+X gluon fusion
MSTW08 68cl
μ=μR=μF ∈ [mH /4,mH ]
Central scale: μ = mH /2

2 4 6 8 10 12 14
-0.2

-0.1

0.0

0.1

0.2

0.3

S /TeV

Anastasiou, Duhr, Dulat, Herzog, Mistlberger,  1503.06056

Note stabilization at higher orders

√S (TeV)

s
(p

b)
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PRECISE PREDICTIONS FOR PRODUCTION AND 
DECAY

 [TeV]s
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H (NLO QCD)

t t→pp 
 HH (NLO QCD)

→pp 

H (NNLO QCD - 5FS)

b b→pp 

 = 125 GeVHM
MSTW2008

• Rates to NNLO or NLO
• Gluon fusion dominates
• Rates increase with energy
• tth and hh smallest rates
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Higgs cross section working group

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
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GENERICALLY,  SM COUPLINGS
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http://cms-higgs-results.web.cern.ch/cms-higgs-results/Comb/HIG-14-009-Paper/sqr_m6summary_fitmu.png


HIGGS COUPLING MEASUREMENTS

• Assume 1 resonance/zero width approx/no new tensor structures

• Define scaling factors k

• Approaches to loops: kg, kg can be

• Written as function of SM scaling factors: eg kg=kg(kt,kb)

• Treated as free parameters to look for BSM contributions

LHC Higgs Cross Section Working group, 1307.1347

� ·BR(ii ! H ! jj) =
�ii�jj

�H

µ(gg ! H ! ⌧
+
⌧
�) =

�(gg ! H ! ⌧
+
⌧
�)

�(gg ! H ! ⌧+⌧�) |SM
=


2
g

2
⌧


2
h
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https://arxiv.org/pdf/1307.1347.pdf


FIRST STEP TO HIGGS COUPLINGS: k APPROACH

• k
i
=(Higgs coupling to particle i)/(SM Higgs coupling to particle i)

• Simple rescaling; no momentum dependence

• Gauge invariance of SM requires k=1

• Assuming loops resolved and no BSM:

CMS ATLAS
k

Z
.99+.11

-.12
1.10+.08

-.08

k
W

1.10+.12
-.17

1.05+.08
-.08

kt 1.11+.12
-.10 1.02+.11

-.10

k
b

-1.10+.33
-.23

1.06+.19
--.18

kt 1.01+.16
-.20

1.07+.15
-.15

kµ .79+.58
-.79

<1.51 at 95% cl

• Couplings to gauge bosons at 8-12%

• Couplings to 3rd generation fermions 

at 15-20% 

We are just getting to the interesting 

regime:  Generically expect deviations 

� ⇠ v2

⇤2
⇠ 6%

✓
1000 TeV

⇤

◆2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

CMS, arXiv:1809.10733

ATLAS, ATLAS-CONF-2019-005 35

Current Limits

https://arxiv.org/pdf/1809.10733.pdf
https://cds.cern.ch/record/2668375/files/ATLAS-CONF-2019-005.pdf


THEORY ERRORS DOMINATE EXPERIMENTAL 
EXTRACTIONS OF HIGGS PARAMETERS

FUTURE

Lots of theoretical work needed!

ATLAS, Global Higgs signal strength
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µ =
� ·BR

[� ·BR] |SM
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PROJECTIONS FOR HIGGS COUPLINGS

ILC250 ILC500
kg 1.1 1.0

k
W
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k
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.38 0.3
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2.2 0.97

k
b

1.8 0.60

kt 1.9 0.80

* From ILC study, 1710.076210.80

Uncertainties in % with 2 ab-1

CLIC

* From CLIC study,  1812. 06018

350 GeV, 
1 ab-1

3 TeV, 
5 ab-1

kg - 2.3

kW
0.8 0.1

k
Z

0.4 0.2

k
g

2.1 0.9

k
b

1.3 0.2

kt 2.7 0.9

CLIC, uncertainties in %

Large theory errors at LHC

Energy critical at e+e- machines; 

negligible theory error 37



SM IS SPECIAL AT HIGH ENERGY

2

2
2

WM
EgA »

2

2
2

WM
EgA »

2

2
2

WM
EgA -»

SM particles have just the right couplings 
so amplitudes don’t grow with energy

Terms which grow with 
energy cancel for E >> MH

E4 terms cancel 
between TGC and QGC
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HIGH SCALE DECOUPLING

• Suppose there is a new particle  X,  with mass MX>>MW

• SM scattering: 

• Contribution from X:

• Scattering rate:

ASM ⇠ g2

M2
Z

AX ⇠ g2X
M2

X

Effects of X vanish as 1/MX
2 for weak coupling

� ⇠ �SM +
g2g2X
M2

X

! �SM

X

Z
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THE HIGGS IS DIFFERENT

• Particles whose couplings are proportional to mass don’t decouple

• Longitudinal polarizations also change counting

H

b, ⌧, µ

b, ⌧, µ

H

W,Z

W,Z

�i
mf

v
�2i

M2
V

v
gµ⌫
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EXAMPLE: h→W+W-

• Rest frame of h:

• ph=(Mh,0,0,0)

• pW+=Mh/2(1,0,0,b)

• pW-=Mh/2(1,0,0,-b)

• e±(W+)=(0,1, ±i,0)/Ö2

• e±(W-)=(0,1, ∓ i,0)/Ö2

• eL(W+)=(Mh/2MW)(b,0, 0,1)

• eL(W-)=(Mh/2MW)(b,0, 0,-1)

The action is in the longitudinal sector!

Wtransverse

W

h
allongitudin

W

gMWWhA
M
M

gWWhA

WWgMWWhA

»®

»®

×-=®

-+

-+

-+-+

)(
4

)(

)()()(
2
ee

b2=1-4MW2/Mh2
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SM HIGGS IS NARROW

�H(MH = 125 GeV ) = 4 MeV ± 4%

• How to measure Higgs width?
• A non-standard value would 

mean new physics
• Detector resolution a few GeV 

in gg channel
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• Goal:  Measure gg èH  è ZZ and use insights about 
resonances

gg ! H ! ZZ
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tBackground Z+jets, t

Systematic uncertainty

l 4→ ZZ* →H 
-1

Ldt = 4.5 fb∫ = 7 TeV: s

-1
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ATLAS  
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ASIDE ON HZZ COUPLINGS

• HZLZL couplings vestige of EWSB

• Massless gauge theory has no longitudinal polarizations

• On-shell HZLZL coupling ~ MH
2/v

• Expect resonance to have high energy tail

✏L(pZ) ⇠
pZ
MZ

Enhanced at high energy
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HIGGS RESONANCE

• Above resonance:

Z

g
Z

g

kg kZ

�above ⇠
2
g

2
Z

s
✏µZ✏

⌫
Z

✏µL ⇠ pµ

MZ

No dependence on width

I =

Z
1

(s�M2
H
)2 + (�HMH)2

ds ! 1

s

Longitudinal Z’s give significant contribution above pole

�above ⇠
2
g

2
Z

M2
Z

ZZ
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ON THE HIGGS RESONANCE

• On the resonance: 

Sensitive to resonance width

✏µ ! O(1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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IDEA

• Measure above and below the peak:

Caola, Melnkov, 1307.493; Kauer, Passarino,1305.2092

�above

�res

⇠ �H

m4l (GeV)

ds
/d

m
4l

(fb
/G

eV
)

About 15% of total cross section in 
m4l>140 GeV region above peak

gg ! H ! 4 leptons

4� leptons, CMS cuts

p
S = 8 TeV

Campbell, Ellis, Williams

Dependence on couplings cancels
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https://arxiv.org/pdf/1307.4935.pdf
https://arxiv.org/pdf/1305.2092.pdf


HOW IT WORKS

• On shell measurement of Higgs cross section consistent with SM expectations
• A larger Higgs width           more off-shell events: GH ~ sabove/sres

• Big assumption is that couplings are same on and off the peak

48

ATLAS: 

CMS: 

�H

�H(SM)
< 3.8
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ATLAS: 1808.01191
CMS:1901.00174
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Example: Anomalous HZZ Coupling

Anomalous HZZ couplings can 
lead to an increase in the number 
of events in the off-shell tail.

O1 = �M2
Z

H

v
ZµZ

µ

O2 = �1

2

H

v
Zµ⌫Z

µ⌫

O3 = �1

2

H

v
Zµ⌫Z̃

µ⌫

O4 = 2
H

v
Zµ@

2Zµ

O6 = � M2
Z

M2
H
v
ZµZ

µ@2H

Strong modification 
of the M4l shape
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Gainer, Lykken, Matchev, Mrenna, Park, 1403.4951

M4l (GeV)

SM

https://arxiv.org/pdf/1403.4951.pdf


COLLIDERS

50

e+e�

Note sharp 
threshold



HIGGS  WIDTH AT        COLLIDERS

• Use recoil technique:  e+e-→ Zh; tag Z→ µ+µ-, e+e-

• Reconstruct recoil mass, 
• Identify Higgs independent of decay 
• This gives:  s(Zh)~(ghZZ)2

• Classify the rest of the events to measure BR(h→ XX)

e+e- →Zh, CLIC at √s=350 GeV, 500 fb-1

m2
recoil = (

p
s� El+l�)

2� | ~pll |2

e+e- →Zh, ILC at √s=250 GeV, 250 fb-1

ILC250:

mrecoil (GeV) mrecoil (GeV)

��

�
= 2.5%

�ghZZ

ghZZ
= 1.3%

��h = 11%

��

�
= 4%

�ghZZ

ghZZ
= 2%

CLIC350:
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HIGGS WIDTH AT         COLLIDERS

• Recoil technique gives independent measurements of total 
width and branching ratios

• Get total Higgs width:

• At higher energies can also use e+e-→ nnh

Advantage:  Coupling extractions don’t 
need assumptions about total width
Clean measurement of total width

�h =
�(h ! ZZ)

BR(h ! ZZ)
⇠ �(Zh)

BR(h ! ZZ)

�h =
�(h ! WW ⇤)

BR(h ! WW ⇤)
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HIGGS SELF-COUPLING BIG MILESTONE

• We don’t know that the Higgs comes from the scalar potential

• SM is perturbative

�4 =
M2

H

8v2
= .03�3 =

M2
H

2v
⇠ .13v

53

V = µ2�†�+ �(�†�)2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



TWO HIGGS PRODUCTION AT LHC

• Cross section has spin-0 and spin-2 contributions

• Mt
2>>s, pT

2

d�(gg ! HH)

dt
=

↵
2
s

32768⇡3v4

✓
| F0 |2 + | F2 |2

◆

HHH coupling (1 for SM)
• For large s, dependence on l3 suppressed
• More sensitivity to negative l3
• Exact cancellation at threshold
• b quark contribution ~2%

F0 ! �4

3
+

4M2
H

s�M2
H

(�3)

F2 ! 0
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• Only gluon fusion likely to be relevant
• Large increase in hh rate at high energy

SMALL RATES FOR HH

√S (TeV)

s
N

LO
(fb

)
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SCENARIO WHERE ONLY HHH COUPLING VARIES

250 GeV lepton colliders can’t do this
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DEPENDENCE ON HHH

Everything SM except l3
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SM THEORY UPDATE

• Now know NLO with full mass dependence (2-loop virtual)

• Reduces rate by -14%; changes distributions

• NNLO+NNLL in large top mass limit

• Increases NLO by +5%

• 14 Tev: shh= 36.69 -4.9%+2.1%  (fb)

• At high mHH, large uncertainties

• Top mass uncertainties:

Relative to infinite top mass limit
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Grazzini, Heinrich, Jones,Kallweit,Kerner, Lindert, Mazzitelli,Heinrich, Jones,  arXiv:1803.02463; 
Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk,Zirke,arXiv:1608.04798; Baglio, 
Campanario, Glaus,Muhlleitner, Spira, Streicher, arXiv:1811.05692

https://arxiv.org/pdf/1803.02463.pdf
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CURRENT STATUS OF SM SEARCHES

0 10 20 30 40 50 60 70 80
ggF
SMs HH) normalized to ® (pp ggFs95% CL upper limit on 
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Observed
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s 2±Expected 

ATLAS Preliminary
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.4 fb® (pp ggF
SMs

CMS, 1811.09689 ATLAS-CONF-2018-043
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CURRENT LIMITS
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HH AT HL-LHC
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PROJECTIONS AT FUTURE COLLIDERS

• Assuming only l3 non-zero

Numbers are from collaborations; 
numbers in () independent calculation

Error on l3 Running years
12
20

21

15
23

13

62De Blas, et al, 1905.03764

https://arxiv.org/pdf/1905.03764.pdf


LIMITS ON RESONANT PRODUCTION
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COMPLEMENTARITY WITH SINGLE 
HIGGS PRODUCTION

• Implicit dependence on l3
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COMPLEMENTARITY WITH SINGLE HIGGS 

PRODUCTION

• ATLAS fit to single Higgs production with 80 fb-1 (2019)

Similar to results from 

HH production
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