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A little about me

Undergrad at U. California

Davis 1989–1993

Started out interested in astronomy,

quickly switched to physics.

Was interested in astroparticle physics.

Graduate school (Ph.D.) at

U. California Santa Cruz

1993–1999 Worked on Higgs physics
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Postdoc at Fermilab

1999–2002

Research job!

Short-term contract: 3 years.

Continued learning: more Higgs,

supersymmetry, B physics.

Mentoring by experts in the field.

Postdoc at U. Wisconsin

Madison 2002–2005

Short-term contract: 3 years.

Continued learning: Higgs at LHC,

Little Higgs models.

Mentoring by different experts.
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Professor at Carleton 2005–now

Joined the Theoretical Particle Physics group

Working on research:
- Models with extra Higgs bosons & their properties
- Studying signals and backgrounds at colliders using simulation
- Models with dark matter: what it could be; searching at LHC

Also Grad Chair: talk to me if you need info about grad school
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Carleton Theoretical Particle Physics Group

* 4 active faculty members

Profs. Thomas Grégoire, Steve Godfrey, Heather Logan, & Daniel

Stolarski (new Winter 2016!)

* 2 postdoctoral research associates
Drs. Andrea Peterson and Alejandro de la Puente

* 10 graduate students
MSc: Gage Bonner, Robyn Campbell, Hassan Easa, Ben Kee-

shan, Will Scott, & Rouz Modarresi Yazdi

PhD: Hugues Beauchesne, Kevin Earl, Terry Pilkington, & Alex

Poulin
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Construct model

Make
predictions

Unexpected
measurements

Test by
experiment

What is particle physics phenomenology?
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Cooperation between theorists and experimentalists is essential

photo: Snowmass 2013 community planning study

- creation of sensible, interesting, and self-consistent models of

New Physics

- computer-simulation software to make detailed predictions for

Standard Model physics and New Physics signals at colliders
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CERN
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CERN
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ATLAS detector installation, February 2007
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Higgs boson discovery, July 2012

ATLAS results (CMS has similar plots)

On the x-axis: the two-photon or four-lepton invariant mass.
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Measurements so far consistent with Standard Model Higgs

- Event rates in the expected production/decay processes are
just about right (within uncertainties)

- Angular distributions look like they should [not shown here]
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LHC Higgs Cross Section Working Group (HXSWG)

Created January 2010
- Aim was to produce theory *agreements* on cross sections,
branching ratios, etc (and their uncertainties!) relevant to SM
and MSSM Higgs boson(s)

Restructured spring 2012 ← I got involved here

- Goal of discussing Higgs properties/measurements and beyond-
the-SM extensions

Has produced 3 big “yellow reports”: facilitated the comparison
and combination of Higgs results at LHC

A few Run 1 results still appearing (examples)   
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ATLAS+CMS 
preliminary  
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Figure 17: Best-fit values of parameters for the combination of ATLAS and CMS and separately for each experiment,
for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and κ

j
≥ 0. The

uncertainties are not indicated when the parameters are constrained and hit a boundary, namely κ
j
= 0.

6.3.1. Probing the up- and down-type fermion symmetry719

The parameterisation for this test has as free parameters λ
du
= κ

d
/κ

u
, λ

Vu
= κ

V
/κ

u
and κ

uu
= κ

u
·κ

u
/κ

H
.720

The up-type fermion couplings are mainly probed by the ggF production process, the H → γγ decay721

channel and to a certain extent by the ttH production process. The down-type fermion couplings are722

mainly probed by the H → bb and H → ττ decays and a small sensitivity to the relative sign comes from723

the interference between top and bottom quarks in the gluon fusion loop.724

The results of the fit are reported in Fig. 19 and in Table 16. The corresponding likelihood scan for the725

λ
du

parameter and for the combination of ATLAS and CMS is shown in Fig. 20. The p-value of the726

compatibility between the data and the SM predictions is 67%.727

6.3.2. Probing the lepton and quark symmetry728

The parameterisation for this test is very similar to that in Section 6.3.1 which probes the up- and down-type729

fermion symmetry. In this case, the free parameters are λ
lq
= κ

l
/κ

q
, λ

Vq
= κ

V
/κ

q
and κ

qq
= κ

q
· κ

q
/κ

H
.730

14th September 2015 – 16:18 38

DRAFT

Parameter value norm. to SM prediction
-1 0 1 2 3 4 5 6

ZZ/BRbbBR

ZZ/BR!!BR

ZZ/BR""BR

ZZ/BRWWBR

ggF#/ttH#

ggF#/ZH#

ggF#/WH#

ggF#/VBF#
ZZ)$H
$(gg#

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

# 1±
# 2±

Th. uncert.

Figure 7: Best-fit values of the σ(gg → H → Z Z ) cross section and of ratios of cross sections and branching ratios,
as obtained from the generic parameterisation described in the text and as tabulated in Table 7 for the combination
of ATLAS and CMS measurements. Also shown for completeness are the results for each experiment. The error
bars indicate the 1σ (thick lines) and 2σ (thin lines) intervals. In this figure, the fit results are normalised to the SM
predictions for the various parameters and the shaded bands indicate the theory uncertainties on these predictions.

14th September 2015 – 16:18 20

CMS (prel),):  PT in H!WW ATLAS:  H± ! tb 

LHC Higgs XS WG CERN Report Trilogy 
Handbook of LHC Higgs Cross Sections: 

1. Inclusive Observables      (CERN 2011-002, 151 pp)
2. Differential Distributions (CERN 2012-002, 275 pp)
3. Higgs Properties               (CERN 2013-004, 392 pp)

LHC Higgs Cross Section Working Group
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Mailing list: lc-higgs@cern.ch (645 subscribers, Jul. 15, 2015)
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2440503952Citations (Jul. 15, 2015)

Citations of original theory papers are very important.

YR1: 64 authors, 153 pages

YR2: 120 authors, 275 pages

YR3: 156 authors, 404 pages ← incl me

(the 4th report is in preparation!)
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I was involved in the beyond-the-SM working group but was rel-
atively clueless.

Focus was on the electroweak-singlet extension of the SM:

Φ =
1√
2

(
φ1 + iφ2

v + φ3 + iφ4

)
, S

Physical particles:

h0 = φ3 cos θ − S sin θ, H0 = φ3 sin θ + S cos θ

Q: If h0 is the discovered Higgs boson, how do you search for
H0?

The answers seemed super obvious to me (due to being clueless!)
Many video-conferences later...

1. With what rate is H0 produced (as a function of its mass)
2. What is the total width of H0 (the breadth of the “bump”)
3. How is H0 production rate related to h0 measurements
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Only 3 parameters: mH, sin θ ≡ κ′ or C′, and BRnew (H → hh)

Figure 129: The h2 signal strength µ′ and the h2 total width Γ′ in units of the SM Higgs total width ΓSM for
Benchmark 1 (one common scaling factor) in the (κ′2, BRnew) plane.

13.3.1 Specific benchmark model 1: Standard Model plus a Real Singlet Field
The simplest extension of the SM Higgs sector is given by the addition of a singlet field which is neutral
under the SM gauge groups [614–618]. This singlet field also acquires a non-vanishing vacuum expecta-
tion value. Such models have been discussed in numerous publications [357,619–633] and we shall give
details in the following.

13.3.2 The model
The most general gauge-invariant potential can be written as [617, 619]

V = λ

(
Φ†Φ − v2

2

)2

+
1

2
M2s2 + λ1s

4 + λ2s
2

(
Φ†Φ − v2

2

)
+ µ1s

3 + µ2s

(
Φ†Φ − v2

2

)
, (316)

where s is the real singlet scalar and in the unitary gauge the SM Higgs doublet can be written as

Φ =

(
0

(φ + v)/
√

2

)
(317)

with v # 246 GeV. We have already used the freedom to shift the value of s so that s does not get a
vacuum expectation value. As a result, M2 must be chosen positive in Eq. (316).

To prevent the potential from being unbounded from below, the quartic couplings must satisfy the
conditions:

λ > 0, λ1 > 0, λ2 > −2
√

λλ1. (318)

The trilinear couplings µ1 and µ2 can have either sign.

13.3.3 Mass eigenstates
After replacing Eq. (317) for Φ in the potential Eq. (316), we obtain

V =
λ

4
φ4 + λv2φ2 + λvφ3 +

1

2
M2s2 + λ1s

4 +
λ2

2
φ2s2 + λ2vφs2 + µ1s

3 +
µ2

2
φ2s + µ2vφs . (319)

232

HXSWG, arXiv:1307.1347
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The experiments used our stuff!!!
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I finally started to understand what the experimentalists were
looking for all along: simple, explicit parameterizations in which
to express their search constraints!

So when I started working on another model...
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Georgi-Machacek model
Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + two isospin-triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




under a global SU(2)L×SU(2)R

Physical spectrum:

- Two custodial singlets → h0, H0 mh, mH ← very similar

- Custodial triplet → (H+
3 , H

0
3 , H

−
3 ) m3 ← to 2HDM

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) m5 ← new!

→ Focus on direct searches for H5 states
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First step: “work out the model”

V (Φ, X) =
µ2

2

2
Tr(Φ†Φ) +

µ2
3

2
Tr(X†X) + λ1[Tr(Φ†Φ)]2

+λ2Tr(Φ†Φ)Tr(X†X) + λ3Tr(X†XX†X)

+λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)
−M1Tr(Φ†τaΦτ b)(UXU†)ab −M2Tr(X†taXtb)(UXU†)ab

9 parameters, 2 fixed by GF and mh → 7 free parameters

Need to work out relationships between the free parameters and

the physical masses & couplings of the Higgs particles...

K. Hartling, K. Kumar, and H. E. Logan, “The decoupling limit in the Georgi-Machacek

model,” Phys. Rev. D 90, 015007 (2014)

...and the constraints due to existing experimental measurements

at lower energies...

K. Hartling, K. Kumar, and H. E. Logan, “Indirect constraints on the Georgi-Machacek model

and implications for Higgs couplings,” Phys. Rev. D 91, 015013 (2015)
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K. Hartling, K. Kumar, and H. E. Logan, ”GMCALC: a calculator for the Georgi-Machacek

model,” arXiv:1412.7387 [hep-ph]
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Drafted back into HXSWG in Feb 2014:

This time, I knew what I wanted to accomplish!

Physical spectrum:

- Two custodial singlets → h0, H0 mh, mH ← very similar

- Custodial triplet → (H+
3 , H

0
3 , H

−
3 ) m3 ← to 2HDM

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) m5 ← new!

→ Focus on direct searches for H5 states

Experiments need:

1. What parameters are relevant

2. Predictions for production cross sections & decay widths
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V (Φ, X) =
µ2

2

2
Tr(Φ†Φ) +

µ2
3

2
Tr(X†X) + λ1[Tr(Φ†Φ)]2

+λ2Tr(Φ†Φ)Tr(X†X) + λ3Tr(X†XX†X)
+λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)
−M1Tr(Φ†τaΦτ b)(UXU †)ab −M2Tr(X†taXtb)(UXU †)ab

7 free parameters: too messy.

⇒ Specify a “benchmark scenario”:

[H]

BP8: Controlled Higgs flavour changing couplings
F. Botella, G.C. Branco, M. Nebot & M.N. Rebelo, arXiv:1508.05101

Main Features Higgs flavour changing decays,
can be probed at the 14 TeV LHC

BP81 BGL model (b, τ)

Spectrum: Mh = 125 GeV, MH ≈MA ≈MH± >∼ 600 GeV
cos(α− β) ≤ 0.17

tanβ 25− 100
Flavour changing Higgs decay branching fractions

Br(t→ hc) up to 10−2

Non-SM flavour conserving Higgs decay branching fractions
Br(h→ τ τ̄ ) 0.06 to 0.10
Br(h→ bb̄) 0.46 to 0.64

BP82 BGL model (t, ν2)

Spectrum: Mh = 125 GeV, MH ≈MA ≈MH± >∼ 250 GeV
cos(α− β) ≤ 0.5

tanβ 0.5− 3.5
Flavour changing Higgs decay branching fractions

Br(h→ bs) up to 10−3

Br(h→ µτ ) up to 10−2

Non-SM flavour conserving Higgs decay branching fractions
Br(h→ τ τ̄ ) 0.06 to 0.10
Br(h→ bb̄) 0.42 to 0.66

BP83 BGL model (b, ν2)
Spectrum: Mh = 125 GeV, MH ≈MA ≈MH± ≈ 600 GeV

cos(α− β) ≤ 0.17
tanβ 1− 25

Flavour changing Higgs decay branching fractions
Br(t→ hc) up to 10−3

Br(h→ µτ ) up to 10−2

Non-SM flavour conserving Higgs decay branching fractions
Br(h→ τ τ̄ ) 0.06 to 0.10
Br(h→ bb̄) 0.42 to 0.66

Fixed parameters Variable parameters Dependent parameters
GF = 1.1663787 × 10−5 GeV−2 m5 ∈ [200, 3000] GeV λ2 = 0.4(m5/1000 GeV)

mh = 125 GeV sH ∈ (0, 1) M1 =
√

2sH(m2
5 + v2)/v

λ3 = −0.1 M2 = M1/6
λ4 = 0.2

Table 6.1: Specification of the H5plane benchmark for the Georgi-Machacek model. These input parameters correspond to
in GMCALC [252].

64

- Vary the parameters that matter most
m5 = mass of H5, sH controls production cross section & total width

- Make sure remaining parameters are set to reasonable values
parameter point makes sense theoretically; not ruled out
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Red points: full scan of GM model done using GMCALC!

Black points: “H5plane” benchmark scenario

Region above blue line excluded by ATLAS VBF W±W± xsec: Chiang et al 1407.5053
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VBF → H5 cross sections (NNLO QCD, LO EW, onshell H5)
and H5 decay widths (LO) for H++

5 , H+
5 , H

0
5 , H

−
5 , H

−−
5

Update of numbers in LHCHXSWG-2015-001 (H. Logan & M. Zaro),
consistent with H5plane benchmark scenario

m5 [GeV] σNNLO
1 (H0

5 ) [fb] σNNLO
1 (H+

5 ) [fb] σNNLO
1 (H−

5 ) [fb]
200. 1375.+0.35%

−0.20% ± 1.8% ± 0.51% 1770.+0.30%
−0.18% ± 1.6% ± 0.46% 1148.+0.36%

−0.21% ± 2.2% ± 0.54%

210. 1288.+0.33%
−0.19% ± 1.8% ± 0.49% 1662.+0.28%

−0.17% ± 1.7% ± 0.45% 1073.+0.34%
−0.21% ± 2.2% ± 0.53%

220. 1209.+0.30%
−0.18% ± 1.8% ± 0.48% 1564.+0.26%

−0.17% ± 1.7% ± 0.44% 1004.+0.32%
−0.20% ± 2.2% ± 0.52%

230. 1136.+0.28%
−0.17% ± 1.8% ± 0.47% 1473.+0.25%

−0.16% ± 1.7% ± 0.43% 940.9+0.31%
−0.19% ± 2.2% ± 0.51%

240. 1069.+0.26%
−0.17% ± 1.8% ± 0.46% 1388.+0.25%

−0.15% ± 1.7% ± 0.42% 883.0+0.29%
−0.18% ± 2.3% ± 0.50%

250. 1006.+0.27%
−0.16% ± 1.8% ± 0.46% 1311.+0.25%

−0.14% ± 1.7% ± 0.41% 829.6+0.27%
−0.17% ± 2.3% ± 0.49%

260. 948.9+0.27%
−0.15% ± 1.8% ± 0.45% 1239.+0.25%

−0.14% ± 1.7% ± 0.40% 780.4+0.27%
−0.17% ± 2.3% ± 0.48%

270. 895.7+0.27%
−0.15% ± 1.8% ± 0.44% 1172.+0.25%

−0.13% ± 1.7% ± 0.39% 734.9+0.27%
−0.16% ± 2.3% ± 0.48%

280. 846.3+0.27%
−0.14% ± 1.8% ± 0.43% 1110.+0.25%

−0.13% ± 1.7% ± 0.38% 692.8+0.28%
−0.15% ± 2.3% ± 0.47%

290. 800.5+0.27%
−0.14% ± 1.8% ± 0.42% 1052.+0.26%

−0.12% ± 1.7% ± 0.37% 653.8+0.28%
−0.14% ± 2.3% ± 0.46%

300. 757.8+0.27%
−0.13% ± 1.8% ± 0.41% 997.7+0.26%

−0.11% ± 1.7% ± 0.37% 617.5+0.28%
−0.14% ± 2.3% ± 0.45%

310. 718.0+0.28%
−0.12% ± 1.8% ± 0.40% 947.3+0.26%

−0.10% ± 1.7% ± 0.36% 583.9+0.28%
−0.13% ± 2.4% ± 0.45%

320. 680.9+0.28%
−0.12% ± 1.8% ± 0.40% 900.3+0.26%

−0.10% ± 1.7% ± 0.35% 552.6+0.28%
−0.13% ± 2.4% ± 0.44%

330. 646.3+0.28%
−0.11% ± 1.8% ± 0.39% 856.2+0.27%

−0.09% ± 1.7% ± 0.34% 523.4+0.28%
−0.13% ± 2.4% ± 0.43%

340. 614.0+0.28%
−0.11% ± 1.9% ± 0.38% 815.0+0.27%

−0.09% ± 1.7% ± 0.33% 496.1+0.28%
−0.12% ± 2.4% ± 0.42%

350. 583.7+0.28%
−0.10% ± 1.9% ± 0.37% 776.3+0.27%

−0.08% ± 1.7% ± 0.32% 470.7+0.28%
−0.12% ± 2.4% ± 0.42%

360. 555.2+0.28%
−0.10% ± 1.9% ± 0.37% 739.9+0.27%

−0.08% ± 1.7% ± 0.31% 446.9+0.28%
−0.11% ± 2.4% ± 0.41%

370. 528.6+0.28%
−0.09% ± 1.9% ± 0.36% 705.8+0.27%

−0.08% ± 1.7% ± 0.31% 424.6+0.28%
−0.10% ± 2.5% ± 0.41%

380. 503.6+0.28%
−0.09% ± 1.9% ± 0.35% 673.7+0.27%

−0.07% ± 1.7% ± 0.30% 403.7+0.28%
−0.10% ± 2.5% ± 0.40%

390. 480.0+0.28%
−0.08% ± 1.9% ± 0.34% 643.4+0.27%

−0.06% ± 1.7% ± 0.29% 384.1+0.28%
−0.09% ± 2.5% ± 0.39%

400. 457.9+0.28%
−0.07% ± 1.9% ± 0.34% 614.9+0.27%

−0.06% ± 1.7% ± 0.28% 365.7+0.28%
−0.09% ± 2.5% ± 0.39%

410. 437.1+0.28%
−0.07% ± 1.9% ± 0.33% 588.0+0.27%

−0.05% ± 1.7% ± 0.28% 348.4+0.28%
−0.08% ± 2.5% ± 0.38%

420. 417.4+0.28%
−0.06% ± 1.9% ± 0.32% 562.6+0.27%

−0.05% ± 1.7% ± 0.27% 332.1+0.28%
−0.07% ± 2.5% ± 0.38%

430. 398.9+0.28%
−0.06% ± 1.9% ± 0.32% 538.5+0.27%

−0.04% ± 1.7% ± 0.26% 316.8+0.29%
−0.06% ± 2.5% ± 0.37%

440. 381.4+0.28%
−0.06% ± 1.9% ± 0.31% 515.8+0.27%

−0.06% ± 1.7% ± 0.25% 302.3+0.29%
−0.06% ± 2.6% ± 0.36%

450. 364.9+0.28%
−0.05% ± 1.9% ± 0.30% 494.3+0.27%

−0.07% ± 1.7% ± 0.24% 288.7+0.28%
−0.06% ± 2.6% ± 0.36%

460. 349.2+0.28%
−0.05% ± 1.9% ± 0.30% 473.9+0.27%

−0.08% ± 1.7% ± 0.24% 275.9+0.28%
−0.06% ± 2.6% ± 0.35%

470. 334.4+0.28%
−0.06% ± 1.9% ± 0.29% 454.6+0.27%

−0.09% ± 1.7% ± 0.23% 263.7+0.28%
−0.06% ± 2.6% ± 0.35%

480. 320.4+0.28%
−0.07% ± 1.9% ± 0.28% 436.3+0.28%

−0.10% ± 1.7% ± 0.22% 252.2+0.28%
−0.07% ± 2.6% ± 0.34%

490. 307.1+0.28%
−0.08% ± 1.9% ± 0.28% 418.9+0.28%

−0.12% ± 1.7% ± 0.22% 241.4+0.28%
−0.08% ± 2.6% ± 0.34%

500. 294.5+0.28%
−0.10% ± 2.0% ± 0.27% 402.4+0.28%

−0.13% ± 1.7% ± 0.21% 231.1+0.28%
−0.09% ± 2.7% ± 0.33%

550. 240.4+0.28%
−0.15% ± 2.0% ± 0.24% 331.0+0.28%

−0.18% ± 1.8% ± 0.18% 187.0+0.28%
−0.15% ± 2.7% ± 0.31%

600. 198.0+0.28%
−0.20% ± 2.0% ± 0.21% 274.8+0.28%

−0.24% ± 1.8% ± 0.14% 152.9+0.28%
−0.21% ± 2.8% ± 0.29%

650. 164.5+0.28%
−0.26% ± 2.1% ± 0.19% 230.0+0.28%

−0.29% ± 1.8% ± 0.11% 126.1+0.28%
−0.26% ± 2.9% ± 0.27%

700. 137.7+0.29%
−0.32% ± 2.1% ± 0.16% 193.8+0.28%

−0.34% ± 1.8% ± 0.08% 104.8+0.28%
−0.32% ± 3.0% ± 0.25%

750. 115.9+0.29%
−0.36% ± 2.1% ± 0.14% 164.3+0.29%

−0.39% ± 1.8% ± 0.05% 87.64+0.28%
−0.37% ± 3.1% ± 0.23%

800. 98.20+0.29%
−0.41% ± 2.2% ± 0.11% 140.1+0.29%

−0.43% ± 1.8% ± 0.02% 73.75+0.29%
−0.42% ± 3.2% ± 0.21%

850. 83.60+0.29%
−0.46% ± 2.2% ± 0.09% 120.0+0.29%

−0.48% ± 1.8% ± 0.00% 62.39+0.29%
−0.47% ± 3.2% ± 0.20%

900. 71.50+0.29%
−0.51% ± 2.2% ± 0.07% 103.3+0.29%

−0.53% ± 1.9% ± 0.03% 53.03+0.29%
−0.52% ± 3.3% ± 0.18%

950. 61.41+0.29%
−0.55% ± 2.3% ± 0.05% 89.21+0.29%

−0.57% ± 1.9% ± 0.06% 45.27+0.29%
−0.57% ± 3.4% ± 0.17%

1000. 52.94+0.30%
−0.60% ± 2.3% ± 0.03% 77.35+0.29%

−0.62% ± 1.9% ± 0.08% 38.80+0.29%
−0.62% ± 3.5% ± 0.16%

Table 6.2: VBF production cross sections for H0
5 , H+

5 and H−
5 in the GM model, computed for sH = 1 at the

√
s = 13 TeV

LHC. The first (asymmetric) uncertainties are the QCD scale uncertainty, the second is the PDF uncertainty, and the third is the αs

uncertainty. The uncertainty from uncalculated NLO electroweak corrections should be taken as ±7%. The relative Monte Carlo
numerical integration error is below 5 × 10−4 in all cases.
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m5 [GeV] σNNLO
1 (H++

5 ) [fb] σNNLO
1 (H−−

5 ) [fb]
200. 2511.+0.24%

−0.14% ± 1.9% ± 0.40% 1070.+0.33%
−0.21% ± 2.9% ± 0.54%

210. 2364.+0.24%
−0.14% ± 1.9% ± 0.39% 997.0+0.31%

−0.20% ± 2.9% ± 0.53%

220. 2229.+0.23%
−0.13% ± 1.9% ± 0.38% 930.3+0.29%

−0.19% ± 3.0% ± 0.52%

230. 2104.+0.24%
−0.13% ± 1.9% ± 0.37% 869.2+0.27%

−0.19% ± 3.0% ± 0.51%

240. 1988.+0.24%
−0.12% ± 1.9% ± 0.35% 813.3+0.25%

−0.18% ± 3.0% ± 0.51%

250. 1881.+0.24%
−0.11% ± 1.9% ± 0.34% 762.0+0.25%

−0.18% ± 3.1% ± 0.50%

260. 1781.+0.24%
−0.10% ± 1.9% ± 0.33% 714.8+0.25%

−0.18% ± 3.1% ± 0.49%

270. 1689.+0.25%
−0.09% ± 1.9% ± 0.32% 671.3+0.25%

−0.17% ± 3.1% ± 0.49%

280. 1602.+0.25%
−0.09% ± 1.9% ± 0.31% 631.2+0.25%

−0.16% ± 3.1% ± 0.48%

290. 1522.+0.24%
−0.09% ± 1.9% ± 0.30% 594.1+0.26%

−0.15% ± 3.2% ± 0.47%

300. 1447.+0.25%
−0.08% ± 1.9% ± 0.29% 559.8+0.26%

−0.14% ± 3.2% ± 0.47%

310. 1377.+0.25%
−0.07% ± 1.9% ± 0.28% 527.9+0.26%

−0.14% ± 3.2% ± 0.46%

320. 1311.+0.25%
−0.06% ± 1.9% ± 0.28% 498.4+0.26%

−0.13% ± 3.3% ± 0.45%

330. 1249.+0.25%
−0.06% ± 1.9% ± 0.27% 471.0+0.26%

−0.13% ± 3.3% ± 0.45%

340. 1192.+0.25%
−0.06% ± 1.9% ± 0.26% 445.4+0.26%

−0.12% ± 3.3% ± 0.44%

350. 1137.+0.25%
−0.05% ± 1.9% ± 0.25% 421.6+0.26%

−0.12% ± 3.3% ± 0.44%

360. 1086.+0.25%
−0.05% ± 1.9% ± 0.24% 399.4+0.26%

−0.11% ± 3.4% ± 0.43%

370. 1038.+0.25%
−0.07% ± 1.9% ± 0.23% 378.7+0.26%

−0.10% ± 3.4% ± 0.43%

380. 992.6+0.25%
−0.08% ± 2.0% ± 0.22% 359.3+0.26%

−0.10% ± 3.4% ± 0.42%

390. 949.8+0.25%
−0.09% ± 2.0% ± 0.21% 341.1+0.25%

−0.10% ± 3.5% ± 0.42%

400. 909.3+0.25%
−0.11% ± 2.0% ± 0.21% 324.1+0.26%

−0.09% ± 3.5% ± 0.41%

410. 871.1+0.25%
−0.12% ± 2.0% ± 0.20% 308.1+0.26%

−0.09% ± 3.5% ± 0.41%

420. 835.0+0.25%
−0.13% ± 2.0% ± 0.19% 293.1+0.26%

−0.08% ± 3.6% ± 0.41%

430. 800.8+0.25%
−0.14% ± 2.0% ± 0.18% 279.0+0.26%

−0.07% ± 3.6% ± 0.40%

440. 768.4+0.26%
−0.16% ± 2.0% ± 0.17% 265.8+0.26%

−0.07% ± 3.6% ± 0.40%

450. 737.7+0.26%
−0.17% ± 2.0% ± 0.16% 253.3+0.26%

−0.08% ± 3.6% ± 0.39%

460. 708.5+0.26%
−0.18% ± 2.0% ± 0.16% 241.5+0.27%

−0.10% ± 3.7% ± 0.39%

470. 680.9+0.26%
−0.19% ± 2.0% ± 0.15% 230.5+0.27%

−0.11% ± 3.7% ± 0.39%

480. 654.5+0.26%
−0.20% ± 2.0% ± 0.14% 220.0+0.27%

−0.13% ± 3.7% ± 0.38%

490. 629.5+0.26%
−0.21% ± 2.0% ± 0.13% 210.2+0.26%

−0.14% ± 3.8% ± 0.38%

500. 605.7+0.26%
−0.22% ± 2.0% ± 0.13% 200.8+0.27%

−0.15% ± 3.8% ± 0.38%

550. 502.4+0.26%
−0.27% ± 2.0% ± 0.09% 161.1+0.27%

−0.21% ± 3.9% ± 0.36%

600. 420.3+0.26%
−0.33% ± 2.0% ± 0.05% 130.6+0.27%

−0.28% ± 4.1% ± 0.35%

650. 354.3+0.27%
−0.38% ± 2.0% ± 0.02% 106.9+0.26%

−0.33% ± 4.3% ± 0.34%

700. 300.7+0.27%
−0.43% ± 2.1% ± 0.01% 88.12+0.26%

−0.39% ± 4.4% ± 0.33%

750. 256.7+0.27%
−0.48% ± 2.1% ± 0.05% 73.17+0.27%

−0.45% ± 4.6% ± 0.32%

800. 220.3+0.27%
−0.53% ± 2.1% ± 0.08% 61.13+0.27%

−0.50% ± 4.7% ± 0.31%

850. 189.9+0.27%
−0.57% ± 2.1% ± 0.11% 51.36+0.27%

−0.56% ± 4.9% ± 0.31%

900. 164.4+0.28%
−0.62% ± 2.1% ± 0.14% 43.37+0.27%

−0.61% ± 5.0% ± 0.30%

950. 142.8+0.28%
−0.67% ± 2.2% ± 0.17% 36.79+0.28%

−0.66% ± 5.2% ± 0.30%

1000. 124.5+0.28%
−0.71% ± 2.2% ± 0.20% 31.33+0.28%

−0.72% ± 5.4% ± 0.30%

Table 6.4: VBF production cross sections for H++
5 and H−−

5 in the GM model, computed for sH = 1 at the
√

s = 13 TeV LHC. The
first (asymmetric) uncertainties are the QCD scale uncertainty, the second is the PDF uncertainty, and the third is the αs uncertainty. The
uncertainty from uncalculated NLO electroweak corrections should be taken as ±7%. The relative Monte Carlo numerical integration
error is below 5 × 10−4 in all cases.
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Uncertainty on σ from uncalculated NLO EW corrs ' ±7%

m5 [GeV] Γtot
1 (H±±

5 ) [GeV] Γtot
1 (H±

5 ) [GeV] Γtot
1 (H0

5 ) [GeV] BR(H0
5 → W+W−)

200. 1.006 0.8608 0.8008 0.4187+14.%
−14.%

210. 1.275 1.118 1.071 0.3969+15.%
−14.%

220. 1.578 1.410 1.362 0.3863+15.%
−14.%

230. 1.921 1.737 1.686 0.3799+15.%
−14.%

240. 2.307 2.105 2.051 0.3749+15.%
−15.%

250. 2.739 2.516 2.459 0.3714+16.%
−15.%

260. 3.219 2.975 2.912 0.3685+16.%
−15.%

270. 3.750 3.484 3.414 0.3661+16.%
−15.%

280. 4.333 4.045 3.968 0.3640+16.%
−15.%

290. 4.972 4.660 4.577 0.3621+16.%
−15.%

300. 5.666 5.332 5.241 0.3604+16.%
−15.%

310. 6.420 6.063 5.965 0.3588+16.%
−15.%

320. 7.235 6.854 6.748 0.3574+16.%
−15.%

330. 8.112 7.708 7.595 0.3560+16.%
−15.%

340. 9.054 8.627 8.506 0.3548+16.%
−15.%

350. 10.06 9.612 9.483 0.3537+16.%
−15.%

360. 11.14 10.67 10.53 0.3526+16.%
−15.%

370. 12.29 11.79 11.65 0.3517+16.%
−15.%

380. 13.51 12.99 12.83 0.3508+16.%
−15.%

390. 14.80 14.26 14.10 0.3499+16.%
−15.%

400. 16.17 15.60 15.44 0.3491+16.%
−15.%

410. 17.62 17.03 16.85 0.3484+16.%
−15.%

420. 19.14 18.53 18.35 0.3477+16.%
−15.%

430. 20.75 20.12 19.93 0.3471+16.%
−15.%

440. 22.45 21.79 21.59 0.3465+16.%
−15.%

450. 24.23 23.55 23.34 0.3459+16.%
−15.%

460. 26.09 25.39 25.18 0.3454+16.%
−15.%

470. 28.05 27.33 27.10 0.3449+16.%
−15.%

480. 30.09 29.35 29.12 0.3445+16.%
−15.%

490. 32.24 31.47 31.23 0.3440+16.%
−15.%

500. 34.47 33.68 33.44 0.3436+16.%
−15.%

550. 47.15 46.25 45.97 0.3419+16.%
−15.%

600. 62.49 61.48 61.16 0.3406+16.%
−15.%

650. 80.74 79.63 79.27 0.3395+16.%
−15.%

700. 102.1 100.9 100.5 0.3387+17.%
−15.%

750. 126.9 125.6 125.2 0.3380+17.%
−15.%

800. 155.4 153.9 153.5 0.3375+17.%
−15.%

850. 187.7 186.1 185.6 0.3370+17.%
−15.%

900. 224.1 222.4 221.9 0.3367+17.%
−15.%

950. 264.9 263.1 262.5 0.3363+17.%
−15.%

1000. 310.3 308.4 307.8 0.3361+17.%
−15.%

Table 6.6: Tree-level total decay widths for H±±
5 , H±

5 , and H0
5 in the GM model, rescaled to sH = 1 and assuming that BR(H5 →

V V ) = 1. The uncertainty on the total widths from uncalculated NLO electroweak corrections should be taken as ±12%. We also
give BR(H0

5 → W+W−), assuming that BR(H0
5 → W+W−) + BR(H0

5 → ZZ) = 1, and its uncertainty from the uncalculated
NLO electroweak corrections.
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to appear in YR4
Uncertainty on Γ from uncalculated NLO EW corrs ' ±12%

sH dependence incorporated via σ ≡ s2
Hσ1, Γ ≡ s2

HΓ1
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ATLAS search for Georgi-Machacek model fiveplet state H±5

- Production via vector boson fusion, cross section ∝ s2
H

s2
H = fraction of M2

W and M2
Z coming from the triplet

  [GeV]±H
m
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H
s
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σ1±
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±

 W→
±

H

ATLAS

­1
 = 8 TeV, 20.3 fbs

ATLAS Collaboration, Phys. Rev. Lett. 114, 231801 (2015)
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Our latest stuff:

Studying effects of QCD corrections on kinematic distributions

ΣHpp ® H
5

+
jjL HfbL

LHC 13 TeV

LO+PS
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C. Degrande, K. Hartling, H. E. Logan, A. D. Peterson and M. Zaro, “Automatic predictions

in the Georgi-Machacek model at next-to-leading order accuracy,” arXiv:1512.01243 [hep-ph]

MadGraph model file publicly released

https://feynrules.irmp.ucl.ac.be/wiki/GeorgiMachacekModel

(still a little debugging to do, will not affect published results)
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Summing up... and the future

Working with the Higgs Cross Section Working Group has changed

the way I do physics (at least a little bit :)

What’s next for me with the HXSWG?
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Summing up... and the future

Working with the Higgs Cross Section Working Group has changed

the way I do physics (at least a little bit :)
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⇐ OMG What is That??!

- Experiments request an extended-Higgs

benchmark to interpret their two-photon reso-

nance search

- Fabbrichesi & Urbano, arXiv:1601.02447

claims the bump can be accommodated in the

Georgi-Machacek model

⇒ Work out a benchmark scenario

⇒ Recruit some experts for un-studied part of

the cross-section prediction
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BACKUP SLIDES
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Experimental particle physics at Carleton

- ATLAS experiment at the CERN Large Hadron Collider

Profs. Bellerive, Gillberg, Koffas, Oakham, & Vincter

- EXO - are neutrinos their own antiparticles?

Profs. Graham, Gornea, & Sinclair + Koffas

- DEAP - search for Dark Matter

Profs. Boulay & Graham

- ILC (International Linear Collider) detector development

Prof. Bellerive

Heather Logan (Carleton U.) Theory for the LHC Pizza & Prof, Jan 2016
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Student research opportunities

* Summer research positions
NSERC USRA summer research fellowships

- applications are usually due in January

- generally need at least 3rd year QM, E&M, dynamics for theory

- awards based on CGPA: work hard & keep your grades up!

* 4th-year Honours Projects
PHYS 4909 – research project under direct guidance of a faculty

member

* Grad student positions (MSc, PhD)
We are always looking for strong students!

For non-physics students: check with your department.

There are many opportunities to get involved in research during

your undergrad career!

Heather Logan (Carleton U.) Theory for the LHC Pizza & Prof, Jan 2016
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Introduction: the descriptive version

The Higgs field is a new kind of field that fills all space

Kind of like a magnetic field, but without a direction

It carries weak gauge charges (isospin and hypercharge):

the W and Z bosons interact with it and thereby become massive

It interacts with different fermions with different strengths:

thereby the quarks and leptons all acquire their different masses

(except probably for neutrinos: that’s another story)

This is the description in the Standard Model:

only just starting to be tested!

Heather Logan (Carleton U.) Theory for the LHC Pizza & Prof, Jan 2016
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Introduction: the mathy version

A one-line theory:

LHiggs = |DµH|2 − [−µ2H†H + λ(H†H)2]− [yf f̄RH
†FL + h.c.]

Most general, renormalizable, gauge-invariant theory involving a single spin-

zero (scalar) field with isospin 1/2, hypercharge 1.

−µ2 term: electroweak symmetry spontaneously broken; Gold-
stone bosons can be gauged away leaving 1 physical particle h.

-1

 0

 1

 2

 3

-300 -200 -100  0  100  200  300

V 
 [(

10
0 

G
eV

)4 ]

| |  [GeV]

-µ2 < 0

H =

(
G+

(v + h+ iG0)/
√

2

)

Mass and vacuum expectation value of h are fixed by minimizing
the Higgs potential:

v2 = µ2/λ M2
h = 2λv2 = 2µ2
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Introduction: the mathy version

SM Higgs couplings to SM particles are fixed by the mass-generation
mechanism.

W and Z: gZ ≡
√
g2 + g′2, v = 246 GeV

L = |DµH|2 → (g2/4)(h+ v)2W+W−+ (g2
Z/8)(h+ v)2ZZ

M2
W = g2v2/4 hWW : i(g2v/2)gµν

M2
Z = g2

Zv
2/4 hZZ : i(g2

Zv/2)gµν

Fermions:

L = −yf f̄RH†FL + · · · → −(yf/
√

2)(h+ v)f̄RfL + h.c.

mf = yfv/
√

2 hf̄f : imf/v

Gluon pairs and photon pairs:
induced at 1-loop by fermions, W -boson.

All predicted in the Standard Model, with no free parameters!
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There is a lot more work to do on the Higgs.

- Precision measurements of Higgs boson properties need more data!

- Are there more Higgs-like particles? Hunt for them!

And there are still many other mysteries to solve.

- Dark matter? Dark energy??

- Matter/antimatter asymmetry of the universe?

- Neutrino masses? (probably not coming solely from the Higgs)

- Why 3 generations of quarks & leptons?

- New forces? New dimensions of space??

Heather Logan (Carleton U.) Theory for the LHC Pizza & Prof, Jan 2016
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Most general scalar potential: Aoki & Kanemura, 0712.4053

Chiang & Yagyu, 1211.2658; Chiang, Kuo & Yagyu, 1307.7526

Hartling, Kumar & HEL, 1404.2640

V (Φ, X) =
µ2

2

2
Tr(Φ†Φ) +

µ2
3

2
Tr(X†X) + λ1[Tr(Φ†Φ)]2

+λ2Tr(Φ†Φ)Tr(X†X) + λ3Tr(X†XX†X)

+λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)
−M1Tr(Φ†τaΦτ b)(UXU†)ab −M2Tr(X†taXtb)(UXU†)ab

9 parameters, 2 fixed by MW and mh → free parameters are mH, m3, m5, vχ, α plus two

triple-scalar couplings.

Dimension-3 terms usually omitted by imposing Z2 sym. on X.
These dim-3 terms are essential for the model to possess a de-
coupling limit!
(UXU †)ab is just the matrix X in the Cartesian basis of SU(2), found using

U =

( − 1√
2

0 1√
2

− i√
2

0 − i√
2

0 1 0

)
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Theory constraints

Perturbative unitarity: impose |Re a0| < 1/2 on eigenvalues of

coupled-channel matrix of 2 → 2 scalar scattering processes.

Constrain ranges of λ1−5.

Aoki & Kanemura, 0712.4053

Bounded-from-belowness of the scalar potential: consider all

combinations of fields nonzero. Further constraints on λ1−5.

Hartling, Kumar & HEL, 1404.2640

Absence of deeper custodial SU(2)-breaking minima: numerical

check that desired minimum is the deepest (1-dim scan over

finite parameter range). Constraints involve all 9 parameters.

Hartling, Kumar & HEL, 1404.2640

(we do not consider situations in which the desired vacuum is metastable)
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Indirect constraints Hartling, Kumar & HEL, 1410.5538

Rb: known a long time in GM model; same form as Type-I 2HDM
HEL & Haber, hep-ph/9909335; Chiang & Yagyu, 0902.4665; Type-I: Grant, hep-ph/9410267

Bs–B̄s mixing: adapted from Type-I 2HDM
Mahmoudi & Stal, 0907.1791

* b→ sγ: adapted from Type-I 2HDM
Barger, Hewett & Phillips, PRD41, 3421 (1990)

F. Mahmoudi, SuperIso

Bs → µ+µ−: adapted from new calculation for Aligned 2HDM
Li, Lu & Pich, 1404.5865

S parameter: marginalize over T Gunion, Vega & Wudka, PRD43, 2322 (1991)

* strongest
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Higgs couplings at the LHC: top 4 production modes

1) Gluon fusion

(90% of Higgs production at LHC)

Top quark in the loop gives most important

contribution (bottom quark few-%)

Just Higgs produced: need distinctive decays:

γγ, ZZ → 4`
g

g

h

g

q

h

j

W, Z

W, Z

q

q

j

h

j

q

q̄

h

W, Z

7

2) Weak boson fusion

(∼10% of Higgs production at LHC)

Higgs couples to WW or ZZ

Two energetic “tagging jets” produced:

distinctive production signature

g

g

h

g

q

h

j

W, Z

W, Z

q

q

j

h

j

q

q̄

h

W, Z

7
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Higgs couplings at the LHC: top 4 production modes

3) Associated production of h+W , h+ Z

(a couple percent of total Higgs rate)

Higgs couples to WW or ZZ

W → `ν or Z → `+`− provide distinctive tags:

essential if Higgs decay is similar to back-

grounds!

g

g

h

g

q

h

j

W, Z

W, Z

q

q

j

h

j

q

q̄

h

W, Z

7

4) Associated production of h+ tt̄

(rare: only 1% of total Higgs rate at 13 TeV)

Higgs couples to tt̄: cleaner probe of htt̄ cou-

pling than gluon fusion

Two top quarks provide distinctive tags
g

g

t̄

h

t

t

W

b

q

t

h

j

W

W

b

q

t

h

j

8
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Higgs couplings at the LHC: decays

2 fermions:

b̄b, ττ , cc̄

h

f̄

f

h

W−
ν

W+
µ

4

WW → `ν`ν

or ZZ → 4`, 2`2ν

h

f̄

f

h

W−
ν

W+
µ

4

2 gluons, mainly through

a top quark loop (bottom

loop a few percent)
h

h

h

5

2 photons, mainly

through a W boson loop;

top quark loop interferes

destructively (−30%),

small contribution from

bottom loop

h

h

h

5

h

h

h

5

h

h

h

5
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Higgs couplings at the LHC: decays

Predict the decay rate Γi into each final state i.

Total decay rate is Γtot ≡
∑
iΓi.

Fraction of Higgs decays into a particular final state is

BRi ≡
Γi

Γtot
“branching ratio”

Sheet1

Page 1

bb 0.5770
WW* 0.2150

0.0857
tau tau 0.0632
cc 0.0291
ZZ* 0.0264
2 photons 0.0023

gg

bb
WW*
gg
tau tau
cc
ZZ*
2 photons
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Why Higgs couplings are interesting: search for new physics!

We know that the Standard Model cannot be the whole story.

Problems from data:

- Dark matter (and dark energy?!?)

Higgs portal; h→ invisible

- Matter-antimatter asymmetry
Electroweak baryogenesis, need modified Higgs potential

Problems from theory:

- Hierarchy problem
SUSY; composite Higgs/Randall-Sundrum; little Higgs; fine tuning??

- Neutrino masses (why so very tiny?)

Type-2 seesaw scalar triplet; neutrino-coupled doublet

- Flavour (origin of quark and lepton masses, mixing, CP violation?)

Clues from fermion couplings to Higgs?
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Three general possibilities:

1) More than one Higgs field in the vacuum

Each one has excitations, in general they are coupled together:

→ there are more Higgs states (including electrically-charged!)

→ physical particles are mixtures

Couplings of physical Higgs h are modified due to mixing:

parameterize by multiplicative factors κi
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Three general possibilities:

2) New particles that interact with the Higgs

h

h

h

5

h

h

h

5

h

h

h

5

Like top squarks, charginos in Supersymmetry:

They run in the loops that cause ggh and hγγ couplings

Modified loop-induced couplings: probe for new physics through

its virtual effects!

Heather Logan (Carleton U.) Theory for the LHC Pizza & Prof, Jan 2016

44



Three general possibilities:

3) New particles that the Higgs can decay into

The Higgs can interact with new particles that don’t interact via

the strong, weak, or electromagnetic interactions.

→ Dark matter?

Can also interact with light new particles that have so far evaded

direct searches.

→ New light particles that decay to non-distinctive final states, like QCD jets

The Higgs could be our window to new physics!

New decays add to Γtot: affect the “visible” Higgs branching

ratios via

BRi ≡
Γi

Γtot
=

Γi
ΓSM + Γnew
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Extracting Higgs couplings from LHC data

Measure event rates at LHC: sensitive to production and decay

couplings. Narrow width approximation:

Rateij = σiBRj = σi
Γj

Γtot

Coupling dependence (at leading order):

σi = κ2
i × (SM coupling)2 × (kinematic factors)

Γj = κ2
j × (SM coupling)2 × (kinematic factors)

Γtot =
∑

Γk =
∑

SM

κ2
kΓSM

k

Each rate depends on multiple couplings. → correlations
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Extracting Higgs couplings from LHC data

Measure event rates at LHC: sensitive to production and decay

couplings. Narrow width approximation:

Rateij = σiBRj = σi
Γj

Γtot

Coupling dependence (at leading order):

σi = κ2
i × (SM coupling)2 × (kinematic factors)

Γj = κ2
j × (SM coupling)2 × (kinematic factors)

Γtot =
∑

Γk =
∑

SM

κ2
kΓSM

k +
∑

new
Γnew
k

Each rate depends on multiple couplings. → correlations

Non-SM decays could also be present:

- invisible final state (can look for this with dedicated searches)

- “unobserved” final state (e.g., h→ jets)
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