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SM success: triumph of the gauge principle
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SM challenge: mystery of the vacuum

Origin of W, Z masses

Origin of quark & lepton masses, mixing, CP violation
Origin of neutrino masses, mixing

Dark energy / Inflation

Hierarchy




Higgs discovery gives us first solid experimental handle:
The Higgs boson is a piece of the vacuum!

Cartoon: CERN
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Outline

Introduction: Higgs couplings in the Standard Model
What can we learn from measuring Higgs couplings?
- Higgs couplings beyond the Standard Model

- Current status

- Future prospects

Conclusions
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Higgs couplings in the Standard Model

A one-line theory:
Lrivee = |DuH|? — [-p?HTH + N(H'H)?] — [y FfrH'F; 4+ h

Higgs = |DuH]| [—p + A( )°] [yffR L+ h.c]
Most general, renormalizable, gauge-invariant theory involving a single scalar

field with isospin 1/2, hypercharge 1.

—u? term: electroweak symmetry spontaneously broken; Gold-
stones can be gauged away leaving one physical particle h.

H G*
—\ (v+h+iGY/V2
Mass and vev of h are fixed by minimizing the Higgs potential:

v2=u2/)\ M§=2Av2=2,u2
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Higgs couplings in the Standard Model

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

W and Z: g7 =\ g%+ g%, v=246 GeV

L=[D,H?2 = (¢2/8)(h+v)°WTW™ + (42/8)(h +v)22ZZ
MI%V = 92’02/4 hWW i(ngv/Q)g"W
M% = 9%02/4 hZZ - i(g%v/Q)g“V

Fermions:

L=y frRE'QL+ - — —(y;/V2)(h+v)frfr + h.c.
mfzyfv/\/§ hff - im /v

Gluon pairs and photon pairs:
induced at 1-loop by fermions, W-boson.
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Predict SM Higgs production cross sections and decay branching
ratios (as function of M)

§ T T T T T T T T T § % % 1 :_ T T T ItJE | T T T T T T I\NVIV T T T T _E§
- \s=8TeV 3¢ 2 18
B 1: > - {8
- 13 8 [
E R 2
C 3 + 10-1 LTt —
B ] o : zz =
N i = ]
B | " =I§Ill'uliiiii=.' ]
E = (o] L _
= - D
n ] L T b
:_ _: 102 =
E_ 1 10‘3 1 1 1 1 1 1 1 | 1 1 1 1 1 | 1
8 1000 100 120 140 160 180 200
M, [GeV] M, [GeV]
Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013

8



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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To probe for this new physics:

Measure couplings of the discovered Higgs particle h

- Mixing within extended Higgs sector shows up in A couplings
- New charged/coloured particles contribute to h~vvy, hgg l0OpS
- Compositeness affects couplings at order v2/f2

Search directly for the new states

- Adapt SM Higgs searches; h coupling measurements constrain
production/decay of additional states

- h — new particles

- Direct searches for SUSY / composite sector / KK modes / ...
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Is there more than one vacuum condensate?
Imagine two SU(2) doublets with nonzero vevs.
- Both condensates contribute to W and Z masses

- Say one gives masses to up-type quarks, one gives masses to
down-type quarks and charged leptons (like in MSSM)
— need stronger couplings to give measured fermion masses

- Discovered Higgs particle h is a coupled excitation of the two
vacuum-condensate fields
— mixing angle affects h couplings to W, Z, fermions

- Orthogonal excitation H is out there somewhere
(along with uneaten would-be Goldstones A9, H*)
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Concrete models

SM Higgs + singlet
all couplings of h scaled by mixing angle cos#6

SM Higgs + additional doublet(s)

different choices for fermion mass generation — coupling patterns

SM Higgs + larger SU(2) multiplet

possible custodial symmetry violation

These extensions often appear in BSM models:

- MSSM: need second Higgs doublet for anomaly cancellation,
holomorphic fermion couplings

- NMSSM: additional singlet to generate u parameter

- Little Higgs models: global symmetry often yields additional
SU(2) reps of PNGBSs: doublets, triplet, singlet(s)
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Higgs couplings beyond the Standard Model
W and Z:

- EWSB can come from more than one Higgs doublet, which
then mix to give h mass eigenstate. v = /v + 03, ¢ = Lhy + 2ho

L= |D/LH1|2 + |DMH2|2
MZ, = g%v2/4  hWWW : i(h|dy)(g%v/2)g" = iry (g2v/2)g"
M2 =g2v%/4  RZZ: i(h|pw)(gBv/2)g" = ik, (g%v/2)g"

Note kw = kz. AlsO, kwz = 1 when h = ¢,: “decoupling limit" .

- Part of EWSB from larger representation of SU(2): Q@ =T73+Y/2
LODudP = (¢?/A)[T(T+ 1) = Y?/2](¢ + v)*WTW™
+(97/8)Y? (¢ +v)°2Z

Can get ky # kz and/or ky, z > 1 after mixing to form h.
Tightly constrained by rho parameter, p = M2,/M2cos? 6y = 1 in SM.
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Higgs couplings beyond the Standard Model
Fermions:

Masses of different fermions can come from different Higgs dou-
blets, which then mix to give h mass eigenstate:

L= —yffRCD}FL + (other fermions) + h.c.

mfzyfvf/\/a hff : z(h|¢f>(v/vf)mf/vEszmf/'v
In general k; # Ky # kr;, €.9. MSSM with large tan 8 (4Qy).

Note (h|ér)(v/vy) = (h|dyr)/{Pv|dy)

= kKky =1 when h = ¢,: “decoupling limit".
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Higgs couplings beyond the Standard Model
Gluon pairs and photon pairs:

- k¢ and wy change the normalization of top quark and W loops.

New coloured or charged particles give new loop contributions.
e.g. top squark, charginos, charged Higgs in MSSM

New particles in the loop can affect h <> gg and h — v~ even if h
is otherwise SM-like.

= Most general treatment: take x4 and k- as additional inde-
pendent coupling parameters.
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Coupling extraction strategy at LHC

Measure event rates at LHC: sensitive to production and decay
couplings. Narrow width approximation:

¥

[ tot
Coupling dependence (at leading order):

Rateij = 0; BRj = 03

o; = K7 x (SM coupling)? x (kinematic factors)
;= x5 x (SM coupling)® x (kinematic factors)

Mot = M= wil M

Each rate depends on multiple couplings. — correlations
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Coupling extraction strategy at LHC

Measure event rates at LHC: sensitive to production and decay
couplings. Narrow width approximation:

¥

[tot

Coupling dependence (at leading order):

Rateij = 0; BRj = 03

o; = /4%2 x (SM coupling)? x (kinematic factors)

M, = /sz- x (SM coupling)? x (kinematic factors)

Ftot =D =D kil 2"+ > v
SM

new

Each rate depends on multiple couplings. — correlations

Non-SM decays could also be present:
- invisible final state (look for this with dedicated searches: h — ETmiss)

- "unobserved” final state (e.g., h — jets)

Higgs boson (theory) CAP Congress 2013
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LHC measurements (March 2013)

i I I i I i i Is=7TeV,L<5.1fo' \s=8TeV,L<19.6fb"
ATLAS Preliminary { m, = 125.5 GeV Combined CMS Preliminary m,, = 125.7 GeV
W.Z H - bb ' n=080:0.14| p_ =0.65
Vs =7TeV: [Ldt= 4.7 " ° :
Vs =8TeV: [Ldt=131b H—s bb -
H— 1t : n=1.15+0.62
Vs =7 TeV: [Ldt = 4.6 f o
\s=8TeV: [Ldt= 130" :
H-wWw!” S iy H— 1t
\s=7TeV: [Ldt=461" —— w=1.1010.41 =
\s=8TeV: |Ldt=20.7 " :
H— yﬁf : H
\s=7TeV: |Ldt=481b" PN — Y
\:= ST:V: JLgt=20.7 10" : n=077+£0.27 -
H— zlz” — 4 :
\s=7TeV: |Ldt=46M" | e—
\:=8T:V:ILdt=20.7fb'1 ; H— WW B

H n=0.68+0.20
Combined p=1.30+0.20 :
Vs=7TeV: [Ldt=4.6-48f" i _e—
Vs=8TeV: [Ldt=13-207 fb" : H—oZZ )
| | | | | | | n=10.92+£0.28

11 1 1 I 1 0 1 I 11 1 1 I 1§11 | | I
T 0+ o 05 1 15 2 25
Signal strength () Best fit o/c,,

Uncertainties still large
Few production x decay modes with uncertainties below 30%
= Rely on constrained fits within particular models for now
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LHC measurements (March 2013)

Overall signal strength u = o/og\m
- Assume that all decays are in their SM proportions

—~ 4 — CMS Preliminary {s=7TeV,L<51fb" {s=8TeV,L<19.6fb"
=2 ~ ATLAS Preliminary —— Combined s — S e e e e S
£ [ Vs=7TeV:[Ldt=46-48f0" — Hoyy Dm 'H— vy + H_ 77 4 Combined
5 3.5 \s=8TeV:det=20.7fb'1 — a7 ?5 2 51 + Hoyy
Iz B i
E B X Best fit i + H-ZZ
o 3 — 68% CL o s
e 95% CL 2.0~ H
2.5 I i
u 1.5 _
2 - -
1.5 1.0 .
1 i 1
0.5 I - i
B OO [ | | | | 1 | | | I | | L
0 B I I | | | | L1 1 1 | | | | | | | I | | | 1 24 1 26 1 28
122 123 124 125 126 127 128 129
m,, [GeV] my (GeV)

Highly constrained: 1-parameter coupling measurement
SM Higgs mixed with a singlet: p = cos26
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LHC measurements (March 2013)

2 —
Going beyond one parameter: £ D %gQVMV“ (szv_h> —myiY; (K,F%>

4 L L I L L LY IH :)Ibbl T IHI;)ITITI T CMS Preliminary V\s=7TeV,L=51f" {s=8TeV, L<19.6 fb"
- [
ATLAS JPrellmlnary ; H SHH = Iviv 2 ¢ SM Higgs . Fermlophoblc o Bkg. only
3_ \s=7TeV, |Ldt=4.6-48fb 1 H Y écombirjed 2 :
- \s=8TeV,[Ldt=1320.7 Ib S x Best Fit

ou

— ! .;III!IIIIIIIIIIlllllAIIIlIIII

06 0.7 08 09 1 11 12 13 14 15 1.6
Ky

-2

Highly constrained: 2-parameter coupling fit assumes no exotic decays
Two-Higgs-doublet-model (Typel): kyy = sin(8—a), kp = Ccosa/sin 3
hff couplings: first non-gauge interaction we've ever seen!
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LHC measurements (March 2013)
Additional constrained fits:

- Ky, Ku, kg. test up vs. down quarks
- Ky, Kq, kp: test quarks vs. leptons
Can reduce to 2-parameter fits in particular 2HDM models
- Ky, kyz. test custodial symmetry (probe for Higgs triplet contributions)
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Synergy between couplings of h and searches for additional states

The vacuum condensate(s) generate mass through couplings to
SM particles.

If more than one Mass eigenState CMSpreIirT]inary, s=7 TeV (L= 5.Ofb‘1,\/§:8TeVIL: 19.6fb?
contains excitation(s) of the conden- ‘
sate(s), then they must share these
couplings.

0)

o
©

new

o
©

o
~

Sum rules: k(h)?2 4+ k(H)2 =1

0.5

Important implications for searches for
additional Higgs-like states.

CMS-PAS-HIG-13-005

0.4

95% CL limit on C* (BR

0.3

\\\‘\\\\‘\\\\‘\\\\‘\\!/)k),\\\‘\\\\‘\\\\‘\\\\‘\\\\

Example: brand new CMS search for 02
EW Slnglet mlxed Wlth SM nggs - — Expected + 20 —— Expected DObserved
Adapt heavy-Higgs search to narrower, O o a0 e0 s 1000

rarer 2nd Higgs. Higgs boson mass [GeV]
CMS-PAS-HIG-13-014 (H — ZZ — 202v)
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High precision buys you New Physics reach.
Typical Higgs mass matrix for two mixed states:
m? A\v? or pv
\v2 or v M?
Larger M2 — smaller mixing angle — h couplings more SM-like.

Similarly, loop corrections from NP ~ (loop factor)(v2/M?)
h — SM-like called the ‘decoupling limit".

A few examples:

Compositeness: Ary ~ —3%(159)2, Axp ~ —(3% ~ 10%) (£5%)?

2HDM-II: Akpy = Akr ~ 40% (QOOG‘ZV)2 ~ 2% (Tev)2 for tan8 =5
Little Higgs: Akg, Ak~y ~ —5% for 1 TeV top-partner

MSSM: Ak, Akr ~ (2% ~ 4%) for my =1 TeV, tan8 =5

Significant parameter dependence including large SUSY loop corrections.
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LHC: About 27 fb—1 collected per expt. at 7 + 8 TeV.

ATLAS Preliminary (Simulation)
/s = 14 TeV: [Ldi=300 b ; [Ldt=3000 fb™

EXpeCt 300 fb_l/eXpt at 13_14 Te\/ det:SOOfb'1extrapolatedfrom7+8TeV

- Also, larger cross sections Hpu [ T
o ttH,H—pu | : —

Expected precisions: VBFHow e

~ 30% for h - WW, VBF h — ~vy vezz m """ il

~ 20% for VBF h — 771 VBF,H— WW — — = """ |

~ 10% for h — ZZ, h — v Howw B N

VHHoyy s """ |

High-luminosity LHC upgrade ttHH—yy — a

> 2022, — 3000 fb~1/expt. VBRH-yy g n
H—vy (+)

Add tth channels ~ 20%, h — up Hoyy B - | ***** |
Improve VBF, Vh h — ’Y’}/ 15'30% 0O 02 04 06 0.8

Aw

ow

More careful studies needed for h — bb.
ATL-PHYS-PUB-2012-004 (European Strategy study)
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For higher precision: high-energy ete™ Higgs ‘‘factory”

International Linear Collider:
- eTe™ collisions: very clean.
- Linear: no synchrotron radiation.

| r--'-‘

. The International Linear Collider
154 years globally coordinated R&D _ A Worldwids Eiefit

From Design to Reality

12 June 2013
Iﬂ Ca I’] a d a Tokyo, Geneva, Chicago

- TPC (tracker) R&D "
- calorimeter R&D

- accelerator R&D (TRIUMF)
- theory work

[ —
s e
= e

Technical Design Report release June |

Serious interest from Japanese govern-
ment to host machine
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For higher precision: high-energy ete™ Higgs ‘‘factory”

Energy Reaction Physics Goal
91 GeV ete” = 7 ultra-precision electroweak
160 GeV ete” - WW ultra-precision W mass
250 GeV ete” — Zh precision Higgs couplings
350-400 GeV ete” — tt top quark mass and couplings
ete” - WW precision W couplings
ete” — vvh precision Higgs couplings
500 GeV ete” — ff precision search for Z’
ete™ — tth Higgs coupling to top
ete” — Zhh Higgs self-coupling
ete” — XX search for supersymmetry
ete” — AH,HTH~ search for extended Higgs states
700-1000 GeV ete™ — vvhh Higgs self-coupling
ete” - V'V composite Higgs sector
ete” — vUtt composite Higgs and top
ete™ — tt* search for supersymmetry

draft ILC TDR (2013)

Multi-purpose program; focus on Higgs physics.
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eTe™ — Zh at peak xsec, /s ~ 250 GeV: recoil mass method

“Z-tagged’ Higgs:

- measure o(Zh) indepen-
dent of BRs to 2.5%

- measure BRs in inclusive
Higgs sample: no model
assumptions needed

V4

50

ZH—=p'u X
e  Signal+Background
Fitted signal+background 4

——— Signal
Fitted background

L 1 M |

0 P
115

120 125 130 135 140
m /GeV

recoil

ILC 250 fb~1 at /s = 250 GeV draft ILC TDR (2013) my, = 120 GeV

mode BR | 0 - BR(fb) | New/250fb~' | A(c BR)/(0c BR) | ABR/BR
h — bb 65.7% 232.8 58199 1.0% 2.7%
h — cc 3.6% 12.7 3187 6.9% 7.3%
h — gg 5.5% 19.5 4864 8.5% 8.9%
h— WW* | 15.0% 53.1 13281 8.1% 8.5%
h— 7t | 8.0% 28.2 7050 3.6% 4.4%
h— ZZ* 1.7% 6.1 1523 26% 26%
h — vy 0.29% 1.02 255 23-30% 23-30%
- BRs to bb (< 3%), 77, cc (~7%), WW, gg (~ 9%)

- BRs to ZZ, ~~ statistics limited (20-30%)
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Higher energy ete™ collisions:

P(e, €*)=(-0.8, 0.2), M =125 GeV

500 [
More statistics 3:%’}" all ffh
. . . 0400 .
- WBF Higgs production cross section grows £ :—;VZV\f/uf;z'r?n
C
[ iSi O300F ]
with collision energy. 5
- ILC luminosity grows with beam energy. %200— :
— e+\/e+ e :
O100¢} ]

2%

Access to new processes ¢ : t
- tth coupling °H
- triple-Higgs self coupling ) t

ILC baseline design up to /s ~ 500 GeV.
ILC upgrade to /s ~ 1000 GeV.

400 60 800

/s (GeV)
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Full ILC program, m;, = 125 GeV draft ILC TDR (2013)

A(oc-BR)/(c - BR)
vsand £ | 250fb~1 at 250 GeV | 500fb~! at 500 GeV | 1ab~! at 1 TeV
(P.-,P.+) (-0.8,+0.3) (-0.8,+0.3) (-0.8,+0.2)
mode Zh vUh Zh vUh vUh
h — bb 1.1% 10.5% 1.8% 0.66% 0.47%
h — ce 7.4% - 12% 6.2% 7.6%
h — gg 9.1% - 14% 4.1% 3.1%
h— WW* 6.4% - 9.2% 2.6% 3.3%
h—7tr~ 4.2% - 5.4% 14% 3.5%
h— ZZ* 19% - 25% 8.2% 4.4%
h — vy 29-38% - | 29-38% 20-26% 7-10%
h— utp 100% - - - 32%
process | v/s [GeV] | £ [ab™!] | (P.-,P.+) | A(c-BR)/(c-BR) | Ag/g
tth 500 1| (-0.8,4+0.3) 25% | 13%
Zhh 500 2 | (-0.8,40.3) 32% | 53%
tth 1000 1| (-0.8,4+0.2) 8.7% | 4.5%
vvhh 1000 2 | (-0.8,40.2) 26% | 21%

tth and double-Higgs: only h — bb final state analyzed so far.
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Summary: measuring the Higgs couplings

- Do a fit of all available channels.
- LHC: must make theory assumption to constrain total width.

- LHC precisions ~10%:; ILC precisions ~1—few%

g(hAA)/g(hAA)|,-1 LHC/ILC1/ILC/ILCTeV

0.15 -

0.1

0.05

-0.05 -

-0.1

-0.15 |

-0.2 -

-0.25 |-

t inv. .

Peskin, 1207.2516. LHC is 300 fb~1, includes Sep 2012 European Strategy submissions.
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Conclusions

Precision Higgs coupling measurements will let us learn about
the vacuum condensate(s) and how they couple to SM particles.
- Is our Higgs fully responsible for generating the masses of W, Z, fermions?
- Is our Higgs the only excitation of the vacuum condensate?

- Is there other stuff out there that couples to our Higgs?

Higher precision buys us better reach for New Physics.
- Opportunity to shed light on TeV scale.

- Solution of hierarchy problem?

- Electroweak baryogenesis?

- Any hints about flavour, neutrino masses, or dark matter?

With the Higgs discovery we finally have a piece of the vacuum!
An experimental opportunity worth taking full advantage of.
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Higgs mass dependence

Variation of SM Higgs BRs with M; due to kinematics:
Precision Higgs mass measurement is important!

t 1 — T T T | | T T T T T T T T T T T T _: §
S F ¢
> T gk
s [ 18
= 3
2 107} E
@ - .
& i
S
I —
102 3
10'3 | | | | | | | | | | | | | | |
100 120 140 160 180 200
M, [GeV]

1 GeV uncertainty in M;, = 5% uncertainty in kp/kyy -
100 MeV uncertainty in M}, = 0.5% uncertainty in kp/kyy .
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For higher precision: ete™ Higgs ‘“factory”

ILC: 250 fb—1 at 250 GeV: peak of ete~ — Zh cross section

- “Tagged” Higgs: measure o(Zh) independent of BRs to 2.5%
- BRs to bb (< 3%), 71, cc (~7%), WW, gg (~ 9%)

- BRs to ZZ, v~ statistics limited (20-30%)

ILC: 500 fb—1 at 500 GeV:

- WBF ete™ — vbh: Mot from combining with BR(WW)

- eTe™ — tth for top quark Yukawa coupling

- ete™ — Zhh for Higgs self-coupling (~ 27% with 2000 fb—1)

ILC upgrade: 1000 fb—1 at 1000 GeV:
- ultimate precision on ocxBRSsS
- ete™ — vihh for Higgs self-coupling (~ 20% with 2000 fb—1)
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> is formally dimensionless (in terms of fields).

Can add powers of an extra scalar field h up to dimension 4:

1 1 1 _
L = —ZBWBW — ZWﬁ,,WaW — ZGZVGO’W + LDyt

2h h?2 _ h
+ (D) (DFE) (1 +a— + b—2> — Yij i <1 + c—)
U U v

Unitarity of tree-level scattering amplitudes:
ViV — ViV is unitarized by h if a =1

Vi Vi — ff is unitarized by h if c =1

Vi Vi, — hh is unitarized if b = o

With ¢« = b = ¢ = 1, can absorb h into the > field to make a

“linear sigma model”, i.e., the Standard Model Higgs field:
— _iea a O
S — e i£%(x)o?/v
(v + h)/\/§
Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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What is the Higgs mass?

Upper bound on Higgs mass from VV — VV:

Smv2

M? < ~ (710 GeV)?

Lee, Quigg, Thacker 1977

Coupled channel analysis, |Reag| < 1/2, v >~ 246 GeV.

Electroweak fit in the SM:

6
Sensitive to M; through 1-loop correc- .
tions to W and Z propagators. 4-
Logarithmic dependence on Mjy: N gl
M;, < 160—-200 GeV <
(known since late '90s) 2__

1-
Constraint valid only in SM: fit to one 0

remaining free parameter.

LEP Electroweak Working Group, Winter 2012

Heather Logan (Carleton U.) Higgs boson (theory)
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Adpg =

— 0.02750+0.00033
-+ 0.02757+0.00010
-+« incl. low Q? data

Excluded

T T T T ‘I
40 100
m,, [GeV]
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What do we learn by measuring Higgs couplings?

- Is our Higgs fully responsible for generating the masses of W,
Z, and fermions?

- Is our Higgs fully responsible for unitarizing longitudinal gauge
boson scattering?

- Is our Higgs the only excitation of the vacuum condensate?

Is there other physics needed to complete any of these?
(and if so, what is its energy scale?)

- Is there other stuff out there that couples to our Higgs?

Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
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Why fit to specific models?

Specific models correspond to a lower-dimensional “slice” through
the most general (e.g., 542 dimensional) Higgs coupling param-
eter space.

- Test overall (in-)consistency with a model’s coupling pattern

- Get much tighter constraints on a few model parameters than
on many independent Higgs couplings

Ideal world: do general fit plus all of the above!

Ultimate test of LHC Higgs coupling sensitivity is the “decoupling
limit"” of small deviations from SM couplings.
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This can be interpreted in concrete non-SM Higgs models

Type-II, lepton-specific, “flipped’ 2HDMSs:
Only 2 underlying free parameters (mixing angles « and ),
plus small contribution of Ht to h — ~~ loop

MWW, hZZ < a = sin(8 — «)

Type-II:  hft o ¢; = cosa/sinB; hbb, htT < co = —sina/ cosf
has a top-phobic limit

Leptonic: hft, hbb < c1; hTT o co has a tau-phobic limit

Flipped: htt, htT o cq; hbb co has a bottom-phobic limit

Can do 2-parameter fits within the model
(or 3-parameter, including new loop contribution to hvyvy);
test relative consistency of different model coupling patterns.
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Unobserved final states cause a ‘flat direction” in the fit.

Allow an unobserved decay mode while simultaneously increasing
all couplings to SM particles by a factor a:

aQI_jSM

CL2 |—tSOI\€I + [Mhew

Rateij = CLQO'Z-SM

Ways to deal with this:
- assume no unobserved decays
(ok for checking consistency with SM, but highly model-dependent)
- assume hWW and hZZ couplings are no larger than in SM
(valid if only SU(2)-doublets/singlets are present)
- include direct measurement of Higgs width
(only works for heavier Higgs so that Mot > expt. resolution;
oM ~ 4 MeV for 125 GeV Higgs)

No known model-independent way around this at LHC.
[Can we measure h — jets? Boosted object techniques?]

(ILC gets around this using decay-mode-independent measurement of etTe™ —

Zh cross section from recoil-mass method.)
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This can be interpreted in concrete non-SM Higgs models
SM Higgs mixed with a gauge-singlet scalar:

- Overall 1-parameter scaling of all couplings by 0 < cosf < 1.
- BRs stay unchanged; rates scaled by cos2 6 = 1= oc/ogm

— EXxpect to find the orthogonal state somewhere!

SM Higgs with unobserved/invisible decays (e.g. to dark matter):

- Production rates unchanged

- BRs scaled by IT'spm/(Tgp + Thew) = 1 = o/ogm

unless new decay mode is picked up by SM signal/background selections and
modifies kinematic shapes.

— EXpect to observe invisible decay channel in a missing-energy search!
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This can be interpreted in concrete non-SM Higgs models

Composite Higgs models:

MCHM4: a =+1—-€, ¢c=(1-28)/V/1—-¢
MCHM5: a=+1—-& c=+1—-¢

Only one underlying parameter: can do a 1-dimensional fit for &
Type-I1 2HDM:

a=sin(8 — «)
¢ =sin(8 — a) + cot Bcos(B — o)

Additional effect in 2HDM-I.:
Ht gives small contribution to h — ~v loop (neglected here).
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Going beyond fermion universality: let g = gp

CMS Preliminary {s=7TeV,L<51f?! {s=8TeV,L<12.2 b’ CMS Preliminary {s=7TeV,L<51f?* {s=8TeV,L<12.2 fb’

x:j 2.0:\ T T | T T T T T ‘ T T T T T T | T T \: ¥> 2.0:\ T T | T T T T T ‘ T T T T T T | T T \:
1.8f = 1.8F -
1.6F = i6- L -
1.4F - 1.4F =

o . - f\\‘\ .

i y i 1.2 \ \ i
- N //-\ ‘ . - \ \ .
1.0 7N, 4 | ] 1.0 RN % 5 ]
- ( \\ / / N N < \ \ ]
0.8F \\* N\ /) - 0.8 N\ -
- 3 \ \ / i - "..’\ \ -
0.6F R N N . 0.6F ~ =
0.4F e T - 0.4F -
0.21 = 0.2 =
0.0:\ 1| | | 1| 1| | 1| 1| ‘ | 1| 1| | 1| | | 1| | \: 0.0:\ 1| | | 1| 1| | 1| 1| ‘ | 1| 1| | 1| | | 1| | \:

-2 0 2 -2 0 2

)\du )\du

CMS December 2012

3 parameters: Ky = gy, ku = gt, Ay = b/t

(Marginalized over the unshown parameter.)
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This can be interpreted in concrete non-SM Higgs models

Type-II 2HDM or MSSM:

gy =sin(8 — a)
gt = sin(B —«a) + cotBcos(B — a)
gp = gr = sin(B — a) —tanBcos(f — a)

Only 2 underlying free parameters 15
(mixing angles « and B): ~
can do a 2-dim fit for a and 3! %10

Warning: theorist-made fit —

Additional effect in 2HDM-II:
HT gives small contribution to h — o Cos o0 05 1o i3

~v loop (neglected here). @
Chen and Dawson, 1301.0309

0
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SM Higgs mixed with a gauge-singlet scalar:
h = ¢cosf —ssind H = ¢sinf 4+ scoso

Couplings of h: gy = gy = COs¥b
Couplings of H: gy = gr =sin6

Constrain cos?6 = o/ogp; of discovered state h.
Predict production cross section o(H) = sin?0 og.
BRs of H are same as SM Higgs (unless H — hh).
Total width of H is gy = sin?0 g\ (unless H — hh).

Dedicated searches for H: probe o/ogp as function of My, Ig.
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Two Higgs doublet models:
h = —sina¢1 + COS a ¢po H = cosa¢1 +sina¢r

Vector couplings of h: gy = sin(B8 — «)
Vector couplings of H: gy = cos(8 — a)

Type I:

Fermion couplings of h: gy = sin(8 — a) + cot g cos(8 — a)
Fermion couplings of H: gy = cos(8 — a) — cot3sin(f — «)

Type II or MSSM:

Fermion couplings of h: g = sin(8 — a) + cot Bcos(B — o)

g, =sin(B—a) —tan g cos(B — a)
Fermion couplings of H: g = cos(B — «) — cotBsin(B8 — a)

g, = cos(8 — a) +tangBsin(B8 — «)

Constrain couplings of h — predict production and decays of H
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Mass of H is constrained by same physics as SM Higgs mass.
WW — WW scattering:

If a # 1, h only partly unitarizes WW — WW. Job finished by H.
4mv? (870 GeV)?

M7 < ~
H~11 - a2 11— a2

Electroweak fit:

0.20 7 SM + singlet:

ok / S = a®Ssm(Mp) + (1 — a®)Ssm(Mp)

[ R . Similar for T' parameter.
"5 010, - Depends on log(Mp).

0.05 2HDM: Similar effects;

additional contrib’ns from H*, A0

0080 800 1000 1200 1400 1600
my(GeV) Can evade limit with new physics.
Gupta, Rzehak, Wells, 1206.3560
Heather Logan (Carleton U.) Higgs boson (theory) CAP Congress 2013
48



Higgs couplings beyond the Standard Model
Composite Higgs:

- Strongly-interacting sector contributes to gauge boson & fermion
masses along with A

- Deviations in couplings gv,gf # 1 can be parameterized in
terms of higher-dimensional operators: ~ 1 + O(v2/f?)

f = scale of strong interactions; typically f > v.
Examples:

- Little Higgs models
(also often contain additional Higgs doublets, triplets)

- 5-dimensional Composite Higgs models
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