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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

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary Overview of CMS EXO results
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10 Mass scale [TeV] mass scale [Tev]

Selection of observed exclusion fimits at 95% C.L. (theory uncertainties are not included).

Many limits exceed 1 TeV

Best limits at 13 TeV

January 2019




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:

V =296+ Mo'¢)’

The potential could just as easily be an effective theory:

My o 3 4 Mi;
V — _TH + A3 H° + A\ H* Must measure \3 = 5y = 130

We have no idea how to measure A,

Dawson, CTEQ2019 °




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—pe
Motivates 2HDM type models

Dawson, CTEQ2019




WHY DO WE EXPECT SOMETHING NEW IN THE
HIGGS SECTOR?

The Higgs mass has quantum corrections that we can calculate:

top 32
m
H ... { Yoo H M2 — 1P A2

A is the largest mass scale in the theory, maybe M, = 10" 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

Dawson, CTEQ2019 °



WHY DO WE EXPECT NEW PHYSICS IN
LOOPS?

Generically, solutions to naturalness involve new particles

A 2
""""""" M7 ~ —(125 GeV)Q( )

A 600 GeV /' IThis argument
: . appears to be
SM
. A is scale of new physics wrong, or maybe

A \2 just too simplistic
""""""" SM7 ~ +(125 GeV)Q( ) J P

new

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

Dawson, CTEQ2019 °



WHERE ARE WE GOING?

PDG, 2017
J=0

Mass m = 125.09 + 0.24 GeV
Full width I < 0.013 GeV, CL = 95%

HLAHC installabon

Ny
T T S

HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 + 0.11 e |
* +0.18 axpermant wgade phase 2
ww* = 1'0863616
z7* =129%0
—0.23 300 fb”! 3000 fb!
S iiesoi EXXE EXX

bb=082+030 (S=11)
ptp= =01+£25

T =112+ 023

Zy < 95, CL=9%

¢ZHO Production = 2.3+27 We are here

Normalized to SM A good time to take stock of physics goals

If theory is incomplete, interpretations of Higgs results inaccurate

Dawson, CTEQ2019 °



Dawson,

Future Colliders in a chart
Collider | Type NG P %]  N(Det) st z Time Refs. Abbreviation
[e=let] [10%%Tem™=2s~" | [ab™"] [years]
HL-LHC pp 14TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC pp 27TeV 2 16 15.0 20 [10] HE-LHC
FCC-hh | pp 100TeV - 2 30 300 25 1 FCC-hh
FCCcc | ee Mz 0/0 2 1007200 150 3 1
2My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-eeayqq
Wt 0/0 2 0.8/1.4 1.5 FCC-ee 345
+1) (1y SD before 2m,,, run)
ILC ee 250 GeV  +80/%30 1 1.35/2.7 2.0 11.5 [3,11] ILCss50
350 GeV  +80/430 1 1.6 02 ILCa50
500 GeV  +£R80/+30 | 1.8/3.6 4.0 8.5 ILCsy
+1) (1y SD after 250 GeV run)
CEPC ce Mz 0/0 2 17/32 16 2 2] CEPC
My 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7
CLIC ee 380 GeV +=80/0 1 1.5 1.0 8 [12] CLICagp
1.5 TeV +80/0 1 37 25 7 CLIC 500
3.0 TeV +80V0 1 6.0 5.0 8 CLIC 3000
(+4) | (2y SDs between energy stages)
LHeC ep 1.3TeV - 1 0.8 1.0 15 19] LHeC
HE-LHeC | ep 1.8 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5TeV - 1 1.5 2.0 25 [1] FCC-eh
CTEQ2019

European Strategy Process



I Proton collider

Possible scenarios of future colliders B FElectron collider
] Electron-Proton collider

mmssm Construction/Transformation

1TeV
= 4-5.4 ab!

4
i ENLH 1LC: 250 GeV 500 GeV

20km tunnel
unnel

nnel
G CepC: 90/160/240 GeV

16/2.6/5.6 abt SppC aim similar to FCC-hh

100km tunnel
11

350-365 GeV

100km tunne FCC hh: 100 TeV 20-30 ab?

HL-LHC: 13 TeV 3-4 ab? ; HE-LHC: 27 TeV 10 ab?

2years 6years |LHeC:1.2TeV | T |
I 0.25-1 ab1© eh-sofevea
S years IR €1 IC: 380 GeV — il
I
11 km tunnel > ab*
29

50 km tunnel

CERN

Preparation

== FCC hh: 150 TeV =20-30 ab-?

8 years e 17abt
90/160/250 GeV
150/10/5 ab+ 11 ye
e s FCC hh: 100 TeV 20-30 ab-t
8 years 15 years

2020 2030 2040 2050 2060

Dawson, CTEQ2019
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EWSB IN ANUTSHELL

Standard Model includes complex Higgs SU(2) doublet

o= (@)

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

Vsar = 12(67¢) + M(oT¢)? Invariant under ¢— - ¢

If u2< 0 (WHY???) then spontaneous symmetry breaking

Minimum of potential at:

®’s correspond to longitudinal

wow | U
¢=ev (h+v) <¢> — ( v ) degrees of freedom- all the

V2 action is here!

Dawson, CTEQ2019

Choice of minimum breaks gauge symmetry 0



GAUGE SECTOR

Couple ¢ to SU(2) x U(1) gauge bosons (W2 a=1,2,3; B*)

Ly =(Du¢)" (D ¢) — V()
D —o, —iSewi —idp
] 12 9 W 9 12

Gauge boson mass terms from:

Couplings fixed by gauge invariance

(Dug)'(D*9) %(O,v)(gwﬁa“ +¢'B,) (gWh e + ¢’ BY) ( 2 ) + ..

2

8

v
LU R+ POV + (—gWE + g/B,»?] ‘.

Free parameters in gauge sector: g and g’

Potential fixed by gauge
invariance and renormalizability

Dawson, CTEQ2019




MORE ON SM HIGGS MECHANISM

Massive gauge bosons:

1 : 2
W — W, F:iW, M, _8v
1% \/§ 2
4
ZO_<9W39’BM> M, = g2+g25
H 2 /2
V3g©+g

Orthogonal combination to Z is massless photon
o g’W;’ +gB,

Dawson, CTEQ2019




W, Z, HIGGS COUPLINGS

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

M
& ZZ”Zh cosOy = ——
cosb, Mz

Higgs couples to gauge boson mass

L=gM,W"W,h+

Spontaneous symmetry breaking gives W/Z mass = longitudinal
polarization

No free parameters in couplings!

Dawson, CTEQ2019



WHAT ABOUT FERMIONS?

Current-current interaction of 4 fermions
I _ZﬁGFJ ;J g

Consider just leptonic current

J :1767//)(1_275 je+17ﬂ7/p(1_75 j,u+hc

2

Only left-handed fermions feel charged current weak interactions

This induces muon deca
'S Indd . y This structure known since Fermi

" ‘< ° G.=1.16637 x 105 GeV 2

e

Dawson, CTEQ2019 e




MUON DECAY

Consider vpe—u ve

Fermi Theory:  EW Theory:
. — 1-y _ 1=y ig’ 1 _ 1=y _ [1-y
_lzﬁGFg,uvuyyﬂ[TSjuv#uve?/ (TS]% EWEE Ya g MY (Tsj”vﬂ%/ (TS u,
Vi u Vi g
W
e \ 4 > Ve
C Ve
My =%
For | k| << Mw, 2V2Gr=g?/2Mw? .
Gr —
F \/51}2

Dawson, CTEQ2019 G




HIGGS PARAMETERS

Gr measured precisely

G, g2 1

V2 =(\2G,) " = (246GeV )’

J2 8MW2 2

Higgs potential has 2 free parameters, p?, A

Vs = 1°(67¢) + M8 ¢) v* =
Trade p?, A for v2, Mn? A\ =
V= Mf%hQ Mips My
20 8v2

Large Mh —>strong Higgs self-coupling
A priori, Higgs mass could have been anything

Dawson, CTEQ2019




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

Y
Q=Ts+ 3 Put this in by hand

Dawson, CTEQ2019



STANDARD MODEL IS VERY ECONOMICAL

_(u V )
Q= i) Up, dp eL, e,

c v Except for masses, the
Cps Sp , My > generations are identical
L L

S H
{ v Reasons for flavor
{ b T symmetry not understood
b R> R, T 9 R
L L J

5 multiplets with 3 generations each: flavor symmetry (broken explicitly by Yukawas)

Dawson, CTEQ2019 e



WHAT ABOUT FERMION MASSES?

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

Dirac mass term forbidden by SU(2), gauge invariance:
L=-myyp=—-mr + ER@DL)
Effective Higgs-fermion coupling is gauge invariant
Ly = _@zLF;J(;u% — @ZLFg(ﬁdﬁ - Z;Flij¢€% + hc i,j=1,2,3 =generation index
Mass terms generated with ¢°=(h+v)/<\2
Diagonalizing mass matrix diagonalizes Higgs Yukawa couplings

- .. F4
L ~@sm¥u’, + Y93 ul,h + he mil = Fg yii — Zu

Higgs has no flavor changing couplings

Dawson, CTEQ2019 e




REVIEW OF HIGGS COUPLINGS

Couplings to fermions proportional to mass: %hff

Couplings to massive gauge bosons proportional to (mass)?:

h h
oMy, —WIW " + M3 -2, 2"
(% (%

Couplings to gauge bosons at 1-loop: *

o h h h
“e 2G4 gAY 4 F(my, MW)Sﬁ—FWFW + F(my, My)————F,, 2"
mv

F
(my) 12rv ¥ 8wsw v

Higgs self-couplings proportional to M,%
M2 M2 M2

V= _hp? h p3 h

2 i 2v o 8v2

Only unpredicted parameter is M,

h4

* Normalization is such that F—1 for m;, M\y— «

Dawson, CTEQ2019



SM PREDICTS My,

Inputs: g, g, v, My — My, Gg, o, My
Predict M,y

5 a 4o B
My =2 [ \/ x/_Gsz

Need to calculate beyond tree level

M,y predicted =80.935 GeV

M,y experimental =80.379 + 0.012 GeV

Dawson, CTEQ2019



My AT 1-LOOP

Predict M,y
3 o 1 Ar contains all the
GF - 2 . 2 . " .
J2M?2 sin? 6, (1-Ar) radiative corrections

Need to calculate beyond tree level

. 3G,m’(cos’6, y LGM, (. M
Ar :_8\/5 | sz g Ar’ = > In 5
7>\ sin’ 6, 24272 M}

In general: quadratic dependence on top mass,
logarithmic dependence on Higgs mass

Dawson, CTEQ2019



PRECISION CONSTRAINS NEW
PHYSICS

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

Higgs mass is precision observable

LI B s

= —— — T T T Total St o
F : -4 -
g [ 68% and 95% CL contours v E ATLAS ota at. only
= 80.5 — [ Fitw/o M,, and m measurements 20,46 Gov — Run 1: /s =7-8 TeV, 25 fo”, Run 2: Vs = 13 TeV, 36.1 b Total  (Stat. only)
s C Fit w/o M,, m and M, measurements || ~— o =046 ©050,,, G&V Run1H—4l  ——e— 1 124,51+ 052 ( +0.52) GeV
80.45 [’ Direct M, and m measurements Run1H-yy H———— 126024051 (+0.43) GeV
C Run 2 H—41 »—ol—‘ 124.79 £ 0.37 ( + 0.36) GeV
80.4 Run2 H-yy »—-{—c 124.93 £ 0.40 (£ 0.21) GeV.
C Run 142 H->4! —_— 12471 0.30 ( + 0.30) GeV
E W, comb. = 10 3 Run 142 Hoyy — 125.32 £ 0.35 ( £ 0.19) GeV
80.35 — M, =80379:0013Gev A __—— 1 T e POV | Sk
C . Run 1Combined — 125.38 +0.41 (+0.37) GeV
C ] Run 2 Combined ._.1_. 124.86 +0.27 ( +0.18) GeV
80.3 r ] Run 142 Combined ._i_. 124.97 + 0.24 ( +0.16) GeV
C ] ATLAS + CMS Run 1 lTo—c 125.09 + 0.24 (£ 0.21) GeV
80.25 [e] fitter[s. ] T E N E R R R B
S SN L N I B B 123 124 125 126 127 128
140 150 160 170 180 190
G my, [GeV]
m, [GeV]

SM predicts relationship between v, A, and My

Dawson, CTEQ2019 e



HIGGS COUPLINGS TO GLUONS

Largest contribution in SM is from top quarks
(hff coupling ~ m¢/v)

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

loop
L~aymijuy + Y uuph+he - Contribution of b quark ~ - 6%

g 76666600t t

No direct ggh , yyh couplings
=~ h since Higgs couples to mass

g 99999999

Independent of M, in large top mass limit

Dawson, CTEQ2019 @



Dawson, CTEQ2019

HIGGS COUPLINGS TO PHOTONS

Dominant contribution is W loops
Contribution from top is small

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

o« M3 16
T(H ~ By — — P
H =79~ o5 a2, | T g T
\ *limits are small My, limit
W  top Loops imply sensitivity

to new physics

NN



HIGGS DECAYS AND WIDTH

;\_ Ww 3

O g
I'sy=4 MeV << detector resolution 5 [ oF
TS 18
: : e : “r e ” : O, i g9 7z &
Width is sensitive to light “invisible” particles e =
G —— ]
m i cC i
n
102 E
I E 3
r VY Zy ]
10° -
1086 f00 720 74660 180 200

M, [GeV]

Dawson, CTEQ2019 @



HIGGS PRODUCTION AT A HADRON

COLLIDER
gD Most important processes: i
99 = h g
t ——h o o S~
qq — qqh \h
I TTTTTT \ qﬁ — qqh g .
q3q, g9 — tth Direct measurement
Depends on new of tth Yukawa
physics inloop ° g W)z

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

Dawson, CTEQ2019 @
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ERA OF PRECISION CALCULATIONS

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

LO NLO NNLO NNNLO
~ 7 -« /

100% increase 20% increase 2% increase

1977 » 1995 5 2002 > 2015

Dawson, CTEQ2019



GLOBAL PROGRAM OF CALCULATIONS

Dominant Higgs production mechanism is gluon fusion

Higgs production from gluon fusion known at NNNLO

Note stabilization at higher orders

Exact results in M;— <« limit at NNNLO:
[Mislberger, 1802.00833]

(13 TeV') = 54.80 pbfé:ig Zj(theory)

+1.96 %(PDF) 4 2.7% ()

Dawson, CTEQ2019 . . °
Anastasiou, Duhr, Dulat, Herzog, Mistlberger, 1503.06056


https://arxiv.org/pdf/1503.06056.pdf

PRECISE PREDICTIONS FOR PRODUCTION AND

DECAY

3

§-10 E Eé
= ¢
o Je
1]
102 =L

10 VT - _“—;._::._:..::—:;:?

2 Q). ne T T E

- ,\,\\@\_—_,-- P It s Cp - 5F9) T

Lo 7-(3@";\\NL0 [ eentIlT 0 7

o 82 =

e TesT ) 3

,——:516‘300\ BT i ]

oT A N

10" 7 =

M,=125GeV 7

MSTW2008 N

102 .- E

- 1‘ 1 1 l 1 1 1 1 1 1 1 1 l:

7 8 910 20 30 40 50 60 7080 10°

\s[TeV]
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Rates to NNLO or NLO
Gluon fusion dominates
Rates increase with energy
tth and hh smallest rates

Higgs cross section working group



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

GENERICALLY, SM COUPLINGS

19.7fo" (8 TeV) + 5.1 16" (7 TeV)

E>|> VHH‘ T \\HH‘ T \\HH‘ T \\HH‘ ] g :lll T T ||||||| T T ||||||| T T ||||||| T :
g 1L ATLAS Prelimjine o < CMS .
< E (s=13Tev, 36.1 ZA3 N qE :
5 [ m,=125.09 GeV Ny | <2 V\'I. ] o) F ]

g 10" SMHiggs boson E E - |==68% CL i
2 g ] 107 | —es% cL E

- A ] - i ]
10—2? v b E i ---SM Higgs .
i ] 102 E
3L _ - ]
1078 - é " o
E ’ E 10°%E (M, ¢) fit -
104 . g B68%CL | -
Eoodl T R 1
—95% CL .
1071 1 10 102 10‘4 i vl Lol Lol 1 —

0.1 1 10 100

Particle mass [GeV] Particle mass (GeV)
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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

il 5
o - BR(ii — H — jj) = %
. . H
Define scaling factors «
_ o(g9g > H — 77717) /433/%3
— H — = =
Hgg T o(g9 — H — 7777) |sm K7

Approaches to loops: «,, k4 can be
Written as function of SM scaling factors: eg « =(i,i<,)
Treated as free parameters to look for BSM contributions

LHC Higgs Cross Section Working group, 1307.1347

Dawson, CTEQ2019 @


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

FIRST STEP TO HIGGS COUPLINGS: « APPROACH

Kk;=(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:

Current Limits

» Couplings to gauge bosons at 8-12%
« Couplings to 3 generation fermions
at 15-20%

We are just getting to the interesting

ky 99+11_, 1.10*08_.q
Ky 110412, 1.05+08 regime: Generically expect deviations
i 1.11+12_ 1.02+1_, 02 1000 TeV \
+.33 +.19 5/‘€N—2N6% _
Ko -1.10+33_,, 1.06+19_,q A A
K, 1.01+16_,, 1.07*+15 .
Ky, 79+88 .o <1.51 at 95% cl CMS, arXiv:1809.10733

Dawson, CTEQ2019

ATLAS, ATLAS-CONF-2019-005 @



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

ATLAS, Global Higgs signal strength FUTURE

Uncertainty source Ap/p (%)
- - Vs = 14 TeV, 3000 fb™' per experiment
Statistical uncertainty 4.4 T T T T e e
Systematic uncertainties 6.2 o Total ATLAS and CMS
— — Statistical HL-LHC Projection
B R | Theory uncertainties 4.8 | —— Experimental
. : —— Theor Uncertainty [%]
o o Signal 4.2 - y Tot Stat Exp Th
,Ll/ - B Background 2.6 L =—"S 18 s 14 13
[O- . R] | S M Experimental uncertainties (excl. MC stat.) 4.1 Kw =1 1.7 |08 07 13
Luminosity 2.0 K; = 15 |07 0d 12
Background modeling 1.6 Kg = 25 los od 21
miss
Jets, Ex 14 LY==V 3.4 09 14 31
Flavour tagging 1.1 ‘
Ky BV=_. 37 [13 14 32
Electrons, photons 2.2 :
Muons 0.2 K= | 19 o9 04 15
T-lepton 0.4 Ky Z:]_. " 43 f38 14 17
Other 1.6 i = —— 98 |2 11 o4
MC statistical uncertainty i 0 002 004 006 EO-OB Ioé 0-12n 0;4
Xpected uncertain
Total uncertainty ( 7.6 ) P y
—

N | ots of theoretical work needed! @



PROJECTIONS FOR HIGGS COUPLINGS

CLIC, uncertainties in %
Vs =14 TeV, 3000 fo* per experiment

[ ] Total ATLAS and CMS

Uncertainties in % with 2 ab-!

e HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]
Tot Stat Exp Th
K, B 18 08 10 13 = 2 3
Ky B 17 08 07 13 K‘Y 1 1 1 O Ky :
K, = 15 07 06 12 KW 1 8 04 KW 08 01
Kg=__ 25 09 08 21
L= 34 09 11 31 KZ 38 03 KZ 04 0.2
Kbi’-—_ 37 13 13 32 K 22 097 Kg 21 0_9
K. = 19 09 08 15 g
(, =—— . Ky 18 0.60 Kp 1.3 0.2
KZy — |9.8 72 17 64
0 002 004 006 008 01 012 014 K. 1.9 0.80 Kq 2.7 0.9

Expected uncertainty
* From ILC study, 1710.076210.80 " From CLIC study, 1812.06018

Energy critical at e*e-machines;
Dawson, CTEQ2019 negligible theory error @

Large theory errors at LHC



SM IS SPECIAL AT HIGH ENERGY

Y\ [E4terms cancel
}:{ : }M i _ between TGC and QGC
:E:: P E? > Terms which grow with
~ & M? energy cancel for E >> MH
e M T E’
f}jmﬂ ,. A= —g2 T
SO VYOS u .

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

Dawson, CTEQ2019



HIGH SCALE DECOUPLING

Suppose there is a new particle X, with mass My>>My

SM scattering: ™\, 7
' Asy ~ W
Contribution from X: W 2
Ax ~ 37
X

Scattering rate: 2 2
9 9x

M5

og~0osyM + — OSM

Effects of X vanish as 1/My? for weak coupling

Dawson, CTEQ2019



THE HIGGS IS DIFFERENT

Particles whose couplings are proportional to mass don’t decouple

b, 7, p
W, Z
Ny M2
—p—= _QZ_Vg/J’V
_____ }—I_____ /U _____}{_____ 'U
W, Z
b, 7, p

Longitudinal polarizations also change counting

Dawson, CTEQ2019



Rest frame of h:
ph=(Mh,0,0,0)
pw+=Mn/2(1,0,0,B)
pw-=Mn/2(1,0,0,-B)
ex(W*)=(0,1, +i,0)/\2
ex(W-)=(0,1, F i,0)\2

(
eL(W*)=(Mn/2Mw)(B,0, 0,1)
(

EXAMPLE: h—->W*W-

P M
A(h — W W )longitudinal ~ :

eL(W-)=(Mn/2Mw)(B,0, 0,-1) & 4M,,

B2=1-4Mw2/M2

Ah—W*W") M,

~
~y
transverse g

Ah > W W )=—gM, e(W")-e(W")

—

The action is in the longitudinal sector!

Dawson, CTEQ2019



Dawson, CTEQ2019

Iy [GeV]

102

102;

10

10'12

SM HIGGS IS NARROW

| « How to measure Higgs width?
A non-standard value would
mean new physics
» Detector resolution a few GeV
, in yy channel
100 200 300 500 1000
M, [GeV]

T (Mg =125 GeV) = 4 MeV + 4%



S
1
=
1
N
N

CcMms Vs=7TeV,L=511";Vs=8TeV,L=19.7 fo"
> 7\ TTT ‘ TTTT ‘ TTTT TTTT ‘ TTTT ‘ TTTT ‘ TTTT TTTT TTT \7 > —_ ! ' l ° Data ! ' ' ! ! ! ! —_
3 351 ATLAS ¢ o ] 8% Jm,=126 GeV ]
0 E H s 77* — 4] |:| Signal (m, = 1245 GeV 1 = 1.66) E 9H ™ 30 5 IZIZY*,ZZ E
S 30 [ o7y J.Ldt —45M0" B cecoon 2z ] ~ N B z+X ]
[%] C . - Background Z+jets, tT ] _fg N ]
(]CJ 25 } ‘GZST&V:J‘Ld‘:ZO's fo YW systematic uncertainty { GC) 25 :_ _:
> r - > - n
1] r ] - 1

201 = W20 g
151 = 151 i I =
z | I |
10 C ] 10 [ - 'y | —]
g ] : il W || ]
°F °k i1 | A E
I L Lo 1w Tl e L 7

0 oLt gt Tl e .l ;
80 90 100 110120 130 140 150 160 170 80 100 200 300 400 600 800
m,, [GeV] m,, (GeV)

Dawson, CTEQ2019



ASIDE ON HZZ COUPLINGS

HZ, Z, couplings vestige of EWSB
Massless gauge theory has no longitudinal polarizations
On-shell HZ,Z, coupling ~ M?/v

er(pz) ~ ]]\Z—ZZ mm) Enhanced at high energy

Expect resonance to have high energy tail

Dawson, CTEQ2019



HIGGS RESONANCE

« Above resonance: By, . o
2.2 Kg -—— - Kz
RK .
9"z < %
O above ™ 6%6% ,«656 “1,
e S “1
g Z
pM
€Er ~ —— 1 1
L
I = ds — —
Mz /(S—MI%I)Q—I—(FHMH)? TS
Kghz .
10 above 5 No dependence on width
MZ

Longitudinal Z’s give significant contribution above pole

Dawson, CTEQ2019



On the resonance: Ores ™

Dawson, CTEQ2019

ON THE HIGGS RESONANCE

2,2

KoKy 5
ot 0

Sensitive to resonance width




IDEA

=

Measure above and below the peak: Z2b°ve

10°

~
[}
-

3

"1 3

"3

do/dmy, (fo/GeV)

"3

-
(=]
>

Dawson, CTEQ2019

0-7“65‘

4 — leptons, CMS cuts

gg — H — 4 lepton Dependence on couplings cancels

VS =8 TeV

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

Campbell, Ellis, Williams

1 s 1]1111

4
100

1
200 500 1000 2000

my (GeV)

Caola, Melnkov, 1307.493; Kauer, Passarino,1305.2092 G


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: I'y;~ 6p0ve/Ores
Big assumption is that couplings are same on and off the peak

ATLAS: L S
" Tp(SM) 7
'y
- 9
CMS: T (SM) <3

ATLAS: 1808.01191
CMS:1901.00174

Dawson, CTEQ2019 @



https://arxiv.org/pdf/1808.01191.pdf
https://arxiv.org/pdf/1901.00174.pdf

Example: Anomalous HZZ Coupling

H

Oy = —Mj~—Z,2" Anomalous HZZ couplings can
o _LYH, _, lead to an increase in the number
‘T 29 " of events in the off-shell tail.
03 = —§?ZMVZ’MV 10 _:.II.
"o N -
Os =2—2,0° 2" I R
e 2 I I e
Og = _M—%UZ“ZI@ H 3 0001
€ 0.0001 |
Strong modification o
of the M,, shape 107 |
1e-08 :
100 1000 10000
Dawson, CTEQ2019 M4I (GeV) @

Gainer, Lykken, Matchev, Mrenna, Park, 1403.4951


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

o(e*e — HX) [fb]

—

lllllm] lllllm] lllllllTI llllnll] T 11T

—
Q

—
Q
N

ete” COLLIDERS

o

1000

72000 3000
\s [GeV]

Note sharp
threshold



HIGGS WIDTH AT ete COLLIDERS

Use recoil technique: e*e— Zh; tag Z— u*u, e'e

Reconstruct recoil mass, m

2 . p—
recoil

(Vs = By-)*= | pu |”

|dentify Higgs independent of decay

This gives: o(Zh)~(gz»)?

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

ILC250:
A% _ 9 5%
o
Aghzz —13%
9hzz
ATy, = 11%

Events / (0.2)

20}

Muon Channel

8of
60 f

40

—— Sig+Bkg
Sig

— Fit to Sig+Bkg ]

----- Fit to Bkg

AM_=0.039 GeV

Ac,,/0,,=0.036

120

140

Mrecoil (GeV)

130

150

e*e- —Zh, ILC at Vs=250 GeV, 250 fb-"

e'e

'''''' LA

—+Input total .
E ﬁ —Fitted total 1 CLIC350:
L — Fitted signal ]
3 ---Fitted background 7 Ao — 4%
- E o
5 1 Agnzz
- 3 ERZE gy
: ] 9hzz

Mecoil (GeV)
—Zh, CLIC at Vs=350 GeV, 500 fb-



HIGGS WIDTH AT e"e” COLLIDERS

Recoil technique gives independent measurements of total

width and branching ratios
Get total Higgs width: 1, — Brjg’(lh:ZZZZ)) ~ RE’}@ZZ)

At higher energies can also use e*e— vvh

oo D= ww)
"~ BR(h — WW*)

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




HIGGS SELF-COUPLING BIG MILESTONE

We don’t know that the Higgs comes from the scalar potential
V= p¢'¢+ M¢'¢)*
SM is perturbative
M? M?Z,

f— —H ~Y )\ = — &5 — o
)\3 o A3v 4 32 03

Dawson, CTEQ2019



TWO HIGGS PRODUCTION AT LHC

Cross section has spin-0 and spin-2 contributions

do(gg — HH) o ) )
— 5 F F
dt 327687304 [ Fo "+ [ F2 |
Mt2>>S’ pT2 A AM2 g L 9 o —ee-H
R WL/ Y :
3 S = MH \ g \\‘H g -—-H
F2 — 0

HHH coupling (1 for SM)
For large s, dependence on A5 suppressed

More sensitivity to negative A5
Exact cancellation at threshold
b quark contribution ~2%

Dawson, CTEQ2019 @



SMALL RATES FOR HH

HH production at pp colliders at NLO in QCD
M,;=125 GeV, MSTW2008 NLO pdf (68%cl)

MadGraph5_aMC@NLO

VS (TeV)

* Only gluon fusion likely to be relevant
« Large increase in hh rate at high energy

o

Dawson, CTEQ2019



SCENARIO WHERE ONLY HHH COUPLING VARIES

Hadron collider Lepton collider

et z et z e z
g ~h
kg S
‘:‘) = . 7z ~ A 7z s 7z ~ e h
. s, s N Sk ' [
p . \ LN
. ke oo h
et U, €F 7 Ve
qg > —h W B W - h WS __-h
Q -@ Z W
v - ~h W ~
W Sh W ==h
Y00 -
e Ve € Ve € Ve

250 GeV lepton colliders can’t do this

Dawson, CTEQ2019




DEPENDENCE ON HHH

SpyLolfo]

T T T T T E
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

MadGraph5 aMC@NLO

Everything SM except A;

Dawson, CTEQ2019

IS




SM THEORY UPDATE

Now know NLO with full mass dependence (2-loop virtual) 592 HH 8 NLO GOD | (3 UV | PORALICIS
_3$E+fullreals
—— HTL + full virtuals
= Full NLO E

Reduces rate by -14%; changes distributions

NNLO+NNLL in large top mass limit

[Baglio et al'1€]

Increases NLO by +5%

| do/dmyy (B/GevV]
10 BR=pr =myp[2

14 Tev: o= 36.69 -4.9%+2.1% (fb) ol

At high myy, large uncertainties B

Top mass uncertainties: / R e ———

myy [GeV]

do(gg — HH)
dQ Q=300 GeV

— 0_0312(5)i33%% fb/GeV, Relative to infinite top mass limit

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

Dawson, CTEQ2019



https://arxiv.org/pdf/1803.02463.pdf
https://arxiv.org/pdf/1608.04798.pdf
https://arxiv.org/pdf/1811.05692.pdf

Run | combined

CURRENT STATUS OF SM SEARCHES

CMS

Observed 43. xSM
Expacled 46.5x5M

bbVV
Observed 78.6xSM
Expacted 88 8xSM

bbbb

Obsarvad 74.6x5M
Expacted 36 9x5M

bbtt

Observed 31.4xSM
Expacted 25.1<SM

bbyy

Obsarved 23.6x5M

— - - =

Observed 22.2xS
Expacted 12.8x §

678910

gg—HH
—— Observed
- -~ Median expected
I 68% expected
95% expected

1 il il rl I - l ! !
20 30 405060 100 200 300400

95% CLon o, /oM

CMS, 1811.09689

Dawson, CTEQ2019

L LR L I B L L B
ATLAS Preliminary +ng:;’:;’

I D Xp!
fs=13TeV, 27.5-36.1 b B Expected + 1o

cgg"F (pp — HH) =33.4 fb Expected + 20

Obs. Exp. Exp. stat. |

HH—s bbbb 129 207 185
HH— bbt*t 126 146 11.9
HH-— bbyy 204 263 251

Combined {I 104 9.2
PRI PR ISR S SR T ST S N ST A N N MUY

PRI TR PR BT
0 10 20 30 40 50 60 70 80

95% CL upper limit on c__- (pp — HH) normalized to GEM

ggF

ATLAS-CONF-2018-043

gF



CURRENT LIMITS

3500(.:MS 35.9fb ' (13 TeV)
= ; 95% CL upper limits i H
i —— Observed

3000 [ - = = . Median expected
i I 68% expected
- [ 95% expected

2500¢
It : $#i Theoretical Prediction

R BT
-15

Dawson, CTEQ2019

-10 -5

20

15
ka'HHI-/ ;\'SM

Limits are asymmetric

95% CL upper limit on OgoF (pp — HH) [pb]

102

10

—_

10

1072

L B e e L B e e
F --- bbbb exp.; --- Combined (exp.) 3
r— g%bf’_oé’:' — Combined (obs.) .
[ T pRnT{exe) e Expected 1o (Combined) |
- - - bbyy (exp.) Expected +2c (Combined)
—— bbyy (obs.) === Theory prediction

|
P

[

>
3
b
(7))
)
S
3
]
)

= Vs=13TevV, 3
L 275-36.11b" ]
IIIIIIIIIIIIIIIIIIIIII:IIIIIIIIIIIIIIIIIIII
20 -15 10 5 0 5 10 15 20

K5 = Mg/ Mg

5 <K, <12



HH AT HL-LHC

¢ Expected significance (SM) with and without systematics at HL-LHC

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS

HH — bbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (llvw) . 0.59 - 0.56
HH — bbZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

i4.5 I i4.0|

Dawson, CTEQ2019

40 expected with
ATLAS+CMS!
ATLAS and CMS HL-LHC prospects 3ab1(14 TeV)
= || M fonificance: 4o | — Combination
Jrof ([ 01em<23p5% CL) B
v N 0.5 < k1 < 1.5 [68% CL : =~ bbyy
eoascL O _' ________________ J bbre
[ -** bbbb
(] s
[ 3 bbZz*(41)
95%CL 4 i f‘;‘ "-.‘ - bbVW(iiv)
68% CL [ U Y 2 i
obatiinhd P T et NVPRPPT
-2 -1 o 1 2 3 4 5 6 7




PROJECTIONS AT FUTURE COLLIDERS

Assuming only A3 non-zero

Numbers are from collaborations;
numbers in () independent calculation

Dawson, CTEQ2019

collider Error on A4
HL-LHC +80% (509%)
HE-LHC 10-20% (n.a.)
ILC2s0 -
ILC3sp -
ILCs00 27% (27%)
CLIC3g0 -
CLICts00 369 (36%)
CLIC3000 6, (n.a.)
FCC-CCQ.;O —
FCC-eezgs -
FCC-ee/eh/hh 5% (5%)
CEPC -

De Blas, et al, 1905.03764

Running years

12
20

21

15
23

13


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

LIMITS ON RESONANT PRODUCTION

CMS 35.9fb"' (13 TeV)

i SPNO
103 "' PO ZZZZ.'f Obsel‘ved

: = ==+ Median expected

- " N 68% expected .
R S S ; [ 95% expected .

107

—_
o

95% CL limit on o(pp—X—HH) [fb]

Dawson, CTEQ2019



COMPLEMENTARITY WITH SINGLE
HIGGS PRODUCTION

Implicit dependence on A3

H / M H
- P
\ /

\\

(a)

q
- 000000
\:‘___ H
5 q / .\11 000000 ——<1—— ¥
(®) )

|4

(c

Dawson, CTEQ2019



COMPLEMENTARITY WITH SINGLE HIGGS
PRODUCTION

atx,) / oM

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

= 4.0f§:g(sta.t.)f}:g (exp. ):1):3 (Sig.th)’:g:g(bkg.th)

—32<ky<119 @95%CL

R A A Raaa L RARAS L Anan AL RAAL) MALRS LLAL) RARA LALM) RALL
14F ] & . —Br /BR™ —BA./BR 3 ..
; S "UF oa B BRL/BRY Similar to results from
- & " —BRu/BR, =

HH production

|

F/OQS::’\\

osf- F ‘ , 3
- T %% y E ]
06p — Gy / O ] 0.95 E

0.4f Oy S

] 0.8k 3

. e ] ] i 3
% ! o3 ; o E
FEETERTETERTENI FRTRE INTRN INRTE RARTE RTRTY (1} "N ST FTEEI FETEI FETEE IEETE SRR R PR SR
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LY X
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