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Abstract: <p>The High-Energy community is only now in the process of fully appreciating the opportunities the LHC provides by producing
el ectroweak-scal e resonances beyond threshold. On the one hand this is reflected by changing from the so-called 'kappa framework&€™ to effective
operators and on the other hand by studying Higgs and gauge boson production in processes with large momentum transfer. Accessing more
exclusive phase space regions will alow to either discover New Physics or improve Higgs-boson couplings measurements. | will discuss
implications of and tools necessary for these measurements, focusing on Higgs boson and Dark Matter phenomenol ogy.</p>
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Due to absence of signs of new physics

HEP has 'Big Mac’ blues,
i.,e. why nature not like (as natural as) advertised?

B\! e’

‘\-:z'”‘m-_

Commercial Reality
Sure, it (Higgs boson) does the job, but...
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We've got
the Higgs boson

e Discovery of Higgs boson huge success

e However, Higgs boson remnant/
by-product of BEH mechanism

No detailed understanding so far

Not enough evidence to identify theory of nature

New Physics has got to be out there:
e Matter/Anti-Matter asymmetry

e Dark Matter s Diphoton excess?

e Hierarchy Problem Almost every
‘Do you have to yell ‘Eureka’ every _ discovery starts
time you see something new?’ e Inflation with an anomaly
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Improved/Unified way of interpretation of measurements

» interpretation of any measurement model dependent

» inferpretation requires communication between different scales
as well as theorists and experimentalists

Connecting measurements with UV physics

Kappa EET Simplified Full (UV)
Framework Models Model
* NP models simple * SM degrees of * New low-energy * Very complex and
rescaling of couplings freedom and degrees of often high-dimensional
symmetries freedom parameter space
* No new Lorentz R + Subset of states of
-structures or New kinematics/ F:Il :1odoels, i * Allows to correlate

Lorentz structures high-scale and low-

scale physics

kinematics reflective at scale

of measurement

P AT TP bl TP o AT e AT TSNP ST TIPS [ A AR APy T MY P TN B AP TP A A TTUY Y LB P R T AT SSRGS} -—.-=4--}

Complexity/Flexibility
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Coupling measurement during Run 1 using kappa-framework:

kappa is ratio of couplings:
i
N e
Gi . S\NTI
so-called i
(g, < BR{g.;) physics L
' Decay into spec.
| ! channel
| Production /
| N g2
) - *g
o - BR ~ gle
X i
Sum of all .

possible decays
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Higgs coupling fits

v A% TeV LHC &

W

Seminar

® try to over-constrain couplings basis
® Higgs width of particular importance

Higgs coupling fits based on total rates... no dynamics

No new Lorentz structures, limited applicability for new physics
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Struggle for a unified language (basis) for Higgs EFT

Basis
*Complete
* Inspired by UV physics?
Several available:
Warsaw Basis [1008.4884])
SILH Basis (hep-ph/070164)
Primary/Higgs Basis [1405.0181]

Practicality

* Manageable number of
operators for fit

Validity

*Validity range of EFT set by kinematic of measurement

Precision

Resummation of large log (RGE improved pert. theory)

* Full NLO

Perimeter Institute Seminar 7 Michael Spannowsky 19.04.2016
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The future of coupling fits: The Effective Field Theory approach

All operators respecting gauge invariance, the SM gauge group and particle content
Agnostic operator basis complex: 2499 non-redundant parameters at dim-6

Highly complex: 59 operators (flavor blind)

On = 3 (O*IH|*)? 2 = G5 | oy
(')f :. (’,.}.)..!I). o . M e I M ’ v 7 o . N -"I‘-' [ iy
Os = A H|® . T bbby iy y
Ow — % (H'o"D"H ) D*Wp, o = t0, o
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Ouc i.':f)j'(-'}'_‘_.l"
Ouu gP\H|? B, 3 .
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Oun ig(D"H) o (D"H)WS,
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N
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The future of coupling fits: The Effective Field Theory approach

All operators respecting gauge invariance, the SM gauge group and particle content
Agnostic operator basis complex: 2499 non-redundant parameters at dim-6

Highly complex: 59 operators (flavor blind)
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As a result of existing bounds, basis of interesting operators can be simplified
for collider pheno, e.g. SILH basis:

[Giudice, Grojean, Pomarol, Rattazzi ‘07)

Csin =550" (H'H) 8, (H'H) + 575 (H'D"H) (H'D .H) c:;’f (H'H)"

20 2
$ (c..:’gu S H! HuI 'H* Uy + h.(:.) Cd';gd" H' H‘IL_‘IH‘I}:’: Y }"C')
iCwg b} v i !Cuy b,‘ ”
- H’ H DY"W . H' H B,
2,-"“ ( U ) ( T ) 2m"‘ ( ) ( J )
" l(.‘llu’ (D‘ H) & (D ff)‘t . IC]IBQ (D* }1) (D [{)B‘“
rnw- uf

C“rg H HEB By ngSH H(vu (chu )

pers

miy, m3,

here ¢ ~ 1" and ¢+ oy~ S [Peskin, Takeuchi ‘91]

Wilson coefficients can be (over) constraint in many decay and production

processes:
Decays: H — ff H — ~q H — ~2Z
H — ZZ" H — Wi
Production: pp — H pp — 1 pp — Hjj
pp —» HV ppr —» LLH
Perimeter Institute Seminar 10 Michael Spannowsky 19.04.2016
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Validity and Relevance of EFT

EFT used to set limits on UV models from non-observation of new physics

<>
. . . . gJi
Lagrangian dim-6: L — Ly =,
J\?\-lr
Perimeter Institute Seminar Il Michael Spannowsky 19.04.2016
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Validity and Relevance of EFT

EFT used to set limits on UV models from non-observation of new physics

2
Lagrangian dim-6: L — Lgn; + E O,

Y9i
ARy
[Englert, MS 1408.5147]
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Validity and Relevance of EFT

EFT used to set limits on UV models from non-observation of new physics

2
Lagrangian dim-6: L — Lgn; + E O,

9i
ARy
[Englert, MS 1408.5147]
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Validity and Relevance of EFT

EFT used to set limits on UV models from non-observation of new physics

Lagrangian dim-6: L — Lgn; + Z Ag?::?p O,
Endpoint of kinematic distribution fﬁﬂ\i [Englert, MS 1408.5147]
sets lower cut-off for NP (red line) . ... = EFT valid
. y NP models
£ 10’ oy 4 '

—_— (e x)={15 -085)

[ ="
% 10 ~
= e
10 SN _
Unconstrained
1 by mecasurement
10

L A
400 600

P ,[GeV] .
—_— . / .-'\rq]» [(:(‘\-'.-
shape sets limit on Wilson L ) .
coefficient (black line)
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Validity and Relevance of EFT

EFT used to set limits on UV models from non-observation of new physics

n
Lagrangian dim-6: L — Lgn; + E Agg:w O,
Endpoint of kinematic distribution /"‘"*M“\\‘ [Englert, MS 1408.5147]

sets lower cut-off for NP (red line) EET not valid EFT valid

= (€. A)=05 05)
(¢, x)=00.7. 0.3) N Pmd
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(e ]
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.-'\NI: [( :(‘\".:

Any UV (weakly coupled)

models left?
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EFT

Validity and Relevance of

EFT valid =

+— - not vahd

Unconstraimed
by mcasurcment

gNp

‘I\Nl’ [(:(‘\r

L = Lgnr + 2_-\, \q.z' O
SAN P

i

Lagrangian dim-6:
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Validity and Relevance of EFT

+— |1 not vahd EFT valid —» .
— . loneren A o
._ B L N 4 \ I)
constrained 210 Te\

hd Unconstrained E((J-)-) ?é C C’

by mcasurecment ?

Anp [GeV) DAY -«'('ul('ﬁ; r

. g2 e (.1 1TcV #
Lagrangian dim-6: £ — Lgny 4 2 O,
: ry .::s‘l'

scale hierarchies similar to flavor physics mW/mb~20

evolution from renormalization group equations
[(Grojean, Jenkins, Manohar, Trott ‘13) [Jenkins, Manohar, Trott ‘13] [Elias-Miro et al "13)

* consistent interpretation requires communication of resolved scales
[Isidori, Trott “13] [Englert, MS "14])

19.04.2016
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1 SN pp — HZ, /s 13 TeV
= tov NC data —e—
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In general higher-order corrections induce
scale dependence and mixing of operators

Ci(vs) = (“’:. + v, (Vs) log : Ih)(.il'uil
I.l

As a result, each measured event probes a different combination of operators

C NS
measurement
at characteristic C{V'S)
scale of event
[ V')
Perimeter Institute Seminar
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1 SN pp —» HZ, /s 13 TeV
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In general higher-order corrections induce - ) . ( oe YN ¢ (on
L. AV s) = O + FeyVS OLg s LH)

scale dependence and mixing of operators Iz

As a result, each measured event probes a different combination of operators

CLinv'=) C'Yy(Axp)
measurement Coefficients of
at characteristic Ca(V's) C(Anp) operators at New
scale of event Physics scale
( Al :' ‘b“‘ < t ( '.L l: ‘\ N l B "
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T= C,s= O at low scale but induced and allowed at high scale

“’N—* ) i
: ” 71
.. i |
Liit LEL
' 2 0 2 i
NTRRr: ) ( ‘” 200 €y S 2000
max (2% = 2.4 TeV - LUPM(2.0 TeV) Here maxQ=14"TeV
: L8

High-dim operators often momentum dependent

v

Sensitivity of measurement in tail of distribution

+

Running less important as scale separation potentially small

Perimeter Institute Seminar I 4 Michael Spannowsky 19.04.2016
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Results for linearised LO EFT approach

. . . [Englert, Kogler, Schulz, MS ‘15]
Focus on linear contribution

of EFT for theory prediction: M = Masn + My—qg
LO framework |IM|? = | Man|? + 2Re{Msn Mi_o} + O(1/AY)
Included production _"“"l";;"'“ ey — = =l
and decay modes: o — H o+ | 15 Mo 5.4
) pp —= M 4+ 2 15 it » 7 T 2N
(incl.theory pp — M2 5.1 H o— Al |~
g g — H 1.7 H — 2020 1%
uncertainties) it o . e
Number of predicted events: Ny =o(H + X) <x BR(H — YY)

c L < BR(X.Y — final state)
For BR EHdecay [Contino et al. 13]

Each channel has own prod. and decay efficiencies: Nev = €,€4 Ny,

Perimeter Institute Seminar 15 Michael Spannowsky 19.04.2016

Pirsa: 16040059 Page 22/74



Parametrisation of cross sections with Professor and fit using Gfitter

For differential distributions (at 14 TeV) we
assume pT,H unfoldet:

0

1 ~ - - - - N . .

high correlation

V'S ~ i v Pr.ow 0.6 }

pr. [TeV]

log|1/e d*a/(dpy ydy -.l]

>

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Systematic uncertainties obtained for 7/8 TeV are scaled to 14 TeV
with 300 and 3000 ifb respectively by \/C./C;

Theoretical uncertainties are kept flat over pT and with luminosity

Perimeter Institute Seminar 16 Michael Spannowsky 19.04.2016
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We generated pseudo-data for the extrapolation to 300 and 3000 ifb

ttH, H — bb
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& . . Grey: signal strength only
-t . L Orange: differential distributions
S at 14 TeV and 3000 ifb
’ ®
66% CL (dark), 95% CL (middle), 99% CL (light)
ey cl'o LR
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Signal strength only differential distributions

¢, (x1000) e ¢, (x1000) N :
c, (x100) T c. (x100) T
Cw .. Cw .-
C - - Sy - o
7/8 TeV (blue) Coew | - - <
14 TeV, 300 ifb (green) - -
Cue - Cue -
14 TeV, 3000 ifb (orange) - . - -
cus o cu:l -
Cas - Cas e
-0.1 -0.05 O 0.05 0.1 -0.1 -0.05 0O 0.05 0.1
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Interpretation of results

Composite (SILH) Higgs:

e ys :
One expects ., I(i:'f j("-! with comp. scale A\ ~ g, f

10 © weget A = 28 TeV

(.

—— with &, =

o — new fundamental physics with higher scale cannot be probed using
our Higgs observables

tanfi=30, =200 GeV

141040

MSSM:
I 1 ( hi g7c2:4/6 hiy + gicas /3
0, - B - g R
) { l.T:'-' ..;’l ”‘;) IN;' 20 constraanad \
- " ' \ :5-‘._ 1000
Ill.,) — I”( — I 1% in- } =
tan 3 = 30 o ‘
T 200 GeV me——gp large A?‘ can be 400 EFT not valk
constrained
he = 843 -4000 -2000 ) 2000 4000
: ! A, [GaV)
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Limiting Dark Energy models using LHC data
[Brax, Burrage, Englert, MS 1604.04299)
Hondeski-theories possible way to address Dark Energy problem:

Most general metric that respects causality and weak equivalence principle

e AlD. XN )G + Blo, XD, dpduo where \ Lo id, o Do

:Ia'l'
conformal disformal [Bekenstein “93]
- ':(l _‘I =
Al X) = 3= 2L/
. : . A High-dimensional operators
) ~ b (/M) (lowest dimension 8)
Bl X) = > 2L X
L NN
Shift symmetric thecories: Couplings to mass
Lowest order: higher order:
e, M e e, e e " 1
- }é Sl - i (73 - - - . -
1 3 s "1 o Dy DD DDy D
ar VL “ (conformal) Lo, ( YL ) £ e Doy 90, oy
2, o), o ;e syer o\ M . 2n -V gn- Y (JS=gT ")
-L‘-' i 1 i dlSFormal . f’,.(lf} (W] !'))..4-()‘.,"1_ - . y - -
’ A ( ) L3 AL YE ! N/ B 007 PRSI & /7 R
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Shift symmetric theories: kinetic terms

‘ TR . | i r » '
L.. l‘j,.’"’" [ £ \I:(}".;(}' e eh Le ..1! ('J'i_c:('}"-.'ol_’l:[ )= ..’!’..l)_.!‘ifjil)"-‘-
AfA(n=1 . AVAL L J
L‘.w \ll"'.'),'.'lf')”f».l l".o't" 31 ie-'l,),,l)_-;llf)‘-.!)"tl '.—’Ijl.i)“’l):!)""I)-.f):"’
Theories with broken shift-symmetry: Lrnn ( '\’_ ) f Ko

woerl- All operators of higher dimension and with large momentum dependence

24 jet €y == 2 + 1t ¢
.: | p R 4 _r P .
= ' lar dark matter —— = nan
B )2 .
= " = 0
LY 3
|
X f et —— S e e
| L -‘_]—_l i:_ _:
Liny LA iy ih s L5 ix i L] Y I
LTI Gl
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Shift symmetric theories: kinetic terms

. I.‘-j“f'u""'r_l:“ L"" I 2] .:.,'“-'l 1S - 1 « W11l [ i Ly 2 . ¥ oy o
L. "l!‘ 5 - - ‘\I:(.’_ 4 gl L‘_‘ ".!d.(}f"'(} -_o!‘_’|_r_ ) _’I)”l)_‘:ofj l) 1l‘
L‘.-- \ll"'.'),'.'lf')”r».l n".-'t" 31 ff‘-'tf’,,l)_-;llf)J!’"fa "_'fjl.!)"’f):1)7'31)-.;):'!’
Theories with broken shift-symmetry: Lrnn ( '\’_ ) 7

woerl- All operators of higher dimension and with large momentum dependence

24 jet €y =mees 2 + 1t ¢
.: | p R 4 _r' P .
. ' lar dark matter ——— = nan
E 12 .
= " = 0
L 3
| I R,
I b e = — e e ——
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LHC ideal environment to test operators

Large momentum transfer in controlled environment

o i L Source of bound Lower bound on M in GeV Environment
Existing non-collider limits Torsion Balance 7 % 10-5 Lab. vac
on diSFOf‘l'TIOl COUP""Q Casimir cflect 0.1 L.Lab. vac
Hvdrogen spoctroscopy 0.2 LLab. vac
[BI"O.X, Bur‘r‘age '14] Neoeutron scattering 0.03 I.ab. wvac.
Bremsstrahlung i = 10 -~ Sun
0.18 Horizontal Branch
Wilson Coeff. defined Compton Scattering 0.24 Sun
4 0.81 Horizontal Branch
as l/M Primakov 1 =< 10 < Sun
0.35 Horizontal Branch
Pion exchange ~ 92 SN198Ta

Strongest limits from SUSY searches

: : : C, A 7 2374 GeV  (ATLAS)
For conformal coupling in 2 + ¢ -
pling 2> + 1t N = 1928 GeV (CMs)
) . . . Lo A 693.9 GeV (ATLAS)
For disformal coupling in 2 & jot el - -
piing @ ) T 26 4 jet M Z 8228 GeV (CMS)
Perimeter Institute Seminar 23 Michael Spannowsky 19.04.2016
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LHC ideal environment to test operators

Large momentum transfer in controlled environment

Operators with broken shift-symmetry Hu‘"-—--.,z. o
can lead to displaced vertices/ jets ‘r o M
fravel dlsfance 1) I ['( e . £ 1) .3( .2 J'H.'; (7027 l”r‘l; y 32
v ' o 19 N2 e
Probability to decay between L1 and L2
P(L, < L < L) / Aar “u\;,(h = )
“¥» Displaced vertices Chomy /N & 107"
should allow to probe scales of N ~ 107 GeV
Perimeter Institute Seminar 24 Michael Spannowsky 19.04.2016
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Higgs/Scalars and their
Dark Matter relation

EFT language potentially inapt:

Evidence for Dark Matter
overwhelming:

e Spiral Galaxy rotation curves

e Gravitational lensing

e Acoustic peaks

Measure nudear recosl from > - SM
scattering againet rech Several ways to look for
. Indivest detastien Dark Matter
Dark Mattor annihilation !
sun, Galacue Cente
Which way more
sensitive depends mostly
Dark Matter production at X . SM on nature of mediator
the LHC v rct
Perimeter Institute Seminar 25 Michael Spannowsky 19.04.2016
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N aEne
LYY

[Goodman et al "10]

Effective theory approach:
R . . . ¢ Jet
e Parametrise interactions in ! h
terms of eff. operator 5
e Simplest way of 3 o | e '
capturing interactions M I
o X ) Ny Y X2 4G TAIN
e Used to be preferred choice of experiments 12 | G v, [AM
P p
10° \\\\\\-‘ (M,)" (EFT (/\"")(l_“o)
\\_
1 s=MN(Bm) (FT)

to present results
e However, only valid if interaction not resolved
1000
~
~
~
\\
™~
™~
~ 1
'\\\‘

Going beyond:
. S 10,
e At colliders momentum transfer too large <
for EFT approach > 01
: . . 0.001. Fa=M/3(FT
~=» Need simplified models
10°% m, =100 GeV
[Fox, Williams ‘12] [Buchmueller, Dolan, McCabe 13] 10 50 100 500 1000 5000
M GeV)
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Searching scalar DM-mediators in mono-jets

- ".
L
P
h \ 1‘-.} Y EI s . )
o> - / \ = - »
e \ | |
g - ' / “ Y
£y S ) vy v
L | . .&_'- ’ -
®
‘.' \_ .
[Buckley, Feld, Goncalves ‘14]
simplified model [Harris, Khoze, MS, Williams ‘14)
- 2 2 5 5 b ) 5
C]):-('lu!u scalar o myend’ gom I X7 x !I.L',upf“.' t s ar P by7b
1

2 -2 - f . f v
Lscalar DO 2’”—.\11-205 gpmS XX GsarStt gsar S bb

4 relevant parameters for phenomenology

1. mediator mass mnien 3. dark matter mass g

2. mediator width Ty 4. effective coupling parameter g, - gy
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[Harris, Khoze, MS, Williams “14]

Yy , =000 — —
S —re z Z
O, —20,, ) —_—r
3 5 Ve =800 9,79, il
- 10101 Ec 10 1
— LUX(g*=100) — FermilAT(: «100)
e T 8TeV 207 600 e 8 TeV 20M'

L 14 Tev 201b o~ P raTevzom!

i . e j i ¢
L . ..’ / <
- -

: : s e . r |
- Cosmological constraint o é ==~ __Cosmological constraimt
Od 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
m,,.JGeV] m,...lGeV]

e For light Dark Matter and heavy mediators the LHC can provide
complementary information to DD and ID experiments

e A joint effort of all possible ways to look for (coy) Dark Matter is

needed to maximize our chances to find it [Boehm, Dolan, McCabe, MS, Wallace ‘14]
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Expectations at 100 TeV pp

[Harris, Khoze, MS, Williams ‘15)

— e Walllg=1)

3 — e VWlAVg=1)
—_— Filed I" < m__ /" j: Fited I'<«<m, 2
¢ BIOD

BL00

HOR 10000 1 ED0 2000 25007
My, |Toe')

-~ -
v X100
B
1020
B
L
LM
E
Q 1000 20°0 00 SO0 SO0 ; o 1000 00 .“J’:'. 4000 S000
My i 1SA V) My, 1QaV)
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Constraining the Higgs width at the LHC?

e alternative method using interference effects directly see [Dixon, Li "13]

Constraining the Higgs boson width with 77 production at the LHC

- s . + - e . 1. ¢4
Fabrizio Caola''* and Kirill Melnikov?®:
"Department of Physics and Astronomy, Johns Hopkins University, Baltimore, USA
We point out that existing measurements of pp —» ZZ cross-section at the LHC in a broad range of
Z Z invariant masses allow one to derive a model-independent upper bound on the Higgs boson width,
thanks to strongly enhanced off-shell Higgs contribution. Using CMS data and considering events
in the interval of ZZ invariant masses from 100 to 800 GeV, we find I';; < 38.8 I';" =~ 163 MeV, at
the 95% confidence level. Restricting ZZ invariant masses to M2z > 300 GeV range, we estimate
that this bound can be improved to I'y < 21 15" =~ 88 MeV.

[Caola, Melnikov PRD 88]
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Constraining the Higgs width at the LHC?

e alternative method using interference effects directly see [Dixon, Li "13]

Constraining the Higgs boson width with 727 production at the LHC

Fabrizio Caola''* and Kirill Melnikov®!
"Department of Physics and Astronomy, Johns Hopkins University, Baltimore, USA
We point out that existing measurements of pp — ZZ cross-section at the LHC in a broad range of

Z Z invariant masses allow one to derive a model-independent upper bound on the Higgs boson width,
thanks to strongly enhanced off-shell Higgs contribution. Using CMS data and considering events

-

in the interval of ZZ invariant masses from 100 to 800 GeV, we find I';; < 38.8 I';" =~ 163 MeV, at
the 95% confidence level. Restricting ZZ invariant masses to M2z 2 > 300 GeV range, we estimate
that this bound can be improved to I'y < 21 5" =~ 88 MeV.

*‘ [Caola, Melnikov PRD 88]

Measurement done in CMS-PAS-HIG-14-002 and presented at Moriond ‘14
By now ATLAS has performed same measurement

Perimeter Institute Seminar 30 Michael Spannowsky 19.04.2016

Pirsa: 16040059 Page 39/74



Constraining the Higgs width at the LHC?

e alternative method using interference effects directly see [Dixon, Li "13]

Constraining the Higgs boson width with 77 production at the LHC

Fabrizio Caola''* and Kirill Melnikov®!
"Department of Physics and Astronomy, Johns Hopkins University, Baltimore, USA
We point out that existing measurements of pp —» ZZ cross-section at the LHC in a broad range of

Z Z invariant masses allow one to derive a model-independent upper bound on the Higgs boson width,

thanks to strongly enhanced off-shell Higgs contribution. Using CMS data and considering events
v A5 M

in the interval of ZZ invariant masses from 100 to 800 GeV, we find I'yy < 388 I} = 163 MeV, at
the 95% confidence level. Restricting ZZ invariant masses to M2z > 300 GeV range, we estimate
that this bound can be improved to I'y < 21 5" =~ 88 MeV.

*‘ [Caola, Melnikov PRD 88])

Measurement done in CMS-PAS-HIG-14-002 and presented at Moriond ‘14
By now ATLAS has performed same measurement
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Constraining the Higgs width at the LHC?

e alternative method using interference effects directly see [Dixon, Li "13]

Constraining the Higgs boson width with 77 production at the LHC

- s . 1 - e . 1. 4
Fabrizio Caola''* and Kirill Melnikov?®:
"Department of Physics and Astronomy, Johns Hopkins University, Baltimore, USA
We point out that existing measurements of pp —» Z 27 cross-section at the LHC in a broad range of

Z Z invariant masses allow one to derive a model-independent upper bound on the Higgs boson width,
thanks to strongly enhanced off-shell Higgs contribution. Using CMS data and considering events

-

in the interval of ZZ invariant masses from 100 to 800 GeV, we find I';; < 38.8 I';" =~ 163 MeV, at
the 95% confidence level. Restricting ZZ invariant masses to Mz > 300 GeV range, we estimate
that this bound can be improved to I'y < 21 15 =~ 88 MeV.

*‘ [Caola, Melnikov PRD 88]

Measurement done in CMS-PAS-HIG-14-002 and presented at Moriond ‘14
By now ATLAS has performed same measurement

@.

M D lAF“ES ook went on to include a spectacular CMS
. far. The w
C oxpol"lmen‘-s SO
Tevatron and LH
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Constraining the Higgs width at the LHC?

e alternative method using interference effects directly see [Dixon, Li "13]

Constraining the Higgs boson width with 727 production at the LHC

Fabrizio Caola''* and Kirill Melnikov'®

"Department of Physics and Astronomy, Johns Hopkins University, Baltimore, USA

We point out that existing measurements of pp — ZZ cross-section at the LHC in a broad range of
Z Z invariant masses allow one to derive a model-independent upper bound on the Higgs boson width,
thanks to strongly enhanced off-shell Higgs contribution. Using CMS data and considering events
in the interval of ZZ invariant masses from 100 to 800 GeV, we find I'y; < 38.8 I';M =~ 163 MeV, at
the 95% confidence level. Restricting ZZ invariant masses to M2z 2 > 300 GeV range, we estimate
that this bound can be improved to I'y < 21 5 =~ K8 MeV.

Jv [Caola, Melnikov PRD 88]

Measurement done in CMS-PAS-HIG-14-002 and presented at Moriond ‘14
By now ATLAS has performed same measurement

LIFEANDPHYSICS ”_.,“'“'. il 18 & EEERY v sincamsnonines
JONBUTTERWORTH oo oo D L o e

b LW | 'qoo“l 2 S .
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Chosen language affects answer: CMS ‘width’ Measurement

-
: - '
?‘ " -
) i .
4 = +
o < M
4 »
- ’ - i
- >

—» CMS search region

I. Count events in on-shell region

—# fix signal strength ., — oy, < i, flJ'

2 2 . .
II. measure 9,,1:9112z2z in off-shell region

using angular correlations of 4| decay products

]» VAN FON ~ IIL insert off-shell coupling measurement in
on-shell signal strength to bound width
on—peak -”«";..H'J’F’fzz
O gz ™~ ) Obs.(exp.) @95% C.L: e
off — pesial 2 2 el r<4.2(8.5)r,s“ :
o vy ep ~ oy mr v ——
99—H—22 ™ JaaHIHZ2Z y<17.4(35.3)MeV  x
[Kauer, Passarino 2011] H '
[Caola, Melnikov 2013]
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Chosen language affects answer: CMS ‘width’ Measurement

v
: L) -
?‘ f -
r R
r . 1 | e e +
o9 Z
4 »
o / - i
r‘ -

—» CMS search region

I. Count events in on-shell region

—% fix signal strength «., — o, < 5, - TIEE

2 2 . .
: II. measure 9,,1:9112zz in off-shell region
|

using angular correlations of 4| decay products

]» VAN ON ~ IIL insert off-shell coupling measurement in
on-shell signal strength to bound width
on—peak -”.".r..h"l'?’fz;/_
g, ~ I Obs.(exp.) @95% C.L: CMS,
ol > ik “ “» ‘-\'ﬁ'ﬂ"'—'.& r < a.Z(B.S) r SM 2.
o ! -~ € )5y - H H -
gu-sdl wzz T Ygqti 91z 2 I',< 17.4 (35.3) MeV . =
[Kauer, Passarino 2011]) H '
[Caola, Melnikov 2013]
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Example ‘width-measurement’

Measure coupling off-shell -> limit denominator on-shell

NP alk B -"’-';-;H”}!.'/.’}:’ ) I (’T”” poak ~ ¢ 2 ;. 2 o
an—sH 22 ™ ) gg +H +ZZ a9z 2z
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Example ‘'width-measurement’

Measure coupling off-shell -> limit denominator on-shell

. A 9o ar1 9517 off — penl > 2
on — peak ) gkl STH Z 7 P R - i I _ < -
Tgg—sH 22 " I, TggsH 22 ~ Yeqei91nzz
Kappa Simplified Full (UV)
EFT
Framework Models Model
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Example ‘'width-measurement’

Measure coupling off-shell -> limit denominator on-shell

; ‘,:’ ‘l.., 7 2 " c > ]
Ol (BL ak . .’({."- HZZ P R . (Jli jr« .I.I\ — 2 2
Tgg—sH 22 " T Y Ty sH v2z2Z2 ™ Y191z z
Kappa EFT Simplified Full (UV)
Framework Models Model

® Assuming global
coupling rescaling
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Example ‘width-measurement’

Measure coupling off-shell -> limit denominator on-shell

[RL ak

s - ZZ

on
7

@

Kappa
Framework

® Assuming global
coupling rescaling

Perimeter Institute

Pirsa: 16040059

» “»
YooY zz

P RN . off — peak . 2 2
I, Tgg—H SZZ Jgat1Siirzz
EET Simplified Full (UV)
Models Model
* Assuming valid
and no flat
directions
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Example ‘width-measurement’

Measure coupling off-shell -> limit denominator on-shell

oy ON P alk
g s M "ZX

Kappa

Frameworv

® Assuming global
coupling rescaling

Perimeter Institute
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» “»
SogarmtYHzz

~ Q- .

[ s

® Assuming valid
and no flat
directions

Seminar

EFT /

32 Michael Spannowsky

>

oftf — pecak

. <3
Tgg sH 22 ™ Yeau91zz

Full (UV)
Model

Simplified
Models

Eg. Higgs portal,
NP can contribute
on-shell but not
off-shell
[Englert, MS “14]

* Eg. Higgs triplet,
new scalar below
measurement
range cancels on-
shell enhancement

[Logan “15]
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Example ‘width-measurement’

Measure coupling off-shell -> limit denominator on-shell

7

~

@9aq s M "ZX l',’

Kappa

Frameworv

® Assuming global
coupling rescaling

® Assuming valid
and no flat
directions

Perimeter Institute Seminar
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) “»
on — peak SgariIzz o > off — peak

32

Tgg—+H >ZZ

Simplified

EFE / Models

Eg. Higgs portal,
NP can contribute
on-shell but not
off-shell

[Englert, MS “14]

* Eg. Higgs triplet,
new scalar below
measurement
range cancels on-
shell enhancement

[Logan "15]

> | 3
~ YgetiYrrzz

Full (UV)
Model

® Uninteresting

width not a free
parameter of the
theory

width derived and
fully determined
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Example ‘width-measurement’

Measure coupling off-shell -> limit denominator on-shell

g ON = P ak
09aq s M "77

N e

> “»
Sgari Yz z %

~

[y

EFT /

® Assuming valid
and no flat
directions

Kappa

Frameworv

® Assuming global
coupling rescaling

§
Coupling assumptions strong
LEP limits stronger than LHC

0.73 I'gay ,\_ Iy, _\_ .87 I's g

[Englert, McCullough, MS "15]
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Tgg—>H »ZZ

Simplified
Models

® Eg. Higgs portal,
NP can contribute
on-shell but not
off-shell
[Englert, MS “14]

* Eg. Higgs triplet,
new scalar below
measurement
range cancels on-
shell enhancement

[Logan "15]
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Finally

: CMS
‘E../\TL/\(: and Z

are taking data at unprecedented energies

KEEP
CALM

AND

GIVE ME
ORE POWE
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Energetic final states

Higgs-bottom coupling

Wz N
IS“

\\ I b

.4 b

[Butterworth, Davison,
Rubin, Salam ‘08)

Off-shell Higgs (Width)

(VAN

[Kauer, Passarine ‘12]
[Caola, Melnikov "14]

not only important for effective couplings

Boosted Higgs in H+jet

9 4y

9

[Harlander, Neumann “13]

[Banf, Martin, Sanz “13]
[Grojean, Salvieni,
Schlaffer Weiler ‘14]

Higgs-top coupling
a‘r?‘rm t

fRRans -

g
[Plehn, Salam, MS '09)

..

[Moretti, Petrov, Pozzorini, MS '15]

HZ final state

[Englert, McCullough, MS "13]

Perimeter Institute
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CP Higgs

[Plehn, Rainwater, Zeppenfeld "0l1]

Higgs selfcoupling

[Baur, Plehn, Rainwater ‘02 ‘03]
[Delan, Englert, MS "12 "12)

[Baglic et al "13]

[Klamke, Zeppenfeld '07]
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Energetic final states not only important for

Off-shell Higgs (Width)

effective couplings

[Harlander, Neumann “13]

[Banf, Martin, Sanz “13]
[Grojean, Salvieni,
Schlaffer Weiler ‘14]

[Plehn, Salam, MS '09]
Petrov, Pozzorini, MS '15]

Perimeter Institute
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[Plehn, Rainwater, Zeppenfeld "0l1]

[Klamke, Zeppenfeld '07]

Seminar 34

HZ final state
q

\_in ’.h _J,‘PH

Plehn, Rainwater ‘02 ‘03]
[Dolan, ‘12 ¢

[Baglic et al "13]
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Decay into spec.

) channel
Production

o
o - BR ~

Sum of all
possible decays

Measuring Hbb at LHC

[Zeppenfeld et al 2000]
[Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009))

[Butterworth, Davison, Rubin, Salam '09]
”“‘-s‘\hbb measurement in HV possible

\

i,
= S—

Collect FSR
Reject ISR i UE Ral.2
Uncertainty of ALL coupling measurements nbdiish et
driven by total width, i.e. H-> bb
e.qg. pp ->ZH bbar
F { —aq
g"" — Vejots H -> b,bbar
=120 vV P P
g — V+Higgs
100}
‘g B I LY e
@ //'
! "“-h,.___,_____ﬁ_..-n""f
AvbH
Mass (GeV)
Some improvements possible [Soper, MS "10 “11]
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Decay into spec.

; channel
Production

o
o - BR ~

Sum of all
possible decays

Measuring Hbb at LHC

(Zeppenfeld et al 2000]
[Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009))

[Butterworth, Davison, Rubin, Salam '09]
~"“w,\hbb measurement in HV possible

hN

P —
-

Collect FSR
Reject ISR i UE Rel.2
Uncertainty of ALL coupling measurements nd it
driven by total width, i.e. H-> bb
e.qg. pp ->ZH bbar
F { —ag
g'“ — Vejots H -> b,bbar
=120 vV P P
g — V+Higgs
100}
g > R I T e
w
L X o
“"-xu..,_.__,.,..-.-""‘-'/
TANNY
Mass (GeV)
Some improvements possible [Soper, MS "10 “11]
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Measuring the Higgs-top coupling

Motivation: e Direct access to top and bottom Yukawa
-> is Higgs potential stable?
e Potential window to New Physics
e Part of global coupling fit

Possible channels: e H->bb

e H->aamma aamma hadronic, semileptonic,
= # di-leptonic tops

”
v ® H->tau tau / WW
R Striking signatures, e.g. same-sign leptons
Already now can recast SUSY searches and set limit
<< 3.8 [Craig et al 13] [Curtin et al "13]
Strongest limit currently observed H->bb: < 3.1 [ATLAS]

Still, channel systematics limited! S/B small after selection O(0.1)

Perimeter Institute Seminar 36 Michael Spannowsky 19.04.2016
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semileptonic tops in H->bb:

For di-leptonic tops see

Expc*ed Pecfgerronce of the

High expectations:

| it e NILAS Rhprimant, L [Artoisenet et al "14)
j ) :._.-',_- : '-'..‘lll'"ﬂ:-P-O' ‘ ATLAS - M-“‘wm\_‘
tth major channe bbate ‘ o \\
N | — s | L . -
amn ﬁ .
! [Plehn, Salam, MS ‘09]
LHC

[ATLAS TDR 1999)

had top

o
"r-

Higgs
- Cambridge/Aachen
Jet-Alg

[Moretti, Pozzorini, Petrov, MS ‘15] Fek-2

pT plane —p

b

(Plen=. Solarm, MS)

g

«

g

f
,?_' «*”/‘ ® Use boost and jet substructure to
. - | S r—y—— ameliorate combinatorics
1 ) 1
Lde |1
® Improvement of S/B
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[Contino, et al (2012)]

Constrain/discover new physics in di-Higgs [Goertz, et al (2014)]

e We found remnant of symmetry breaking but need to know mechanism
e Shape of potential (stable, meta-stable)

e If new physics heavy can parametrise effect using EFT

Lpime 2 cpd(PTR)D, (PTP) — c(PTP)?
+(c, P DPQ Py + Nh.c.) + r-_,,flf"(l>('r';'”,(;”””’
e c6 can only be constrained in HH production, but many
more operators contribute

Perimeter Institute Seminar 38 Michael Spannowsky 19.04.2016
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Not more promising at FCC-ee or ILC

[Tian, Fuyjii 1311.6528]

e WBF most sensitive channel Asls | meline — T I
250 GeV + SO0 GeV « 1 TeV 250 GeV « SO0 GeV +« 1 TeV

For large energ|es > 500 Gev KN77 1.3% 1.0% 1.0% 0.61% 0.51% 0.51%
Krww 4.8% 1.2% 1.1% 2. 3% 0.58% 0.56%

KN 5.3% 1.6% 1.3% 2.5% D.83% 0.665%

H KMo 6.8% 2.8% 1.8% 3 2% 1.5% 1.0%%

e Decay via H->bb Bivas 6.4% 2.3% 1.6% 3.0% 1.2% 0.87%
Py 5. T% 2.3% 1.7% 2 7% 1.2% 0.93%

Bvry 18% R.4% 4.0% R.2% 2.5% 2.4 %

® Unless 1 TeV ILC P : 16% 10%
Kt . 14% 1.1% - T.8% 1.9%

precision low . 1% PPy i S 2 <o 2 3%

& Tiinm - 83% 21% : 6% I T

® How about FCC-hh? Ongoing studies, but promising first results

[Barr, Dolan, Englert, Ferreira, MS (2014)) [Azatov, Contino, Panico, Son (2015)] [Yao (2015))
[Papaefstathicu, Sakurai (2015)] [Papaefstathiou (2015)]
Perimeter Institute Seminar 39 Michael Spannowsky 19.04.2016
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Higgs self-coupling measurements in the Standard Model

¥
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Higgs self-coupling measurements in the Standard Model

¥
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Higgs self-coupling measurements in the Standard Model
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Higgs self-coupling measurements in the Standard Model

P R R
l".“‘l I
A '
. | o ; : I .
L mihs + o =mph” 4 ;' ——— Potential needs at least
2 V2 1 dihiggs production!
. D oy ~
gy Vo h frh
5
v J o
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Perimeter Institute Seminar 40 Michael Spannowsky 19.04.2016

Pirsa: 16040059 Page 64/74



Kinematics for gg -> HH

2->2 scattering process completely determined by 2 variables,
e.qg. S and T, E and scattering angle

1
[Baur «t ol PRL &5 [2002) pr ol \

1} T 125 GeV
I [Delan et al PRD 87 (2013))

10x) 200 S00 L )
e P [Ged
~— s \}3‘
variables more close to reconstructed objects: M . and pTH
e All SM and BSM effects covered by double- .
differential measurement of two variables ,
' IT'S THE
®* Whether possible depends on signal rate and PHASE SPACE
sensitivity in phase space (backgrounds) STUPID!
(efficiencies, identifications, kinematics) i e
Perimeter Institute Seminar 41 Michael Spannowsky 19.04.2016
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Pirsa:

Higgs selfcoupling in HH+X

X

TN

has maximum

S Lk
0 \ “
i # '-7ku.'.f__"l‘ .“"I
J ]
I". f I
~ 0 y I
oy QA -
o o Q%
fy 9 >
|'.'

— N " <
= i \ . s
T
— . - ~ N 2 Naipf ====-=
£ £ T
= oo |-
e i )
{(y i) )
A A _—
§] {111 HITL SN
[ TEAY
contribution for
. " > - - =
Pi2)” Liny M
[Georgi et al. " 78]
e .
Rec. efficiency

needs boost
R [Dolan, Englert, MS “12]
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Expectation

Decay Issues 3000 ifb References
e Signal small ; | [(Baur, Plehn, Rainwater])
T e BKG large & >/ B 4
bb’}n Y difficult to asses . - [Yac 1308.6302)

e Simple reconst.

[Baglio et al. JTHEP 1304]

® tau rec tough

differ a lot

[Dolan, Englert, MS]

e Boost + BDT proposed

S = 1.5

SINIE ~ 82

1)[_)7‘+T_ e largest bkg tt ST e 1B [Barr, Dolan, Englert, MS)
® Boost+MT?2 mlghf help ST~ 5 [Bagluo et al. THEP 1304]
e looks like tt differ a lot (Dolan, Englert, MS]
. . e Need semilep. W best case: [Baglio et al. JTHEP 1304]
9
OOV T W to rec. two

[Papaefstathiou, Yang,
Zurita 1209.1489]

bbbb

® Trigger issue
(high pT Kill signal)
® 4b background large
difficult with MC

e Subjets might help

S/ ~0.02

S/NvIT << 20

[Dolan, Englert, MS])

[Ferreira de Lima,
Papaefstathiou, MS]

[Wardroge et al,
1410.2794)

® Many taus/W not
clear if 2 Higgs

her
others e Zs, photons no
rate
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Other HH production channels

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro '14]

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

>3 o
___

-
-
-

Second largest

production process i ) s _ g
/ e —

f cross section varies ¥ (vag,
s R
a lot with lambda

pp—=ttHH 1c
=
o
s
small =
uncertainties '
=
e
B
e
=
-4 -3 -2 -1 0 1 2 3 4
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Higgs selfcoupling in HHjj+X

[Contino et al. THEP 1005]

s S
q _ S N 2o 4666 (Baglio et al. THEP 1304])
H ? &S
| Sy O o e [Deolan, Englert, Greiner, MS)
, ~~_. H G -
(l, - L _' » ) ' 7N
— @ 552 %,
P

e Want to study VVHH
Directly related to long. gauge boson scattering 1V, 17 = &Lk

e In SM fixed: W Wl </ (2s7,) QzZZhh e/ (2e7,80,)

e However in BSM models, e.g. composite (strongly coupled light)
Higgs models, can be strongly modified

e Higher-dim operators momentum dependent -> enhanced in high-pT region

e Separation of WBF and gluon fusion channel non-trivial
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[Dolan, Englert, Greiner, Nordstrom, MS (2015)]

o
¥
>
,
3
| 4
-
-
.o LR 2 LA -0 .. LR ] . . LA ‘e 44
s} TR |
.. o H
= . - -3
. N . .
- b * s .
- s . L4
< . - L4 8
X .. P
. & - - - -~ - am
- (G

Reduction of GF HHjj
‘background’ highly challenging

GF contribution only can be
purified to S/ ~1/75

and s/\v7z ~ 1.66 for 3000 ifb

N

N
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Other HH production channels

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro '14]

1 T

HH production at 14 TeV LHC at (N)LO in QCD

"----__ — - M,,=125 GeV, MSTW2008 (N)LO pdf (68%cl)
107 | u—"“—-..h_ :
3 Dp“ ‘--"‘-..
R HH(EFT i
%‘}mp’_ -"‘-\_ o =
veq) 2y N _ -~
— 10" F oo hSanTreaes -
% 3 no destructive HH”(VB,:) different :
= i interference \ hape
= 3 e
Thirds largest 10° ke Pp—-tHH e R
— T — - =
ti b : e e — ~
production process SRV 3
- = ml
- - ]
-1 A %
104 L c
/= o %
g 3
k-factor <1 [ 1 1 ] 1 1 1 1
-4 -3 -2 -1 0 1 2 3 4
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Higgs selfcoupling in ttHH
[Englert, Krauss, MS, Thompson)
[Liu, Zhang]

I [ signal (1 - - backgrounds -
E=1 | €=4 tibbbb | tthbd | tthZz | ttZbb | tZZ | Wobbh
trigger | 0.10 0.23 I 4.75 | 1.3 | 0.64 | 1.37 1.36x10 7] 1.33

jet cuts || 7.40x< 107 0.17 1.44 0.76 0.40 0.65 B.7T4x10 7% |7.46x 10

5 b tags | 1. ’h-:l() 212.83x10 ?||4.46x10 ?|6.19x10 ?|7.24x10 *|4.43=x10 7 1.26x10 * |5.35=x10 *

o - 1 2w 2 =0} o 2l =1 2 A1 3 T 2 DR e 3 1
lep./had. ¢]5.04x10 7 [1.12x10 ?[[|9.50x10 7 [1.66x10 7 [2.29x 10~ [9.42x 10 269x<10 *| <1x10 *
Tep. T only ”"!"!xlﬂ TS 2IXI0 TP T xI T I x0T 1= T o= =rx1
had. tonly |[2.71x10 7 |5.93x10"%||4.47=%1077 |7.20%x107 [1.16%x 1077 [4.44=10"7 [ 1.30x 10" * | <1x10 %

6 btags|[2.21x10 F|4.97x10 F|[3.80x10 7 [8.01x10 T|9.57x10 *|5.10x10 T|1.86x10 *| <1x10*

Q_z xh »bb||1.81x10 " |594x10 " |[2.01x10 7 [547x10 7 |6.60x10"* |3.28x10 7 [1.11x10"* | <1x10"°
“~J» e Signal rate too small for .
inventive reconstruction < 01 A= 0
S W S ; A 4= Ay
= t JEE ~ Wt A= Ag
® Though Backgrounds for 5+ - H
b-tags already small £ oo "I,
4 : BT
i | ti
e 13-22 signal event with 3000 ifb S ! DRIV
T 0.001 : hE SN
- - - - - - - 4
A < 2.51 /\S\I at 959% ClLs. 0 0.1 0.2 03 04 05 06 07
max pr(h)
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Observations:

I. Methods chosen to communicate important
(eff. theory, simp. model, ...)
e The information extracted depends on

the ‘picture’, i.e. hypothesis, we
compare with nature

e The more precise the picture is we have
in mind, the more precise will be the
answer on the question of interest

II. Higgs pheno and new e
physics searches request/ ——
benefit from high energies - - g vt w5 ¢ e -

e Recent excess in VV final e - _' - , A
states at 2 TeV .

i
i |
; g Matrixelement method for jet substructure i - A
= shower deconstruction [Soper, MS ‘11 12 "14]
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Optimising data analysis/interpretation must be
primary goal at LHC:

= always trade-off between generality and precision
(model dependence)

= Strong effort to improve extraction of information
in upcoming high-energy runs but not optimal yet

Interdisciplinary is way forward to cure us from 'Big Mac’ blues:

e Diphoton excess e Gravitational waves e Nonpert. effects of SU(2)
e top partners e large scale surveys (sphalerons)

Exciting tfimes ahead!
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