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Outline

m EFT-inspired Higgs boson coupling measurements
= the role of high momentum transfers vs uncertainties

m adding degrees of freedom:

unresolved/hidden Higgs decays and Composite Higgs physics




The Standard Model: taking stock
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chiral symmetry, | A |
marginal Yukawas internal symmetries SM QFT external symmetries massive, light fermions

+ Higgs systems .
gauge ggs sy massive vectors + scalars

“What’s next at the LHC ?”




Status of LHC measurements
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m cverything is consistent with the SM Higgs hypothesis (so far)
but what are the implications for new physics?
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Fingerprinting the lack of new physics

the SM is flawed no evidence for

exotics

coupling/scale
separated BSM physics \

'

' Effectwe Field Theory ‘ concrele oLl

o » (N)MSSM
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g [Buchmiiller, Wyler " 87]
| [Hagiwara, Peccei, Zeppenfeld, Hikasa " 87]
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¥ [Giudice, Grojean, Pomarol, Rattazzi * 07]
‘[Grzadkowskl Iskrzynski, Misiak, Rosiek ™ 10]

59 B-conserving operators ® flavor ® h.c., d=6
2499 parameters (reduces to 76 with N¢=1)



--------

4

D J

SILL.H Higgs phenomenology
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differential
distributions
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SILL.H Higgs phenomenology
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our fitting procedure in a nutshell

decays differential
etHdecay distributions

[Buckley, Schulz "14 ...]

systematics <

extrapolations —

limit setting with GFitter

[Baak et al "08...]




Fingerprinting the lack of new physics
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consistent
production differential
distributions

decays
elldecay
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consistent .
ditterontial A word of caution

distributions
not necessarily positive
definite
(cf. fixed order N2LLO)

¢mmmmmmmmmsssssss . . conservative probe of
validity of d=6 extension

1
|
|
|
|
|
|

4 DO VH 21 channel
‘ Z 1, [Bllis, Sanz, You " 14]
3 P i
w linearisation in cvery bin ® p()sitive 52 e 3
defmite integrated weights = - ]

technical range of validity

ol ,
100 200 300 400 500 600
myy (GeV)



sesrck channal
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[CE. Kogler. Schulz. Spannowsky * 151 Hioros data: towards a differental Higgs fit

* current status (plethora of run 1 analyses included, narrow width)
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* extrapolation to :

o
x
<

Higgs measurements: future

based on signal strength measurements
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Higgs measurements: future

* ...switch on differential distributions (f/az uncertainties)
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depends on
improved functional
form of uncertainties
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[CE, Kogler, Schulz, Spannowsky " 17] R()le ()f uncertaiﬂties

* so lar theoretical uncertainties flat in Higgs transverse momentum

importance of high
transparent but not pr phase space region in

realistic light of bigger
uncertainty?

16



[CE, Kogler, Schulz, Spannowsky " 17] R()le ()f uI]CCI'taiI][iCS

* so lar theoretical uncertainties flat in Higgs transverse momentum

importance of high
transparent but not pr phase space region in

realistic light of bigger
uncertainty?

* theoretical uncertainties parametrised via




[CE, Kogler, Schulz, Spannowsky ™ 17]

Role of uncertainties

* theoretical uncertainties parametrised via

5(py ) = dola+bf(py)]

* here: choose two parameter dependence

5inc ~

5(pT) % pT
mp
9 pT
O(pr) ~ b log (1 | >
mp

e.g. [Caola, Forte, Marzani, Muselli, Vita " 16]
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[CE, Kogler, Schulz, Spannowsky ™ 17]
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[CE, Kogler, Schulz, Spannowsky * 17] R()l@ ()f UHCCI'talﬂtIQS
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* decay-relevant operators with dominant production contributions
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[CE, Kogler, Schulz, Spannowsky * 17] Role of uncertainties

—_ a=.0,b=0 = a=05b=0 — a=1,b=1log —_ a='0,b=0 = a=050b=0 - a=1,b=1,log
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-0.1 -0.05 0 0.05 0.1 -30 -20 -10 0 10 20 30

C, Cq

* comparably small impact of tail uncertainties

(lin vs log ~ 35% different shape uncertainty at 150 GeV pr

* decoupled (non-resonant) new physics perturbatively
constrained at low transverse momentum.

“ficwill always pick region where null hypothesis is under good control”™
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|CE, Moore, Nordstrom, Russell * 16]

Events/50GeV

ratio to SM

Role of uncertainties

* Is this due to small production cross sections?

No - similar conclustons hold for top sector fits
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Fingerprinting the lack of new physics

the SM is flawed no evidence for

exotics

coupling/scale
/ separated BSM physics \

‘---------------------~
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"’ Effective Field Theory concrete mode's
* (N)MSSM

g [Buchmiiller, Wyler " 87]
1 [Hagiwara, Peccei, Zeppenfeld, Hikasa " 87]
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¥ [Giudice, Grojean, Pomarol, Rattazzi * 07] 0
|‘ [Grzadkowski, Iskrzynski, Misiak, Rosiek ™ 10] " -
N o+ additional dofs

59 B-conserving operators ® flavor ® h.c., d=6
2499 parameters (reduces to 76 with N¢=1)
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Generic hints of compositeness

* interpret the electroweak scale as a radiative phenomenon,
analogous to the pion mass splitting

ISU@2 ) xSU2 )z ]
/SU2)p
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Generic hints of compositeness

* interpret the electroweak scale as a radiative phenomenon,
analogous to the pion mass splitting

ISU@2 ) xSU2 )z ]
/SU2)p
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Generic hints of compositeness

* interpret the electroweak scale as a radiative phenomenon,
analogous to the pion mass splitting

[SU2)1 xSU(2)g] A
I3

effective potential

[Coleman, Weinberg ™ 73]...
supcr-convergent

/ [Weinberg " 67]...




Generic hints of compositeness

* notstraightforward to this adapt to the Higgs case

e.g. [Contino " 10]

trigoer |
ELW symmetry respect global LEP precision

breaking not just symmetries in the measurements
CW masses Higes sector

0000000
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Generic hints of compositeness

* notstraightforward to this adapt to the Higgs case

e.g. [Contino " 10]

trigoer |
ELW symmetry respect global LEP precision
breaking not just symmetries in the measurements

CW masses Higes sector
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Generic hints of compositeness

e gauge boson masses through symmetry choices

* fermion masses through mixing with baryonic matter (part. compositeness)
» minimal pheno model SO(5)— SO(4) = SU(2).. x SU(2)r

» fermions (and hypercolour baryons) in a 4/5 of SO(5)

¥L|_ 1.8_| I I I I | I I I I I I I I | I I I I | I I I I I_
- ATLAS [ATLAS 1509.00672] =
1.6 Vs=7TeV, 45471 —
[af emeTev0ew! T . 4 coupling modifiers
- \I ]
12__ ,/, III — —
- g // . Model hV'V hhV'V hff
1 7 —]
o . MCHM4 | v1—-¢ 1-28 1-—¢&
0.8 PP .
______________ . MCHMS5 | VI—€ 1-2 126
0.6 X Best fit + sm — f € V1-¢
— Obs. 68% CL — Exp. 68% CL ]
0.4r - - Obs. 95% CL - - Exp. 95% CL -
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0.8 0.9 1 1.1 1.2 1.3
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Generic hints of compositeness

gauge boson masses through symmetry choices

fermion masses through mixing with baryonic matter (part. compositeness)
minimal pheno model SO(5)— SO(4) = SU(2)1. x SU(2)r
fermions (and hypercolour baryons) in a 4/5 of SO(5)

so far no UV completion known for this!
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Generic hints of compositeness

e gauge boson masses through symmetry choices

* fermion masses through mixing with baryonic matter (part. compositeness)
» minimal pheno model SO(5)— SO(4) = SU(2).. x SU(2)r

» fermions (and hypercolour baryons) in a 4/5 of SO(5)

so far no UV completion known for this!

* but
SU(4) x SU(5) x SU(3) x SU3) x U(1)x x U(1)
PR e s
GHC GFr [Ferretti * 14]
could work with
ST SR s ST B ,
R O T s@

[Rabi, Dimopoulos, Susskind " 80]
31 [Preskill, Weinberg *81]



A concrete model of compositeness ?

» model predicts a number of exotics phenomenological implications

| SU(5)  SU(3) x SU(3) ,
i dEs ooey ey e X

[CE, Schichtel, Spannowsky " 17]

doubly Bl hyperpions
Charg c d/ Sing ly "’""-"53'3'}".3?’.-f:‘f{iﬁ-ﬁﬁ:jff;jﬁ:;?:i."-;; ii'-:i-:i~::i-:i~'i-i?-'i~"-’7-*"-"";:'E;‘Av-
Charged and extra [Matsedénélsfi, Panico,Wulzer "15]

neutral Higos
bosons Lo+ 24172+ 30+ 341 similarities with [Georgi, Machacek " 85]

[Belyaevetal. " 17]
[CE, Ferretti, Spannowsky. * 17]

* this could be a benchmark for lattce studies - but 1s it worth 1t ?
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A concrete model of compositeness ?

» model predicts a number of exotics phenomenological implications

SU(5)
SO(5)

Grp/Hp =

[CE, Schichtel, Spannowsky " 17]

Charg ed, Sing ly N

e Belyaevetal. " 17]
charged and extra . Pani : &
g [Matsedonskyi, Panico, Wulzer ™ 15] [CE, Ferretti, Spannowsky. * 17]

neutral Higgs
bosons Lo+ 24172+ 30+ 341 similarities with [Georgi, Machacek " 85]

* this could be a benchmark for lattce studies - but 1s it worth 1t ?

* 1.e. can or will the LHC limit the parameter space?
[Del Debbio, CE, Zwicky " 17]
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A

A A

V(h) = acos(2h) — Bsin?(2h)

see also [Golterman, Shamir " 15, 17]

1
=—
2
1
v 3

Low Energy Constants

FLL o= éLR SU(2)xSU(2)
correlator

o 1 -

FEw — 7 1L -

4
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Low Energy Constants
1

-~  ERET SU@2)xSU(2)

L A A lat

V(h) = acos(2h) — Bsin?(2h) 2 = P
BziFEW 5 Z . Hyperbaryon

see also [Golterman, Shamir " 15, 17]

4-point correlator

Frr=— A3 / (JrRi(21, 22) T g Ry, (T3, L4) )itk Jrri(21,22) = B;
= Jrri(T1,x2) =
Fir = — ATX / (Jrri(x1, 22)Jp g (T3, 24)) itk 2(1 )
: = ki Bria = —5EABCDGabcPRIDABngbCPRXDc ,
O 162 / d¢® ¢°TIR(¢%) , Few = Fir —2fRR
................... B M B = e o
» first principle lattice e 3 ey
calculation not possible with su@) | sue) | suE) | suE) | vwx | uay
bias v| 6 5 1 1 T
current techniques Sl i e s R
but progress is being made e.g. [Ayar, DeGrand " 17 & " 18] X 4 1 1 3 1/3 5/3
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Low Energy Constants: simplified

SU(2)xSU(2)
correlator

Hyperbaryon

see also [Golterman, Shamir 15, 17] 4-point cor relator

o+ 28 =Fow — 6 > 0.
for EWSB

A

V(h) = 48(sin®(h) — €)*,

Higos coupling o gy
modifier G = VAL — & @

« EWSB for oo +28 > 0. Then
ma = V'"((h)) = 328£(1 — €) = 88 — 20%/8
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Low Energy Constants

max range from

Higos fit

o000 < N |
—004 -003 -002 -001 000

o

T = 328(1-¢) = 826 —

U2
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A concrete model of compositeness

» model predicts a number of exotics phenomenological implications

[CE, Schichtel, Spannowsky " 17]

SU(5)  SU(3) x SU(3)

GF/HFZ X XU(l)/

doubly

charged, singly )

Chafged and extra [Matsedonskyi, Panico, Wulzer ™ 15]

SU(3)

SO(5)

hyperpions

[Belyaevetal. " 17]
[CE, Ferretti, Spannowsky. " 17]

neutral Higgs
bosons

lo+ 2412+ 30+ 341 similarities with [Georgi, Machacek " 85]

* (Op partner constraints

* compatibi

1ty wit

* compatibi

1 exotics searches

1ty wit

1 Higgs signal strength measurements
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results at a glance

* no constraints from charged Higgs searches

* doubly charged Higgs bosons produced via Drell Yan might be
accessible at the LHC 1n the future [CE, Schichtel, Spannowsky " 16]
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results at a glance

* no constraints from charged Higgs searches

* doubly charged Higgs bosons produced via Drell Yan might be
accessible at the LHC in the future

* Higgs signal strength - no news here either

wZ2)

ATLAS+CMS combination

0.6 -

0.01 0.02 0.03 004 0.05 006 0.07
£
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results at a glance

* searches for extra scalar / pseudoscalar Higgs bosons with

o BR |fb|

couplings to top quarks
1000 ¢ | | | |
| CP even 3,
100 ) .

| ATLAS 77 :

10 |-

1000 ¢

100 |

! ATLAS Z- -

ICP Odd 31

LD e
0 500
m [GeV]

700

» extra scalars with net bottom coupling avoid experimental detection



(a2 lTGVJ

Top partner predictions

mock lattice

S L
- / ) measurement of

baryon mass

decay constant

top partners
democratic

Lattice input crucial to pin down the
very character of a concrete scenario!



Summary

= L1 is a promising avenue to interface LHC measurements and

(some) UV interpretations
w octlow energy correlations right

= hone sensitvity through differential techniques consistently

= however, current analyses not sensitive enough to provide a clear
picture, but...

higher staustics (= smaller systematics)!
differential cross sections !
high momentum transfer final states !

direct evidence for exotics ?!




