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The Standard Model

The Standard Model (SM) of particle physics is a (set of) quantum field theory(ies)
that describe the fundamental* particles of nature and their interactions

’Z 1 __; i'-;p Fr Propagation of force-carriers (spin-1 boson)

4 L;E)& +h Interactions of matter particles (spin-1/2 fermions)
Masses of matter particles
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Basses or gravitational interaction
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Very clean signature

* High resolution
photon energy
measurements

Small signal with lots

of background

* Lot’s of —
opportunity to use
new methods

(machine learning)




The H->yy Channel

Very clean signature
High resolution

Exciting for a PhD student (me)
Proud parents wanting to take

photos in front of “which one is

that again?”’
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photon energy
measurements

Small signal with lots
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A daunting PhD student task

e Gavin Davies : “Nick, we need a simple (baseline) analysis to search for H>yy”
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A daunting PhD student task

Supercluster

Energy

Resolution BDT

ECAL+HCAL
Deposits

Energy

Regression BDT

Y

Photon Energies

Y

Tracks + Vertex
Collection

Photon ID BDT

Y

Diphoton
Candidate Selection

Gavin Davies : “Nick, we need a simple (baseline) analysis to search for H>yy”

Detector inputs

Machine Learning

Y

Event
Categorisation BDT

A

Diphoton Mass

.........................

7 1"»  Selection BDT

Diphoton
Kinematics

Diphoton BDT

Isolation Sums

Y

[ Vertex Probability

A

Jet Collection

A

Dijet Tagging

Y

Per-event Mass v
Resolution
Method A Method B
A

As a PhD student | didn’t really know the meaning of the word “simple”
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Early days of searching:
Keeping Prof. Virdee in the loop

Higgs Reference Analysis

8 Nick Wardle
15 March 2011 09:30

Photon Purity @ Jim's office (CERN)

& Nick Wardle

05 April 2011 09:50
@ Jim's office (CERN)
& ..e»Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg

Progress towards the final Analysis

& Nick Wardle

10 May 2011 09:30

@ Jim's office (CERN)

&% ..e»Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg

Limits

& Nick Wardle

07 June 2011 09:30

@ Jim's office (CERN)

@ ..e»Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg

a signal at 140

& Nick Wardle
09 September 2011 10:20
@ Jim's office (CERN)

& Home » Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg

Signal+Background modeling

8 Nick Wardle

16 September 2011 10:00

@ Jim's Office (CERN)

&8s Home » Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg

Bump hunt

@ ..e» Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg

8 Nick Wardle

30 September 2011 10:40

@ Jim's office (CERN)

& Home » Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg

MVA Progress

& Nick Wardle

07 October 2011 09:50

@ Jim's Office (CERN)

& Home » Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg

Optimized Binning

& Nick Wardle

20 October 2011 09:30
@ Jim's Office (CERN)

& Home » Experin

Background model

& Nick Wardle : .
20 October 2011 10:10 Still trymg to mOdel

¥ Jim's Office (CERN] the backgrounds!

& Home » Experiments » CMS meetings » National and Institute Meetings » UK » Imperial H-gg
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We found the Higgs! m, =140 GeV
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20th November 2011!
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We found another Higgs!

6

)SM

: CMS prelimiriaary e Oboerved Cla - Asymp oo Limt
..Ns=7TevL=4701f0" _ . - Median Expocied CLs - Asymptotic Limit

[o(H> vy
3

+ 1o Expected CLs - Asymptotic

- + 20 Expected CLs - Asymptotic

................................................................

95%CL
-

-
-
H N .
.....
H % L
-
an®

1t December 2011!

o(H- v )
w
llllllllllIIIIIIIIIIIIIIIIIII

0 1 l L1 1 1 I L1 1 1 L1 1 l | I I L1 1 I 11 1 | I L1 1 1 l L1 1l

115 120 125 130 135 140 145 150
m,,(GeV/c?)

Nicholas Wardle 10



Trying to keep our cool ...

June 4 -9, 2012 N
Physics at LHC -2012\

Vancouver, BC

Status ~ today

95% CL limit on o/cy,,

T
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S| ] CMS excluded
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Higgs boson mass (GeV)

SM Higgs boson excluded with 95% cl
up to a mass of 600 GeV
except for the window 122.5 to 127.5 GeV

“interesting fluctuations” around masses
of 124 to 126 GeV
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e Excess observed at 125 GeV, local
significance 2.80 (1.60 with LEE)

e CMS will continue to run in 2012 at 8
TeV. Can expect to be sensitive to SM
this year
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except for the window 122.5 to 127.5 GeV significance 2.80 (1.60 with LEE)
e CMS will continue to run in 2012 at 8
“interesting fluctuations” around masses TeV. Can expect to be sensitive to SM

of 124 to 126 GeV this year
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.CMS 137 b (13 TeV)
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More than just H2vyy

Seeing the full picture of the Higgs
boson is a huge computational
challenge!

~850 channels (categories for data
each with 100s-1000s of events) with
varying signal-to-noise ratios

~9500 parameters in the model to fit
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https://www.nature.com/articles/s41586-022-04892-x

More than just H2vyy

Seeing the full picture of the Higgs
boson is a huge computational

challenge!

~850 channels (categories for data
each with 100s-1000s of events) wi
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https://www.nature.com/articles/s41586-022-04892-x

So, we aren’t done?

The Higgs boson was the missing piece
of the SM and we’ve had it now for 10
years ...

* Is the Higgs sector SM-like ?

My
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So, we aren’t done?

The Higgs boson was the missing piece
of the SM and we’ve had it now for 10
years ...

* Is the Higgs sector SM-like ?

* What does Dark Matter (DM)
fitin?

Atoms
Dark
4.6% Energy
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Matter s
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>
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https://wmap.gsfc.nasa.gov/universe/uni_matter.html

So, we aren’t done?

The Higgs boson was the missing piece
of the SM and we’ve had it now for 10
years ...

* Is the Higgs sector SM-like ?

* What does Dark Matter (DM)
fitin?

* Why is there more matter in
the universe? - can the Higgs
potential explain it?

These are fundamental questions in physics
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How can we solve them? New Physics models

Many possible extensions to g . ? mSUGRA
omposite

the SM to answer these Hi';gs s

questions , Technicolor

&

NUHM oo
 MSSM

UED

Standard Model

Q) Shouldn’t we just look for something else and move on
from the Higgs boson?

Nicholas Wardle



Precision measurements for discovery

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries...

Herschel 1781

Uranus discovery

‘““as a planet” (1781) \

Precise measurements of position
revealed deviations from expected orbit
— new planet predicted (1845/46)

Slide heavily inspired by J. Liu (Cambridge)




Precision measurements for discovery

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries...

Herschel 1781 Le Verrier, Galle, d'Arrest 1846

Uranus discovery Neptune discovered with 1°

‘““as a planet” (1781) \ / of predicted position (1846)

Precise measurements of position
revealed deviations from expected orbit
- new planet predicted (1845/46)

Slide heavily inspired by J. Liu (Cambridge)
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Precision measurements for discovery

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries...

Herschel 1781 Le Verrier, Galle, d'Arrest 1846

Uranus discovery Neptune discovered with 1°

“as a planet” (1781) \ / of predicted position (1846) \

Precise measurements of position Measurements of Mercury’s orbit reveals
revealed deviations from expected orbit 43 arcseconds/century anomaly
- new planet predicted (1845/46) - new planet (or body) predicted (1859)

Slide heavily inspired by J. Liu (Cambridge)

Nicholas Wardle
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Precision measurements for discovery

Examples from the past have taught us that precision measurements can lead to revolutionary discoveries...

Herschel 1781 Le Verrier, Galle, d'Arrest 1846 Le Verrier 1859, Einstein 1915

Uranus discovery Neptune discovered with 1° General relativity solves
‘““as a planet” (1781) of predicted position (1846) anomaly and changes view
\ of space & time (1915)

Precise measurements of position Measurements of Mercury’s orbit reveals
revealed deviations from expected orbit 43 arcseconds/century anomaly
— new planet predicted (1845/46) - new planet (or body) predicted (1859)

Slide heavily inspired by J. Liu (Cambridge) ... History has a habit of repeating itself « ...




How can we solve them? New Physics models

Many possible extensions to 2 mSUGRA
Composite

the SM to answer these Higgs s

questions , Technicolor

&

NUHM oo
~ MSSM

UED

Standard Model

Q) Shouldn’t we just look for something else and move on
from the Higgs boson?

A) No! The Higgs boson is a unique tool to search for

physics Beyond the SM (BSM). Precision measurements
are a key to new discoveries!

Nicholas Wardle 25



The future of the LHC

After Run-3 of the LHC, the next phase is the
high-luminosity (HL)-LHC

~20X the data we have today!

g=—a High
co‘ao‘ LumanSIty
o> LHC

LHC HL-LHC

-
r

We are here f
‘ New UGs start your PhD here
IIIIIIM

CMS total

size
I | I |
I I

LHC HL-LHC
Expect >160M H-bosons [/ 120k HH pairs at CMS by the end of the HL-LHC'!

Nicholas Wardle



Precision Higgs measurements for discovery

Higgs boson
discovery (2012)

Time/precision

Nicholas Wardle
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Precision Higgs measurements for discovery

Higgs boson 10 years of precision
discovery (2012) measurements
(2022)

Time/precision

Nicholas Wardle
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Precision Higgs measurements for discovery

-
Higgs boson 10 years of precision ~ Run-3/HL-LHC/Future
discovery (2012) measurements collider ? (20XX?)
(2022)

Thanks:

Time/precision

Nicholas Wardle 29



Backup Slides

Nicholas Wardle
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Higgs decays to new particles

Invisible Higgs branching fraction

measurements complementary to ‘\"g
direct searches for Dark Matter! 9;
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Higgs boson self-coupling

SM Higgs potential includes H3 terms

“self-coupling” generates
Higgs-Higgs interactions

V()

— Im(¢)
Re(¢)
m2
V(H) = THHQ HAVH? + \H*

*
*
*
*
*
*
*
*
.

Search is underway for
production of events with

2 Higgs bosons at the LHC!
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Higgs boson Self-coupling A/Asu~1.5 > mechanism for 15t order PT -

in early uhiverse to explain
baryon-asymmetry!

SM Higgs potential includes H3 terms

“self-coupling” generates
Higgs-Higgs interactions

~ False vacuum

b -

v True vé'c":{]qm
— Im($)
Re(¢)
m2
V(H) = THHQ HAVH? + \H*

More in Glaudia’s talk .




Higgs couplings (@ HL-LHC

Precision measurements require more than just more data
—> Improvements in reconstruction techniques & calibrations

will be needed for few % precision couplings @HL-LHC

Discovery

Today

l Evolution of the performance for several objects in CMS from 2012 to 2022 l
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html

Higgs boson self-coupling (@ HL-LHC

Observation of double-Higgs production is a major ~
goal of the HL-LHC

-2AIn(L
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0: H
7 &
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H
0000

—> Combined searches for HH production to
expected approach ~50% uncertainty on self-

coupling measurement
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A little obsessive about making sure ...

~ g CMS Unpublished | 19.7 o (8 TeV) + 5.1 b (7 TeVv)
et Hovy ] Just one method is not
5 — cutvased enough to convince us we
‘ — o / had gotten it right!

na
il ] * 4 different analyses

! | developed to cross-check
o . various aspects of the

- : discovery with H>yy!

0 | | | |
0.5 1 1.5 2




Higgs beyond the HL-LHC?

Future collider a “High-priority
future initiative”

LHC . @ ~n
: o
Jura 4 4

g 4 Prealps
*

Jura g‘s«.hemati(o'an

& 80-100 km long

éh . . » circular tunnel

5 ¥ 4
Mo g 2020 UPDATE OF THE EUROPEAN STRATEGY
o T FOR PARTICLE PHYSICS
& Aravs by the European Strategy Group

&
Copyright CERN é.

“Europe, ..., should investigate the technical and
financial feasibility of a future hadron collider at CERN
with a centre-of-mass energy of at least 100 TeV ... Ewopeansnategy
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Higgs boson couplings beyond the HL-LHC

lead to high precision ( ~% level) characterization of the

The long road ahead for the Higgs has many potential options but all %
% ,
Higgs boson couplings -

Higgs boson self-coupling requires
high energy machine for % level

| —/1 | | p.o2
Kw Kt Ki Ku Bripy
Higgs@FC WG September 2019
N I | = J | . | e L S I B g - -
3 | — — ' ] Higgs _ single-Higgs
I 5 /1 I 1 I HL-LHC e e
e — E— — memmm | | |00 BTSN @ B TN
C ...... [10-201%......... == 50% (40%)......
HE-LH FCC-eelehmh [ FCC-ee/eh/hh
00 04 08 12 16 20 00 04 08 12 16 20 00 08 1.6 24 32 0O 1 2 3 4 5 00 06 12 1.8 24 30 | | W 5coeeem [)gecemen
I{E;/FCC 'LIEa-FCC
= - FCC-eeleh/hh B [
K7 Kp K Kzy Bru: 7 A MMORIRIRImRmRmQnnnYy | e ATe2A% .;ge_.é,e.‘.@ .......
- | = | -_i ] | s | . under HH threshold - 20% (14%)
e ] I e K -ee % (199
— ; — —— e e \ llnnereEs FoGey
| E— ] I L e T I SO g = ;‘L%% (9%)....
ILC . 10% 36% (25%)
] ILC,p, =JILC,,
00 04 08 12 16 20 00 06 12 18 24 30 0 1 2 3 4 00 25 50 75 100 o 1 2 3 4 o Yt
- | B FCC-ce/eh/hh  WEEN CLICi00 BN ILCio0  WEEN LHeC|xy| <1 CEPC
Ky Ke FCC-eesq5 s CLIC 500 ILCso0 W HE-LHC [xy| < | =
N I FCC-eerap CLIC3gq ILCasp HL-LHC |ky| < 1 cLIC N 0% )
] ] 1500
T E— CEPC A NN s (v
— — . . o 0 10 20 30 40 50 50% (46%)
H lg gS @F C WG r:t:ﬁ:?‘]ﬂll:kdc‘:n‘ f:::}?mc‘j with HL-LHC 68% CL bounds on K3 [%]  Aifuture coliders combined with HL-LHC
00 04 08 12 16 2.0 00 06 12 18 24 3.0 Kappa—3, 2019 Limits on Br (%) at 95% CL. JHEP 1 2020

Nicholas Wardle 38


https://link.springer.com/article/10.1007/JHEP01(2020)139

mggs Couplmgs for BSM phySICS In extended Higgs sectors (e.g two 2HDM), couplings to
vector bosons and fermions can be modified from SM
@ C'Mls' — T [ ' [ T

+ Discovery * LHC Run 1 = This paper

1.5 |—68%CL ---95%CL ¢ SMHiggs |—

—> Measuring these couplings is a direct probe of
extended Higgs sector models
- Complementary approach to direct searches* for

additional Higgs bosons

CMS Preliminary

35.9 fb™(

13 TeV)

L o« 60 7
G 50f ’ 7/
g 7
B 40 7 /
— pa— /7
1.0 30p 0 y
B — //* //
20 ..
B il 7 More precision
L | 7 y2 .
10
I — D Observed exclusion 95% CL
7 % Expected exclusion 95% CL
O 5 I ] & h(125)
. ' 6 EPJC 79 (2019) 421
| ! ] 5 AMHM > pp 5 O
' CMS-PAS-HIG-18-010 =)
X 4 AH = bb =
| ' ] i\iﬁ;moe (2018) 113 g
\ 3+ X ) D JHEP1BS; (2018) 007 —~+
,,,,, ; H— WW (lv lv and Iv qq)
- — / A ] JHEP 03 (2020) 034 “ [\
/ A\ H — hh (bbrr) ()
ol A AN ] PLB 778 (2018) 101 Q
- - | H-ott =
N , | 7 CMS-PAS-HIG-17-027 o
O O ' R T S R S R <A N N SR N R N YN 7 % A > 2h (i) >
. / 7 / arxiv:1910.11634 m
0.6 0.8 1.0 1.2 1 C ) hMSSM |-
. . . . . 1 l 2 I A o] I
130 200 300 400 1000 2000
m, [GeV]

*hMSSM allows modified couplings to up/down type fermion ratio
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H->yy to probe BSM physics

CMS 137 b (13 TeV)
LL [T T T | T T | T T | T T | T T T T | T T | T T | Tl _25 _I
VVVVVVWWWW ¢ -
’ o~ H->yy, m =125.38 GeV z
t —20
1.5
y H->yy decay sensitive to
VAV y fermion and vector boson
couplings
H->yy useful features These couplings are modified

10 in two-Higgs double model
extensions to the SM

4= Best fit

— 68% CL

--------- 95% CL
¢ SM

o
(6]
IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

05 06 07 08 09 1 11 12
Ky
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Effective couplings

Higgs boson production and decay
mechanisms that proceed by loops
can be treated as

g 000000}

g 7000000

New heavy particles can appearin
these loops leading tolarge
deviation in the effective coupling:

H-Zy, H'gr H-y

CMS 138 b (13 TeV)
® (Observed Dﬂ SD (stat)
== +1 SD (stat @ syst) +1 SD (syst)
— 12 SDs (stat @ syst)
— ; Stat Syst
Ky —@— 1.0140.10 007 +0.07
KW_ —§ 1.00 506 004 -004
KZ_ 'é 1'00—0.03 -003 -0.01
Ky 0903 5% 0¥
KT_ -@4- 0.91:007 004 ‘000
K —em— LTS 02 o
k| e rets 0
Kg_ —@l— 0.93+007 +0.05 fg:gg
5| & 1o7SE i 0
Blnv.é' 0.07+0.05 +0.02 +0.04
Undet.?l_l G O'OO+0.06 +0.05 +0.03
0O 05 1 1.5 2 25 3 3.5
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Parameter value




Effective field theories

On-shell

138 b (13 TeV)

S .
i —— Observed +1 SD || u combined +1 SD
T T T —— — T T ——
0.1t "035 “J54 o1 Tosa
" RT3 L1003 e 1050 H R
113009 ' 1 |
\ i | i
w0t ' 0307048 ' - ! 650 | 073
77 4095 1032753 '] 000 o 12243 i 0.00
=097 ] . ; i
¥ 1 b l
+0.11 s +0.28 ! +0. L +0.75 |
.90 0.7 2.41 1.76 1.44 +0.32
ww 4 09000 & 070 : o LT 0w S
o \ i i i
i | i
\ i i
! 0869017 ' w061 <065 i ‘04
. 066 +0.21 L} 08577 ISR pllee 0% o352
j | i
i ; i
i : i
207 0 0 w0t
531 RES 1| 0.90 1| 0.90
bb 250 4 H 03t | 090 5%
b =1.050% ! [ |
o : | i
i
T
033707 | 1.55°9% ' 563" i 307
Hu 070 o7 ;
j 4
' )
286719 e
Zl Ll : 289
0 05 15 5 0 1 2 3 ) 1 2 3 4 o 2 3 0 05 15 2 5 3
ggH VBF WH ZH ttH+tH
007 . - — 149707 129" 43w
=097 £008 or =080 £ 012 By = 149702 L, =129005 L=11870%

Inclusive k : high-precision yields
precision on new physics scale
8,=1% > N~25TeV

Off-shell [ large g>

Event Rates

Momentum transfer - g2

q 2
g A

Differential: High momentum production
sensitive to new physics

O, =15% (q=1TeV) 2 N ~ 2.5 TeV

Nicholas Wardle

42



o -1
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Higgs boson self-coupling

Remember in the SM, the Higgs oaar|

potential includes H3terms
m2
V(H) = THH2 + + \H*

“self-coupling” generates
Higgs-Higgs interactions

.
-
o
K
.
K
K
d
K
-
K
K
K
K
-
................ ‘
A %
*
3
)
3
*
3
3
*
3
*
3
3
*
3

~~~~~~~~~ ~1000x smaller
= than single H

-
-
-
_—

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

N

Direct searches for Double Higgs (HH) production one

way to constrain the Higgs boson self-coupling!

MadGraph5 aMC@NLO
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Higgs boson self-coupling

Loop corrections to single-Higgs boson production
and decay involve Higgs self-coupling [1]

———
pp — HH
Direct search
pp > H
S—
Indirect interpretation
-
H _ _ _ _ A
@ ’
M —

CMS

All other x = 1

138 fb™' (13 TeV)
¢ Best fit

B+1SD
[ ]+2SDs

+ SM

Precision (single) Higgs boson measurements
also sensitive to Higgs self-coupling!

[1] Eur. Phys. J. C(2017) 77: 887
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Why do we care?

The universe today is matter
(baryon)-dominated, \/g\ﬂ

np >>nNg

| _Matter]

Essential ingredient for Baryogenesis
(production of B-asymmetry):
- First order phase transition [1]

11111

[1] A. D. Sakharov, JETP Lett. 5,24 (1967)

False vacuum

T

| Trueyacd“um

Nicholas Wardle
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Modified Higgs potential and Baryogenesis

BSM physics in Higgs potential could be the solution!
2 A A
V(H) = (0 H)? 4+ 50+ H)' 4 (0 + H)°
\ ] | J
| |
SM BSM

Inclusion of Dimension-6 (BSM) term in potential changes 2
the relationships between the fundamental Higgs
parameters

1.5
A 16)\6 1}4 g
/{)\ - — 1 I 5 5
)\SM mHA 1
%
50% increase in self-coupling could hint at mechanism for o 02 04 06 08 1 12 14

15t order EWK phase-transition accuracy crucial goal )\6

(81027) 800GL0 ‘L6 O *A9Y *sAyd



Higgs boson self-coupling (@ HL-LHC

CMS Phase-2 Simulation Preliminary

3ab’ (14 TeV)
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Combinations with precision differential
measurements of Higgs production will
push sensitivity even further!

CMS Phase-2 Simulation Preliminary 3ab' (14 TeV)

\ T T T T ' T T T T ' T T ' T T T T I T K
: —— w/ YR18 syst. uncert.

2AlInL

Stat. uncert. only
Hadronic categories only

95% CL Leptonic categories only

K =1

68% CL

—
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|l o
A
o
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No Zero - Spin zone

Hypothesis tests for non-nested models used to distinguish O* from other J°P states.

120 CMS X - ZZ + WW 19.7 b (8 TeV) + 5.1 fo (7 TeV)
- ) N ) ; ) ] ) : : : : : : : : : : : : : : ]
— 100} mmottc WPl i 0 P i E b h
o [ 0" +2c WS+ 2 S
> 80¢ 0" + 30 N
= L : : : : : : : : : : : : : : : : : : : : : 1
E 60 - 5 5 5 5 5 ; ; ; ; ; 5 ; ; ; : : .
X [ : 5 5 :
40 F
Yl l l l
208 ll rrrlrl
OIIii i I
40t
-60 = E : : :
= =
y +E +28 +2 42 +0 +2 +25 =2 2 2 4+E +2 +2 42 +o0 +8 E S =
— A A A A Ad A Ad A A A A A A A [o\ I o\ I @\
qa gg production qd production

Run-1 data is already enough to rule out spin-2 (and many other JP states) at > 99.9% confidence level

Nicholas Wardle

49



35.9-137 fb' (13 TeV)

[ J [ J [ J
EffeCtlve fIEId theorles CMS ® Observed O Observed (other ¢ =0)
HEL UFO . ) —_— 1 -i1cs (other cj =0)
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New physics effects are typically larger for processes with larger -
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:CMS 137 b (13 TeV)
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J. Langford thesis
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Analysis workflow

CMS 137 fo' (13 TeV)
wE . = Oserved
1 1o (stat @ syst)
10 ;T B 1o (syst)
El ~ SMprediction |
i
10
25 Y 1
2 A
05 2
3
H

Large number of Higgs bosons
available in Run-Il = sophisticated
analysis strategies to extract the most
sensitivity out of the data we have
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Sensitivity to self-coupling in HH

L

gg—HH
k,=0, only box diagram
— k,=1, SM
— k;=2.45, maximal interference
— K, =5, soft spectrum
—— K, =20, mostly triangle diagram

400

600 800 1000 1200
My, [GeV]
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Couplings per decay L 12

138 fb™' (13 TeV)
) I 1 1 I T 1 I

L I 1 I l I T I
* : C M S 1o regio{\
- L muna 20 region .
1.1 5 + Bestfit B
i Y SM expected
1
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(13 TeV)

SMEFT: ggH STXS stage 1.2

-——-———-———-——-—-- _—-——-__-
- [
I —
”\C"
i |
I .
oF
(@)
1 —
T
— -
O
=
A
o
I
9 -
S
-
n
a)
CH |
i
— |
I
3
T
(@) =
i
o
o |
I
ﬁum —
1 o a)
@)
— @\
@) -
L . N
A
—oOtTaNONT T OSTANOANT

"So/0v "So/0v

54

059 < .d
1
059 > ,d> 0S¥
1
oSy > ,d>00¢
1
00€ > ,d> 002
Lo }
§g <,d ‘00 < "'wrg=
1, I
62> ,d‘00L< wrg=
L, I
Ge < ,d ‘00> 'w>0s€E re=
L. "
§¢>,,d‘00L> W >0s€ re=
1
00z >,,d> 02} rex
1
ock>,d>09 re=
09 > “o_ re=
1
00z >,d>0z2krt
1
ock>_d>09rlL
1
09> ,dri
1
002> ,d>0L 10

1
oL>,dro



T —

_ Higgs production at the LHC
* Run-1 discovery based on O(100) events at ATLAS and CMS
* To date LHC has produced ~8M Higgs bosons for each detector! |,

= o~ e =
=5 . e
e e -

LHC Beam A
Run-1-7-8 TeV, Lyea~7 x 1033 cm2 571
Run-2=13 TeV, Lyeak~2.06 X 1034 cm= s~
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Breaking down the likelihood

We construct a likelihood to interpret the combined datasets from across Higgs channels ....

L(D|p,0) = HProb dy,| Zuiuf&fin -+ ZBk
n 1, f k

~

x Gauss(0|0)

I
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

121‘ E Dulat, A. Lazopoulos, B. Mistlberger - . .
i L/, Experimental/Detector systematics:
. | , * Object efficiencies, energy scales, luminosity
08 8+ K S(PDF+as)
;g 6 L &(1/m) -
R G  Signal theory uncertainties:
l ™« Inclusive x-section uncertainties, QCD scale, pdf,
Slscale) UEPS B h' t' : t t‘ - OZCN‘IS‘ 59T (13 TeV)
ob LT e , Branching ratios, jet counting =
Collider Energy / TeV ; 0-15; -]
= E: : 4 o
Background theory uncertainties: Lo e =
. . . L _
* Often rather different phase-spaces considered for extrapolating from oost- -
control regions for data-driven estimates o o o ey
E e Pre‘dicnon (‘prefit) ‘ -‘ + Expe‘rimemal‘ uncena:nty E
Combination has O(1000)’s nuisance parameters (sources of systematic uncertainty) § if ]
% 1.2 ,L, L : —l—'—
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https://arxiv.org/abs/1802.00827

A massive achievement Take-Il

HIGG-2020-07 (sub to PLB)

)

ATLAS ATLAS | —s—Tom

* EXPERIMENT tat. Only

\(I_‘i: 3Z'r§v,1_;94;||o'1 B Sys. Only
) 4e : ~o- | 12451+ 0.73 (+0.73 Stat-;
i 2u2e | -e- 1 125.33 + 0.50 (+0.49 Stat-;
) 2e2u —— 125.01+0.29 (+0.29 Stat-;
i m —e— 124.93 £ 0.29 (+0.28 Stat-;
) Combined —— 124.99 £+ 0.19 (+0.18 Stat.;
Cmmiez e | 124.94 £ 0.18 (- 0.17 Stat)

T S T T T A

m,, [GeV]

CMS CMS } Phys. Lett. B 805 (2020) 135425
Run 1:5.1 fb™ (7 TeV) + 19.7 ib™ (8 TeV) | —=Total Stat. Only
2016:35.9 fb™ (13 TeV)

Total (Stat. Only)
Run 1 Hoyy —— 124.70 + 0.34 (+ 0.31) GeV
Run 1 H— ZZ— 4l ————h 125.59 + 0.46 ( + 0.42) GeV
Run 1 Combined —— 125.07 £ 0.28 ( £ 0.26) GeV
2016 Hoyy —— 125.78 £ 0.26 ( + 0.18) GeV
2016 H— ZZ— 4l ——i 125.26 +£ 0.21 ( £ 0.19) GeV
2016 Combined ot 125.46 £ 0.16 ( £ 0.13) GeV
Run 1 + 2016 l-i-| 125.38 £+ 0.14 ( £ 0.11) GeV
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
122 123 124 125 126 127 128 129
m, (GeV)

Precision in Higgs boson mass at the level of
11-14% with the addition of Run-2 data!

With the value of m, known, we can make precision tests
of the SM with the Higgs boson...

Nicholas Wardle
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From theory to measurement — A computational challenge

CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-15 09:09:31.450304 GMT,
Run / Event / LS: 305081 / 22172172/ 62

v

Theory calculation (hard process) Experimental reality




From theory to measurement — An experimental challenge

The Higgs signal is not the only process we
have to deal with

We rely on sophisticated ]
Machine-learning to dig out tiny W
signals from huge backgrounds

. CMS 137 b (13 TeV)
S E ! ¢ Data []tiH(125) 3
2 r Wy +jets () +jets]
% 10° Wit + vy tt+y
o [ tt+jets [V +y
L 1 04:_ Il Other ]
10° = —§
= Signal -
B T E
e - hE ]
]
- AR B S SR A A
) A S S SIS S — e ;
8 E 1_..' '.6 ‘ .............. .b‘ ....... ..ééé ..... ............ _
o o] P— IDStatunC ............. Stat®systunc .............. I§+_I_
% i 5 3 7 5 6 7
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Effective couplings

In Fermi theory for the muon decay, low energy measurements are to constrain the
SM parameters > Fermi theory an “Effective Field Theory” for the SM!”

Yy

Effective field (Fermi) theory Standard Model

E<<my // E>my
* At least for theory of weak interactions E




Effective Couplings

Higgs boson production and decay
mechanisms that proceed by loops
can be treated as

g 000000}

g 7000000

New heavy particles can appearin
these loops leading tolarge
deviation in the effective coupling:

H-Zy, H'gr H-y

CMS 138 b (13 TeV)
® (Observed Dﬂ SD (stat)
== +1 SD (stat @ syst) +1 SD (syst)
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Matter-vs-anti-matter

Angular differential measurements of tau-decay
products in H>Tt constrain Charge Parity-odd

contributions to Higgs-tau effective coupling m_ H
Ly =— - (K, TT + K, TiysT)
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Higgs decays to new particles

Current measurements of Higgs boson couplings allow
for “missing’”” decay modes to light particles

Higgs boson decays to BSM particles modify
the total width through

* undetected modes (2HDM+s, NMSSM...)
* invisible particles (Dark Matter)
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Higgs boson self-coupling

Production cross-section of
double-Higgs is 1000x smaller than
single-Higgs at the LHC!

95% CL limit on o(pp — HH (incl.)) / fb

A
OO0 ~ H HH->bbbb,
HH->bbtT
HH->bbyy
HH->bbzz(4l)
Combinations of multiple HH->multilep.

searches for Higgs pair production
vital for best sensitivity to self-coupling
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html

Putting things together

Combining multiple datasets (in this case targeting events with different Higgs
production and decay) leads to extremely complicated likelihood functions
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Which background function is right?

This is a figure from a study before the discovery that showed in toys how different the limits can be depending
on whether you use the right function or not to fit the background
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ggH Many different ways to make and see a Higgs
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Many different ways to make and see a Higgs
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With the mass well
measured we can test
concrete predictions of
Higgs-SM couplings
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Detecting the different signals - An experimental challenge

CMS Nature 607 (2022) 60-68 138 b (13 TeV)
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https://www.nature.com/articles/s41586-022-04892-x

