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How to find a Higgs at the Large Hadron Collider
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* Input to EW fits: requires precision! ——
* Measured in Run2 H—» yy and H-> 272~ — 4] T T
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Combination

* Requires deep understanding of detector responsetoy, e, u
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* SM Prediction FﬁM = 4.1 MeV too small to measure directly with good precision
* Indirect measurement requires cross section of H* —» ZZ — 41, 212v
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e Signalis a dip in continuous ZZ distribution
* NN observable in ZZ — 41 improves sensitivity to off-shell Higgs signal
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gg Phys. Lett, B 846 (2023) 138223 Eur. Phys. J. C 80 (2020) 957

 Compare off- and on-shell cross sections to extract width Theory:

N. Kauer & G. Passarino (2012)
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Higgs Spin and CP Structure
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* Higgs spin and Charge-Parity (CP) structure is known to be J¢¥ = 0t
* The CP property of its couplings can still vary

* CPviolation is a necessary ingredient to explain baryon asymmetry
* Motivates thorough investigation into CP nature of Higgs sector!

CP-odd couplings can enter at
operator dimension =4 for fermions
(Parameterized by a)

m _ -
Lyrr = —TFKF(COSC“M” +sina Yiysy)H

CP-odd couplings can enter at operator
dimension =6 for bosons
(Parameterized by Wilson coefficients)

CP-odd
Operator 0\ | H'HW? W™ | H'HB,,,B** | H't"HW" B*’
Wilson coefficient CHW CHB CHWB
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* Requires accurate tagging of tau decay mode (Boosted Decision Tree)
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e CP-odd exclusion at 3.40
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* H — yy: Measurement targeting Higgs production w/ vector bosons
* “Optimal Observable”: 00 = 2Re(MiyMep—oaq)/ | Msu 1%

e Calculated from 4-vectors of Higgs candidate and di-jet system

* Limits on couplings of dimension-6 operators in an effective field theory formalism

* HISZ basis: d~:95% Cl=[—0.034 + 0.071]
* Warsaw basis: cyyy-: 95% Cl=[—0.55,+1.07]
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Higgs Signal Strengths
/ Cross Sections
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Higgs Cross Sections / Signal Strengths
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* Combine results for comprehensive picture of Higgs cross

sections and branching ratios

* “k framework”: effective coupling strength modifiers
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ATLAS Run 2 Higgs Report:
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Combinations: Simplified Template Cross Sections ARSI 2 RS EEE
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* Look deeper at Higgs ATLAS Run 2
interactions in phase space! F *
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STXS &« Differential Measurements: H- 171
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* Comphrehensive measurement in STXS bins
* Most precise single-channel VBF signal strength: 0.9377 1%

0.17

* Differential measurement targeting Higgs production
* Most stringent constraint of CP-odd SMEFT coefficient:

ggF
VH
VBF
ttH

Combined

* Cyw~- 95% CI = [—031, +O88]

LA B B B DL B R
ATLAS H-tt Vs=13TeV, 140 fb™
—Tot. JSyst. X\ Theory p-value =99%
Tot. (Stat. Syst.)
|
ey 0.94 0% (01 o)
\
—_—— 091 05 (o5 o)
|
o 093 4 (48 %)
| N
: ! 0.77 5o (o7 %)
.............. ‘-...--..--.....--...-...--..-..--...-...--.-..
by 0.93 011 (006 To0e)
P | | P | P T R R
0 1 2 3 4 5 6
(oxB)™**/(oxB)*

do"/dA¢Fs™ [fo/rad]

Ratio over SM

2.2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

1.5

05k

TLAS

5>

p:‘ < 200 GeV

LR RN RARN RN

TTI[TTY
'
'
'
'
'
1
'
'
'
]
i
1
1
1
1

—— SM (Powheg+Pythia8)

s=13TeV. 140fb" ~ " Caw =T+ 0.7 (lin.+quad.)
’ === G = — 0.7 (lin.+quad.)

LI B AL R B AL L
¢ Data, total unc.
Data stat. unc.

p:‘ > 200 GeV

T[T T T[T
i

—_——
T
F i
i

;._

—e-

oo b bbb b b b bei 14

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

w20 w2

AgP9"™ [rad]

/2
Aq)jsjig”ed [rad]

gg—H, 1-jet, 120 < p:‘ <200 GeV

gg—H, > 1-jet, 60 < p: <120 GeV

gg—H, = 2-jet, m“ < 350,120 < p? <200 GeV

gg—H, > 2-jet, m > 350 GeV, pj <200 GeV

gg—H, 200 < p: <300 GeV

gg—H, p: >300 GeV

qq'—Hqq', 2 2-jet, 60 < m, < 120 GeV

qq'—Haq', > 2-jet, 350 < m < 700 GeV, p: <200 GeV
aq'—Hag, > 2-et, 700 <m < 1000 GeV, p: <200 GeV
qq'—Hqq', = 2-jet, 1000 < m“ <1500 GeV, p: <200 GeV
qq'—Hqq', > 2-jet, m > 1500 GeV, pj <200 GeV
q9'—Haq’, > 2-jet, 350 < m < 700 GeV, p: >200 GeV
99—Hag', > 2et, 700 <m, <1000 GeV, pj >200 GeV
aq'—>Hag’, > 2-jet, 1000 <m <1500 GeV, p: >200 GeV
qo'—Haq', > 2-et, m > 1500 GeV, p: >200 GeV

ttH, p: <200 GeV

ttH, 200 <p! < 300 GeV

ttH, p* > 300 GeV

t/b/t b
H == vy t/b/r
t/blt A~ /7

b/c

b/c

17/

T/u

ATLAS Hott Vs=13TeV, 140 fb™
=Tot. @Syst. \Theory  p-value = 6%
Tot. (Stat. Syst.)
035 B (42 )
= 050 0% (9% %)
o. 049 +0.
-y 053 078 (%4 1)
3.09 1.66 2.61
P, 5.09 0 ( Tea 1er)
0.39 0.28 +0.27
0.99 i0.36 ( t0.28 -0.22 )
0.59 044 4039
o 1.51 tu_5o ( i0.43 -0.26 )
0.68 0.57 +0.38
o 094 “oes (Toss  loss )
-0.96 14T (05 o)
024705 (5% 8 )
0.6 0.50  +0.3!
- 168 oo (0% 0%)
& 012 958 (%0 %)
0.87 0.75 +0.44
r 116 "g5  (‘05s  lose )
0.73 0.67 +0.28
Wiy 098 ‘je3 (lose o )
Ie, 140 0% (0E 9%
N 129 0% (0% 9%)
21 0% (43 %8
— 22 9% (% %e)
— 36 33 (30 55
PR T NN A T S N AT N T N TN NN M [ MM S W
0 5 10 15 20
(GXB)meas/(UXB)SM

14


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/

g q q q w/z tb b t wiz
t/blc Wiz iz g
t/b/chA W Heeeeee H W Geecee= H L Deeeeee H W H H e=eee=
\
w/z \
t/b/c Y g
g q q q H b g q w/z

Rare Decays: H— Zy

* Branching ratio: ~ 1.5 x 1073
e ATLAS Run 2 signalyield: 2.0%50
* Combine with CMS Run 2 signal yield (2.21’8;;) for 3. 40 significance!

ATLAS
Phys. Lett. B 809 (2020) 135754

> e O L B

o u ATLAS ]

O g0 Vs =13 TeV, 139 fb" -

2] C All categories ]

_'53 70K In(1+Sg4/Bgg) Weighted sum _:

s
[ 60 =

I —e— Data
40 — Sig+Bkg Fit

t47

cov b b Py 0
130 135 140 _ 145

m,, [GeV]

Weighted events / GeV

Data - Bkg

|
[\*]
T

CMS
JHEP 05 (2023) 233

D
(=]

a
(=]

I
o

W
(=]

n
(=]

T

IIIIIIIIIIII Illlllllllllllllll:
ATLAS and CMS

LHCRun 2
In(1 + S/B) weighted

¢ Data
—— Signal + background ]
-- Background

N
T

o
LB L

<

" r,.,.,.?’
¢
H--ﬂ
W [

Vi

3

N

—2InA

Y b/c

tibl_ AT
H --<r t/bl H =====- <
t/b/r

b/c

Combination
Phys. Rev. Lett. 132 (2024) 021803

20
18

16F

10F

o

14}
12[

n B » [e]
T T

- ATLAS and CMS ]

 LHC Run2

—— ATLAS + CMS
— CMS
— ATLAS

15


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-22/
https://doi.org/10.1007/JHEP05(2023)233

thb b t wiz Y Y b/c 17/

w/z
’ t/b/c ! Wiz e g W ™ tlblt A
tlblch  Heeeee= H  Veee- H Wiz 1 S H H ====== w H == y t/b/e H ==eee= [ —
tiblc wiz A g w t/b/r
g q q q H 4

Run 3 MeasurementS; H—) )/)/, H—) ZZ* — 4—1 Eur. Phys. J. C 84 (2024) 78

ALAA
NAAANS

-H W H ==
P q wiz

* New dataset incoming - make sure the Higgs is still there!

* Early measurements already innovating on methods
* Machine learning method for generation of large-statistic background template
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Summary

* Plenty of work done by ATLAS to inspect the nature of the Higgs
* Mass, Spin/ CP, Width
 Comprehensive study of production and decay cross sections

* Interpretations are becoming increasingly sophisticated:
 Simplified Template Cross Section, Effective Field Theories

* Run 3 doubles the dataset — increased ability to measure rare Higgs
production and decay modes, measurements becoming more and
more differential

* Early Run 3 measurements promise an invigorating Run 3 program!
* Keep an eye out for new discoveries: H— Zy!
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