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Introduced a field with @ special potential
V =u?dtd + A(d1d)?

Lagrangian of the field has same symmetry as
gauge theory
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non-zero field. The minimum of potential at
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Higgs boson interactions in the SM USTC Aug 2023 - Zirui Wang

Higgs Potential V = pu?®*® + A(*@)?

2> W & Z become massive & interacting with H

1 H 2 1 H 2
(Dp‘#‘)fDﬂ‘?s ) (@H)Q + MﬁmeLW; (1 + ;) + EI‘&’%ZP“Z,u (1 + ;) W,z
= 2 (B.H) + MWW+ Wy g+ 0 gy gy H
g VK w I v " 12 FT gHVV
2 2
"—liﬂr’[‘q;2ZJML?JLb + MZ Zﬂ*Z#H + MZ Z}LZ#HQ
2 1/ 2[/2
W,z
. Lepton, k
- Generate Fermion Mass epfon, quarks
H
¢ =gr(Le®dfy +@Tf7Ly) 77 gr xmy
['Yukawa - gf(Lf(pr + P fR Lf)
Anti-lepton, anti-quarks
- Higgs boson massive; self-interactions
4 A P v H
H 2 172 3 A4 H -,
V - —— —u'H A H —H -,
(Qf)) 4)\ H + AV + 4 —_— e "\






ATLAS dEtECtOr (Run 2) USTC Aug 2023 - Zirui Wang 5

* Solenoid Magnet: 2T

e Toroid Magnets: 0.5-1T ] )
 Hadronic calorimeter

e — (|n]<4.9):

5 Fe/scintillator Tiles (central)
Cu/W-LAr (foward)
Trigger and measurement of
jets and EISS,
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1. :.\.‘}‘.
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LAr hadronic end-cap and
forward calorimeters

SV calorimeter (Inl<3.2):
liquid-argon

e/y trigger, identification and
measurement.

* Muon Spectrometer (|n|<2.7):
Monitored Drift Tubes, Cathode
Strip Chambers, Resistive Plate
Chambers, Thin Gap Chamber
Muon trigger and tracking.

Inner detector (|n|<2.5):
Si Pixels, Si strips, Transition
Radiation detector (straws),
Precise tracking and
vertexing, e/m separation.



10 years of hard work on Higgs Physics  usicau2023-ziiweng 6

At Large Hadron Collider

Discovery of Higgs Boson

: . * Mass 0.09% precision:
Discovery production & decay modes 125 11+0.11 GeV
‘ *  Width closing in on

: : SM 4.67% MeV
Cross-section, coupling,

property measurements * Spin 1 and 2 excluded
‘ > 99.99Y%

Explore the Higgs self-interactions + pure CP odd state
‘ excluded > 3o

Use Higgs as a tool to search for new physics
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* July 4th 2012, Discovery of Higgs boson — ATLAS and CMS [PLB paper]
* Nobel Prize in Physics in 2013 — Peter Higgs and Francois Englert



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/

In LHC Run-2, 30x more Higgs recorded by the ATLAS detector, allows for precise

measurements of cross-sections, couplings and properties, search for rare

decay modes, and test phase space hasn’t been probed before.

o
™

o(pp — H+X) [pb]
III?L T T T TTTI1T =1

[LHC Higgs X-sec WG]
B

I

[rorrprrrrprrr et
M(H)= 125 GeV

—
TTTTT T 1T

107

10-2;

" [
' [
IJl:IIIllI

L 11 =
LHC HIGGS XS WG 2016

1 lIIIIHI

1 llllll

o5 i g g o 1

IlII‘l
7 8 9

'
10 1

1 12 13_14 15
(s [TeV]

Significant increase in production
rate from Run-1 to Run-2

3000

2000

Data - Bkg Fit/ 2 GeV

1000

ATLAS
Vs=7TeV,4.8fb"

Do 8 TeV, 5910 ]
—4—Rumn2 Ys=13TeV, 139 b

1 I 1
110

P BT
120

I R R
150 160
m,, [GeV]

ol ey
130 140

Comparison of my,), spectrum between

discovery and full Run-2 datasets



SM Higgs Production at LHC USTC Aug 2023 - Zirui Wang 9

IIIIIIIIIIIIIIIIII|III|IIII|III||II|I|IIII|I

M(H)= 125 GeV =
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LHC HIGGS XS WG 2016
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ttH 0.51 0.13 3.8
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Decay channel Branching
Ratio[%]

H->bb 58
H->WWw#* 22
H->gg 8.2
H->tt 6.3
H->cc 2.9
H—>ZZ* 2.6
H->yy 0.23
H->Zy 0.15
H->uu 0.02

» H—->7ZZ*-4l (l=e,u) and H->yy: low BR but clean signature, excellent mass
resolution

« H->WW?*: high BR but low mass resolution.

 H->bb and H->trt: high BR, low S/B and low mass resolution at LHC.




Individual ATLAS Higgs analysis USTC Aug 2023 - Zirui Wang 11
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Decay mode Targeted production processes £ [fb~!] Fits deployed in

H—yy ggF, VBF, WH, ZH, tiH,tH 139 All

Theinternational journal of science /7 July 2022

H—Z7Z ggF, VBE,WH + ZH,tfH+tH 139  All n atu re
ttH + tH (multilepton) ~ 36.1 All but fit of kinematics
H— WW geF,VBF 139  All HIGBS

WH,ZH 36.1  All but fit of kinematics A'I' I“
ttH + tH (multilepton) ~ 36.1 All but fit of kinematics

Probing the :
properties

H— Zy inclusive 139 All but fit of kinematics of themost#§

elusive particle **_

in physics

H — bb WH,ZH 139 All
VBF 126 All
ttH+tH 139 All

inclusive 139 Only for fit of kinematics
H-—> 7t ggF,VBF,WH + ZH,1tH +tH 139 All
ttH + tH (multilepton)  36.1 All but fit of kinematics
H — up ggF+1tH+tH,VBF+WH+ZH 139 All but fit of kinematics
H — cc WH+ZH 139 Only for free-floating «
d B Nature 607, 52-59 (2022)
H — invisible VBF 139 k models with By & Bjyy.

ZH 139 k models with By & Bipy.

A measurement based on a combined likelihood constructed from all major ATLAS Higgs
analyses, to get more sensitive and less model-dependent results on Higgs interactions:
* Almost all measurements updated with the LHC full Run-2 dataset


https://www.nature.com/articles/s41586-022-04893-w
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* Considering all production and decay modes together: M

1 =1.05+0.06=1.05 + 0.03 (stat.) +0.03 (exp.) + 0.04 (sig. th.) + 0.02 (bkg. th.).

* Experimental and theory uncertainties reduced by a factor of 2 wrt Run 1 result
*  SM compatibility (p-value): 39%

< 8 __l T I L L L L I L I__
E C A TLAS — Total n
c\ll 7 — VTS =13 TeV, 36.1- 139 fb_1 m— Remove Background Theory:
- Remove Signal Theory .
- my=12509GeV,ly <25 Statistioat .
6F py=oo% E
5 =
AN —————F — 20
3 =
2 -
f——— — %
O : I 111 I 111 I 11 “ '.' (] I 111 I 111 I 11 :
09 09 1 1.05 1.1 115 1.2

Previous results: M

ATLAS+CMS (Run 1 combination): 1.09731% = 1.09%5:97(stat. ) 7394 (exp.)*3-97 (sig. th. ) ¥5-93 (bkg. th.)



https://arxiv.org/pdf/1606.02266.pdf

ATLAS Vs=13TeV, 36.1 - 139 fb
my,=125.09 GeV, ly | <2.5

T s
OggF+bbH -0.02 004 0.0 Io_sg
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"¢ Data (Total uncertainty) @

syt it e ggF now at precision of 7%
SL. uncertain ..
107 _SKA orediction ’ * VBF now at precision of 12%
All major production have been observed:

|

s | | | £ 10 « WH is observed with 5.80 (5.10), ZH with
2 =t % % 20 5.00 (5.50) and ttH+tH with 6.40 (6.60)
L | | | % {_,,° Rare production mode:
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Production process C.L

e Strong correlation with ttH



Branching fraction

Ratio to SM

* Production cross sections are assumed o T >
BR 0.8
to be SM-like when combining - e
Mar ! ! ! ! ! ! .
processes/measurements o
«  SM compatibility (p-value): 56% on Loz
uzz -0
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=" ATLAS Run 2 1 -0
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0.8 % T * H-> uu with significances of 2.00 (1.70)
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. S Vs =13 TeV, 36.1 - 139 fb'
Branching ratios: ATLAS my =125.09 GeV, y,| <2.5

Decay mode
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* Cross sections times branching ratios:
* Measurements for all available cross sections and branching ratios
e Assumptions on SM-BR relaxed
*  SM compatibility (p-value): 72%

ATLAS Run?2 |- Data (Total uncertainty) Syst. uncertainty |¥ sM prediction
| | | | _|5 ? ? 1|0 | | | |
tH i
2 A HEH | HE— b
ttH T o
ggF+bbH . ]
*
VBF Lo e m 22
WH 2] e ¥ —io—
H#H H#—
ZH @! & e
| | | | | | | | | | | | | 1 1
0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 01 2 3 4
bb ww TT zZZ vy uu

o x B normalized to SM prediction



* With known Higgs boson mass, the SM Higgs sector is fixed.

e Use the LO coupling modifier to probe for rate deviations from the SM.

* Introduce one scale factor k per SM particle with observable "Higgs
coupling” at the LHC: Ky, k7, K, Ky, Ky, K, Ky, Kg, €1C.

STES VAR RS P i

o+BR)(i - H- f)~ .
(0 BR) =it = e e

t/b

7 w/z

H—bb /tt/pup

b1, U

interference

* (Can handle other rare production and decay vertices in a similar way.



Ky Vs Kg: one coupling modifier for vector boson coupling and another for

fermions

* Loop processes resolved according to the SM particles that contribute to them
*  SM compatibility (p-value): 14%

Kk, = 1.03573:931
Kkp = 0.9519:05

Vector-boson vs.
fermion coupling in
each decay channels

1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5

[TT T T T T T T[T T T T[T T T T[T T T T TT T T[T I T T[T TTT T

ATLAS % SM prediction -
ooy s —o8%cL

my = . ev, \VH| < 2. o
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All modifiers assumed to be positive g8 [ ATLAS Run 2 ]
Only SM particles in loop processes s E Tror 3
NO inViSibIe or undetected nOl‘I-SM HiggS S 1: K. is a free parameter .
decays g1 10 3 SM prediction 3
Two setups: with and without k. to cope ) 10_2; _i
with low sensitivity g / J[ll_l Ouafksn -
* Upper limit on k. of 5.7 (7.6) x SM at 10 / E 71 1=
95 % CL E/I Force carriers Higgs boson E
Coupling measurements: = el E =
* Fermions (t, b, T): precision between S 1AFTT I A A A
7% and 12% 5 12 1 -
* Vector bosons (W, Z): precision of 5% <40 i HT
* SM compatibility (p-value): 56% (k.=k; ) o_gf_mll o { o
and 65% (k. free-floating) 107 1 10 102

Particle mass [GeV]



Similar to previous setup with this time
allowing for non-SM particles in loop
processes, with effective coupling
strengths.
K. allowed to be negative.
Two scenarios: with and without invisible
and undetected non-SM Higgs decays.
SM compatibility (p-value):

61% (Binv = Bu = 0)
Upper limits on B;,, of 0.13 (0.08) and B,
of 0.12 (0.21) at 95% CL

"""" LN L B I B I B B
KZ -
« ATLAS Run 2
w
K ] ————i Leptons Quarks
- " T
Kp| e -- d ] s [N
B Force carriers Higgs boson |
©| T pmEm
KH —————————————— .—. ——————————
- —e— B, =B,=0 ]
K T—i inv. u.
g T -m- B, free,B, >0k, =1
K —— SM prediction
v - - Parameter value not allowed
KZy —————————————— e ——————
....l....l ........ I....l....I....l....l....l....l
0.8 1 1.2 1.4 1.6
68% CL interval
B I ST
00772 1
o] I R | |
0 0.05 0.1 0.15 0.2

95% CL limit
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e STXS (Simplified Template Cross Sections)
* Split phase space of Higgs production processes into 36 kinematic regions
* Defined by kinematics of Higgs Boson and of associated jets, W, Z bosons where

relevant
ATLAS Run 2
. ey s ® 330, T @ 7 10
[ ] ° = [ 1 r
Goal: provide sensr.clwty N % : _:
to BSM effects, avoid large ok E : ]
. . . i of- 't'_
theory uncertainties in S A
predictions and minimise piteey piieey]
model-dependence from . B
acceptance extrapolations ¥ g (e ueeranty) * [my2350GeV]
. . == SM prediction
* Branching ratios and = =3 . . - = @ e
. . . S N i T | ] 100 =
kinematics of Higgs Boson ° 2-@ ° 2 @ 500_-@- ] 50% @_5
decays are assumed to be °F 1 ;T L4+ 3 3 o
1 2t : \ -enriceI -enric e_ %50 I I I ) 7 I °°
SM_IIke VH hed VBF hed 350 700 1000 1:—:1(3,?[69\/] 350 1(;3}9[6ev1
* SM compatibility (p- [t P
. 990 s BN B
value): 92% Evfw 1 2wl 1 Za0l 1 B
< 10" B 3 100 - E 500 @ -
10" B - g ] ] N
0 .T. . .@ 100? . . . E ok ‘ i-@.'r—m— 250_
10 0 75 150 250 400 oo 0 150 250 400 oo 0 60 120 200 300 450 [ 0

p¥ [Gevl pZ [GeV] p¥ [Gev]



In SM, Higgs self-coupling A; depends only on my and v: A3 =

mHZ

2v2

* BSM could modify the Higgs potential and alter A,
Coupling modifier k; used to express Higgs self coupling A5: k3= 43/ A‘;’:M
Single Higgs production rate is much larger (> 1000x) than diHiggs on LHC. However, no

direct constraint at LO on higgs self-coupling from single Higgs processes.
An indirect constraint on k; can be implemented in single Higgs production and Higgs

decays via NLO EW corrections JHEP 1612, 080 (2016) , Eur. Phys. J. C (2017) 77
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https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1709.08649

-
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RN AR RS RS RS ALY LALAE FRRE
F o(pp — H(H)+X) -
EVs=13 TeV =)

Cross section (fb)
=
2

-20 -15 -10 -5 0 5 10 15 20

Production cross section and decay branching ratios vary as a function of k;

A technical set up based on STXS using differential information to probe Higgs self-

coupling via single Higgs processes: LHCHXSWG report

Implement universal correction on Higgs self-energy wavefunction

renormalization and process and kinematic dependent corrections.


https://cds.cern.ch/record/2803606/files/LHCHWG-2022-002.pdf

Combining of diHiggs analyses and single Higgs measurement: Phys. Lett. B 843

(2023) 157745 , we provide more sensitive and less model-dependent results on

Higgs trilinear self-coupling K,

Combination benefits from complementary sensitivities from each channel.

Channel Integrated luminosity (fb=1) E - A')'[_)\sl L H ! II o
= ~ [ vs=13Tev, 126—139 fb' —_ nRony
HH — bbyy 139 C\Il B O:servede —— HH k; only
HH — bbtt 139 i —— HH +H K, only
HH — bBbB 126 = HH + H k; only: HH + H K, generic
[ 95%: K € [-0.4,6.3]
H — Yy 139 - HH + H k, generic:
H — ZZ* — 45 139 : 95%: K E[—1.4,6.1]
H— 14t~ 139 -\ "\ oo B2 =
H — WW* — evuv (ggF,VBF) 139 i
H — bb (VH) 139 |
H — bb (VBF) 126 [
H — bb (11H) 139 - »
-5 0 5 10
Combination assumption Obs. 95% CL Exp. 95% CL Obs. value*® 11
M HH combination —0.6<k; <66 21<k<78  k1=3.1%17
M Single-H combination —-4.0<ky<10.3 S52<ky <115 «Kky=2. 5+4g
B HH+H combination -04<ky<6.3 -19<ky<7.6 Ky = 3. O”lg
HH+H combination, «; floating —-04<k1<6.3 -19<k3<7.6 kq = 3.0*L g
HH+H combination, «;, kv, K, k; floating —1.4 < k; < 6.1 22<kKk3 <177 Ky =2. 3*2 >0



https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub

Extension 2: Higgs—invisible search USTC Aug 2023 - Zirui Wang

DM Higgs portal models
e Search for enhancement of invisibly decays which increase BR(H-=>inv) (~0.1% in

SM).
= | | I | T T
0.9F ATLAS — Observed
q 0.8 E_ Vs=7TeV, 471" ... Expected
= Vs =8TeV, 20.3 ft’ Mt
0.7 Vs =13 TeV, 139 f5' [Jt2o
06F

(b) Z + H topology (c) t7H topology

95% CL upper limiton B, ,,,

0.5
g 04
- -
AP
) t X 0.1 N
v g 0 | | | ! | ! |

00&0.

W& G} <F & . .
(d) VBF + photon topology (e) H+jet topology é\« é\fg < é(\« €< é\« 00((\‘0 00((\\0
A

* Combining direct measurements to probe with higher sensitivity = Statistically combining
ATLAS Run 2 major H - inv searches and Runl combination results: Phys. Lett. B 842
(2023) 157963 Observed BR(H—>inv) < 0.107 @ 95% C.L. (~0.1% in SM).



https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub

Higgs portal DM results
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Vvs= 8TeV, 203"
Vvs=13TeV, 1391fb"

USTC Aug 2023 - Zirui Wang

B, < 0.093
Al limits at 90% CL

Higgs Portal WIMP:
== Scalar

------ Majorana

VectorEFT

Vectory model, o = 0.2

Other experiments:
— + Xenon1T-Mig
SRR DS50-MigNQ
— — DS50-MigQF
= = = - PandaX-4T
LUX-ZEPLIN

* Significant complementarity between LHC and direct detection experiments

e Caveat: Only VBF+MET and Z(ll)+MET results have been included in Nature 607,
52-59 (2022))

26


https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04893-w

Simplest UV-complete model with a new pseudoscalar DM mediator ‘@’ [1701.07427]

e Recommended as a benchmark model by LHC DM WG for run 2 [1810.09420]

* Rich phenomenology => One of the most explored DM models by ATLAS in Run 2.

Signatures with SM Higgs and BSM Higgs t fl-/f-g)
are both important in this model. ) X
ATLAS full run 2 summary/combination © © ©

e Statistical combination of monoX

(monoZ(ll)/monoH(bb)) and non-MET
(tbH+(tb)) analyses.

(e
e Large project: Summary of ~20

. f/x

analyses across 4 ATLAS WGs in 10+ o, <
-~ b T
parameter scans. b, < I'lx

® (9]


https://arxiv.org/abs/1701.07427
https://arxiv.org/abs/1810.09420

m, [GeV]

Full Run 2 2HDM+a summary paper has been submitted as the 15t ATLAS paper to
Science Bulletin (co-sponsored by the CAS and the NSFC): arXiv:2306.0064 1

2HDM+a, Dirac DM, sin6 = 0.35, tanB =1, m = 10 GeV, 9= 1, m, =my=m,

2000 n—

1800y ATLAS ]
k Vs=13TeV, 36.1- 139 fb" Limits at 95% CL
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1600 Expected
1400}
1200F

1000f"
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600 -
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T T
T/m > 20%

200?_ I"- < ."I--_I_‘I.I I

“ad

Lyt PSS B L
100 200 300 400

PRI BT T I
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m, [GeV]

— E™+h(bb), 139 fb"

JHEE 11 (2021) 209
ET**+h(tr), 139 fo'!
arXiv:2305.12938
ET+h(yy), 139 fb!
JHEP 10 (2021) 13
ET'ss1+Z(1l), 139 fo'!
PLB 829 (2022) 137066
EM*1+Z(q), 36.1 fo'!
JHEP 10 (2018) 180
EMSS1tW, 139 fo'!
arXivi2211.13138

EMS4j, 139 fb”!

PRD 103 (2021) 112006
tbH(tb), 139 fb*
JHEP 06 (2021) 145

titf, 139 fo'!
arXivi2211.01136

h—invisible, 139 fo!

arxiv:2301.10731

— Combination
ET+h(bb), ET'*+Z(1l), tbH*(tb)

m, [GeV]

1070

10F

2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, g,= 1, m,=m=m,= 1.2 TeV

T

ATLAS

fs=8TeV,20.3 o ]
fs=13TeV, 36.1 - 139 fb:!"

m, [GeV]

* A large part of parameter space in benchmarks was excluded.

— EMs=4h(bB), 139 b
JHEP 11 (2021) 209
h—invisible, 139 fb™!

arxiv:2301.10731

— h—aa—upurr, 20.3 b

PRD 92 (2015) 052002

h—aa—uuuy, 36.1 o™

JHEP 06 (2018) 166

— h—aa—uuuy, 139 b’

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fb™

JHEP 10 (2018) 031

— h—aa—bbpy, 139 fo'!
PRD 105 (2022) 012006

— Observed Relic Qh?=0.12

* Complementary and better constrain reached by overlaying/combining of different

signatures.

* Higgs-related signatures place the most stringent constraints in benchmark scans.


https://arxiv.org/abs/2306.00641
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* Measurements consistent with the Higgs boson predicted by the
Standard Model, motivating higher precision measurements.
* 15t ATLAS partial Run 3 H=>ZZ + H=>vy fiducial cross-section
measurement; arXiv:2306.11379
* LHC proton-proton dataset:
* Larger center-of-mass energy and 20x more dataset — To better
probe Higgs couplings to other SM particles, Higgs self-coupling
and the connections to new physics through Higgs sector.

6.0E+34 T T T T T T : T B T _3500
Run1l {Runz| | Run3| |Runa[| .. || |
S.06434 |- . i T . NN e ¢llle eiellleief 3000 Total HL-LHC dataset
P o . £ 0 4 ; oAl . D -1
_ B A 2 (3000 fb")
» P : P : Pl - P : 2500 >
& ' l I I | | I ‘ ‘ ‘ { 2000 -g
= BN — BEEE O BEERE M (BB £
D 3.06434 1t BUSB i RS-t SR - B , =
£ - 1500 @
g : . . : B 1 . I E
N EBEIE EBEEE 2§  pw00 £
10034 1t 1" N Run 3: ~10% of total
P ol > ol P . | = dataset collected

| o ¥ Run2: ~5% of total
dataset collected

0.0E+00

2029
1 Higgs discovery 1 Start of HL-LHC operations

2010 2015 2022


https://arxiv.org/abs/2306.11379

Efforts made for HL-LHC projections. Usually from published LHC Run 2
results, with HL-LHC conditions and projections on uncertainties
[LHC Perspective report].

Vs = 14 TeV, 3000 fb™' per experiment o ATLAS and CMS 3000 fb1 (14 TeV)
T T T T T T T O — 12
Total ATLAS and CMS S = * HL-LHC prospects
—— Statistical . =% c
HL-LHC P 0 = —_ il
—— Experimental R V) Cﬂ 1ol —e— ATLAS
—— Theory Uncertainty [%] ® ) i
Tot Stat Exp Th g_' I —e— CMS
Ky . 1.8 08 10 13 < 3 —e— Combination
Kw = 1.7 08 07 13 =3 8—_
W . . 3 o (D i
Kz B 15 07 06 1.2 = i
< 6l
K =__| 25 09 08 2.1 5 i
el 3 i
K== 3.4 09 1.1 341 e b 95%
I Q i
Ky BD———— 37 13 13 32 5 i
g i
K: = 1.9 09 08 15 g ol
Ky =— 43 38 10 1.7 2] Ji 68%
K & s |
7y — 9.8 72 1.7 64 o 0 ol
L e o e s s R A Y 2 3 456 T
0 0.02 0.04 0.06 008 0.1 0.12 0.14
Expected uncertainty K,

With the future HL-LHC (3000 fb~1), an unprecedented precision at a
percent level or better for most of Higgs boson couplings, a 50% precision
on Higgs self coupling will be reached!


https://cds.cern.ch/record/2703572/files/94-87-PB.pdf

In the 10 years since the Higgs discovery, many measurements have been

performed by the ATLAS collaboration, with confirmation that the properties

of this Higgs Boson show good agreement with the SM.

A combined measurement of Higgs interactions has been presented

All main production and decay modes have been observed

Hints of rare Higgs decays have been seen

Kinematic dependence of production cross sections has been studied
across a wide range of phase space

Unprecedented precision reached on coupling measurements including
Higgs self-coupling.

Various searches have been made with Higgs to probe the potential BSM

effect.

Stay tuned for better results from LHC Run 3 and future experiment results!
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Perfect Symmetry
Local Maxima
Meta-stable )

, s Vector bosons masses —

_ spontaneous symmetry breaking

| . *  Fermions masses — Yukawa
couplings

* The Higgs Boson couplings to other
particles are set by their masses

| - —determine all Higgs Boson

production and decay.

L= _ngfffH + 8,V V¥ (gHVVH n 9HHVYV Hz) N 9HHH H3 + YHHHH e

2 3! 4!
f vV H
H ----- Peeeeee- H ----- | SUICELE H 7=~ <
mg ~ 2m,,* 31012  H
Iuff — 7 i Yuvy = vv V 9HHH = % = 6A3V

v = vacuum expectation value of the Higgs field



pp collisions and dataset at LHC USTC Aug 2023 - Zirui Wang 34

“Hard” Scattering

Integrated luminosity: 139 fb~1 after
good quality requirement collected from
2015 to 2018.

Pile-up: additional pp collisions in the
underlying event same (in-time) and surrounding (out-of-
initial-state time) bunch crossings. More significant
radiation with the increasing luminosity.

outgoing parton

underlying event

final-state
radiation

outgoing parton

600 L L L L L LR L LRI R

—_
(o]
o

- ATLAS IS =13 TeV ATLAS Online, 13 TeV det=1 46.9 fb™
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Muon
Spectrometer

e Each particle type has its own
signature in the detector.

* Reconstruction and identification

; v algorithms of the major physics

Calormeter Y objects for analysis, such as vertices,

; :.' y tracks, photons, electrons, muons,

T Ne:;ﬁiron ' The dashe racks jets and ETSS are developed by

. \ " : using the information from certain

the detector
- e sensitive sub-detectors.

Photon/ia

<
Neutfir!of
3

Solenoid magnet ¢ : : e
Transition X ¥ ',‘
Radiation P i <> ATI AC

Tracking Tracker p— X
% 1 LT > sl AL E LB L 4
Pixel/SCT L e 3 CYPERIMENT
detector : ~ CAFCRIMEN]
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STXS can make Higgs measurements less model dependent
than measurements during Run 1

e STXS (Simplified Template
Cross Sections) splits ratios of Ty Tzz Tww Ty Trr (Czy T
Higgs productions into His Ki
exclusive kinematic
regions (Described in
YellowReport4 (Section
111.2).

* Instead of performing E B EFT
differential measurement 1 = coeffs
in clean channels only, A
intend for combination of E = sBpSeht;ific

all decay channels. | " ———7—
* Minimize the dependence o

on theoretical

uncertainties.

[o(bbH) | | o(tH) |



https://arxiv.org/abs/1610.07922
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Branching ratios:

* Production cross sections are assumed

to be SM-like when combining
processes/measurements
*  SM compatibility (p-value): 56%

Decay mode
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ATLAS

Vs =13 TeV, 36.1- 139 fo
my, =125.09 GeV, ly, | <2.5

--®- B,, and

—— Binvv = Bu

parameters (pSM =49%)
——— SM prediction

=0 (p,,, =63%)
B, are free

68% CL interval

N I
0.2
95% CL limit
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1.00
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0.90

- ATLAS

{s=13TeV, 36.1- 139 fb™
my = 125.09 GeV, | yHI <25
K 7, profiled, Pey = 63%

4 Observed best fit
Observed 68% C
Observed 95% C

AL Standard Model

L
L

1.00 1.05 1.10 1.

Assign coupling modifiers of ggF, H->gg (kg), H->yy (ky) and H->Zy (KZV)
* capture all loop contributions to the Higgs interaction with gluons and

photons

Two scenarios: with and without invisible and undetected non-SM Higgs

decays.

SM compatibility (p-value): 63% (B;,, = B,=0)

Upper limits on B;,, of 0.16 (0.09) and B, of 0.10 (0.18) at 95% CL

5
K

9



ATLAS

{s=13TeV, 36.1 - 139 fb™
m,, = 125.09 GeV

p. =72%

SM
ggF+bbH yy ;-
ggF+bbH z2Z 0]
ggF+bbH WW ’!
ggF+bbH tT
ggF+bbH+ttH u,ul—a—l
VBF yy 'IEI
VBF ZZ —e—
VBF WwW I{ni
VBF 77 EIEI
VBF+ggF+bbH bb l-é—l
VBF+VH uu | —— —
WH yy —=—
ZH yy —=—

VH 2z ——
WH ww ———
ZH Ww =
VH t7 ==

WH bb '!E'
ZH bb 'é'

ttH yy I-Il-l
ttH+tH Z2Z II—E—|
ttH+tH WwW }-E-I
ttH+tH =t =
ttH+tH bb == I

e Total

Stat.

== Syst.

I sMm
Total Stat
1.04 —0.:113 ( 7008 ’
085 Tgio (Zodo
114505 (Z0g
080 IG5 (Zou
054 Iog (og .
136 1o ( ok .
188 0% (fog
113 Tois (lois
100 5% (ogs
0988 g5 (0%
231 % (L
158 o5 (105
022 55 (lox
150 “gai (loss
226 1% (log
286 i (i
100 155 (056 -
106 g% (ot
100 Zg% (Zow
080 o5 (0%
168 1% (4%
164 o5 (lod
187 5% (loa
035 o5 (lod

Syst
+ X.OG
-0.06
+0.04
-0.03
+0.12
-0.11
+0.25
-0.20
+0.19
-0.18
+0.21
-0.18
+0.11
-0.08
+0.12
-0.11
+0.15
-0.12
+0.20
-0.17
+0.27
-0.22
+0.12
-0.08
+0.12
-0.15
+0.23
-0.16
+0.61
-0.47
+0.79
-0.41
+0.35
-0.32
+0.20
-0.18
+0.18
-0.15
+0.08
-0.06
+0.35
-0.16
+0.48
~0.44
+0.54
~0.44
+0.28
-0.27

— — — — e e e e e e e = e e e e e = = = =~ ~—

6 8

i +4.2
1 26 32

+4.0
( -33

IR BT
6 8 10

1 I 1
12

94

o x B normalized to SM

ATLAS {s=13TeV, 36.1 - 139 fb™

m,, =125.09 GeV, IyHI <25

9ggF+bbH 0.00 0.01 0.01 0.01 oua ~0.06-0.010.00 ¢ 001 0.01 001 0.01-0.010.00
VBF 016 0.00 0.00 0.01:0.040.28 0.03 0.00' ooo 0.01 0.01 0.01-0.010.03
- WH 0.01 0.00 -0.01 0.01:0.02 0.00 0.01 000:0 02 0.02 0.00
= ZH 0.04 -0.01-0.36| X .04:0. X X .00 :0. 0.00 0.00 -0.01 0.0050.01 -0.01 0.01 0.00 5—0.01—0.04 0.00
tTH|0.05 0.04 0.03 0.00 0.01 0.00 0.00 -0.0120.00 0.01 0.00 0.02;0 00 0.00
tH [0.01-0.03-0.11-0.04-0.45 .00 0.00 0.00 0.01:0.00 0.00 0.00 0.00 ooo‘ :
ggF+bbH (0.06 0.00 0.00 0.00 0.01 0.010.00 0.00 0.01:0.03 0.00 001000
‘,‘\l VBF [0.00 0.06 0.01 0.00 0.00 0.04 0.00 0.00 0.00:0.01 0.04 0.01 0.00:0.00 —
N VH [-0.01 0.01 0.01 0.01 0.00 0.01 0.00 -0.010.02:0.01 0.00 0.01 o,oogo 00
{TH+H [0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 H
T ggFabbH 010 0.00 0.01 0,00 0.01 0.00 :0.09 0.00 -0.02 0.00 o 10.02 0.00 -0.01 001 ]
* VBF [0.00 0.16 0.01 0.00 0.01 0.00;0.01 0.04 0.01 0.00;0.10 50.03 0.11 0.02 001;0.01 0.00
g WH |0.01 0.00 0.00 0.00 0.00 0.00%0.00 0.00 0.00 0.00:0.01 X 20.00 0.00 0.00 0.00%0 00 0.00 0.00 —
§ ZH |0.01 0.00 -0.01-0.01 0.00 0.00 :0 .00 0.00 -0.010.00:0.01 :D.O1 0.00 -0.01 0.00;0.01 0.01 0.00
{TH+tH [0.01 0.01 0.01 0.00 -0.010.00:0.01 0.00 0.01 0.00 0.01~ 0.32:001
ggF+bbH [0.08 -0.04 0.02 0.01 0.00 0.00:0.03 0.01 0.01 003 0,00 0.01 0.01
v VBF }0.06 0.29 0.00 -0.01 0.01-0.010.00 0.04 0.00 0.11 0,00 0.00 0.0030.
© VH [0.010.03 0.01 0.01 0.00 0.00-0.010.01 0.01 0.00:-0.010.02 0.00 -0.01 0.0130. —
{TH+H[0.00 0.00 0.00 0.00 0.02 0.00:0.00 0.00 0.00 £0.01 001000 0.00-0.32
"""""""""" WH 0,01 0.00 0.02 ~0.01 0.00 0. 00 0.00 001 0,00 0,01 0.01
1 ZH [0.01 0.01 0.02-0.04 0.00 o.oogo.m 0.00 0.00 0.00:0.01 0.00 0.00 0.01 o.m;o.oo 0.01 0.00 0.00:0.01 ]
tTH+tH |0.01 0.01 0.00 0.00 0.01 0.0150.01 0.00 0.00 0.01:0.01 0.01 0.00 0.00 0.0050 00 0.00 0.00 002;001
ggF+bbH+VBF [0.01 0.01 0.00 0.00 0.00 0. i .00 0.00 0.00 0.00 000: i —]
‘s, agF+bbH+1TH 0,01 0.010.00 0.00 0.00 0 0 0,01 0.00-0010.00 0.00 0.00 0.00:0.00 -0.01 0.01 0.00:0.00 0.00 0.00 )
= VBF+VH [0.00 0.03 0.00 0.00 0.00 0.00:0.00 0.01 0.00 0.00:0.01 0.01 0.00 0.00 0.00:0. 0.00 0030,
& Iy e e = = fix &
8 3 3 3 3 § >
: : : : L
H H H H 8:°
vy Lozze ww* Pom i bbb iuu

1 ~

>

be
0.8\5
0.6
0.4
0.2

0



USTC Aug 2023 - Zirui Wang

e \ —e— Total [ Stat.
s=13TeV, 139 fb”
=== Syst. I sm
my=125.09 GeV, ly | <25
=94%
Psu °
Tol .Sy Tl Vs=13TeV, 139 fb
’
i +0.20 +0.1
0O-jet, pff <10 GeV/ 087 3% (017, 1G50) A AS m 125 09 (5 V I 2 5
Odjet, 10 = ! <200 GeV 128 %91 (s008, 1909 H= . e Yy <cZ.
-je H B B N
Tet, py <60 GeV 080 =027 (=021, =017) 99—H,04et,p% <10Gev [ 025 005 005 00 003 003 000 005 002 001 0G0 001 002 01 000 000 001 00T 00T 001 0G0 000 000 001 000 000 0G0 000 000 000 000 000 000 000 002 1 <
1-jet, 60 = p!f < 120 GeV' 122 92 (w02, 1018 99--H. 0:et, 102 p <200 GeV [ozs [ 022 025 017 -010 008 000 018 008 003 -010 001 001 00 004 006 002 003 000 002 001 001 000 001 OO 000 000 000 001 001 0G0 000 001 000 002 >—
» 40.40 +0.2: 9g—+H, 1jet, p¥ <60 GeV 005 -022 019 022 -008 001 001 009 007 004 -035 001 003 003 004 006 005 000 002 -001 000 000 000 000 001 000 000 000 000 001 000 000 0.00 000 000 >
1-jet, 120 = p <200 GeV 098 "% (w004, *02 - or
oA 9g--H, 18, 60= p'* <120 GeV | 005 025 01 025 005 001 024 015 005 085 000 002 006 007 00 005 002 000 001 000 00 000 000 000 000 000 000 000 000 000 000 000 000 000 0 8
i o . ’ .
gg—H = 2-jet, m, <350 GeV, p!! <120 GeV/ 039 047 (‘030 ‘osa) 99, et 1202 p <200 GV |05 017 oz 004 -009 000 019 015 006 083 002 002 005 005 011 004 002 001 001 000 001 000 000 -001 000 000 000 000 000 000 000 000 000 000 SN=—
= 2det, m; <350 GeV, 120 = pif <200 GeV 092 ‘$44 (w09, %) 99-~H,» Ziet,m, <350 GeV.p# <120 GeV [004 010 -00e 025 —oos [JE o0 006 000 010 005 001 018 042 004 001 001 000 -003 -002 001 00D 000 000 0G0 00D 000 000 0G0 00D 001 001 001 001 001 -002
N gg—H, = 2-jet,m; <350 GeV, 120s p" <200 GeV | 003 008 001 005 -0.09 0.08 -003 019 017 007 004 -034 -051 004 000 000 -003 001 -003 000 000 001 000 000 000 000 000 000 001 000 000 001 001 000 -002
= 24et, m; =350 GeV, p/f <200 GeV 1.05 =082 (:0.72, =0.39) g T
99—H.= 21et,m, = 350 GeV.p* <200 GoV [000 000 001 001 000 -00s -oca [ 005 o006 003 006 003 -010 -058 033 020 016 -004 002 00T 001 000 000 00O 000 000 000 00O 001 002 002 002 003 002 -009 .
H +0.35 +0.2:
200 = pff <300 GeV 143 Yogs (027, 1o 99-H, 2005 p¥ <300GeV |ooe 018 008 024 019 005 018 005 014 010 -026 018 031 004 002 004 001 021 003 001 001 000 000 000 001 000 000 000 001 002 001 000 002 001 -005
300 = p < 450 GeV 071 047 019 99—H, 3002 p¥ <450 GeV |ooz 008 007 15 015 010 017 oos 014 [N 010 -022 013 025 002 001 003 000 -0.17 001 0O 000 000 000 000 001 000 000 000 001 001 002 001 -002 001 -003
T . 45 —0.1
" 136 .0 9g—H.pj/=450GeV 001 003 004 006 006 005 007 003 010 -0.10 -0.09 -0.03 -0.12 000 001 001 000 -009 000 001 000 000 000 000 000 000 000 000 001 001 002 001 0.04 -0.06 -002
P =450 GeV 200 ‘1 4:)
T 00 443 -0.2¢ qq—~Haq, = 1-et |0.00 -0.10 -0.35 086 089 001 004 -0.06 026 -0.22 009 000 003 -006 -009 -016 -0.08 -0.01 -0.01 001 000 000 000 000 001 000 000 000 000 000 000 000 000 000 001 .
F L L] EEEE - qq—Haq, = 2-et,m; <350 GeV,VH topo | 001 001 001 000 002 048 -034 003 -018 -0.13 -0.03 000 022 -002 000 000 001 005 001 001 000 001 000 000 001 001 001 000 000 000 000 000 001 000 -001
< et 029 1093 (1089 102 qHag, = 21et,m; <350 GeV.VH veto [002 001 003 002 002 -042 051 -010 031 -025 012 -003 022 000 006 004 006 005 005 001 000 001 000 000 001 001 000 0G0 0O 000 001 000 000 000 001
. -0.85 1-0.81" -0.2¢
9q-Haq. = 2jet, 3505 m, <700 GeV,p¥ <200GeV |.001 005 003 006 005 004 004 0S8 008 002 000 -008 -002 000 012 010 018 -003 003 000 000 000 000 000 000 000 000 000 00D 000 -001 001 001 001 00 — 2
= 2-jet, m, <350 GeV, VH topo 066 1050 (1044 1023 * . i
-0.47 \-042' -0.21 q—Hqq, = 2jet, 700= m,, <|OOQGGV‘ﬂy<mOGGV 000 004 004 007 006 001 000 -033 002 001 001 -009 000 006 012 -0.14 049 -003 000 001 000 001 000 000 000 000 000 000 000 000 000 000 -001 000 002
= 2-jet, m; <350 GeV, VH veto 2.46 '::';g 99—Haq. = 2/et, 1000= m, <1500 GeV,p" <200GeV 000 005 006 010 011 001 000 -020 004 003 001 -016 000 004 019 -014 022 002 -004 001 000 000 000 000 000 000 000 000 000 000 000 000 000 000 001
= 2461, 350 = m, <700 GeV, p < 200 GeV oga ‘049 (042 w025 9g-+Haq, = 2iet,m; = 1500 GeV.p <200 GeV |001 002 005 005 004 000 -003 -016 001 000 000 -008 001 005 018 019 -022 004 -0.40 001 000 001 000 000 000 000 000 000 000 00f 000 000 000 000 001 0
d Pr . -044 (040 -0.18 . " —
. 053 1047  +0.28 q—=Hqq, = 21et, 350 = m,, <|OOQGGV‘ﬂyx2WGEV 001 003 000 002 002 -003 -001 -0.04 021 -017 -009 001 005 008 -0.03 -003 002 004 -028 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 -0.01
qq—Haq = 2-jet, 700 = m; < 1000 GeV, p <200 GeV 116 1093 (0 ¢ o
T 048 (_044 -0.2 49—Hqq, = 24et.m,, = 1000 GeV.p'= 200GeV | 001 000 002 000 001 -002 -003 002 -003 001 000 001 001 005 003 000 -0.04 -010 -028 000 000 001 000 000 000 000 000 000 000 000 000 000 000 000 000
= 24et, 1000 = m; < 1500 GeV, p'f <200 GeV 132 ﬁg (j::, gf;) aq-=Hiv.p! <75GeV [001 002 001 001 001 001 000 001 001 001 001 001 001 001 000 001 001 001 000 000 015 002 000 001 004 001 000 000 000 0Ot 002 002 002 002 -007
= 24jot, m, = 1500 GeV, p' < 200 Gev 122 0 (02 01 9q—HIv,755pY <150GeV 000 001 000 000 000 000 000 00 001 000 000 000 000 000 000 000 000 000 000 000 -o1s [ffJ-or0 00z 000 008 000 oo 000 oot wor cor oo ooz oor -7 — _0 2
. on 0s om qq—HIv, 1502 pY <250 GeV [0o0 001 om0 001 0ot 000 001 000 000 000 0 000 001 001 0 00t 000 001 000 0ot 002 oo [Pl -0%6 004 oot 001 03 000 0 oot 000 oot 002 0ao -0Gs '
i ; “ 71 4088 +0.
= 2-jet, 350 < m; <1000 GeV, pyf = 200 GeV 055 %61 (lose ‘010 q-+Hiv, 2505 pY <400 GeV [0o0 000 0o 000 000 000 0G0 000 000 000 0G0 000 000 000 000 000 000 000 000 000 000 ooz -o0o [ 017 oce o2 006 00z 000 0co 001 001 001 om0 00t
= 2-jet, m; = 1000 GeV, p/f = 200 GeV 118 ﬁ;:g (=026, jg::g) Gq-=Hlv,p!=400GeV 001 001 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 001 00D 004 -07 000 003 -002 -045 000 000 000 000 000 000 -001
99/aq—HI,p¥ <150GeV 000 001 001 000 01 000 000 000 001 001 000 -001 001 01 000 000 000 000 000 000 -004 009 001 002 oo [fJ-oe 0oz 001 000 0o0 001 000 0o 000 00 -] —0_4
gg/qq’N/I‘ISOsp¥<25(]GBV 000 000 000 000 000 000 000 000 000 000 000 000 001 001 000 000 000 000 000 000 001 000 -001 002 003 -003 003 001 000 000 000 001 000 000 -0.01
v +1.38
Py <75GeV —e=— 32 53, 99/0q—Hll, 250< pY <400 GeV [000 000 000 000 000 000 000 000 000 000 000 000 001 000 000 000 000 000 000 000 000 000 003 -006 00z 002 00o JJfffJ 011 0o 000 000 o1 000 000 001
75 = p <150 GeV 038 0% 99/aq—Hl,p¥ = 400 GeV 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0G0 000 000 00D 000 000 00D 00D 000 002 015 001 001 011 000 000 000 000 000 000 000 0 6
" 045 1TH,p" <60GeV [000 001 000 000 000 000 001 001 001 001 001 000 000 001 000 000 000 000 000 000 000 001 000 000 000 000 000 000 11 —\.
qq—HIv 150 < p! < 250 GeV 095 * i
043 t7H,60=p” <120 GeV |000 001 001 000 000 001 000 002 002 001 001 000 000 000 000 000 000 001 000 000 001 001 001 000 000 000 000 000 -020
v 40.40 M
250 = py < 400 GeV 111 Y038 (TH, 1202/ <200GeV [000 000 000 000 000 001 000 002 001 002 082 000 0O 001 00T 000 000 000 00O 0G0 002 001 000 001 000 001 000 000 024
v 4092  +0.78  +0.49, TH, 200= p* <300 GeV [0.00 000 000 000 000 001 001 002 000 001 001 000 000 000 -001 000 000 000 000 000 002 001 001 001 000 000 001 001 023 _O 8
pY =400 GeV 154 “9g3 (Lo73 —041) " )
1TH,300= p <450 GeV | 000 001 000 000 00D 0O 001 003 002 -002 004 000 0O 00D -001 001 000 000 000 000 002 002 002 001 000 000 000 000 -032
{TH, /1= 450GeV 000 000 000 000 000 001 000 002 001 001 -006 000 000 000 001 000 000 00 000 000 002 001 000 000 000 000 000 000 000 002 004 006 008
pY <150 GeV 0.9 1058 (4043 4039
Y 39 '0oe (Cods Toa7) 1 |oc2 002 000 000 000 -002 002 008 005 -003 002 001 01 001 003 002 001 001 001 000 -007 -007 -003 001 001 001 001 001 000 011 -020 -024 023 032 -021
v 034 w027 021 2 2 % 3 3 3 3 33 3 3 ¢33 3:z::iici:iziz::iizzoeo¢zs -
cogt | P PrE0Ce 108 034 (1027 02 § 3% 333833 3%3% * 8 833 3% 33 % 3333353333 3838333¢:
-~ ° 2 vz S g2 e H S H
99 250 = p¥ < 400 GeV +0.40 4036 +0.19, ;§§§§§§§§§2>>§§§§ﬁ%'q§§§%§§§%§@§§§ﬁ
24 108 538 (Zo34 -0.47) Jov Yoy v v ovovovov oW 8oz oz ovovovovowoax YV ovovouvovovouoYVv.vovoyvo§
, o o ot I S R IR CI IR CIE G S B I Gl G S S N . i CIE I I I
P =400 GeV 031 1098 (4077 40, 2 2 % w3 §os 3oy s bggssiLYLIISLSEIELYSLYOG
T 086 (-070° -051 qe;saaggSST3338533§§§m38§§33§t8g33.§
g T g T § - 8 = *2 - - 8 FEERCE - 2 I T o> o=
87 £ 58 383 ¢ 8 £ £8 88888 izt £ 5 8§ E iz
<60 GeV 077 1078 (070 1034 8 2 8 x & S v L] 28 LV VoW v oW 33 L L8 ==
4 77 066 (“oe2 -0.23) é; L o€ 8 ¢ § & E a s 8 5 g g g
R Loy - -
60 = p¥ < 120 GeV 4056 4049 +0.2¢ g 3 ¥V 3 voaog v g
=Pr 074 o9 (Z0.4ar —021 &g s § 888 g &
120 H < 200 GeV +0.51 4043  +0.27, FS 5 r 1 1 5. ;o " > "
" =p 040 5y (Lo39 —021) é RS g 89 S & &
o He v 4057 4049  +0.2¢ T °© 3 AT
00 < p <300 Ge! 0.98 551 (Zo45 02 1 § % g § ¥
H 4062 (4052 40 8 L
300 < pif < 450 GeV 025 5% (050 105 g é: L
H +1.50  +1.13  +1.00,
Py =450 GeV 006 Zy40 (Zo00 -0.08)
L1 M B R R NI BT AT
-6 -4 -2 0 2 4 6 8
+4.37 4371 +230,
" ——— | ¥ ornlewan
L1 I v b b v b Ly g 1y
0 2 4 6 8 10 12 14

Cross-section normalized to SM value



Generic ka Ppa USTC Aug 2023 - Zirui Wang 43

(@) Biny. = Bu.=0 (b) Biny. free, By, > 0, kw,z < 1 {s=13TeV, 36.1- 139 fb’
my =125.09 GeV, IyHI <25
]

+0.06 +0.02
Kz 0.99*0.06 0.98+002 —
Kz 009 026 0.11 0.09 -0.06 ’
Kw 105':%%66 1.00_0_02 k-
Ky 0.09 0.08 0.13
K 0.94*0:11 0.94*0-11
o1 o1 Kp 0.12 0.13
K 0.89+0-11 0.82+0-09
4 -0.11 ~0.08 Ky 0.01 002 020 | _|go
+0.07 +0.07
Kr 0.93 -0.07 0'91-0-06 K. | 0.26 0.07 0.09 0.09 0.16 | —0
+0.25 +0.23
Ku 10675, 104755, K.| 011 009 012 0.01
+0.07 +0.07
Kg 0.95_0‘07 0.94_0.% Ky _ 002
Ky 1.01*906 0.98+0.05 Kz,| 009 008 013 0.02
+0.31 +0.29 Ky - '
KZy 1.38_0.37 1.35_0_36 g|-0.06 0.13 0.20 0. ] 1
Binv. - <0.13 Kz Kw Kp Ky Ke Ku Ky Kz, Kg

B,. - <0.12
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Deﬁnition in tcrms K T T 17T T T 17T J'l T 1T | T 1T | T T 17T | T T 17T
Parameter . Result | ATLAS |
of k modifiers )Ltg —e—  Vs=13TeV,36.1- 139 fb”
Kgz KoKz [KH 1.00 £ 0.05 Al oL, T 12509 GeV, ly <25 -
bt
/ltg Kt/Kg 1.00+0.12 A t“ .
C
Abt Kb K¢ 0.95 + %13 - |
Y Az ne- .
Act Ke[Kq 0.00 *+ 286 9| —o— B =By =0(p,, =71%) |
+0.10 )LWZ - —— SM prediction
IIZg KZ/Kg 1.05 - 0.09 A L a
Awz kw Kz 1.06 + 0.06 vz | i ]
Ayz KylKz 1.02£006  “*zrz| — |
Azyz Kzy[Kz 1.39 + 931 Az ] ag |
ﬂrz KT/KZ 0.93 + 0.07 /11” I ——e— I | | |
Aur KulKr 1.15 * %3 o 05 1 15 2 25 3

68% CL interval



* In the combination, a full model with BR uncertainty split into different sources

Channel BR as mp, me THbb THrr THpupu THce THgg THVV  THyy THZy
H — bb | 5.81E-01 | -0.78 0.71  -0.15 0.21 -0.03 <0.01 -0.01 -0.26 -0.12 <0.01 -0.01
H -7t | 626E-02 | 063 -099 -0.15 -0.29 0.47 <0.01 -0.01 -0.26 -0.12 <0.01 -0.01
H—puu | 2.17E-04 | 0.63 -099 -0.15 -0.29 -0.03 0.50 -0.01 -0.26 -0.12 <0.01 -0.01
H —cc | 2.88E-02 | -038 -099 5.18 -0.29 -0.03 <0.01 0.49 -0.26 -0.12 <0.01 -0.01
H —gg | 818E-02 | 3.65 -099 -0.15 -0.29 -0.03 <0.01 -0.01 294 -0.12 <0.01 -0.01
H—-vyy | 227E-03 | 063 -099 -0.15 -0.29 -0.03 <0.01 -0.01 -0.26 -0.12 1.00 -0.01
H — Zy | 1.54E-03 | 063 -099 -0.15 -0.29 -0.03 <0.01 -0.01 -0.26 -0.12 <0.01 4.99
H—-VV | 242E-01 | 063 -099 -0.15 -0.29 -0.03 <0.01 -0.01 -0.26 0.38 <0.01 -0.01

» Scale Higgs mass to 125.09 GeV
» Besides HGam, Htautau, Hmumu and HZy, other channels are based on

my = 125 GeV rather than 125.09 GeV, prod. XS and BR need to be
corrected

* Prod. XS
« The XS difference between 125 and 125.09 GeV is well below theory unc.
(0.1-0.2%), thus is neglected
* BR
* BR correction is neglected as well except for H - VV(WW, ZZ), which is
~1%



* Luminosity:

Two kinds of datasets included with different lumi uncer. (15-16: 2.1%, 15-18: 1.7%).
Simplified approach to consider lumi uncertainty correlations in each dataset:

Splitting sources to correlated and uncorrelated terms, with a good closure reached.

36fb~! 139 fb!

Uncorr36 1.558 0.406
Uncorr44-58 0 0.794
Correlated 1.459 1.459
Total 2.135 1.710

* NLO EW corrections for VBF/VH processes

Corrections are calculated with HAWK, available at LHCHXSWG.
Corrections already considered in HGam, Htautau, (boosted, VBF, VH) bb, VHcc and
(VBF/VH) Hinv channels

Implemented corrections by us in HZZ and HWW.


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGVBF?redirectedfrom=LHCPhysics.LHCHXSWGVBF

Experimental uncertainties.

Correlate CP NPs where possible following

recommendations

* Decorrelate different analysis releases (20.7 Hmu
Uncertainty source Allow  Ahigh
VS 21) ¥ %] [%]
. , Theory Signal 3.8 4.1
Decorrelate NPs from different schemes, Theory Backtound 1.7 e
calibrations and WPs Luminosity 1.6 1.8
Jet/ Emiss 0.78  0.86
Theory uncertainties Flavour Tag 0.88 0.84
. C | ional L h ibl EGamma 1.2 1.3
orrelate signal uncertainties where possible Tau 0.98 0.3
« Decorrelate bkg. uncertainties as they are MC Stat 099 0.9

evaluated in different phase spaces in input

channels

Special treatments

Study over-constrained (<70%) or pulled (>0.5)

NPs. Decorrelate as baseline.



* Motivation
* More and more channels included in combination, fitting time consumption is
becoming a bottleneck (In total, over 2600 sources of systematic uncertainty are
included in the combined likelihood. >24 hrs single MIGRAD+HESSE fit)
* Optimize fitting procedure together with CERN RooFit devs using toy ATLAS workspaces
* RooFit were not designed with such huge likelihoods
* Typically, RooArgSet are implemented as std::vector. But lookups are then in linear
time, causing huge time consumption in likelihood creation.
* RooFit devs implemented a new caching mechanism with dedicated lookup tables
* QOutcome:
1. Many features has been released as a part of ROOT master/6.26 in March 2022.
2. HComb has validated and used a “preview” ROOT version (via docker images) to
produce all results.
3. ~3Xfaster in fitting workflows (createNLL, RooMinimizer creation, NLL minimization,

etc.)



* The k;—dependent implementation can be expressed as

BSM - 1)C!
o BSM » (K 1
Mi(Ka, ki) = SM_ Zy (k) ki + - ]
o Kiw
( ) BRI;;SM K? + (kq — 1)C{
MKy (Ka,Kf) = = .
BRYY 3, BRM [+ (k2 - 1)C]|
1
2 () = ,with 6Zy = -1.536 x 1073

1 - (k5 -1)6Zy

. ZgSM represents the effect of the Higgs self-energy wavefunction renormalization (same

for all the Higgs mechanisms)
. Cil describes the magnitude of the correction (process-dependent)

. K%W is the k-factor for the full set of NLO electroweak correction (process-dependent)



In this round, Cil on single Higgs production has been extended to STXS 1.2 granularity, to

use more differential information for additional sensitivity LHCHXSWG-Pubnote

Technically, MG5 was used to generate events at LO. Events are then classified into STXS

bins via Rivet. In each STXS bin, Cli is computed as > wfvw

Ci=S i
Zj Wro

)

* Where W;vw is the weight from LO cross section corrected for the k-effect through

NLO EW correction

wio is the weight corresponding to LO cross section

C1 calculation at STXS 1.2 is available for ttH, V(lep)H, and Hjj processes.
C‘1i of ggH and tHj is still at inclusive level due to the missing theoretical calculations at the
differential level.

No available C1i calculation on tHW, bbH and ggZH processes.


https://cds.cern.ch/record/2803606/files/LHCHWG-2022-002.pdf
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Major constraints on k, from single Higgs measurements.



