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The Era of the Higgs Physics

2013 NOBEL PRIZE IN PHYSICS

Francois Englert
Peter W. Higgs
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8 October 2013

The Royal Swedish Academy of Sciences
has decided to award the Nobel Prize in
" Physics for 2013 to

Frangois Englert and Peter Higgs ©

“for the theoretical discovery of a
mechanism __that _ contributes to our
understanding of the origin of mass ofj
Lsubatomic particles, and which recently was
confirmed through the discovery of the
predicted fundamental particle, by the
ATLAS and CMS experiments at CERN’s Large
Hadron Collider”

49 ) Understanding of origin of mass of subatomic particles

Snowmass 2021, 2209.07510

Origin of EWSB?

Thermal History of
Universe to Hidden Sectors?

Higgs Portal

Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique?

Origin of masses?

Origin of Flavor?
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Higgs production @LHC
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The measurements @ LHC

Nature 607 (2022)7917,60-68

Nature 607 (2022)7917,52-59
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The data agrees with the SM prediction very well

Parameter value

See Xiaohu Sun’s talk




The Framework for the Higgs physics

1. The k framework for the couplings:

BSM physics is expected to affect the production modes and decay channels by a SM
like interactions

2. The Standard Model Effective Field Theory Linear realized EET

EJL . . .
o] sirings d=4 operators: Higgs is a fundamental particle

v QUT. .. describe what we see . .
Moe Weak interacting
Acs ' — d >4 operators:

M L suppressed by 1 /A% *

SM: SU(3)xSU(2)xU(1)
Matter+Gauge+Higgs

Ewl d=2 operator: A3y H* W. Buchuller, D. wyler 1986 B. Grzadkowski et al, 2010
why mpg<Asm ?
Citations per year Citations per year
W. Buchuller, D. wyler 1986 0
B. Grzadkowski et al, 2010 250

L. Lehman, A. Marin, 2015
B. Henning et al, 2015 100

200

H-L. Li et al, 2020 ¢ v ’
Murphy, 2020 50 100
...... C C ) 50
6 8 J 1986 1995 2004 2013 2022
L = A_2 06 —|_ A4 08+' = 3 O)nm 2013 2016 2019 2022
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Higgs couplings @LHC

Nature 607 (2022)7917,60-68

Nature 607 (2022)7917,52-59

The data agrees with the SM prediction very well

. ATLAS Run 2
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Magnitude of 95% Confidence Level Bounds (1/TeV?)

Global Analysis @ SMEFT

SMEFIT Collaboration, JHEP 11 (2021) 089
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So, what’s the next step for the Higgs physics (BSM) from the
theoretical point of view?

» Global analysis with more processes;
the combination of low energy and
high energy measurements

> QCD and EW correction to reduce
the theoretical uncertainties

> New observables and new
measurements

Topics are chosen based on my personal perspective and apologize if your work/topics
are not covered in this talk



Testing the EWSB @ LHC

Origin of EWSB?
Thermal History of Higgs Portal
Universe 1\ to Hidden Sectors?
Stability of Universe

Landau-Ginzburg Higgs

— _m2et o)
Fundamental CPV and V(qb) = —m 96 ¢ + A (qb Cb)
or Composite? Baryogenesis
Origin of Flavor?

Pseudo-Goldstone Higgs Coleman Weinberg Higgs Tadpole-induced Higgs

N~

V(6) = asin?(6/f) + bsint(g/f) V(O = AGOH IO Nog 5T v (g) = P /GTo 4+ Pl

Agrawal, Saha, Xu, Yu, Yuan, 2019




Testing the EWSB @ LHC

To determine the Higgs potential shape is challenge!
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Testing the EWSB @ LHC

Current experimental searches mainly focus The low di-Higgs invariant mass region is
on the high di-Higgs invariant mass region more sensitive to the Higgs shape
9 H 9 t g
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Testing the EWSB @ LHC

\ energy stored
in Higgs field

N

symmetric
my =my = myz = 0

Higgs boson

broken symmetry
m~y = 0

q extra W,Z polarization value of Higgs field

Precisely determine the Higgs gauge couplings are also important for testing the EWSB

g

—u, Kz
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Higgs couplings and EWSB

» The magnitude of the Higgs gauge couplings

» The relative sign between hWW and hZZ couplings
Y. Chen et al, PRL 2016

Z : : .

O Interference between tree and I ‘d\::: i v [
--->-- hes g ... e [

Z Va V

loop level in Higgs decay

O Lepton Colliders . " : PR
C.W Chiang, X. G. He and G. Li, JHEP08(2018) 126 ) :
D. Stolarski, Y. Wu, PRD 102 (2020)3, 033006 Sannnd s 5

H Y AYAYAV
O th and Zh production N h N \ ywz g z
-0 // L N 1
A ; A ’ . g o .ffm ___h

The data favors the same sign

K. P. Xie and Bin Yan, PLB 820 (2021) 136515



Higgs couplings @ VBF

VBF Higgs production is the main process - -
to verify the Higgs gauge couplings v § -4z é

» The rapidity gap and the invariant
mass of the two jets
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» Soft gluon radiation effects: Jet ener rofile, TMD effects
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Higgs coupings @ VBF

Separating the W boson’s contribution from the VBF Higgs production is an
Important and challenge task for determining the Higgs gauge coupling
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opposite sign for the
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same or opposite sign

H. T. Li, Bin Yan, C.-P. Yuan,
PRL 131 (2023) 4, 041802

The key observable: Jet Charge

e
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the sign of the jet
charge is arbitrary
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Higgs couplings @ VBF
QW =@+ Q7

h — 46/262/06 ot _fW<Q(_)>W + f2(QN 7 + fa QTN
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1.4
] R, — w(gg = h —WW*) k3,
1.2F 5 17" wlgg —h— Z7Z*) K%
N B
< 1'0_ P ghvv H. T. Li, Bin Yan, C.-P. Yuan,
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- hVV
0.8
I The limits from Rh and jet charge
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Higgs CP violation

Origin of EWSB?
Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness j Stability of Universe

Fundamental & CPV and
or Composite? Baryogenesis

| Sakharov Criteria (1967)
Is it unique? Origin of masses? > B violation
Origin of Flavor? » C & CP violations
» Departure from the equilibrium

17



Higgs CP violation

PDG 2022
Higgs boson CP property:
ATLAS H—ZZ* - 4]
—e— Observed ls=7TeV,45 fb'
e.g. Bolognesi, Gao, Gritsan, Melnikov, Schulze, 2012 | ---- Expected /s=8TeV, 203 fo'
—— R H = WW* — evuv
[ ]10'SM+3¢ Is =8 TeV, 20.3 o'
e J: +1c H— Y
— jpfgc [s=7TeV,45f5
1T 4ol e Is =8 TeV, 20.3 o' |

o

Tl g S
e

-20¢
-30F
JP=0 JP=0 JP=2" JP=2" yP-2t JF=2r U2

Kg=Kg k=0 k=0 Kg=2Ky K=2Ky
p,<300GeV p<125GeV p <300GeV p<125GeV

» A purely CP-odd Higgs has been excluded
» A CP-mixture Higgs boson is still possible
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Higgs CP violation

ATLAS, PRL 125 (2020) 6,061802 e

» CP-odd interactions with gauge bosons (loop induced operators)  ATLAS,2304.09612
ATL A S . Z);peded.staHSys
. H ZZ* | served: Stat+Sys
Operator Structure Coupling no TeV,1_)394fb" [m] observed: Stat-Only
WﬂISﬂW BElSiS SMEFT CP-odd couplings
O(DW (Df(DW”I‘vW'UVI CHF“—‘; C - l: :27; [—0.5:.0 54]
O(DWB (D%T q)W:IVBHV CHWB Cowa i 20017 [-0.97,0.98)
O(DE (I)T(I)B"UVB.UV CHE Cow . 06  [-081.154]
nggb BElSiS 5 i x 10 -0.003 [-0.026,0.025]
OhZZ hZ‘uvZ’uy E.-zz i:H E——=—3 o078 [-1.2,1.75]
=y - C.,y [—-—l—] 0.083  [-0.84,0.83]
OhZ}i hZ,HVAM‘u CZ'}’ Ew ?-—]i 20.0083 [-0.99,093]
Onai hA uy A®Y Cyy 05 0 05 1 15 2 25
_ . _ . . | . ATLAS: 2303.05974
» CP-odd interactions with fermions g [amas 117 coms: 2208.02686
- Vs =13TeV, 139 fb' Sl
Gunion, He, PRL. 76, 4468 (1996) = Ar 7 -
Boudjema, Godbole, Guadagnolo, Mohan, PRD 92, 015019 (2015) i ] __30
Mileo, Kiers, Szynkman, Crane, Gegner, JHEP 07, 056 (2016) . N -
Gritsan, Rntsch, Schulze, Xiao, PRD 94, 055023 (2016) C iy
S. Amor Dos Santos et al, PRD 96, 013004 (2017) C . <
Kobakhidze, Liu, Wu, Yue, PRD 95 (2017) 1, 015016 0 | % —20 §
Gouveia et al, 1801.04954 C A S .
Gonalves, Kong, Kim, JHEP 06, 079 (2018) e .
Ren, Wu, Yang, 1901.05627 B 1

CMS, PRL 125 (2020) 6,061801 2 % Best it r=11°,/=0.84
Q.-H. Cao, K.-P. Xie, H. Zhang, R. Zhang,CPC45 (2021)2,023117 S L g Sl
Zhite Yu and C.-P. Yuan, 2211.00845 3L . : 1. 1,

Apologize if not including your papers Kj cos & 19



Higgs CP violation

Z = yshf(cos ay + iyssin ap)f

¢ = arccos ‘ (n, Xn,) - (n, Xny)

< 0.15 .
o - 4
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2 01 —oa=n/3 | ]
2 b — CP-odd ]
N :
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i | 1 L L | | | |
% 0.5 1 15

Q.-H. Cao, K.-P. Xie, H. Zhang , R. Zhang,CPC45 (2021)2,023117
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New polarization observables

d Linear polarization vs. helicity/circular polarization

helicity pol. ‘rm'é'"r £1)
linear pol. ,.Tmﬁrm J,):—\/%[H)——)]a !y)=%[!+)+|—>] 5

) |77 xe P o 2(1 £ cos29)

Interference of helicity A, and A, causes azimuthal distributions

cos(A1 = Ag)9, sin(A; — A2)9
I I E> Useful probes of new physics
CP even CP odd

C.-P. Yuan’s talk @ MBI 2023
21



New polarization observables

Linear polarization of gluon

1 _ 1 1+8 &—ib
Y p)\)\:—2(1—|—€ O-)A)‘,_Q(§1+i§2 1_§3>
5

CP violation

N

Yu, Mohan, Yuan, 2211.00845

z || p,
g” élab X 2

Tl gx2z

v

(¢ - ¢0)

‘ CP phase = rotation of anisotropy axis §1(a) cos2¢ + §o(a) sin 2¢

C.-P. Yuan’s talk @ MBI 2023
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New polarization observables

Linear polarization/transversely polarized effects for NP searches

O Boosted top quark (hadronic mode), linear polarization of W boson
Zhite Yu, C.-P. Yuan, PRL 129 (2022) 11,11

O Linear polarization of photon @ ultraperipheral heavy ion collisions (UPCs)
Ding Yu Shao, Bin Yan, Shu-Run Yuan, Cheng Zhang, 2310.14153

O Transversely polarized effects @ lepton collider
Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 2307.05236 (highlight paper in PRL)
Yan Hu, Yandong Liu, Xin-Kai Wen, Bin Yan, working in progress

O Transversely polarized effects @ EIC
R. Boughezal et al, PRD 107 (2023) 7,075028
Hao-Lin Wang, Xin-Kai Wen, Hongxi Xing, Bin Yan, working in progress

This new polarization observable would be important for probing the CP violation,
and becoming popular

23



Electroweak properties for the SM

The precisely measurements for the SM Higgs production can also test the
electroweak properties of the SM

Z g Z b
b t

g \h g hoog h b

Ry R A

Bin Yan, C.-P. Yuan, PRL 127 (2021) 5, 051801

L =by.(kvgv — Kagays)bZ,

The degeneracy of the anomalous Zbb could be resolved
by the LHC data

The other possible methods:

Bin Yan, C.-P. Yuan, Shu-Run Yuan, PRD 108 (2023) 5, 053001

F. Bishara, Zhuoni Qian, JHEP 10 (2023) 088

Hongxin Dong, Peng Sun, Bin Yan, C.-P. Yuan, PLB 829 (2022) 137076
Hai Tao Li, Bin Yan, C.-P. Yuan, PLB 833 (2022) 137300

Bin Yan, Zhite Yu, C.-P. Yuan, PLB 822 (2021) 136697
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Summary

» The properties of the Higgs boson are closely related to many
fundamental questions of particle physics

Origin of EWSB?
Thermal History of Higgs Portal
Universe to Hidden Sectors?

Stability of Universe

Fundamental
or Composite?

CPV and
Baryogenesis
Origin of Flavor?

» Other Interesting topics are not be covered: top quark physics,
electroweak physics, jet physics,...

Thank youl!
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