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Why Higgs boson matters?
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The Big-Bang

« Almost all particles massless at the early Universe
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http://www.ctc.cam.ac.uk/outreach/origins/big_bang_three.php
https://phys.libretexts.org/Bookshelves/University_Physics/Book:_University_Physics_(OpenStax)/Map:_University_Physics_III_-_Optics_and_Modern_Physics_(OpenStax)/11:_Particle_Physics_and_Cosmology/11.7:_Evolution_of_the_Early_Universe

The Higgs mechanism

* Massive elementary particles acquired masses during the electroweak
phase transition = electroweak symmetry breaking

* The Higgs potential , AT? jeptons
Y7 TSN
| v(é) [ V(o) .4
v K/ Higgs boson
A (I) weak bosons

Yrv mz =27
R M = — 7 A =
* The Higgs boson ' V2 2

— Gives masses to both fermions and gaugeé bosons
— Higgs mass at tree level: m; = v24v, no theory prediction

« With Higgs mass known, SM predicts everything else!

Lailin Xu 5



Higgs frontier

* Higgs precision era since July 2012
— Rapid development in both experiment and theory community

« Big questions on the Higgs sector in SM
— Are all the production mechanisms as expected?
— |Is the Higgs boson solely responsible for EWSB?
— How electroweak phase transition (EWPT) happened?
— Higgs at high scale: fate of EW vacuum stability

010 —y - o —
. 008 _ 30 bands in

Higgs : M, = 173.1 + 0.6 GeV (gray)

potential I a3(Mz) = 0.1184 + 0.0007(red)
~ 006- M, = 1257 + 0.3 GeV (blue)
™ [
E L
= [
g 0.04 -
.0
% 002 -
o L
& |
=000

002
Source -0.04 Cov v v vy oy g B n

102 10* 10° 10% 10" 102 10" 10'¢ 108 10%°

Lailin Xu RGE scale y in GeV


https://physics.aps.org/articles/v8/108
https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP08(2012)098&v=59ebd64d

Not the whole story

« Many other open issues in Universe
— Calling for physics beyond the SM

Dark Energy

Dark Matter

Neutrino Mass

Dark Energy
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e Crisis?

Higgs and BSM

— No new physics at TeV found at the LHC yet

— Absence of detection of dark matter

 “Absence of evidence is not evidence of absence” roc2o1s)

* Higgs physics: No-lose theorem?

— Deep mysteries of EWSB remain unanswered

— An invaluable portal to new physics

Measurements:

Mass, width, Spin, CP
Couplings

Differential cross sections

HO

Tool for discovery

Portal to Dark Matter
Portal to Hidden Sectors
Exotic decays
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http://pdg.lbl.gov/2018/reviews/rpp2018-rev-higgs-boson.pdf

The Higgs Portrait:
Overview of latest Higgs results
at the LHC

Lailin Xu



— Available results: 36 ~ 80 fb!

LHC and ATLAS at Run 2

« 140 fb! pp collision @ 13 TeV collected in 2015-18
— ~8M Higgs boson produced (o, ~ 60 pb )
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What we have learnt

« Mass: M, =125.09 +0.24 GeV

° I T VAN O ks ATLAS: EPJC 75 (2015) 476
Spln/Parlty' O CMS: PRD 92 (2015) 012004
* Width:

— <1 GeV (direct)
. ATLAS: PLB786(2018)223
— <14 MeV (indirect) cys.cus-pas-HIG-18-002

* Observed direct coupling to:

— Vector bosons a7 as:
CMS:

CMS: JHEP11(2017)047

PLB 716 (2012) 1-29
PLB 716 (2012) 30

ATLAS: arXiv:1811.08856
- tleptons CMS: PLB 779 (2018) 283
T " ATLAS: PLB 784 (2018) 173
— 10p quarks CMS: PRL 120 (2018) 231801

Bottom quarks

ATLAS:
CMS:

PLB 786 (2018) 59
PRL 121 (2018)121801
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ATLAS+CMS: PRL 114 (2015) 191803

- LHC Run 1

- ATLAS and CMS

- JHEP08(2016)045

¢ ATLAS+CMS

------- SM Higgs boson _

— [M, g] fit

[ 68% CL
[ ]95% CL

10 10°

Particle mass [GeV]

measurements compatible
h SM predictions!
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https://link.springer.com/article/10.1007/JHEP08(2016)045

Probing New Physics and
the Nature of the Higgs boson
with H>ZZ2*-> 4l

g W,z Mixing
‘ Loops
, v, Decays

Lailin Xu 12



H>ZZ*> 4

« “The golden channel" - Event selection:

— Fully reconstructed four- — Lepton p;(20,15,10, 5/7)GeV for p/e

lepton final states « Background estimation:
— High S/B ~ 2 — ZZ*->4l: Monte Carlo (MC)
— Mis-identified leptons (Z+jets, tt): data
> R kASCONE-2018-018 driven
& [ ATLASPreliminary * e i . o
5100 7 legina\(mH=125GeV) ] *
E}i : :_|3Tevlz7zg_8 fb-14l =2+jets,ti,t¥+v, VWV Z( ) B
_g 80 ‘_ %% Uncentainty _‘ E_
(0] i {
TR 7
60 . o

AN
o
T T T

! - 115 GeV< my < 130 GeV, 80 fb! data
80 90 100110120130 140150160170 195 events observed
m,, [GeV] 112 £ 5 expected H>ZZ*->4l events
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o o
T T T T
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/

How to characterize Higgs properties

« To connect Experlment and Theory
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T Deciphering the Nature of the Higgs Sector”,
= - onta] LHC Higgs Cross Section Working Group, rvables (PO)
aw experimental i i 1610.07922 >ffective couplings

Event rate (N)
Distributions (eg. p7

4869 pages, ... and 1645 citations

| cniecuve newd uieury (EFT)

SMEFT ~(6) ~(6)
Lerr = Lsm+ ) ¢ 70,
Fiducial cross section: ¢ = % HEFT Zz:
Higgs Characterization framework
Pr
Simplified template cross k framework:
section (STXS) Ratio of couplings: k; = 45
2.2 SM
. o K{K rsM
= O i
Signal strength: p —SH Oistinf = FSM
H H
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https://arxiv.org/abs/1610.07922

Measurements of the Higgs boson properties:

- On-shell couplings
Off-shell couplings
Self-couplings

- JHEP 08 (2016) 045

- ATLAS and CMS
- LHC Run 1
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http://link.springer.com/article/10.1007/JHEP08(2016)045

Measurements of production modes

« Event categorization to probe Higgs production modes:
— 11 bins, based on p;™ and jet activities (N, p{, etc)

— For example:

T'TT | FTTT I TTTT | TTTT | FTTT I LI | T TTT | TTTT | LI T TT
: . ATLAS Preliminary  #  Expectedsm
Prod. bins Requirement 4o 77 Y Comened: st 5 |
. -1
ttH-Had | >=1 b-jet ;?a;:\é’j?'?:gs SM Prediction
_ H Bfb B)__ [fb
>=4 jets - L B [fb] (o:B),,, o] _|
_ ggF 12204185 1170+ 80
ttH ttH-Lep | >=1 b-jet E a
=2 = . 1
>=2 JetS’ >=1 Iepton VBF | | | 25085 91.7+28
VBF >=2 jets, m; > 120 GeV — e arerarerererere —
VH L 50+50  52.47%°
5922:"‘|"‘g"|"‘|"‘|"‘L"‘|"‘|f" T - |
S o0 ATLAS Preliminary _*. 0i¢ E
F 13 Tev, 79.8 b . tHtH E
16 E 115.m, < 130 Gev -ﬁf;‘vvv _E 5 ]
1;’ -t ] Inclusive +E 1570+ 175 1330 + 90
3 E Il]lllIIlllllIIIIl|llIIIllll|]]llllllll||l|l]lll
12%/// . o 1 2 3 4 5 6 7 8/8 ; 9
o J/ } 4 VBF: 2.2c deviation oBle By
4F 3 .
2 A ///////‘W/////AW///////-‘M,,‘,.”m —: | n C I u S IVe
017080604020 02040608 1

BDT, e

= 1.28"0-15(stat.) 7008 (exp. ) T-08(th.) = 1.287915.
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Higgs couplings — the k framework

* Define coupling modifiers: . _ _9:
l
gism

* Production and decay rates

T

W,z

Oggr = (1.04K¢ + 0.002kj — 0.04k,kp,)0pgr Ty = K2T5)

OVBF = (O 73KW + 0. 27KZ)O-VBF

1) SM couplings modifiers: ky,, kz, k¢, Kp, K, Ky,
2) Allow BSM couplings modifiers: g, k,
3) Allow BSM Higgs decay: Bggy

Lailin Xu
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Results in the « framework

« Couplings from combined measurements

ATLAS-CONF-2018-031

. ATLAS:CONF-2018031 ATLAS Preliminary 16 interval ==
% 2.5 ATLAS Preliminary # Bestfit Vs=13TeV,36.1-79.81b 2 & interval —
" V{s=13TeV,36.1-79.8 b —68%CL ] m, = 125.09 GeV, |yH| <25
- m, = 12509 GeV, |y | <25 ~95%CL 1 : :
:_ * SM _: z . I
- 1 Kw —-0- "‘
1.5~ B E E
§ o, 1 — R — bl
1 ( : LY ——— i
~ — Combined — H—yy '-. . E E
- = K‘ [l Ll
050 —HozZ — Howw a4 No BSM i BSM decay
f oo e 1 Ky decay - allowed -
0 02 04 06 08 1 1.2 1.4 16 18 2 Kk, o -
BSM = B.. >0
+0.04 _ _ Bgsu psm 20 g
KV_]-O6 0.04 (KV_KW_KZ) T R RS NN N R NI Nl N FERS NS Ny Ry T e
-1 05 0 0.5 1 1.5 -1 —0 5 0 0.5 1 1.5

_ +0.09 _ _ _ _
kp = 1.05Z 009(KF_Kt_Kb_KT—K,u,)
Precision 4~9 %

BSM decay: Bggy < 26% @ 95% CL
Direct invisible Higgs search: Bgg, < 26%

(Runl+2 combined) ATLAS-CONF-2018-054

Lailin Xu
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-054/

Constraints on BSM

« Using measured Higgs couplings to constrain new physics
— Two-Higgs-Doublet model (2ZHDM)
— Simplified Minimal Supersymmetric Standard Model (hMSSM)

- ALLAS-CONF-2018-031
- ATLAS Preliminary [ Obs.95%CL |

x  Best Fit Obs.
L Vs=13TeV,36.1-79.8f0" ______ Exp. 95% CL ] 40

2HDM Type-| — — sM 30

20

[ ] H/A—1T
Vs =13 TeV,36.1 "

_ JHEP 01 (2018) 055
m H -

Vs =13TeV, 3611

tang
tan B

JHEP 09 (2018) 139

Emm H St

\s=13TeV, 36.1 "

10F

arXiv:1808.03599 [hep-ex]
) H— ZZ- 4llivy
\s=13TeV,36.1fb"

| I T -

Eur. Phys. J. C (2018) 78: 293

L]
10 : o s annnn RS ] 99— A Zh
— H \s=13TeV, 36.1 "

JHEP 03 (2018) 174
/) H-> WWs viv

Vs =13TeV,36.1f0"

Eur. Phys. J. C 78 (2018) 24

@R H- hh— 4b,
— bb yy/tr,

........ .. & ATLAS
. * 5 . .
% : : Preliminary
) N s : hMSSM, 95% CL limit
- . ' — WWyy
k L]

—
IIHl

L @) 1 1111

lJIIIJJl

REEEEE . H —— Observed Vs=8TeV, 203"
' Phys. Rev. D92, 092004 (2015)
4 H->hh—bbyy
\s=13TeV, 321"
— ALLASSONF20 1600

r— h couplings [k, k,, k]

Vs =13TeV,36.1-79.8f0" I
L ATLAS-CONF-2018-031

10—1|||\\|| g 1 s/ & SN AA NN e W ATLASCONF2018031
-1 -0.5 1 200 300 40 500 600 700

2HDM, Typ cos(p-) hMSSM m, [GeV]

---- Expected

mmeaad

- -
-------

Complementary to direct searches
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

Higgs portal to Dark Matter

« Assuming dark matter interact SM particles via Higgs portal
— Translating the limit on Bgg,, 2 Hyx coupling

— > DM-nucleon scattering

— Unique sensitivity to light dark matter particles
ATLAS-CONF-2018-054

& T —_—_——= ;
N N E E (B <024  ATLAS Prelim.
T~ 2 = | Alllimits at 90% CL) 5-7Tev.4710",
A0 290N eSwessessswess s=8TeV,20.3fb
: ?'_1 0 ;g Vs=13TeV,36.1fb"
 H % E Higgs portals
@ 102k — Scalar winP
-7 i, S — Fermion wWIMP
" -~ = " = Other experiments
| _aaF Cresst-llI
107 -+ DarkSide50
- T LUX
- s e ez PandaX-I|
10_465 e === Xenon1T
III 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIllII 1 1 lIIIIII 1 1 11
1 10 102 10° 10
Spin-independent Mywe [GEV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-054/

Probing CP nature of the Higgs boson

« Why still interesting to measure CP properties
— Still room for anomalous couplings due to CP violation
— Electroweak Bayrogensis needs large CPV (Sakharov’s criteria)

« Effective Lagrangian with CP-even and CP-odd operators
" Kgy and x,, modify SM interactions (== 1 for SM)
— BSM couplings: CP-even k7, CP-0dd: K577, Kagq

Higgs characterization model,
P. Artoisenet et al

g P z JHEP11(2013)043
KHggs KAgg —---& - Ksm, Kazz, KHzz
XO Xo
g VA
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https://arxiv.org/ct?url=http://dx.doi.org/10.1007/JHEP11(2013)043&v=6bd1f504

CP measurements

« Constraints on CP-mixing and CP-violation JHEP 03 (2018) 095
— Using event rates

III\II‘I\II III[IIITII"IIIITII"II

—_ ‘ T T T T ‘ T T T -I T | T T T | T TT
=25 ATLAS - ATLAS

—_ —_ T '[ T 17 I
< <
3 < ] = 3oL ATLAS
= r — Observed = 30— — Observed — = " F " — Observed
N LH-ZZ" > 4l . NTEH o ZZF > 4l ] N TH-=ZZ" - 4
20|13 TeV, 36.1 b ---SM expected ] C 13 TeV,36.1 fb" ---- SM expected ; o[ 13 TeV, 36.1 fo! ---- SM expected
L 4 251 HE L
L Kygg = 1. Ky =1 4 [ Kpgg=T1 kg =1 ] :KHgg=1,KSM=1
15 [ Observed:lkAgg\ =0.43 1 20 :_ Observed:f(HW =29 ; _: 20 :_observed:JEAw| =29 -
| Expected: x, . = 0.00 1 L Expected: x,,, = 0.0 f 1 [ Expected: k,,, = 0.0
C§ F0 e CO i
101 1 g i ‘ ] 1
i ' 100 100 =
5 - C ﬁ
[ S
[ | ;
0 3 1 0
Kagg

Kngq [-0.68, 0.68] Kiizz [0.8, 4.5] Kaps [-5.2, 5.2]

Sensitivity can be further improved by using event kinematic information

Lailin Xu 22


https://link.springer.com/content/pdf/10.1007/JHEP03(2018)095.pdf

Measurements of the Higgs boson properties:

do/dm,, [fo/GeV]
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—
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TTT]

On-shell couplings

-> Off-shell couplings

Self-couplings

_EPJC(2015)75:335

LI
- ATLAS Simulation 1s=8TeV ]

I

.

gg — ZZ — 2e2u

—— gg— H* - ZZ (S)
e gg— ZZ (B)
— - gg— (H*=) ZZ

-==gg— (H*=)Z2Z (u =10)
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| |

| | | |
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| | | | | | | | |
400 600 800 1000
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Lailin Xu

23


https://link.springer.com/article/10.1140/epjc/s10052-015-3542-2

Higgs boson width

 How wide the Higgs boson is?
- M =4.1 MeV @ m_=125 GeV
« Two implications:
— Zero width approximation (ZWA)

w.z

1
I 2
1 2
__________ 9i 9r
TH < O-i—>H—>f = Ui—)HBRH—>f X r
H

g | W,z

Degeneracy: Invariant if g » ge, Ty — Tye*

— Can we measure it at the LHC?

« Seems impossible due to detector resolution

l E /
10
1072 E/i/

Sc] |
1050100

200 300 1000
M, [GeV]

AL LAS:CONF-2018:018

" ATLAS Preliminary Zﬂ‘a 1

| ignal (mH=125 GeV) ;
100 -y z7¢ 5 a1 . i
- 13 TeV, 79.8 fb™ B z-jets, 1, v, VWV i

74 Uncertainty 7
80 .

Events/ 2.5 GeV

60 f

20

y: |
80 90 100 110 120 130 140 150 160 170
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/

Off-shell Higgs

« |Is ZWA precise enough? ” <
L Ww- ,
0L 8 TeV ZZ 2 2
: Aogg-H-VV - 9Hgg9HVV
e [ ] > 2
M — AMGy  (MEy-ME)AMET,
F i Higgs has a long tail Off-shell
Eg kX
] I '
T N. Kauer, G. Passarino 1 Tot[pb] Mgz > 2 M| pb] :R[%]:
JHEP08(2012)116 gg — H — all | 19.146 0.1525 108 1
5 ' r !
............................................. g9 -~ H — ZZ | 0.5462 0.0416 1 7.6 1
100 2 My 2 M, 1000 | 1

« Off-shell Higgs
— A unique phase space
— Characterize Higgs couplings at high scale

~___— Sensitive to new physics .
Lailin Xu 25



http://link.springer.com/article/10.1007/JHEP08(2012)116

Bounding the Higgs width

« Off-shell effect makes Higgs width measurement possible

2 2
dO—gg—>H—>VV e 9Hgg9HVV
2 2 212 2 2
2 2
— Kg,on*Ky on
on-shell: m,~m gon—shell ' ~J. on —
41~ My 99-H~ZZ™ " o Hon-shell

- off—shell 2 2 —
off-shell: My-my >> T, Ogg-H-2Z " Kg,off * Ky,off = Hoff-shell

Breaks the degeneracy!

« Assuming Kgon=Kg,off and Kv,on=Kv,off

— SM
Uoff—shell = Hon—shell * Tu/Tq

— Measuring both on- and off-shell production could constrain Higgs width

F. Caola, K. Melnikov
PRD88(2013)054024
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https://doi.org/10.1103/PhysRevD.88.054024

Going off-shell

* More challenging to go beyond the Higgs peak region
— Higher background events from qq—>Z2Z

— Negative interference between gg—2>H*>ZZ and gg->ZZ continuum

arxiv:1902.05892

E i ATLAS Simulation — g 4l N
é E_ s=13 TeV —— gg— 4l (inclusive) _E
E - - === gg—>H -4l ]
S - I . T g9— ZZ - 4l _
S - - VHATH/VBF H — 41 3
i E
200 300 400 1000
m,, [GeV]
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Continuum
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g, EPJC(2015)75:335
EATLASSimulation \s=8TeV ]

0-2__ gg— ZZ — 2e2n

0.3

0.1~

do/dm,, [fb/GeV]

0.1~ E

021 =
S —ogo H - ZZ(8) 1
'0.3__ ' E -=- gg— (H*—) ZZ (Interference) 4

:\ I TR W AN SN WA N (S WA S T N S S ]
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https://link.springer.com/article/10.1140/epjc/s10052-015-3542-2
https://arxiv.org/abs/1902.05892

HOow to measure pofr—shell

» Using high mass ZZ events (m,,> 2m,)
« H*>ZZ->2I2v viable

6 e o PLB786(2018)223
o $0-aTLAS o ou : 3 oCamas e om
E C "_ 13 TeV 36.1 fb BRI gg+VBF_)(H*_))ZZ(“'Oﬂ_she”:S) ] (D : ‘fg =13 TeV 36.1 fb-1 _____ gg+VBF—>(H*—>)ZZ(].L :5) :
§ 300 E_H 7Z - 4l E gg:VZB'ZF%(H*H)ZZ(SM) _E § 50EH - 22— 2uzy E 392+VBF4>(H*4>)ZZ(SORAff-The\I E
L 250 I Other backgrounds ] -c'—-g C o wz 7]
E Uncertainty E g 40 — I Other backgrounds —
200 :_ —: L E Uncertainty E
- ] 30F N
150— —] C .
100F- = 201 E
- . - 212v .
S0 - 10[- . .
< - o . L a L -l ]
o o ) O - = ' ' -
2 L5 E S 150 \?i ...... . %
‘g 1m\\m\\:\-\\\@\\\\%\Mﬁ*&\\:"ﬁ{\:\\;\:\\*\\\ DU \Q "g 1 \\%‘\\\\Q\ N
S o0s5F . g 0. 5
m i , S .
45 4 35 3 25 2 15 1 05 0 0.5 1000 1200 1400
. . . Due m# [GeV]
Matrix-element discriminant Transverse Mass
_1 Pu Eiss> 175 GeV
gg 7€ Fqq/ 3 campbell et al, JHEP04(2014)060
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https://www.sciencedirect.com/science/article/pii/S0370269318307494
https://arxiv.org/ct?url=https://dx.doi.org/10.1007%2FJHEP04%282014%29060&v=b11949d6

Results

-2In(A)

Measurements of off-shell production
— Off-shell: H*>ZZ->4l, H*>ZZ2->2I2v
and Higgs width
= - T /]"SM
— On-shell: H>77*>4] Hoff—shell = Hon-shell * 1H/1H
PLB/80(2018)223 —————— _ JHEP03(2018)005 ¥ [Farias | - Eecssaom ]
14-ATLAS et € 1 aTLAs Gttt N e 27 M2y o Obsene St ony
FH - ZZ - 4l22v - Observed-Stat. only | N F « o oocted.Stat onlv ] r . 4 ’ — Observe ]
12:_1(95;5;;6.1\’5;‘_)22 Y —— Observed yt 12:—|1'|3T—e>v‘2326‘1;>_14l _E,Lm:js only 12: leth:6=1 ]:::N‘ﬂﬁ_sme” Observed ]
L Moshet  Mofrshe  — i
10~ -
: 1
8F g
6f B .
s | 1
2¢ I -
% 1 2 3 4 5
Hot-shell 9 Iy Fﬁ“"
Hoff—shell Hon-shell [y <15 MeV @ 95% CL

Direct measurement:;
[y < 1.1 GeV (JHEP11(2017)047)
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http://dx.doi.org/10.1007/JHEP11(2017)047
https://www.sciencedirect.com/science/article/pii/S0370269318307494
https://link.springer.com/content/pdf/10.1007/JHEP03(2018)095.pdf

Constraints on BSM

« Off-shell Higgs has unique sensitivity to new physics
— BSM contribution grows with § - high energy bins become important

z Assuming new physics enters the loop, with
I | > _ _,i effective couplings c,, c, for gg>H
X ’ z g. . h

my — v
L = _Ct_tth+487T269 G,.,G",

z v
9
m;g& ﬁ On-shell Higgs production o ~ |c; + ¢,|?
V4
g

M. Grazzini et al JHEP03(2017)115
« To break the degeneracy o £ oGl

F ggH@LHC 13 TeV NLL+N[O ™~ —Tsm 1777
 My=125 GeV e 60.0,66=0075

— ttH production

— Boosted Higgs via pp—> H+jets

_ _ : C. Grojean et al, JHEP05(2014)022
Off-shell nggs C. Grojean et al, JETP120(2015)354

— Di-Higgs production il
400 450 500 550 600 650 700 750 800
S. Dawson et al, PRD91(2015)115008 pr(H) [GeV]
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https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP05(2014)022&v=2330d232
https://doi.org/10.1134/S1063776115030140
https://doi.org/10.1103/PhysRevD.91.115008
https://arxiv.org/ct?url=http://dx.doi.org/10.1007/JHEP03(2017)115&v=ea9f87ff

Constraints on BSM (2)

» Off-shell Higgs to constrain c,, c,

— Using unfolded m4l spectrum C. Grojean et al, JETP120(2015)354
do(cy, cy) Fa(o0) \° Fa(o0)
>4 —2 ¥ _F+F(c+c +F (e +c + Fye? + Fyc
99 dm.y T EITTT Y Re Fa(my) S\ YRe Fa(my) 2T oA
arxiv: i
Al . 1902,05892 5 10190205802 | _
g Ehwerevern - ATLAS Z ohsend oL
g - i - Vs=13TeV, 36.1 fb" - f ;‘; i
"g 107" = = 5 __ O SM value __
102 . - o _
" e Data z |:> [ i
I~ Sherpa @ NLO EW i - -
€ 4Q 3 = Powheg ®NLO EW ® NNLO GCD * 5 B N
E E —— Matrix fixed-order NNLO - 1
2 ! S S ——— - :
= ! : _ T RS T R N S R
5 9% 5 0 5 10
g “Higgs Couplings at High Scales”, T. Han et al ¢
m,, [GeV] PRD.98(2018)015023

“Off-shell Higgs Probe to Naturalness”, T. Han et al
PRL120(2018)111801
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https://arxiv.org/abs/1902.05892
https://doi.org/10.1134/S1063776115030140
https://arxiv.org/abs/1902.05892
https://arxiv.org/ct?url=https://dx.doi.org/10.1103%2FPhysRevD.98.015023&v=488c07d9
https://arxiv.org/ct?url=https://dx.doi.org/10.1103%2FPhysRevLett.120.111801&v=a4bbdfde

Measurements of the Higgs boson properties:
On-shell couplings
Off-shell couplings

- Self-couplings

Lailin Xu
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DiHiggs production

* Direct probe of Higgs self-coupling and ATLAS-CONF-2018-043

ATLAS Preliminary —e— Observed

...... Expected
s=13TeV, 27.5-36.1 16" pee

nggs pOtentlaI | oM (pp > HH)=33.41b -Eiziﬁiifli

Obs. Exp. Exp. stat. |

— Challenging due to low rate, ~292% 1500

o HH— bbbb 128 207 185
99—~HH i |
A H H H H HH— bbt*t 126 146 119
— Sensitive to new physics - implication on |
EW Phase Transition HH- by
8 TGEE6GT0T o H Combined
K K 0 10 20 30 40 50 60 70 80
—_———— (/ 95% CL upper limit on Cogr (pp — HH) normalized to oM
\ ggF
H AN 5 10T T T T g
N 0 = — — | 3
8 60666001 - H [=% --- bbbb GXP-} --- Combined (exp.)
— —— bbbb (obs. —— Combined (obs.)
% — Bg}; Eg’é’;'_} - Expec:e: i—;c ((%omt;i_neﬂ))
R xpected +2¢ (Combine
K T 10 — ggﬁ Eg‘;gﬂ = ThZOry prediction =
1 E 3
8 GEEGTG0T e LT H a
A\ 1/b Y S 1 .
c F
S c
8 7 -———————- E L
0000000 H s 10 ATLAS Preliminary .
K S E 5= 13TeV, E
5 [ 27.5-36.1fb"
.. . “ ey s _ L ]
Similar to off-shell, measuring deficit in data O o2l Yo
g\., 20 -15 .10 5 0 5 10 15 20
(o]

K =Apn/ Aoy
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

Prospects at the HL-LHC
and Future Colliders

Today: we are taking the
1964: Higgs 2012: Higgs next steps!

boson proposed boson discovered

1964 1970 1980 1990 2000 2010 2@20 2030 2040 2050

I i | | | | I I I

I I I | | | I I I

I I I | | | I I I

| | | : |
LHC Planning

& HL-LHC
Construction

Future

colliders

R anins colliders
operational??

Future
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Prospects for Higgs properties measurements

« Current measurements are statistically limited

— 41,80 fbl: u =1.19 +0.12(stat.) + 0.06(exp.) 095 (th.)
* High luminosity LHC:

— Limited by the large theory uncertainties

ATL-PHYS-PUB-2018-054

T 3.5 ATL-PHYS-PUB-2015-024
ATLAS Prellmlnary Total(S1) i E o Ldt = 3000 fb \s 14TV .
PI’OjeCtIOI'I from Run 2 data N L ~—No systematics ]
s = 14 JeV, 3000 b Total(S2) F—rd F |\ Normsahape systematics ]
Ky e ]
Ky — | N
| .
Ky | ]
<, — On-shell :
ke couplings f
K — ]
Ky —+H [ Simulation ]
Ky | o | ST AT
%, | o % 02040608 1 1.21.4161.8 2
¥ ] o M

BBSM 11| ‘ | I:I | 1 :I | | L1 1 | 111 | 1 1 1 | 11| | | -

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 Off-shell couplings
Expected uncertainty 0(20%) stat. only

‘ CEPC, 5 ab, 0(0.01) .
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-024/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/

Higgs self-coupling

» DiHiggs: flagship physics for HL-LHC

Significance [o]

Vs = 1 TeV, 3000 fb'
No systematic uncertainties

- bbbb

- bbyy
- bbtt
- Combination

ATLAS Preliminary

Simulation and Projections from Run 2 data

\III‘IIII‘III\EIII\'II\\III\IlI\\Ill\ll

Prescription A

7
P

et al,

(2018)075

.precision of O(10) now, O(1) at HL-LHC
_ATL-PHYS-PUB-2018-

bounds on ok, from EFT global fit
-2 -1 0 1 2

3

c1240GeV(5/ab)+350GeV(

240GeV/(5/ab) only (CEPC)

200/fb)

44 1240GeV (5/ab)+350GeV(1.5/ab) (FCC-ee)

FCC-ee with zero aTGCs

tia11290GeV(2/ab) only

250GeV(2/ab)+350GeV(200/fb)

> 1above + 500GeV(4/ab)
;> |above + 1TeV(2/ab)

T L B, S | L
> 58%,95%CL bounds, lepton collider only
B 682%.95%CL bounds, combined with HL-LHC
e o 88% o) pounds (combined with HL-LHC)
«+ s -~ 8% 95%CL bounds, 1hlbnly (w/ HL-LHC 1h)
HL-LHC -*?-92;. :— *128114TeV/(3/ab), rates & distributions
CEPC|™
& %
FCC-ee
ILC %
CLIC

350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
+ Zhh at 1.4 TeV
binned My, in vvhh (4 bins)

6K, (E:—;—1)

3

J. Gu et al, JHEP02(2018)178

ILC@1 TeV: O(0.2), 100 TeV pp: O(0.05)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.98.075002&v=6e4d0987
https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP02(2018)178&v=c66aa711

Conclusion

« Higgs couplings measurement: crucial to probe the nature of
EWSB and New Physics

— On-shell couplings: precision era O(0.1)

— Off-shell couplings: Higgs at high scale, O(3)
— Self-coupling: benchmark for HL-LHC, O(10)

“Improved precision equates to discovery potential” rcc cbr

Improved theoretical predictions are essential, especially for HL-LHC

* New ideas and New colliders essential to continue exploring the
unknown
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Backup
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How to make a Higgs boson

q

VBF (6.8%)

ttH/bbH
(0.9%)

t. b

t. b

T | TTTT TTTT | TTTT TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | T
10%E M(H)= 125 GeV
: aH(N;\_o ocp s NOED | 23X
M | 1
10 I -
- : | 2.4 x -

B NLoQCD"’NLO | |

i I E

M

6

7 8 9 10 11 12 13 14 15
Vs [TeV]

Gppst= 55.7 £ 2.5 pb @ 13 TeV

G 2016

LHC HIGGS

e

Lailin Xu
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How to see a Higgs boson

M,=125 GeV
H>ZZ7* 2 62%
H>cc | 41 (=¢ 1) 0.0124%: H->yy 0.23%
H>tt 6.27%  2.90%__|s/B>1, AM/M ~ 1~2% S/B<1
S/B<1 AM/M ~ 1~2%
AM/M ~ 10~20% |

H->pp 0.02%
S/B<<1

H>gg 5.19%_Z88

AM/M ~ 5%

H>WW* 21.4%
(1.1% for e,p)
S/B<1
AM/M ~ 30%

H->bb 58.2%
SIB<<1
AM/M ~ 10-20%
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Theory predictions

« High accuracy in QCD (+EW) predictions is crucial

* QggF:
— Total cross section: N°LO QCD + NLO EW (LHCXSWG)
« NNLOPS
. : : : LHCXSWG,
MG5 aMC@NLO 0,1,2 jets @NLO with FxFx merfjlng  aniv161007522
° 1ggs Cross section: gluon rtusion
HRes 2.3 S | | | | |
L my =125 GeV
60 [ LHC13Tev Ho = My/2
« VBF, VH: NNLO QCD 50
— PowhegBox 40
« ttH, bbH: NLO QCD ° %
- MGS—aMC@NLO 20:5 } i all constants in the exponent ]
10 !:" ==t no constants in the exggaé:eli:i o 7
XH = VBF + VH + ttH + bbH o b ‘ _ Nesoft
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://arxiv.org/abs/1610.07922

Experimental explorations

* Production modes and decays studied in ATLAS

Investigated

Inclusive
(ggF mostly)

Combination of decays

H-> WW* = |vlv

H> ZZ* > 4l

H-> vy

H-> Zy

VBF

VH

ttH

H->bb

H->cc

H-> invisible

Rt
Higgs decay

Event
<::| categorization

Recent 5¢
observations!

Lailin Xu
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Systematic uncertainties

Table 4: Estimated theoretical uncertainties from missing higher orders.

Partial width

QCD electroweak total

H — bb/cc
H—tt /u

H — tt

H—gg

H — vy

H — Zy

H — WW/ZZ — 4f

~0.2% ~ 0.5% for My < 500 GeV  ~ 0.5%
~ 0.5% for My < 500 GeV  ~ 0.5%
<5%  ~0.5% for My < 500 GeV ~ ~ 5%

~ 3% ~ 1% ~ 3.2%
< 1% < 1% ~ 1%
< 1% ~ 5% ~ 5%

<05% ~0.5% for My < 500GeV  ~ 0.5%

Uncertainties on the branching ratio,
LHCXS WG arxiv:1610.07922

PLB786(2018)223

Systematic uncertainty

95% CL upper limit on g, g shon
27 w4 ZZ — 202y Combined

QCD scale gqqg — Z7 4.2 3.9 3.2
QCD scale g9 — (H" —=)Z 7 4.2 3.6 3.1
Luminosity 4.1 3.5 3.1
Remaining systematic uncertainties 4.1 3.5 3.0
All systematic uncertainties 4.3 4.4 3.4
No systematic uncertainties 4.0 3.4 3.0

Lailin Xu
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https://www.sciencedirect.com/science/article/pii/S0370269318307494

Systematic uncertainties (2)

Experimental uncertainties [%] Theory uncertainties [%]
Measurement | Lum. e, [, Jets, flavour Reducible YA Signal
-0.5ex] pile-up tagging backgr. backgr. PDF QCD scale Parton Shower Composition
Fiducial cross section
| 2.8 4.3 <0.1 0.3 16 06 0.5 0.4 0.1
Per decay channel fiducial cross sections
" 2.8 3.9 < 0.1 0.3 1.6 0.6 0.4 0.6 0.2
4e 2.8 9.0 < 0.1 1.0 1.6 0.6 0.8 0.5 0.1
2u2e 2.7 8.6 < 0.1 0.9 1.5 0.6 0.7 0.5 0.1
2e2p 2.8 3.6 < 0.1 0.4 1.8 0.6 0.7 0.5 0.2
Stage-0 production bin cross sections

goF 2.9 3.9 1.3 0.7 2.3 0.4 2.1 0.7 -

VBF 1.7 1.5 10.5 0.5 2.3 2.3 9.5 5.1 -

VH 2.0 1.7 7.8 1.8 5.6 2.1 14.9 3.1 -

ttH 2.5 1.9 3.9 1.5 1.9 0.3 8.8 9.6 -

Uncertainties on H4l measured fiducial xsec,
ATLAS-CONF-2018-018

Lailin Xu
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Constrains on BSM

« Using the framework of pseudo-observables (PO)

ma4 (GeV)

100 -

80+

60+

40}

20+

e+

e

One example form factor for the contact interaction of the
h-> 4l decay

F{'(¢},¢3) = kzz

f f
€ ’
9z 2 92 + A§M (9%1 qg)

9595 €z
Pz(a})Pz(a3) m% Pz(a3) m% Pyz(q})

PO k,;, €, , change the both the decay rate and kinematics

Q. Isidpri et al I'EPJ(':75(|2015)128 .

120+

2
dr dlgy 1
dml:dmu/dmlgdm34_l I
0

-0.2

0 -0.2 ] -0.4
(kzz,€21,) = (0.88,-0.10) k
0 20 40 60 80 100 120

my, (GeV) -0.6

0.8
€e;
0.6

0.4

h

—
- ATLAS

L H—=2ZZ* - 4l
- 13 TeV, 36.1 fb”'

Z

—— 95% CL Obs
* SM
----- 95% CL Exp

2

: T3 <
C AILAS ] £
. . = N
- H—ZZ" -4l —— 95% CL Obs !
- 13TeV, 36.1 b * SM

----- 95% CLExp ]



https://doi.org/10.1140/epjc/s10052-015-3345-5

CMS off-shell

 CMS results (4l channel only): arXiv:1901.00174
— Three categories: VBF, VH, others
— Combined run 1 and run 2 (80 fb1) results

Parameter Observed Expected .
= 95% CL upper limit
poffsshell 0 784072 10.02,2.28]  1.0015:20 [0.0,3.2] ’ PP

pgftshell 0867092 [0.0,2.7]  1.07}7 [0.0,3.5]
ugftshell  0.67126100.36]  1.038[0.0,8.4]

5.1 0" (7 TeV) + 19.7 ib™ (8 TeV) + 77.5 fo™ (13 TeV) ) I 5.1 fb" I(7 Tev) : 19.7 ﬂf" @8 TEY) + 80-’2I fo' (13 ‘TeV)
—‘[lllll}“[IIIIIW‘[IIIIIW“IIL 1T [ rrr 7 rrryprrr|Jrr | r1r1r [ rr T 7T

- CMS ol CMS |

5 . . —

HHYH . — Observed | —f,=0 (SM-like analysis) /
EXpeCted SenS|t|V|ty | --- Expected | — fa3 cos(0,,) unconstrained
— Observed, 2016+2017 | —f,, cos(¢,,) unconstrained
Comparable tO 101 . —f,;cos(¢,,) unconstrained

--- Expected, 2016+2017 i
10— —

ATLAS results 2 =
£ = | — Observed g
(36 fb_l, 4 +2|2V): < < | --- Expected ,
o S f
Uoff—shen < 3.4 f |
Phys. Lett. B 786 (2018) 5 e

223

e _ _ 95%CL. ]
’/’ )

- 2 __68%CL _ |

Ot\‘; L 1 ‘T\ I MR B B
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http://arxiv.org/abs/arXiv:1901.00174
https://www.sciencedirect.com/science/article/pii/S0370269318307494

Prospects for Higgs properties measurements

* Prospects for future lepton collider ~ 2

Z
— Much cleaner environment W I i
. . . AN Z
— Much smaller systematic uncertainties \

— Measure the Higgs decay Br model-indebendently
« CEPC 5ab! can reach O(1%)
— ~1M Higgs bosons

S. Ge etal arXiv:1612.02718

20

LHC

16

14

12

10

Preclsion (%)

3
6
4 V 1
2
0

1%
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http://arxiv.org/abs/arXiv:1612.02718

Coupling modifications by new physics

Generic size of Higgs coupling modifications from the Standard Model
values when all new particles are M ~ 1 TeV and mixing angles satisfy
precision electroweak fits.

Snowmass “Higgs working group report”, arxiv:1310.8361

Model Ky Kb K~
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—-B83-9% ~—-9%
Top Partner ~ —2% ~ —2% ~ +1%
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https://arxiv.org/abs/1310.8361

Interference effect in H>yy

 Interference between gg—>H->vyy (on-shell) and gg-2>vyy

. . . gg—-h(125 GeV)-»yy
— Imaginary part: 2% reduction in the overall rate o —————
I LHC 13 TeV ]
— Real part: mass shift . _"L.o.ufé’ii‘l’ml
% B ? — w.LHC yycuts ||
— Both effects could be used to probe I'y £ 0
) geoh(125GeV)>7r 5 campell etal, PRL119(2017)1 © ]
4‘ T T T T ‘ T T T T ’l\ T T I T T ‘ T T T T I"i
—15 —
g LE 3
P
o e T R
:é.. F/FSM
5 ol
;‘i 102*
ET 1ok [ Destructive Interf. (SM)
| | | | . . . | | | | . ok [ constructive Intert.
~0.02 -0.01 my 0.01 0.02 :m 7
myy (GeV) 3 | . | :
T/Ty™
Amy = =35+ 9 MeV (ATL-PHYS-PUB-2016-009) L. Dixon, PRL.111(2013)111802

| L. Dixon, M. Siu. PRI 90(2003)252001 _
Lailin Xu 49



https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevLett.111.111802&v=a9b2cb72
https://doi.org/10.1103/PhysRevLett.90.252001
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevLett.119.181801&v=fd955d87
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2016-009/

MA4|

 Inclusive 4l invariant mass spectrum

—_ ‘ arxiv:1902.05892
> 10° - ATLAS -e- Data WH-> 27270
o (s=13 TeV, 36.1 fo ' Maa-22() Mgg-22() 3
g Reducible [ttV(V),VVV ]
£ 10 =
c =
g =
- ’
10 =
1 =
5 E
© 3 i
E 1 5 _ .......................................................................................................................................... ]
S PR 37 NS TP, '
= |2 222 /A/»f////?/ygm/////»f%*/////////%é
g 05_ ............................................................................................................................................ _
2 80 100 150 200 300 500 700 1100

m, [GeV]

ATLAS-CONF-2018-018

Leptons and jets

eptons: pr > 5 GeV, |n| < 2.7
ats: pr > 30 GeV, |y| < 4.4
move jets with: AR(jet,f) < 0.1
Lepton selection and pairing

pr > 20,15,10 GeV
eading pair (m2): SFOS lepton pair with smallest |mz — mgy|
ubleading pair (maq): remaining SFOS lepton pair with smallest |mz — meq|

Event selection (at most one quadruplet per event)

[ass requirements: 50 GeV< myy < 106 GeV  and 12 GeV < mgy < 115 GeV
epton separation: AR(f;,4;) > 0.1
[ veto: m(€;,0;) > 5 GeV for all SFOS lepton pairs
[ass window: 115 GeV < myp < 130 GeV
"extra leptons with pt > 12 GeV: Quadruplet with the largest ME

epton kinematics:

Lailin Xu
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
https://arxiv.org/abs/1902.05892

DiHIggs

» Higgs self coupling changes both signal cross sections and

Kinematic shapes

ATLAS-CONF-2018-043

B 0-14 T T T T | L T ‘ T T 1 T | T T T T I UL I T T T T I T I_
= - ATLAS Simulation Preliminary -
> 012 . -
E - Vs =13 TeV .
£ oo K, = .
i :-l |_. _Kl — 2 i 'B‘ 8: I T T T | T T T | T T T I T T T I T T T T T :
008 i % =5 . g o ATLAS Preliminary E
- ] % o Simulation and Projections from Run 2 data ]
0.06-: % . S e /S = 14 TeV, 3000 b E
B - o ] E C Systernatic uncertainties included 7
N ] & 56 oo T0BBBD i
002 i - ] - ——bbyy .
a ] 4F - bbtr N
ole - P T ST T o e C —— Combination ]
300 400 500 600 700 800 3F oo o,
My [GeV] - .
2 g
T R I  r C ]
<~ - ATLAS Simulation Preliminary 1 1= =
= - {s=13 TeV, HH- bbbb + 2015 1 - 3
E 1'8; 2016 ? 0_ | T R B ' P L1 PRI S R T T R RN R
Woem = -2 0 2 4 6 8
[] C n
% 1.4:— — K?L
g 12F -
2 r ]
< 1= E
0.8 =
oo da b bov b b o bay | I
08 45" 65 0 5 10 15 20
K
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/

Vacuum stabllity

pole

A. Andreassen et al

122 124 126 128
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