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The Standard Model Higgs Boson

 Quarks, charged leptons, W/Z bosons acquire mass through the
Brout-Englert-Higgs (BEH) mechanism in the Standard Model

* Higgs boson physics is one of the most important goals of LHC
physics program and the next generation collider experiments

ATLAS Recent Higgs Results CMS Recent Higgs Results

Nan Lu (Caltech) Precise Higgs measurements at the LHC August 2021


https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://cms.cern/news/physics-results

Standard Model Higgs production at LHC
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Yellow Report 4
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https://arxiv.org/abs/1610.07922

Higgs boson decays

- “Big five”:yy, ZZ, WW, 11, bb
- YY and ZZ—4l: high resolution and S/B: precise mass and differential measurement

- WW: high BR, low S/B, low resolution due to neutrinos
- 1T, bb: high BR, low S/B, directly probe Higgs couplings to fermions

- Rare decay channels to be observed: uu, 2y, cc, ...

SM BR [%] with

H_)ff b, 77, 1 H—)VV W*/Z* Decay Channel mu=125.09 GeV
H—bb 58.1
______________________ H-oWW 21.5
H H
H—o1t 6.26
b, T+, ut W/Z H—oZZ 2.64

H-ovyy 0.23

Hﬁyy/ZY Yellow Report 4
H- pp 0.022

ZIy
H-Zy 0.154
tt/6/7 H—cc 2.88
) H—gg 8.18
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https://arxiv.org/abs/1610.07922

Precision Higgs measurements

We are entering an era of precision measurements A
of Higgs boson properties: a test bench for the SM  gqF: > ;
and a portal to look for possible new physics

Mass and width H-yy: y
.

Production and decay rates S ™~ v

. ’y

2 e.g. loop-induced ggF and H—yy processes

sensitive to new physics
Higgs pT

Differential distributions and simplified template  From G. zanderighi HH2019

Cross SeCthnS 1 quark couplings

Quantum numbers (spin and CP)

new heavy
particles

Off-shell couplings and indirect constraint of
W i d th b,c mass effects tra nsvers:":]-(;r:::: :,)

EW effects NLO (finite my)
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LHC, CMS and ATLAS detector
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LHC Run 2 data taking
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ATLAS and CMS detectors collected 139 and 137 fb-1
pp collision data at 13 TeV

Thanks to the excellent performance of the LHC
and efficient operation of the two detectors
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Physics object performance achievements

improvement to the physics object identification

100

CMS Simulation Preliminary

Deep learning techniques bring significant

2017 (13 TeV)

10—1-

10—2.

Jet mis-id probability

-—4— MVA vs. jets (JINST 13 (2018) P10005)
.

—— DeepTau vs. jets
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Reconstruction performance
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https://cds.cern.ch/record/2694158
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/MUON-2018-03/
https://cds.cern.ch/record/2759970/files/DP2021_004.pdf

ATLAS-CONF-2020-005

nggS boson mass Phys. Lett. B 805 (2020) 135425
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://cds.cern.ch/record/2714883
https://arxiv.org/pdf/1603.05598.pdf

ATLAS-CONF-2020-005

Higgs boson mass

Phys. Lett. B 805 (2020) 135425

cMS
.. Run 1:5.1 fb™ (7 TeV) + 19.7 fb™" (8 TeV) — Total Stat. Only
ATLAS Preliminary —=— Observed: Stat+Sys 2016:35.9 fb (13 TeV)
*
vl-—l — ZZ — 4| p [m] Observed: Sys-OnIy Total (Stat On|Y)
s=13TeV, 1391 Run 1 H—>yy — 124.70 = 0.34 ( = 0.31) GeV
m,, [GeV]
an 124.80 02 (Stat) " (Sys) Run 1 H— ZZ— 4 — 125.59 + 0.46 ( = 0.42) GeV
B § n Run 1 Combined — 125.07 = 0.28 ( = 0.26) GeV
2e2y + 124.95 7 (Stat) **° (Sys.) ———— 0 —_— - — — — — — ——
B ' N 2016 H—yy —— 125.78 + 0.26 ( = 0.18) GeV
: I +0.46 +0.07
2u2e a3 125.:34 7 (Stat) ., (Sys) 2016 H—> ZZ—> 4| —— 125.26 + 0.21 (= 0.19) GeV
4e Em-3 12459 V7 (Stat.) ;’0‘5 (Sys.) 2016 Combined e 125.46 + 0.16 ( = 0.13) GeV
I e . ] Run 1 + 2016 . 125.38 = 0.14 (= 0.11) GeV
Combined — 3 124.92 77 (Stat) * " " (Sys.) |
...|....|...E|....|,,,|,,,,|,,,,|,,, II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
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m,, (GeV)

One of the most precise electroweak measurements: reaching 0.1% precision
¢ CMS+ATLAS Run1 combination: my = 125.09 £ 0.24 GeV

ATLAS H—ZZ*—4! full Run 2 data: my; = 124.92 + 0.19(Stats.) 00 (Sys.) GeV

CMS: H-yy & H-ZZ*—4l Run1 + 2016: my = 125.38 £ 0.14 (£0.11 Stat. only) GeV
Measurement still dominated by statistical uncertainty:

more precise measurements expected with full Run 1+2 dataset
expected to reach 10-20 MeV precision at HL-LHC
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://cds.cern.ch/record/2714883

Higgs boson production and decay rates

[ATLAS-CONF-2020-027, JHEP 07 (2021) 027, CMS HIG-19-005]

ggF, VBF, VH and ttH observed with significance > 50
Good compatibility among decay channels and with the SM

35.9-137 fb™ (13 TeV)
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Higgs boson couplings: kappa framework

& Leading order framework to characterize possible deviations from the SM:

assign coupling modifier to each (effective) interaction vertex (e.g. Kw, Kz, Kt..

and total width (kn)
& Assumptions: single resonance, zero width, SM tensor structure JP = 0+
& Coupling Compatibility Tests using k and their ratios

N

)

4 : : : :
Cross section for production and decay i—H—f parametrized as
SM cross sections and widths scaled by coupling modifiers
T oM . PSM 2 2
o-B(i —+H— f)=2—L = sz\zf =2
0 PRy 2 PYE
coupling modifiers: oSN Ky = @ Ky = Zrb”
. Production Decay Total width ) Yellow Report 3

Example: g¢— H- yy , ) ]
g y Assume only W /b

. H
. SM particles 73 S N R b H e
------- I w+ Wk t/b
contribute | ) )
g

2

v

Y
X BR H 1.59x2, + 0.07x% — 0.6k Kk
oxBRgg > H > rr) _ = «2 ; (1047 + 0.002&7 — 004K ) ——— f W
6 XBR(gg > H—yV)sy — kg Ky (Kps Kyys Kps « -+ )
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https://arxiv.org/abs/1307.1347

Higgs Boson coupling results
@ typical precision of k: 6~20% (partial Run 2 data)

@ full Run 2 combination to come

Mg

— M .
Key- OF Ky~ VS. particle mass

Generic model [ATLAS-CONF-2020-027]

-1
35.9-137fb " (13 TeV) ATLAS Preliminary
> II| T T T T TT II| T TT II| T T T T TT II| T Oo ——
> 1L CoMS t (s=13Tev,245-1301" 8% CL
n Z .°
4 - W),' m, =125.09 GeV, IyHI <25 95% CL ——
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.1 10°'E - Kz ——— —=t
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< T fw . —
D, . ) - i
10—2 L T?"? = t i * __.!__
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10k g E K ° ———
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Q *% ____________________________________ ¢ ] B, | Pgy=92%
o T f T * ] ’ | | | | |
g 0.5_||| ] 1 Ll 1 Lol 1 1 |||||||2 [ 08 1 12 0 05 1
10™ 1 10 10

Binv. < 9% @95% CL, mainly
constrained by H—inv.

Bundet. < 19% @95% CL, constrained by
inclusive rate + assuming |kv| £1

Particle mass (GeV) -

JHEP 01 (2021) 148

full Run 2 H—-pu + 2016 data H — yy, H—->ZZ, -
H—-WW, H—-T1T1, H—>bb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/

Simplified Template Cross Sections (STXS)

STXS: a natural evolution from Run 1 signal strength measurements

& Measure production mode cross sections in exclusive phase space regions
@ reduce theory dependence comparing to signal strength measurements
& provide more finely-grained measurements
¢ isolate BSM sensitive phase space

& Benefitting from global combination

& Significant progress from ATLAS and CMS across accessible Higgs decays

Development initiated at Les Houches 2015 STXS stage 1.2 ggH production mode bins
ggH = ggH + gg — Z(qa)H + pbH
Pt [0, 200] l l
> > o2 jetVBFcutsl—[: gk l I ' I Pt [200, o]
pl_=0det | [ = 1et > 2-jet [ 200
p I
B 5 | | [ 300
-[ EFT mij [0, 350] mjj [350, oo
7| coeffs 10 I Pl mjj —I— 450
’ 1 390 650
—lowpl | . [ 60 | 700
[high I_[l — l ifi - >
>| high pr specific -
i — | > 1-jet [ BpSM [ 120 ] 0 25 0 Pt
] —»| very highp | Hijj
R 200 Pr
e ————— (o(tEH) lo(bbH) | | o(tH) |
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H—-ZZ*—4] channel STXS

[Eur. Phys. J. C 81(2021) 488]

H—oZZ*—4] Mass distribution
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[JHEP 07 (2021) 027, ATLAS-CONF-2020-026]

H—yy decay channel STXS

& Measurements of various kinematic regions in
ggH, VBF, VH, ttH production modes and

MS 137 fb' (13 TeV)
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H-WW*—>evuv STXS

[ATLAS-CONF-2021-014, Phys. Lett. B 798 (2019) 134949

CMS-PAS-HIG-19-017, PLB 791 (2019) 96]

Select events with an oppositely charged lepton pair, large missing transverse

momentum

Mass resolution worsened by neutrinos

Large event rate and backgrounds: main backgrounds WW, tt, Z+jets measured

In control regions

dilepton transverse mass DNN in VBF categories
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[ATLAS-CONF-2021-044]

H— r channel STXS [CMS: CMS-PAS-HIG-19-010]

& New background estimation method: MC Z—rr background estimation

validated with Z—Il data with simulation-based corrections to kinematics
(four vectors) and efficiencies

Uncertainty improved by factor of 2-2.5 wrt 2016 data analysis [Phys. Rev. D
99, 072001 (2019)]
& Production modes: ggF 3.90 obs. (4.60 exp.); VBF 5.30 obs. (6.20 exp.)
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https://arxiv.org/abs/1811.08856
https://arxiv.org/abs/1811.08856

Events / 10 GeV (Weighted, B-subtracted)

Complementary analyses using small-R jets
and boosted Higgs physics objects:

& Strong evidence 4.00 for WH; observation
5.30 of ZH [small-R jets analysis]

VH—-bb STXS

C = 1large-R jets, 2 b-tags
r p¥ = 250 GeV
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« Boosted Higgs analysis: 2.10 of VH

Boosted analysis: Phys. Lett. B 816 (2021) 136204
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http://dx.doi.org/10.1007/JHEP03(2020)131
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/

STXS Combination

Most precise measurements and
interpretations obtained from statistical
combination of production modes and
decay channels:

& Statistical precision, in particular in
most BSM-sensitive regions is still
limited: more data will help!

©

Provide an indirect constraint of the

[ATLAS-
CONF-2019-049, CMS HIG-19-005]

©

Measurements interpreted using
. [ATLAS-
CONF-2020-053, CMS HIG-19-005]

© Combination of STXS measurements in
H—yy, H=ZZ*— 4] and VH,H—bb

& Overall good compatibility with SM
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

Higgs boson differential measurements

Variations in pT(H) with K¢

Higgs pr sensitive to many BSM effects: physics p———————————————
: - : Z 14l — Ke=-10
in the ggF loops, perturbative QCD calculations, 2 14y )
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[ATLAS: Eur. Phys. J. C 80 (2020) 942 R R T T
CMS: Eur. Phys. J. C 81(2021) 488] K,
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf

H- 77 differential measurements

Comparing to other final state (41, yy) measurements, brings significant

Improvements: exploring the phase space of large jet multiplicities and/or

Lorentz-boosted Higgs bosons
(7. CMS Submitted to Phys. Rev. Lett.

yy: CMS JHEP 07 (2021) 027, ATLAS-CONF-2020-026]
4l: CMS Eur. Phys. J. C 81(2021) 488, ATLAS Eur. Phys. J. C 80 (2020) 942]

H—zr ggF H and XH do/Njets

H—zz ggF H and XH do/dpr

XH = VBF + VH + ttH
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015/
https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/

High pT Higgs production with H—>bb

Highly Lorentz-boosted Higgs as a tool to access very high-pr
regime, sensitive to BSM physics. CMS full Run 2:

& Observed (exp) Significance: 2.50 (0.70)

¢ Signal strength

py = 3.7+ 0.12(Stats. )T 5(Sys.) o 3(Theo.)

validation with Z—bb 1.01 £ 0.05 (stat)¥3:27 (syst) o o (theo)

¢ Local significance with respect to SM: 1.90

Machine-learning methods based on signature of two b quarks
inside a large-radius (distance parameter R = 0.8)

()

¥ DDBT tagger improves efficiency by a factor of 1.6 at same QCD

misidentification rate;

New possibilities brought by a new algorithm based on ParticleNet
raph neural network [CMS-DP-2020-002]
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https://cds.cern.ch/record/2707946

High pT Higgs production with H—bb

ATLAS full Run 2

[ATLAS-CONF-2021-010]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-010/

Parametrize Higgs Fermion Couplings

H iggs boson CP StUd ies in the mass eigenstate basis

Mg _ .
A(Hff) = —Ff% (¢ +ikeys) Py

& SM Higgs boson quantum number JCP = 0++ Define mixing angle (a or in next slide @.,):

& Run 1: spin-0 nature established, CP % CP-odd coupling
structure explored in Higgs-boson couplings tan(Pzc) = K. CP-even coupling
in H—-ZZ*—4l and H—-WW*—evpuv decays

SM Pure CP-even state: o = 0°
Q Run 2: Pure CP-odd state: o = 90°

@ first study of CP structure in Higgs- Define: CP-odd contribution:

fermion couplings in ttH, tH(H—yy) o _ & |*

T 2 = 12
[ATLAS: Phys. Rev. Lett. 125 (2020) 061802 K| + |y
CMS: Phys. Rev. Lett. 125 (2020) 061801]

sign (%, /%)

Study CP structure in Higgs-top coupling

@ CP structure of Higgs-r Yukawa

C100?MS : 137‘fb-1(13TeV? =B 2:|""| """""" IRERAE B B

coupling using H—zz decay channel S oo ! E*‘?tao CCR RS _;‘; Feetn  Xow o 3

L gop — fer= o | -Obseved S| ¥ R :

[CMS-PAS-HIG-20-006] s S E A% B I £

L e ] 0.5 ¢ R vor

—~ . 60| esnoL ] E Fol PR

¢ CP and anomalous couplings measured 50| Tororosogy | O | @ =

using H—»ZZ*—4| decay channel 0 i D & V&

E— ] 1 e e E

[arXiv:2104.12152, Submitted to Phys. Rev. D 20F R ;‘;TL’:; e E

Eur. Phys. J. C 80 (2020) 957] 10F E I et :

N | | | (e HEEL L B et

¢ CP structure in Hgg coupling using Do icos(a)
H—WW?*—evuv+jj [ATLAS-CONF-2020-055] CMS: | f54 1< 0.67 @95 % CP-mixing angle lal < 43°

CL, pure CP-odd excluded @95% CL

at 3.20 pure CP-odd excluded at 3.90



http://cds.cern.ch/record/2725571/files/HIG-20-006-pas.pdf
https://cds.cern.ch/record/2743624
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://arxiv.org/abs/2003.10866
https://arxiv.org/abs/2104.12152
https://arxiv.org/abs/2004.03447

CP structure of Higgs-r Yukawa coupling using
H_}TT decay channel [CMS-PAS-HIG-20-006]

CP-mixing angle ¢,.= (4 £ 17)° @68% CL

discriminating variable: angle between the r decay pure CP-odd excluded at 3.20
lanes ¢cp dl’ ( ) CMS Preliminary 137! (13TeV)
P q) d¢c X COS ¢CP 2¢TT 10F —— Observed: ¢ — 4+ 17 °(68% CL)
[99.7%N\ ~~- Expected: ¢z = 023 °(68% CL) ]
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O
CMS Simulation Preliminary 13 TeV CMS Prellmlnary 137 fb (1 3 TeV) a?
S TSR R B B BN LA LB c = s e e -
S o4 —CPeven —CP odd | ~ 1~2:_ PP + TP + up —+— Data Bkg. _:
26, —CPmix =2 % = . Bkg. uncert. ]
0.08} i F T+ —e.=0 ]
[ g b —¢,=90 ol C
- = — —90 —45 0 45 90
0.06 o 080 11T .
I = C | l ] ¢ (degrees)
B o 04F D —
0.04 & - . )
I o = 5 CMS Prelzmmary 137tb~~ (13 TeV) o5
B x - - 1 1 1 1 I I I I I ) I I I T I ) T |
0.02 < o T  * SM — 68%CL 7 |
§ : . | &% Best fit -- 95%CL ]
e 50 100 150 200 250 300 356 B 1h — PRl 1920
(degrees) ¢, (degrees) : 1 |3
 — m— i ] _‘ 15 Q
i : b i ] i %D
tf’u? t}‘u? e 0 __ —_ ﬁ
o AL - . 10 |
¢cp: reconstructed by - -
the impact parar_neter 1 0 -1 S F
and charged particle or 4 I = [(ir, &r)
0 vectors in the Higgs [ | = L& = OIVI 7T ]
rest frame A N 23 1 0 1 2 !

Kt

Nan Lu (Caltech) Precise Higgs measurements at the LHC August 2021 26


http://cds.cern.ch/record/2725571/files/HIG-20-006-pas.pdf

CP and anomalous couplings in H—=ZZ*—4l

& Using ggH+2j, VBF, VH, ttH and H—4l decay [cMs: arxiv:2104.12152, Submitted to Phys. Rev. D

ATLAS: Eur. Phys. J. C 80 (2020) 957]

Matrix element techniques
& Two categorization schemes employed to study:
effects in HVV vertices: joint analysis of four anomalous couplings

effects in Hit and effective Hgg vertices: CP even and CP odd
couplings, combine with recent analysis of ttH(H—Yyy) [Phys. Rev. Lett. 125 (2020) 061801]

CP structure in Higgs couplings

to top quarks combining ggH inear:gi)t(islee(ririlzg:irl?fi‘ﬁggtcp- CP structure in ggH coupling
and ttH(yy,H—4l)

CMS 137 fb' (13 TeV) CMS 137 0" (13 TeV) 10 _
CMS 137 fb-1 (13 TeV) 10 J 15—l T T l T T T I T T T l T T T l T T T ] E
9 % - {daa [ |ggHSM  HggH-4l - 0.01 g
g o [z DggH 19%_1  VBF-2jet
7 £ 1ok Wzx | |Hother Dy 02
6 = | o
2 w0
W 5 S |
> L
4 w 5 .
; .
2 - — - ~0.01
1 OJ 0
0 0 02 04 06 08 1 -0.02 -0.01 0
Dg? Cqg

Nan Lu (Caltech) Precise Higgs measurements at the LHC August 2021 27


https://arxiv.org/abs/2104.12152
https://arxiv.org/abs/2004.03447
https://arxiv.org/abs/2003.10866

Projection for HL-LHC: arXiv:1902.00134

Vs =14 TeV, 3000 fb™' per experiment

Conclusion and outlook

Precision measurements of Higgs ] Total | ATLAS and CMS
. : — Statistical HL-LHC Projection
boson properties so far agree with SM, — Experimental |
hints for new physics could be — Theory rot o B ot
unravelled as data accumulates and Ky = 18 08 10 13
analysis advance Ky = 17 08 07 13
¥ Higgs boson mass reaching 0.1% “z = e or e
precision Kg — 25 09 0.8 2.1
e g C : Ky = 3.4 09 1.1 3.1
Significant progress in fiducial/ g N
differential and STXS measurements P |
Ky = 1.9 09 08 15
& Higgs boson coupling CP-structure Ky = 43 38 10 17
studied in both Higgs-fermion and K, 08 72 17 o4
. . . Y . . . '
HIQQS_'b_OSOH couplings, no sign of 0 002 004 006 008 01 012 044
CP-mixing so far Expected relative uncertainty
The Discovery of the Higgs boson and T iR Y Y NN  Togrl s [N S To EY E Y,
the study of its properties have | is 20X the current dataset: percent
expanded our vision of partICIe phySICS precision of Higgs couplings

e Prospects for sub-percent precision
at next generation colliders

Apologies for all | could not cover

Looking forward to LHC Run 3 and
beyond
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Thank you!
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H—z channel STXS CMS-PAS-HIG-19-010

ATLAS-CONF-2021-044

& Probe Higgs coupling to third-generation fermions
& Sensitive to the gluon fusion process with relatively high Higgs boson pr and

sensitive to the VBF topology ggH pT > 300 GeV m;> 700 GeV

CMS_Preliminary A 13710 (13 TeV)
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& Main backgrounds: inclusive g7xs
Z—7 , fake stage-0
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html

Higgs boson differential measurements

JHEP 03 (2021) 003

Measurements in WW—pevv decay channel using full Run 2 data
large branching ratio makes this channel competitive with H—yy and
H—ZZ"—4l| channels

137 fo'! (13 TeV)
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https://link.springer.com/article/10.1007/JHEP03(2021)003

ttH and tH production: final state with electron,

muon and hadronically decaying T leptons
Eur. Phys. J. C 81 (2021) 378

Target events in ttH and tH production modes (top quark decays either to
lepton+jets or all-jet channels) and H—=WW, H—1T1, or H—ZZ decays channels

Significance ttH: 4.7(5.2)o, tH: 1.4(0.3)c obs(exp)

Higgs coupling to top quark: —0.9 <k, < —=0.7 or 0.7 <k, < 1.1 @95% CL
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https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x

Events /0.2

Data / Bkgd

ttH multilepton and STXS in ttH,H—bb

© ttH Significance: 1.3(3.0)o, obs(exp) ATLAS-CONF-2020-058

& Simplified template cross section (STXS) measurements in five bins of
pT(H), boosted selection targeting pr(H) > 300 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-058/

