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The Higgs Boson

 The Higgs boson, discovered in 2012 by ATLAS and CMS, “completes” the
Standard Model of particle physics

* It's the quantum of the Higgs field , whose spontaneous symmetry breaking is
responsible for generating particle masses

* The SM model still does not explain many of the phenomena of our physical
universe

* Neutrino masses, baryon asymmetry of the universe, dark matter .....

* The discovery of the Higgs boson opens a new window for us to understand
the universe
e First fundamental scalar particle (also the only one in SM) found so far
* Looking for deviations from the SM predictions by studying its properties......
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Where do we stand ?
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Higgs @ LHC
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Thanks to its mass ~ 125 GeV, the Higgs physics program at LHC is very rich.
All the main production and decay modes are under scrutiny by ATLAS and CMS.
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Outline

* Higgs — bosonic channels

e Mass, width
* Inclusive/differential cross sections
* Coupling properties

* Higgs - Yukawa interactions

* Higgs to 3" — generation fermion couplings

* Higgs to 2"d — generation fermion couplings

e Combinations

Disclaimer: only a few selected
o Higgs —_ seIf—coupIings recent updates among all results

See Stefania’s talk from ATLAS and CMS

* BSM Higgs
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Higgs Boson Mass

 The only free fundamental parameter of the Higgs
sector in SM

* Completely determined the SM Higgs properties

* Measured from the mass peaks in the two high
resolution channels: 4l and yy

mHy = tot (+ stat + syst)
&) be+yy (Runl+ 36/fb Run2) 124.97 + 0.24 (+ 0.16 + 0.18) GeV
| 4¢ (36/fb Run2) 125.26 + 0.21 (+ 0.20 + 0.08) GeV
\ — —

* Already < 0.2% precision (~200 MeV)
* Among the most precise EWK parameters
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Higgs Boson Width

* SM prediction I';,= 4.1 MeV, crucial for BSM searches

* direct measurement limited by detector resolutions
* indirect measurement from off-shell production
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PRD 99 (2019) 112003

Higgs BOSOn Width PLB 786 (2018) 223
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PLB 792 (2019) 369

Higgs Cross Sections

* Inclusive X-section measurements in Yy and ZZ channels at 7, 8 and 13 TeV
* The ratio of BRs for the two decay channels is also measured
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CMS-PAS-HIG-19-001

Differential Cross Sections e N o100

ATLAS-CONF-2019-032

* Fiducial and differential cross sections

 Measure the rate of Higgs boson production in a certain region(s) of phase space, e.g.
in different regions of Higgs boson p;, rapidity, and N;., p/*%, m;;, Ady;, ...
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ATLAS-CONF-2019-029

Differential Cross Sections -> constrain c-H coupling

* Higgs differential X-section at low p; is sensitive to Charm Yukawa coupling
-> constrain charm-H coupling (not directly accessible)

; N T l T T T I T T T I T T T I T T T I T T T I T 1 T ] —_— 10 """""""""""""""""""" ;
8 2_— ATLAS Simulation Preliminary ] ga ATLAS Preliminary H—>yy \Fs 13 TeV, 139fb
e - — 8 - ~4- Data, tot. unc. syst. unc. ]
N -1 7 £ | ]
2 | 5 (s=13TeV, 13917 __ gy _ 1 B P B oo H detaut MG + X ﬁ
s - ~r -qqF. k. = 24 - I Bl NNLOJET ® SCET NNLO © NLL + XH ]
-g“ - 9gF, K¢ = E 82 551 XH = VBF+VH+ttH+bbH ] S\
= 1 ~-ggF, ke=-19 ] ol 1 Ke(ye/y2™) € [-19,24]
S - -=CC—o H, k., =24 J—
RS = » Ke ] P ;
? 0_5:— cC— H,k,=-19 B o 1 Q@ 95% C.L.
2 ., Themdol . 102F S
= 0Of T L . i '
%’., - . g P[TTTTTrrr
~0.5 - 515 'w 4_»; i
- . S 1f
_b‘ | | Ll | | | ] 205 —+—
20 40 60 80 1 00 1 20 1 40 ¢ 0 5l0 160 150 2(1)0 25;30 3(I)0 350
P [GeV] Py 16eV]

Mingshui Chen (IHEP Beijing) Higgs Measurements, PIC2019 11



ATLAS-CONF-2019-029

Differential Cross Sections -> constrain Wilson Coefficients

* Use the 5 differential distributions (p;", Nje, petl, m;;, Ad;) measured in the
H->yy analysis to constraint Wilson Coefficients in SILH and SMEFT bases
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The effect on differential distributions of the four
CP-even coefficients in the SMEFT basis.
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Higgs Measurements,

ATLAS Prlmiary 8 Obsenved 6% CL
SMEFT Interference-only Observed 95% CL
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Parameter value

Limits are derived fitting one Wilson coefficient at
a time while setting the other coefficients to zero.
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Simplified Template Cross Sections
(STXS). Dividing phase space into bins:

 According to production mode, and
kinematic distributions like number of
jets, pr(H), and m;(where applicable).

* Designed to reduce impact of theoretical
uncertainties on the results.

* Approximately to match experimental
selections so as to minimize model-
dependent extrapolations.

* Bins are merged if lack of statistics, called
different “stages” of STXS.

Higgs Measurements,

Simplified Template Cross Sections

Example: STXS stage |.1 for ggF production

Stage 1.1

|
0.0 [z ]

| | ]
= 0-jet = 1-jet

pr
0
10

m;j; [350, oo]
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CMS-PAS-HIG-19-001

Simplified Template Cross Sections

From just Higgs boson production bins ... .. to bins with finer split of kinematics regions
CMS Preliminary 137.1fb" (13 TeV)
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Phys. Lett. B 789 (2019) 508

Cross SECtiOnS in HéWW Phys. Lett. B 791 (2019) 96

 With second Highest B.R. for Higgs at 125 GeV, H>WW is an important
channel for measurement of Higgs boson properties
e Cross sections measured with 36 fb! in the H>WW-Ivl’v’ channel

o0 CMS 35.9 b (13 TeV)
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Higgs — Yukawa interactions

Higgs Measuremen ts, PIC2019
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CMS-PAS-HIG-18-032

3rd-generation fermion coupling: H> 1T

* After observed independently with more than 50 significance by both
experiments

* Measurements in STXS bins, results split by production mode and limits are placed on
the kvand krcoupling modifiers
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3rd-generation fermion coupling: H->bb
e Difficult channel despite large BR (58%) due to large bkg

 VH most sensitive but ggF, VBF and ttH play a role
* Established with a significance >50
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Higgs Measurements, PIC2019

PRL 121 (2018) 121801

JHEP 05 (2019) 141
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PRL 121 (2018) 121801

3rd-generation fermion coupling: H=>bb e

» Differential cross section measurement for VH production has sensitivity to p;"
* Results interpreted in EFT, limits placed on new H-W interaction coefficient c,,
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PRL 120(2018)231801

3rd-generation fermion coupling: ttH Lo Tau018)173

 The H-top coupling can only be directly probed in the Higgs boson
production.

* Top quark too heavy for the H->tt decay.
* > 50 observation established using the H>bb, WW, 17, yy, ZZ decays

P — 511" (7 TeV) + 19.717(8 TeV) + 3591 (13 TeV) 5 T T T
CMS g S ) e ‘e . ¢ =08 ATLAS
30y —13TeV ] N N .,:E_, 0 8:— BN Theory (NLO QCD + NLO EW) E
- +—5.20 — 7+8 TeV 5 [ H “H “H AT ]
\ v _ _ _ Q0 7:_ $ Combined data B
C "," ; g t g i C_l i av : Stat. only 1
0 0.5- -
signal strength 0.4F £
£ ttH comb (Run1-+80/bRun2) 1.32+328 0.3 E
[cMs, 0.31 0.2 =
— ttH comb (Run1+36/fbRun2) 1.2670% i -

i 0: L | l L L
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3rd-generation fermion coupling: ttH

 With more data and improved analyses (usage of
sophisticated methods for signal identification)

Events / Bin

Data / Pred.

Mingshui Chen (IHEP Beijing)

10*

10°

10°

10

1.4

1.2

—_

]I”I”W”]IUIL_

0.8
0.6

With full Run 2 luminosity, ATLAS ttH(H->yy) has 4.90 observed
significance
With 2016+2017 data, CMS ttH(H->bb) obs.(exp.) significance is
3.70 (2.60) = Evidence for ttH(H->bb) channel

CMS Preliminary

415" (13 TeV)
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Higgs Measurements, PIC2019

Events Sum of Weights / 1.375 GeV
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PRD 99 (2019) 092005

3rd-generation fermion coupling: tH

but it is sensitive to Higgs-top Yukawa 0 NI "o Obeorves

coupling sign because of the b H o WW /22 [ [y~ EXECIEd (SM)

interference — \|/ . /TT/ /’y’y —e— QObserved (Multllepton)
. p . , , - +ky=1.0,resolved Expected (Multilepton)

30 — x —e— Observed (77)
; . Expected (v7)
—e— Observed (bb) I,f: 50

- Expected (bb)

™ 25 |

* CMS analysis combines H->bb, yy and |
multi-lepton channels o

* 95% C.L. upper limit on SM-like tH
signal strength: 25 (12) obs.(exp.)

* ttH+tH combination favors positive k, A I\ A
over negative by ~1.50 (expected to
favor k,=1.0 over k,=-1.0 by 40)

Mingshui Chen (IHEP Beijing) Higgs Measurements, PIC2019 22
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2"d_generation fermion coupling: H->uu

* Challenging channel
«  Small BR(H>up) = 2-10*

ATLAS Preliminary, /s =13 TeV, 139 lfb‘l, H — upu

ATLAS-CONF-2019-028

«  Llarge irreducible background 1.0 i §
*  Needs excellent muon resolution and sophisticated Z — | = g/g(“)_l;))
° 0 ° 1 1 '_' X
techniques for good categorization of events (BDTs, FSR 0.01; ; ;  svB
Recovery, pile-up jet rejection, etc), and then look for peak in § §
the m,, spectrum. 0.0001 ’ :
. . - C .
 Upper limit set on u < 1.7 using the full Run 2 dataset 2 e S
«  Observed u=0.5%0.7. g e VBF
. Significance of the signal 0.8c (expected 1.50). 3 05 VH
> T T T T T T T T T g 025 ttH
s 300~ ATLAS Preliminary —+ Data = 1
~ E Vs=13 TeV, 139 fb" — Total PDF = 0.0
~ 250 H 5 — Signal PDF = - 10
£ - log(1+S/B) weighted ---- Bkg. PDF = o
g 200 E = 0.751
L - - 8 ’ - TOp
B 3 £ 05- W= Diboson
S 100F = 3 Z/y*
2 o ] o 0.25 1
50 — B .
c - 0.0-
S 5 5 8 55 8 5 8 5 5 8
& 1 I § 2 I g 2 I g 2 I 3 -2
- 5K 2 5 3 2 & 83 83 2 8
% 0 S L2 o« < N~ s o D ©
o = & - &
110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
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2"d.generation fermion coupling: charm-H

* The BR(H->cc) is 2.9%, similar to
BR(H->7t), but way harder to probe

* Very hard to separate the signal from
the overwhelming background at a
hadron collider (H->bb is background,
20 times more)

* Charm jet ID is highly challenging
* Complementary approaches exist :
* Direct search for H->cc decay

e Searches for charmonium decays:
H->J/Wy

* Extract constraints on A, from kinematics

* Total width / global analysis

Mingshui Chen (IHEP Beijing) Higgs Measurements,

35.9fb™ (13 TeV)
t d
w Z

------- SM Higgs boson
— (M, ¢) fit
T l+10
[ ]+20

Ratio to SM

il | [ R S A | ool |
10~ 1 10 102
Particle mass [GeV]

PIC2019
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2"d.generation fermion coupling: H->cc

* CMS has searched for H->cc in VH production.

CMS-PAS-HIG-18-031

Analysis separated according to number of leptons, and depending on whether the
c-quarks are reconstructed as one or two jets.

Apply novel c-tagging techniques.
* Limit placed on u < 70 (u < 36*16_, expected).

35.9fb" (13 TeV)
(13 TeVv (13 TeV) 35.9b" (13 TeV) '
52 RN LR AN AR R [vru[vrn]vrvr]'r”]"vr: U’22000""I .................... IBARRERERRE RAREE REREC g 200 éM‘Sl' 1 —;—QDIQ' ”'I' -IVH(H bl’)I' CMS
—>! = 2N ] Vi || . .
§ 90000~ CMS = z:zlglthgf)) 1 & 20000 CMS = ¥_\z/§<z>th§$)) E 2 180 Preliminary [ vz@z-sco) [0 V¥(other) Preliminary B
LD googof- Simulation Preliminary E&5a " i Simulation Preliminary ==& 160E- orgosit Wcxere WY pp—> VH(H- cc)
Merged-jet % 562{2:‘; ] 18000 Merged-jet % at‘_m‘;‘; -] 140 oL B VH(H-ce), p=21 VH(H-¢cc) x 100 u=37+19(stat.+syst.)
70000F 1L =) W+b/bb E 1L = W+b/bb E High purity 44 S+B Uncertainty ZH(H- cc)
o Wace ] 16000 BDT > 0.5 P Wace : 120 + n=36:24
60000 Toyow 4wl e o, T 4T
2+ BKg. uncertainty 12000 80 Z RS WH(H- cc)
50000 (VH scaled to total bkg.)"] 60 u=37+36
1 ioooob}@ A4 TUE Tl T e
40000 - = 40 oL
pord ] 8000 1=20+36
30000 : “E 6000
— = . - 1L
20000 cese—| = 4000 U
1 1 u=30:28
10000 I E 2000 YRS S _f_+—+—+ ....... ,,:#
ﬂ_ — ] -: e 2L
== RRES e ] ] 0 - =46+29
w
% 0.1 02 03 04 05 06 0.7 08 09 1 0 010203 Oéc ‘:;’ oifw Od7isgf?m(i)hgant1 00 10 10 i 180 20
Kinematic BDT gging Higgs candidate mass [GeV] L :
Best fit n
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Combinations
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arXiv:1909.02845

Higgs Coupling from Combination

* Combination of the H->Yy, ZZ, WW, 77, bb and uu channels using up to 79.8 fb! has

been used

to:

* Measure production mode cross sections.

 Measure Higgs boson couplings.

 Place limits on coupling scaling factors, for example on overall scaling factors for couplings to
vector bosons, k,, and to fermions, k;

T | LI | LI | | | L | T T T | LI | T T T | LI I L | T LL _l L l 171 | T 11 ] T 171 | Tr 71 I 7T l T 17T I T 17T | L | T 171 | l_

%  2—ATLAS . 3

ATLAS —e—i Total Stat. [ Syst. M s 18TV, 245798 " + Beost fit

Vs=13TeV,245-79.8 fb" 1.8/ m, = 125.09 GeV, Iy | <25 —68% CL 3

m, =125.09 GeV, ly | <2.5 ’ 6: Py, =4H% ----95% CL 7

Py = 76% Total Stat. Syst. E * SM :

I +0.07 1.4 =

ggF F==H 1.04 +0.09(+0.07, “(og) ’ 2: ]

VBF ———| 121 105 (To1. T01s) 1= =

WH . 130 104 (15B, 0, 0.8F E

031 010 0 6: — Combined — H—7y 3

. + 0. — ]

ZH . 1.05 "hg (024, T047) ~F 3

0 4; —H—)ZZ H—)WW _—:

fiH+tH e 121 028 (1047, 03 0 25_ e B E

v b s by b s by b by v b v by v by j) RTINS I BN SIS I AT IR R B B W
06 08 1 12 14 16 18 2 22 24 26 0 0204 06 08 1 12 14 16 1.8 f(

Cross section normalized to SM value v
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arXiv:1909.02845

Higgs Coupling from Combination Eur Phys. . C79 (2019) 421

* ~10% uncertainty on Higgs to W/Z boson couplings
e ~10-20% uncertainty on Higgs to the 3rd generation fermion couplings
 ~30% uncertainty on the total width constraint derived from coupling fit

35.9 b (13 TeV)
ek FUamLas Preliminay ] o O e T
> reliminary . C ]
% TE" Vs=13TeV,24.5- 139 fo' 2.7 oF CMS =
© = my=125.09 GeV e - C .
ELL|I e SM Higgs boson W ] 8 - E
“ 107 E - — Observed ]
- , ] 7B e SM expected E
102 ¥ - : .
: @ - 6F Iyl <1 :
10_35—# ) = 5:— .
e T,(my,) used for quarks 4 -
10'45— = 3
£ | : 3F &
s f : : +0.31
o N — .
3 B S e 2 [iot/Tsm = 0.98+31
0.8 3 1F ]
—1 l ) l2 :l 1 | 1 1 l. ‘l‘l 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 L 1 | 1 1
10 1 10 10 005 1 15 2 2.5 3
* Plot updated with 139 fb™! H->pu result Particle mass [GeV] /T

M
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HIGGS/ S
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arXiv:1902.00134

Towa rd s H L- LH C CMS-PAS-FTR-18-011

- 3 i 3000 fbo™' (13 TeV T . . .
T T 6-14Telv' sooovfb per?xperlmelnt L LI l 1T 17T I 1T 177 I 1T 17T I LI ] I(I T Iel_) UnCertaIntIeS In the hlgh nggs pT
ol ATLASand CMS - CMS Projection : region can reach 20-30%
- tatlst'lca HL-LHC Projection 15— i
— Experimental - . — w/ YR18 syst. uncert. (f =0) /
—— Theory Tgfcsi:';ﬁ l/;lh I ai 0 CMS Projection 3000 fb' (13 TeV)
K, B B i w/ Run 2 syst. uncert. (f_=0) / % =w/ Run 2 syst. uncert. (S1) o> 600) 1250
Ky = 17 08 07 13 L‘ ~=- w/ Stat. uncert. only (f =0) '/' : % Tsar-aer I Ac(p!' > 200 / 120
Kz = 15 07 06 12 C o 10_11 e Ac(p}! > 600) / 250
(on E e §eneeenes
K = 25 09 08 2.1 ::(43_'_ - ¢+  Combination 2
K B 3.4 09 11 31 o) 10_2%— § Hobb Vi
Ky == 37 13 13 32 < 10_3;_ H— vy
95% CL 2 ol
T = 19 09 08 15 T T T T F + H— ZZ ¥
— 43 38 10 17 10 aMC@NLO, NNLOPS |
! S 68% CL " g, from CYRM-2017-002 3
Kz, B 9.8 7.2 1.7 64 ~ . [l = I I I I S [ B B
Y n n n n 1 1 1 . 0 I | | | I L1 | - | | L1 1 1 I 11 1 1 I 8 1 5_
0 0.02 0.04 006 008 01 0.12 0.14 1 2 3 4 5 6 7 B r ‘
Expected uncertainty I, (MeV) J QR e T %%%
A substantial amount of parameter space (and masses) to be covered g 055_ e
* 2-4 % precision of Higgs couplings to W/Z, 3 gen. fermions, y/g and muon € 0 15 30 45 80 120 200 350 600 =

* Discovery for H->up and H->Zy decays Pl (GeV)
* H->cc:o/ogy < 6.3 from ATLAS Run 2 result extrapolation
[, can be measured in CMS =4.1+1.0, ; MeV
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Summary

 The Higgs Boson is “really” new physics
 Higgs boson is the most recent fundamental (?) particle discovered
* It has a very special role in the SM

* Higgs measurements have entered a precision era at LHC
* Higgs boson mass is measured with better than 0.2% accuracy

 All main decay modes (ZZ, WW, vy, tt, bb) and production modes (ggF, VBF, VH, ttH)
are established
*  Many differential cross sections/STXS measurements already started

* No deviations from SM have been observed

* A broad Higgs physics program is ongoing within ATLAS and CMS using the
LHC Run2 dataset (<5% of the final HL-LHC integrate luminosity)

e Stay tuned!
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Thanks for your attentions

More references at

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

Mingshui Chen (IHEP Beijing) Higgs Measuremen ts, PIC2019
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

Backup
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Observations of 3'4 generation fermion couplings

Run 2 Higgs Physics Milestones Already Reached
Third Generation (Charged) Completed!

Yukawas at LHC tau b top
: Exp. Sig 54 o 5.50 5.10
ATLAS Obs.Sig. | 640 | s40 | 630
""""""""" mu | 1.09%035 | 101£020 | 134+021*
- EBpsSe | 590 560 | 420
cMs Obs.Sig. | 590 | 550 | 520
'"""""""" mu | 1004027* | 1044020 | 126 £026™

Mingshui Chen (IHEP Beijing)

Higgs Measurements, PIC2019

*13 TeV only derived from cross section measurements
** Lower uncertainty (upper uncertainty 31)
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H—J/YVY ]J/¥Y AND H-YY

SM BRs inaccessible by many orders of magnitude.

Q
Z c,b
Four-muon final state H
® Experimentally clean with very small SM backgrounds )
. . Q
® Excess at H or Z mass would be sign of BSM physics
e e 95% CL Upper Limits
Sf) p_p;Jl/)q;ti/w—wu (3) - Ff,:YD:t; e ] Process Observed Expected
E) —— Signal + Background E B —— Signal + Background 7 B(H—>]/1P]/l/)) 1.8 x 103 (1 8+O'2) % 103
$ 10 N, v Simulated signals S 1o\ Simulated boson signals _| - 707
o F o E E B(H — YY) 1.4x107% (14+£0.1) x10°3
) B(Z—J/pl/p) 22x107¢  (2.8712) x107°°
1k WL 1 BZz-YY) 1.5%10°¢ (1.540.1) x 106
107 , i 107 P P
40 60 80 100 120 _ 140 20 40 60 80 100 120 140
M,, (GeV) M,, (GeV)

-




H-Z7" - 4¢

Analysis features to note:

* |ow event yield: 850

* best final S/B-ratio, better than 2:1
e good mass resolution = 1-2%

* Best channel to observe Higgs at 125 GeV
(due to excellent S/B ratio, despite of low yield)

* Best for Higgs mass measurement
(very small systematics for muons)

» Best for studying Higgs JP properties
(fully reconstructed four-body final state)

» Best for studying Higgs width via ratio of off-
shell to on-shell production rates

* Second-best for measuring cross sections
(after the diphoton channel)




Run 2: oxBxL = 16K events

Analysis features to note:

\ CMS Experiment at the LHC, CERN
. Data recorded: 2012-May-13 20:08:14.621490 GMT
é’// Run/Event: 194108 / 564224000

s

* fairly high event yield:
20X (H-ZZ" - 47)

e good mass resolution: 1-2%
 fair final S/B-ratio: 1:20
* Excludes J=1 (Landau-Yan theorem)

* Best for measuring cross sections
(comb. of high yield and fair S/B ratio)

* Good for Higgs mass measurement
but not the best due to systematics

* Decay is via loop: look for BSM
contributions!
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H - ZZ" — 4{: Higgs mass measurement

CcMS | 3s9m'(13Tev) |

Mass measurement: > o T ;.l_

S L Data .

* Three event categories: 4u, 2e2u, 4e N eoh ] H(125) E

e [ qa-22, 2y .

* Momenta of two leptons forming Z, are refit using pdf;;(my) S 50 = 99 B2
(i C
* Fitis performed for my in 3D space: pdf(mM, D’,ﬁ;}fq, am4l|mH) 40/
* With respect to using just mass distribution 30}
e Z;-refitimproves my measurement by 10% 20
* per-event four-lepton uncertainties -- by 8% 10bE-
 ME-based discriminant (signal-vs-background) -- by 3% i

0
70 80 90 100 110 120 130 140 150 160 170

Run 2, 2016 result: my = 125.26 + 0.21 = 125.26 + 0.20(stat) + 0.08(syst) GeV m,, (GeV)
This is the best Higgs boson mass measurement at the moment

Run1 2016 dataset H->ZZ->4l H->yy Combination
ATLAS+CMS ZZ+yy combination | | \p aq 124.79 + 0.37 124.93 + 0.40 124.97 + 0.24
125.09 + 0.24 GeV cMS 125.26 + 0.21 125.4 + 0.3

Awaiting updates with full Run 2 dataset (stat errors are expected to improve by a factor of 2: + 0.10)

HL-LHC: stat error will improve by a factor of 10: ~20 MeV
One needs to improve systematics proportionally to about 10 MeV, or 0.01% - huge challenge!
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H — ZZ: T, from off-shell to on-shell production

g p Jo F(m) Assumptions:
”+$;: gz 9297 5 5 5 S * The coupling modifiers are identical for on-
: Z " (m = mig)” + mil shell and off-shell production;

* The coupling modifiers are independent of the
momentum transfer of the Higgs boson
production mechanism considered in the

F(m) depends on: analysis;
- huge boost for my+ > 2my (both Z bosons are now on-shell) « Any new physics which modifies the off-shell
- Hgg coupling g evolution (notice the bump for my;+ > 2m;) signal strength and the off-shell couplings does
- partonic gg-luminosity drives F(m) down , not modify the relative phase of the interfering
- tensor structure Hgg coupling (non-SM couplings tend to give a .

large boost to off-shell production) signal and bac!<ground pr.Of:ess.es;

e There are no sizable modifications to the off-
shell signal region unrelated to an enhanced
off-shell signal strength

Mingshui Chen (IHEP Beijing) Higgs Measurements, PIC2019 38



Simplified Template Cross Sections

To measure as precisely as possible individual

production processes (ggF, VBF, VH and ttH) in Stage 0 R
different regions of phase space [ ] r Tve | B [ 5n | [ = |
. N (Run1-like)
Integrate over the decay products of the Higgs. _— :|-
* Define fiducial cuts at truth particle level on the
Higgs production (eta, pT, number and kinematics
of the additional jets or leptons in the events).
* Define (as much as possible) reconstruction level Stage 1 - ggF
cuts corresponding to the fiducial volume of
interest (as much as possible). | oo |
* Fit the defined partially fiducial defined cross )
sections in all regions simultaneously. -
Advantage possibility to combine decay M
channels and use multivariate techniques in [

specific channels -- Compromise as both
aspects increase the extrapolation.

9/9/19
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Interpretation in EFT with STXS

Interpretation of ATLAS VH(bb) STXSs in an EFT framework, in
this case the high energy parametrization is important

z' +Z(8

e Reduction of the (2499 baryon number preserving dim-6
Wilson coefficients) keeping only universal and CP- invariant
operators reduces to 8 Higgs production operators and 9
operators affecting EW observables.

e SILH: Strongly interacting light Higgs basis, with universal
couplings in which new physics couples only to the Higgs
captures best the low energy effects.

Eeff—CSMJrZ {9

* Oyw = i(D*H)" o (D"H) W4,

* Onp =i(D"H)" (D"H) By,
* Oy =+ (H O'“D"H) DS _

B Linear terms for SM-BSM
interference and quadratic

5 R T ~ 14 .
Op =5 (H DHH ) 9" Byy. terms taken into account.

Mingshui Chen (IHEP Beijing) Higgs Measurements, PIC2019
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Combination of all Higgs boson analyses

WW

Y44

bb

Tt

Yy

Hu

invisible

Mingshui Chen (IHEP Beijing)

Higgs Measurements, PIC2019

I -T
o(xx > H)-BR(H — yy) o< s

F TOT

One needs 11 independent parameters to describe all
currently relevant production & decay mechanisms:

[,z (loop induced: t and some b)

r't'[
I,y (loopinduced: W and t)

Jm

rinvisible

Mot = (sum of all I'listed above) + (sum of all other SM ) + g5y

decay modes not studied or, perhaps,
studied, but not included in combination
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EPIC 79 (2019) 421

Global Signal Strength

* Inclusive Higgs signal strength from combination of all analysis channels:
 ATLASRun 2 (80 fb1): u=1.1170 = 1.11 +0.05(stat.) 502 (exp.) Tooa (sig. th.) = 0.03 (bkg. th.)
e CMSRun2(36fb?): 1 =11740.10 = 1.1740.06 (stat) 752 (sigtheo) =4 0.06 (other syst)

Comparable uncertainties from statistics,
experimental systematics and theory sources
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Towards HL-LHC

ATLAS - CMS Run 1 ATLAS

combination Run 2
’{7 13% 9%

Rw 11% 8.6%
Rz 11% 7 o0
Rgq 14% 1%
Rt 30% 14%
Ry 26% 18%
KT 15% 14%

(g’;i')’é’i ATLAS-CONF-2019-04

HL-LHC YR
1902.00134

“YR18 systematic uncertainties” scenario (S2): Theoretical uncertainties are scaled down
by a factor of two, while experimental systematic uncertainties are scaled down with the
square root of the integrated luminosity until they reach a defined minimum value based
on estimates of the achievable accuracy with the upgraded detector

Vs = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection
—— Experimental

Theory Uncertainty [%)

Tot Stat Exp Th

— 1.8 08 1.0 1.3

= 1.7 08 07 1.3

— 1.5 0.7 06 1.2

= 25 09 08 2.1

— 3.4 09 1.1 3.1

- 3.7 1.3 13 32

— 1.9 09 08 15

43 38 10 17

9.8 72 1.7 64

0 002 004 006 008 01 012 014

Expected uncertainty
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Statistics

Workhorse of the combination is the profile likelihood ratio, A

a = Set of POIls at some
fixed values to be tested

]
....

8 = Nui Values of © that maximise the
= Nulsance parameters Ay likelihood given the fixed
~ values of d being tested
R L (a’ 9 ( ) ) (conditional estimate)
A ( a) - A -
3 02 Values of d and O that globally

L ( 04 9) .« maximise the likelihood

’

(unconditional estimate)

.
.
°
------

Exploit the asymptotic limit:

* Test statistics q(&) = -2 In (A(a)) is assumed to follow a 2 distribution with o
degrees of freedom

* To determine a confidence-level (CL) interval for a single parameter a, we only
need to find the values of a where q(a) = the %2 critical value for that CL, e.g.
1D 68% CL at (o) = 1.00
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An example of breaking down of uncertainties

Input: Combined

: 1 10f
 rorthis and other key measurements, g | ATLAS«CMS Y I e
break uncertainty down into 4 < 9F Intemnal
- +0.111
components: s n=1.094"0
« statistical, experimental, background 7E b=1.004" 0 (Exp) " (BRaTh) "OT(SigTh) * o ccl(Stat)
theory, signal theory ok
5F
. af
» All ~4300 NPs assigned to one of these :
groups 3¢
2F
o Each component determined by fixing 1t
successive group of NPs to best-fit S
values 0 and repeating NLL scan uw
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Higgs rates & couplings

8/22/16

Signal parameterization

Signal strengths, p

Parameters scale cross sections and
BRs relative to SM

(o BR/

u, = —
oM BRY,,.

Scaling of generici = H — f process

f
O-l'BR
;[fz =,u-><,uf
" (o;-BRD)gy

Couplings, k

Parameters scale cross sections and
partial widths relative to SM

2 SM .2 _ 1 /7SM
K = aj/aj Kj = FJ/F]-

O-i'rf
I'y ’

o; -BR/ =
Total width determined as

2 ~SM
[ = ﬂ
- BRgsm

Where

2 7 2
Ky = E BRSMK,]-
J

Mingshui Chen (IHEP, Beijing)
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Higgs production processes

Usual suspects:

ttH

ggF VBF

t/b

9 q q q
" Kw + Kz ¢ "

e Rare processes:

gg—bbH gg—ZH gb—tHW qg—tHq
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