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Introduction: STXS

* The Simplified Template Cross-Section (STXS) measurements, which are the most common type of the
results in ATLAS and CMS, are often used to probe the Higgs boson couplings.

* The advantage of STXS measurements are the following:
=% Maximizing experimental sensitivity
== Isolation of possible BSM effects
== Not fully fiducial

=% Minimizing the theoretical uncertainties
== Suitable for global combinations
== No Higgs decay information
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* The Simplified Template Cross-Section (STXS) measurements, which are the most common type of the
results in ATLAS and CMS, are often used to probe the Higgs boson couplings.

* The advantage of STXS measurements are the following:

=% Maximizing experimental sensitivity =% Minimizing the theoretical uncertainties
== Isolation of possible BSM effects == Suitable for global combinations
== Not fully fiducial == No Higgs decay information

* The STXS measurements are performed in two steps:
* The Stage 0 bin definitions essentially correspond to the production mode measurements.
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Introduction: STXS

* The Simplified Template Cross-Section (STXS) measurements, which are the most common type of the
results in ATLAS and CMS, are often used to probe the Higgs boson couplings.

* The advantage of STXS measurements are the following:

=4 Maximizing experimental sensitivity =% Minimizing the theoretical uncertainties
== Isolation of possible BSM effects == Suitable for global combinations
== Not fully fiducial == No Higgs decay information

* The STXS measurements are performed in two steps:
* The Stage 0 bin definitions essentially correspond to the production mode measurements.
e The Stage 1 brings additional bins based on kinematics.
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Introduction: STXS

* The Simplified Template Cross-Section (STXS) measurements, which are the most common type of the
results in ATLAS and CMS, are often used to probe the Higgs boson couplings.

* The advantage of STXS measurements are the following:

=4 Maximizing experimental sensitivity =% Minimizing the theoretical uncertainties
== Isolation of possible BSM effects == Suitable for global combinations
== Not fully fiducial == No Higgs decay information

* The STXS measurements are performed in two steps:
* The Stage 0 bin definitions essentially correspond to the production mode measurements.
e The Stage 1 brings additional bins based on kinematics.
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 The goal is that the full granularity should become accessible in the combmatlon of all decay
channels. \
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STXS measurements: an example

* The 41 CMS STXS measurements with the full Run Il dataset are done in 7 Stage 0 and 22 Stage 1 bins.

* Expected fraction of signal events is estimated per production mode in the different categories.

* Cross sections in each bin are extracted from the fits in categories.
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Signal fraction

* More details about the STXS measurements for presented EFT results can be found at W. Leight

and S. Jiggins talks (ZZ /WW and bb/tt modes, respectively).
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events
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https://indico.cern.ch/event/856696/contributions/3742193/
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Effective field theory approach

e After Run 1 discovery of the Higgs boson, the increased number of Higgs decays allows improved
precision in the couplings and cross section measurements to test the compatibility of the SM
predictions and search for possible deviations.

* One of the most promising tools in this field is the Effective Field Theory (EFT) approach, in which the
SM Lagrangian is supplemented by new operators with canonical dimensions D larger than 4:

(5) (6) (7) (8)

C; 6 C; rd C; 8
Lo = EW+Z—OU +Y - 0" +Y° It o +%° /\4o.§)+-~

Fs

i i i
where ¢; are so-called Wllson coefficients and 0( ) are the operators of dimension D.

* This framework can be used to interpret the STXS results (but also applicable for the interpretation of
differential cross sections and kinematic measurements):

» The Higgs boson production cross-section in STXS region p can be expressed as:

Op = O0p,SM T Op,int T+ Op BSM
» lts ratio to the SM can be then parameterized as follows:

p— —1+ZA Ci +ZB CiC;

where Afp and B;p are coefficients independent of the ¢; and determined from simulation.

* Main simulation tool: SMEFTsim model for the MadGraph5 aMC@NLO Monte Carlo generator.

N. Belyaev, 8th annual conference on Large Hadron Collider Physics 7

ATL-PHYS-PUB-2019-042 °



https://cds.cern.ch/record/2694284

EFT bases

* A complete and non-redundant set of higher-dimensional operators forms so-called EFT basis.

* For each specific type of interaction, EFT bases can be constructed in several different ways, but all of
them are equivalent in terms of physics effects.

e For example, CP-violating operators of the Higgs Effective Lagrangian (HEL) model in the gauge
eigenbasis can be written as:

r2~

)
Cop = 95 prgt Ty, Draivk, + 92 prayt pra B, + L ateB,, B
W pv m2 H mW
‘3 — i~
95 g(qu)Ga G”" Caw %sz ij WeHk 4 gs (233(; fachf,,vagéwc
mw mW mW

* There a many different bases describing the BSM Higgs boson interactions: Warsaw (SMEFT) basis,
SILH basis, Higgs basis and others.

e But sometimes it is reasonable to work only with a small subset of new operators, not with the whole
basis.

» Example: an effective amplitude of the HVV interaction can be written as follows:

A(va) ~ aVV_i_KYVq% qu% m ¥ ex +a Vf f*(Z)luv VV *(1 f"-‘
1 (AVV) Vitvitvz 2 Juv as
1
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EFT measurements in the bb channel (ATLAS)
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The STXS measurements and their EFT interpretation were done

with the H = bb decay channel for the W /ZH production.

Cross-sections are measured as a function of the gauge boson

transverse momentum in kinematic fiducial volumes.

One-dimensional limits on four linear combinations of the Wilson -

coefficients in the SILH basis have been set.
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Coeflicient Operator
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CHB i (D"H)" (DVH) By,
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Cw 5 (H’faaD# H) D"Wg,
. >
Cp g(m D“H) 8 By
Cd yalH|*QLHdy
Coefficient Expected interval Observed interval
Results at 68% confidence level
CHW [-0.003, 0.002] [-0.001, 0.004]

(interference only

(interference only

[-0.002, 0.003]
[-0.066, 0.013]
[-0.016, 0.016]
[-0.006, 0.005]
[—0.005, 0.005]
[-1.5,0.3]
[-0.4,0.4]

[-0.001, 0.005])
[=0.078, —0.055] LJ [0.005, 0.019]
[~0.005, 0.030])
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[-0.002, 0.008])
[Z1.6,-0.9] | [-0.3, 0.4]
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Results at 95% confidence level

CHW
(interference only

CHB
(interference only

Cd

[-0.018, 0.004]
[-0.005, 0.005]
[-0.078, 0.024]
[-0.033, 0.033]
[-0.034, 0.008]
[-0.009, 0.010]

[-0.019,-0.010] |J [-0.005, 0.006]
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[-0.6,1.1])

75<'p2 7 50?,0 > 97?.5250 Ge , (interference only

* All measurements are found to be in agreement with the Standard Model predictions.
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EFT measurements in the bb channel (AT

lep

* The obtained results are all consistent with the Standard Model expectations.
The results will be published shortly (HIGG-2018-51)

The same measurements as in the previous analysis, but with

the whole Run Il dataset.

The key improvement compared to the previous analysis is
reconstructed-event category with

the addition of a

The STXS measurements are now used to constrain the

coefficients of the operators in the Warsaw basis.

- ATLAS Preliminary VH,H - bb,V — leptons cross-sections: 3
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cuu  Owu=(H'iD H)(@,y"uy)
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ATLAS Preliminary
- 68% CL ---95% CL
W Linear (obs.)
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- [-0.46, 1.3] [-0.44, 1.1]
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More EFT measurements in the bb channel (ATLAS)
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The STXS measurements and their EFT interpretation were also Coefficient Operator
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All results are in agreement with the Standard Model predictions. 1
The results will be published shortly (HIGG-2018-52) o
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EFT measurements in the 4/ channel (ATLAS)

* The EFT operators in the SMEFT formalism probed in this analysis:
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1 6:*A TLAS —— Obs E’ 1 6:_ATLAS ------ SM Expected

L H— ZZ* > 4l v - H—ZZ" — 4l

141 Vs=13Tev, 139 b

12 0bs: ¢, =05 i
- Obs w.o0. Acceptance: ¢,

------ Obs w.o. Acceptance

=03

........................................................................

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Ll Ll 1l

|IILIILJI\II‘II\

IT\II\III

{IIL

O
1

IJLII

2
O_IIIL{IILIIIJLLI
4 -3 -2 -

0 1

2 3

CHW

N. Belyaev, 8th annual conference on Large Hadron Collider Physics

14 ys-13Tev, 139 1"

—— Observed

12— SM Expected: [C,,z,l =0.0

10§

|\WI|\II|\I

[ Observed: [c, 7| =06

{IIJIILJII\J'IJ

JIILIII\I

,,,,,,,,,,,,,,

|IJI

i

o 00}

T
=

e 1D and 2D scans over the
SMEFT Wilson coefficients
were produced (one or two
non-zero coefficients).

* Quadratic terms are taken
into account in addition to
the linear ones, due to their
significant contribution.

* The test statistic is used to
perform the measurements:

L(ff (fT ) _
L(O', 9)

q(o)=-2 —2In A(c)

* The acceptance correction is
also considered.

e The constraints on the
Wilson coefficients are
obtained.
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EFT measurements in the 4/ channel (ATLAS)
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CP-even couplings
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EFT measurements in the 4/ channel (ATLAS)

CP-even couplings
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EFT measurements in the 4/ channel (ATLAS)

A TLAS Expected: Stat+Sys A TLAS Expected: Stat+Sys
H—ZZ* - 4 P - Observed: Stat+Sys H— ZZ* — 4l p L] Observed: Stat+Sys
§M=EI1:E|3_T9V, 19910 o Observed: Stat-Only §M=E::L_’»I_T9V. 1391 s Observed: Stat-Only
Best-fit  95% CL Best-fit  95% CL
Caw | . 05 [-3.4,2.1] Coiv - - +06  [2424]
CHB -‘ -0.03 [-0.62,0.59] HB ; 0.00 [-0.56,0.56]
Cowe - 0.1 [-1.1,1.0] Coive d 0.0 [-1.0.1.0]
Coa - 102 -0.001  [0.008,0.007] C . .10 0.000  [-0.029,0.029]
Cun I R 5.102  -6,18  [-18,30] G . ] 5.10% +21 [-50,50]
R B i N PP RS B , [ | " MU R R S |
-2 0 2 4 6 -2 0 2 4 6 8
Parameter Value Parameter Value
EFT coupling Expected Best-fit  Best-fit
parameter 68% CL 95% CL 63% CL 95% CL value p-value ® The constraints are placed
CHG [-0.004,0.004] [-0.007,0.008] [-0.005,0.003] [-0.008,0.007] —0.001  0.79 on possible CP-even and
Cutt (-8, 20] [=14, 26] [~12,6] [-18, 30] -6,18  0.50 CP-odd BSM interactions.
CHW [-1.6,0.9] [-2.9, 1.6] [-1.5, 1.3] [-3.4,2.1] 0.5  0.66
CHB [-0.43,0.38]  [-0.62,0.60]  [-0.42,0.37]  [-0.62,0.59]  -0.03  0.98
CHWB [-0.75,0.63]  [-1.09,0.99]  [-0.71,0.63]  [~1.06,0.99] 0.1 093 e As a result, the data are
cne [-0.022,0.022] [-0.031,0.031] [-0.019,0.019] [-0.029,0.029] ~ 0.000  1.00 found to be consistent with
it [-26, 26] [-40, 40] [-37,37] [-50, 50] +21  0.48 the SM hypothesis.
.- [-1.3,1.3] [-2.1,2.1] [-1.5, 1.5] [-2.4,2.4] +0.6  0.84
- [-0.39,0.39]  [-0.57,0.57]  [-0.37,0.37]  [-0.56,0.56] 0.00  1.00
Crive [-0.71,0.71]  [-1.05,1.05]  [-0.69,0.69]  [-1.03, 1.03] 00 100 HIGG-2018-28
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Combined CMS EFT measurements

* Combined measurements of the production and decay rates of the Higgs boson and its couplings to

* The acceptance is assumed to be the same as that predicted in the SM.

e The signal strength values are parameterized in terms of EFT.

® Observed
CMS — G (stal @ syst)
.. B 10 (syst)
Preliminary 1o (atat
—— +20 (stat @ syst)
} P, =57%
urt =
pzz +
uww ——E——
uee = j
oo —
T :l:
L ||||||i\||||||||||||\
0 0.5 1 1.5 2 2.5

35.9-137 b’ (13 TeV)

Parameter value

35.9-137 fo ' (13 TeV)

® Observed
CMS — G (stat @ syst)
.. B 10 (syst)
Preliminary 1o (et
— +20 (stat @ syst)
B : Py, = 54%
“ggH —E’—
l"l\,'BF _*—E_
B —
Mz ——
My ——=—
R B AR B B
0 0.5 1 1.5 2 2.5

Parameter value

vector bosons and fermions, and interpretations in the EFT framework were performed.

* The STXS interpretation was

done within the Higgs
Effective Lagrangian (HEL)
model.

e The HEL Lagrangian adds

39 flavor independent
dimension-6 operators:

Lyg, = Lsv+ )0 fi/ A
j

* New physics ~ f;/A®.

16
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Combined CMS EFT measurements

Tgs to

e Cor o
vesy 35.9-137 fb' (13 TeV)
* The .
CM_S, —— Observed +1c | n combined 1o
Preliminary b =90% |
¢ The 1 1 1] 1 1 1 1 1 1 1 SM 1 1 1 1 1 1 I 1 1 1 T 1 1 1 1 1 1 1
CN 2z * < -4 2 0 _I’_z 4 6 ~—T
Pre : | . § ) , :
- WW o —o f . .
uY? \ : | :
| T —— E -:b— E L —t —— —QJ:-—
uz 2.45"2% i - | |
i bb ! . 1ol <4 e
pww m . ; 031757 [3.181% i . I .
“ﬂ 0 05 1 15 2 25 0 1 2 3 0 1t 2 3 4 5 1 2 3 4 5 05005115 2 25
B ggH VBF WH ZH ttH
f
bb
n K.
e — P =
N B B B . N B T
0 0.5 1 15 2 25 0 0.5 1 15 2 25
Parameter value Parameter value HIG-19-005

lon was

Higgs
| (HEL)

n adds
endent
Irs:

S
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Combined CMS EFT measurements

* Signal strength measurements were interpreted in terms of HEL EFT framework.

* Only leading CP-even terms were considered, which are not tightly constrained by other data.

e CP-odd parameters are neglected — not present at the leading order in 1/A%. The CP-even
quadratic terms are also assumed to be small.

cwa102
WW—CE)XIOE
c,x 10
c,x10

c, x10*

E;G><105

c,x10

35.9-137 b (13 TeV)

CMS ® Observed O Observed (other (:I:U)
—_—ti [ 10 (other ¢ =0)
Preﬁminary — +2¢ +2¢ (other ¢ = 0)
P, =89% :
— ——
——-—
Ll | N AR B B

20 15 10 5 0 5 10

Parameter value

HEL Parameters Definition Others profiled Fix others to SM
ca x 104 or = M fa ~1.03%735 —0.78% 11
AT A +1.59 +1.10
~1.56 ~1.11
e x 10° o T 1.437320 0.271:02
G~ g A +3.13 11.03
—2.74 ~1.01
cy x 10 0y = —0v2 L ~0.83 ~0.69
A +0.83 +0.68
70.79) 70.67)
0597793 —0.017934
cg x 10 0y = —v2dd ~1.13 —0.28
A +1.08 +0.30
~1.05 ~0.28
-0 57+0.74 -0 75+U.6D
cp % 10 o = _sz_ez ~0.73 —0.64
' A +0.72 +0.58
-0.77 —0.60
+4.72 +0.84
2 _
cuw X 102 Cry = " fiy 1457373 0.77 120
g A +3.93 +1.04
327 ~1.38
2 2 16+2-84 0 62+1.06
c —cp) x 102 — M fww —5.35 ~1.22
( WW B) CWw 3 ae 109
~5.00 -123

* All results are found to be compatible with the standard model expectation within the current

u

ncertainties.
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EFT measurements in the yy channel (ATLAS)
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cross sections for the yy mode.

* Measurements of the fiducial integrated and differential

Objects Fiducial definition

Photons  |n| < 2.37 (excluding 1.37 < |n| < 1.52), > pt/pt < 0.05

Jets anti-k;, R =04, pr > 30 GeV, |y <44

Diphoton N, >2, 105GeV < m.., < 160GeV, pi/m.., > 035, pi?/m., > 0.25

EFT interpretation of differential cross sections with CP-even

and CP-odd interactions.

Effective Lagrangian - SILH formulation:

SILH
‘Leﬁ >

Eg()g + EyOy + EHWOHW + EHBOHB
Effective Lagrangian - SMEFT formulation:
ngﬂﬂq ) EHGOé + Eywohw + GHBO;.[B + EHWBO}{WB

+6HG5é + 5HW5;,,W + 6}]35;13 + EHWBéd;IWB
> CP-conserving: Cyg, Cyw, Cyp and Cyw .

> CP—ViOlating: C~HG/ C~HW! CHB and EHWB'

ATLAS-CONF-2019-029
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EFT measurements in the yy channel (AT

LAS)
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EFT measurements in the yy channel (ATLAS)

* Limits on Wilson coefficients are set with the e
differential cross sections:

Fitting one Wilson coefficient at a time.

: 1
* Five analyzed observables: p%fy, p% , Njets, mjj and
1 1, LoNT i, . Ap;;.
L=— eXp (_E (U-data - O-pred) C : (U'data - O-pred)) (p]]
k . .
y2m)TIC] * Results have improved by a factor of two in
comparison to the previous measurement.
SILH basis:
ATLAS Preliminary W Observed 68% C Coefficient  Observed 95% CL limit Expected 95% CL limit
- H , Vs=13TeV, 139 fbr 4 — — —T
SA;EYF}:r Interference-only Observed 95% CL Cq [—0.26,0.26] x 194 [-0.25,0.25] U [-4.7, *4_2] x 10
I Z [<1.3,1.1] x 10 [~1.1,1.1] x 10
C,;[107] N Cuw [-2.5,2.2] x 107* [—3.0,3.0] x 10~
& ot m Criw [—6.5,6.3] x 1072 [—7.0,7.0] x 1072
we (1071 ] c, [-1.1,1.1] x 107* [—1.0,1.2] x 10*
Cyy 1107 N &, [—2.8,4.3] x 107" [—2.9,3.8 x 10°*
Cow | L SMEFT basis:
EHB [1 0'3] - Coefficient | 95% CL, interference-only terms | 95% CL, interference and quadratic terms
- - : Cuc [—4.2,4.8] x 107° [—6.1,4.7] x 107*
Cp [10%] | Cre [—2.1,1.6] x 1072 [—1.5,1.4] x 1073
B ol Cuw [—8,2,7.4] x 10* [-8.3,8.3] x 107*
Crws [107] Crrw [—0.26,0.33] [—3.7,3.7] x 1073
~ ol Cun [—2.4,2.3] x 10~* [—2.4,2.4] x 107*
Crang [107] L Cus [~13.0,14.0] [~1.2,1.1] x 1073
15 -1 05 0 0.5 1 15 Chuws [—4.0,4.4] x 10 [—4.2,4.2] x 107
Parameter value Cown [—11.1,6.5) [—2.0,2.0] x 1073

* The measurements and are found to be in good agreement with the Standard Model predictions.

N. Belyaev, 8th annual conference on Large Hadron Collider Physics
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EFT measurements in the 77 and 4/ channels (CMS)

CMS Supplementary

5.1 b (7 TeV) + 19.7 fo'! 8TeV)+802fb (13 TeV)

1: HIG-18-002 / // / //
F  HIG-17-034
* A study of anomalous HVV ~ °°F Heisos / / / / //// // /
interactions was performed. ™00 E= | | ! 7727777
B 0 E e - e - T - - - - ,—---' = -
S oo0si== ////// V. | l e
* Production: ggF and VBF. Y // / / /
j: : Z /// /// Z W
—— Best fit & 68% CL A, a, | Lol all |
e D : ////‘Excmgeg i 8:'555? ((Zjll: | '(1“ rSM)
ecay- 1t et o ok L HZZ+HWW 7y Hyy =
Parameter Observed/(107?) Expected /(1073)
e Combination with H — 4l analysis. 68%CL  95%CL  68%CL  95%CL
fizcos(dz) 000027 [—92,14] 0.00+023 [—1.2,1.2]
e Anomalous interactions  are foocos(¢) 008719 [-1.1,34]  00'1  [-4.0,4.2]
parametrized by a scattering fa COS(‘le) 0.00%0  [~04,1.8]  0.00%335  [-0.5,17]
amplitude: falcos(¢i]) 0011 [-6557] 00738 [-11,80]
A(HVV) ~ “}N‘FM My €31€37
(AY)
P t Observed Expected
+a2 f ])f*(z ?‘V+gwf 1)f*(2 aramerter serve xpec e
as/a [—0.81,0.31] [—0.090, 0.090]
* The results are consistent with the az/ [—0.055,0.097] [—0.11,0.11]
standard model expectations. (A1v/|a1]) cos(pa1) (GeV)  [—oo, —650] U [440,00]  [—00, —610] U [450, 0]
(AZ"/a1]) cos(¢51) (GeV)  [—oco, —400] U [420,00]  [—o0, —360] U [390, 0]
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Conclusion

* There are 8 years passed since the Higgs boson discovery, but many questions
are still requiring answers.

* The Effective Field Theory approach allows to test various BSM hypotheses in
different production and decay channels of the Higgs boson.

* Series of STXS and EFT ATLAS and CMS analyses were performed in order to
find possible traces of BSM physics.

* As for now, no significant deviations from the Standard Model were observed.

* New, more strict limits were placed on the EFT parameters.

N. Belyaev, 8th annual conference on Large Hadron Collider Physics
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SILH basis and Higgs Effective Lagrangian (HEL)

* CP-conserving operators (SILH basis - the main part of HEL):
Gy o ‘ Cr [o1én — ,
Lo = 550 [@T®]0, [T®] + 73 (@' D" o] [2' D @] — = [270]
- [%yuqﬂq) ot Qrug + ;'—ijdqﬂcp ®Qrdp + %yf ofd OLyer + h.c.]

ig’ EB
m2,

19 Cw
m2,
21g Cyw
m2,
4+ .9,2 W(I)T(I)B B;,w 3 Eg (I,'I'(I)Ga G
m2, e m2, pr—a o

+

@17y, DFa)| D'WE, + (1D ®]0" B,

v ig' v
[DFOI Ty, DY W, + T = [D"*®'D"®] By,

e CP-violating operators (additional part of HEL):

Py 2 =
Cop =Y C”WD%TT W DY 4 9 s pugtprg R 4 9 1O B,, B
m2 o+ m2, H m2
W ‘W
ey ;e .
s Cy (I)‘f(I)Ga G'”’V Caw F@J W” WUJ Wp,uk gs Csa fachayGubépuc
,m2 m2, m2, p p

* Higgs Effective Lagrangian:

L= Lgm + Z ¢O; = Lsm + Lsin + Lop + Ly, + Ly, + La

N. Belyaev, 8th annual conference on Large Hadron Collider Physics
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STXS measurements in the 41 channel (CMS)

 The dominant experimental sources of systematics: lepton identification efficiencies and luminosity
measurement.

* The dominant theoretical source of systematics: the category migration for the ggH process.

ggH-0j/pT[0,10]
ggH-0j/pT[10-200]
ggH-1j/pT[0-60]
ggH-1j/pT[60-120]
ggH-1j/pT[120-200]
ggH-2j/pT[0-60]
ggH-2j/pT[60-120]
ggH-2j/pT[120-200]
ggH-2j/mJJ>350
ggH/pT>200

qqH-2/mJJ[350,700] 1.7177)

qgH-2j/mJJ>700
qgH-3j/mJJ>350
qqH-rest
qqH-2j/pT>200
VH/pTV[0-150]
VH/pTV>150
qgH-2j/mJJ[60-120]
ttH,tH

CMS preliminary 137.1 1" (13 TeV)

I I I. I I I IH_)IZZI_)4|

my proﬂled Oay (fb)
0.877028 0.80
1.06757 2.53
0.78%2° 0.88
0.82}; 0.57
152456 0.10
14755 0.16
15975 0.23
116775 0.11
0.00%%2 0.10
04770 0.07
0.05
0.937 o7 0.07
2.897 5 = : 0.04
0.00'Z 30 #—— 0.25
0.00_*;’_3’3’1: 0.02
2ty | | F—e—— 0.11
0.007, 5 #+—1— 0.03
0.57, a1 0.05

0.07 567 8l bl 10, 0:08

0123456738910
6/0gy,

ggH-0j/pT[0,10]
ggH-0j/pT[10-200]
ggH-1j/pT[0-60]
ggH-1j/pT[60-120]
ggH-1j/pT[120-200]
ggH-2j/pT[0-60]
9ggH-2j/pT[60-120]
ggH-2j/pT[120-200]
ggH/pT>200
ggH-2j/mJJ>350
VBF-1j
VBF-rest
VBF-2j/mJJ[350,700]
VBF-2j/mJJ>700
VBF-3j/mJJ>350
VBF-2j/pT>200
VH-had/mJJ[60-120]
VH-rest
VH-lep/pTV[0-150]
VH-lep/pTV>150
ttH-lep
ttH-had

Reconstructed category

CMS simulation Preliminary
3 9gH-0j/pT[0,10]
[ 99H-0j/pT[10-200]
[ goH-1i/pTI0-60]
[ 9gH-1j/pT[60-120]
[ 9gH-1j/pT[120-200]
[ ggH-2j/pT[0-60]

[ 9g9H-2j/pT[60-120]

[ 99H-2j/pT[120-200]

I ggH/pT>200
R 90H-2j/mJJ>350

I 9qH-2/mJJ[60-120]

137.1fb™ (13 TeV)

[ qqH-2j/pT>200

[ qqH-2j/mJJ[350,700]

I aqH-2i/mJJ>700
B aqH-3j/mJJ>350

I qqH-rest

T VH/pTV[O-150]
[ VHIpTV>150

0.7

08 059

1

Signal fraction

Expected
events

25.6
90.8
29.1
14.6
4.38
4.42
6.30
3.7
3.91
1.16
17.6
3.56
1.95
2.25
4.81
1.22
6.77
0.77
1.37
0.36
0.70
1.19

e All results are found to be compatible with the SM predictions, within the measurements precision.
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STXS measurements in the bb channel (CMS)

An inclusive search for the SM Higgs boson produced with large py and decaying to a bb pair was
performed.

With respect to the previous CMS result, the relative precision of the Higgs boson signal strength
measurement improves by approximately a factor of two.

The measured signal strength is uy = 3.68 + 1.20 (stat) *3-62 (syst) 381 (theo).

137 fb' (13 TeV) 2016 2017 2018 Combined
[800, 1200] GeV| CMS | 5 Expected signal strength iz 1.00 05 1.007555 1.00705% 1.0070%
u =9.17%; Preliminary | | Observed signal strength iz 0.86703; 1117035 0917037 1.01753;
L ] HJ-MINLO
[675, 800]399\/ | Expected signal strength 5y 1.00733; 100755 1.00%339 1.0077%3
My=87a | 2 Observed signal strength gy 7.92731% 476735 1.70%33) 3.687 1%
[600, 675] GeV | Expected H significance (uy = 1) 0.29¢ 041c 0.43c 0.71c
u =837 | Observed H significance 2420 1.90c 0.73c 2.540
— Expected UL signal strength (u; =0) < 6.84 < 5.02 <467 <290
[550, 600] GeV : Observed UL signal strength <797 <478 <170 <370
=37 2 Ref. H pr spectrum
[500, 550] GeV | | Expected si:gnal strength pp 1.00%%@ l.UOfizé“; 1.00%:(1]; 1.00f§:§§
b =367 — | Observed signal strength pq 397715 218TYs 113%15 1.907350
— Expected H significance (yy = 1) 0.68c 0.94¢0 0.950 1.73c
[450, 500]+§3?|eV .5 Observed H significance 2.620 1.84c 1.060 2.850
My=0%; | ] ... .| CExpectedULsignalstrength (ug =0) <341 <242 <229 <142
-10 -5 0 5 10 15  Observed UL signal strength < 4.00 < 2.18 < 1.13 < 1.90

N.

Hy

For a Higgs boson mass of 125 GeV, an excess of events above the expected background is observed
with a local significance of 2.54 standard deviations, where the expectation is 0.71.
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STXS measurements in the bb channel (ATLAS)

* The same measurements were performed with the whole Run Il dataset.

* Results of the STXS measurements were already published, but their EFT interpretation is still under
the ATLAS collaboration’s approval.

* The total uncertainties vary from 30% in the high gauge boson transverse momentum regions to
85% in the low regions.

TllIIIIIl]fl'llIIIIITITIIIII[ITI'IIIIIIIT]TIII ~— — —

o] E . S

ATLAS Preliminary VH, H — bb {s=13 TeV, 139 fb” =, = ATLAS Preliminary V:I, H — bb, V —>_II_eptons cross-sections: 7

o _ > 3 - {s=13 TeV, 139 fo! Observed ot. unc. Stat. unc. |

Obs. =Tot. unc. ~— Stat.unc. = Theo. unc. Q 10° = — Expected [ Theo. unc. —

Tot. (Stat, Syst.) XQ = Vow - Vez =

I o — - : - —

WH, 150 < p!*' < 250 GeV e 0.79 ‘o3 (9%, %) QL el - _

X = T 3

‘ : o} - ! ]

WH, p!*' > 250 GeV 191 1.02 9% (w02, 017 _ﬂ"‘h . v ]

2 072 1 0= L 3 L - E

ZH, 75 <p™' < 150 GeV e 0.84 072 (1930, %) = : e 3

21 10.34 +0.21 = 2 : —

ZH, 150 < p*' < 250 GeV I 1.09 9% (9%, w02l 7 T _
' fe] T + X :

s 3 R — * . +—

ZH, p*' > 250 GeV 1o 1.11 jgg ("95e: 91%) 5 o --- .
1111 I L1 11 L1 11 I 1111 l 1111 I 1111 1111 I 111 l 11 11 !

7 W 7 7 2
O T T S S S B S0cpm Bsogy  Pspr_ T0<nn Hag
. T \‘250 Gel/ r s 750 G T T250 Gel/
¢ X B normalised to SM Gel, ey Gey/

* The cross-section measurements are all consistent with the Standard Model expectations.
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STXS measurements in the 4/ channel (ATLAS)

e Cross-sections times branching ratio are measured for the main Higgs boson production modes in
several exclusive phase-space regions with full Run Il dataset.

* The dominant Stage O experimental systematic uncertainty: lepton efficiency and integrated
luminosity measurements. The dominant theoretical uncertainty: parton shower modelling.

e The SM Higgs boson signal is assumed to have a mass my = 125 GeV .
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STXS measurements in the 41/ channel (ATLAS)

* The dominant Stage 1.1 cross section uncertainties are the jet energy scale and resolution, and
parton shower uncertainties.

* By using obtained STXS measurements, exclusion limits are set on the CP-even and CP-odd ‘beyond
the Standard Model” EFT couplings.
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* The measured cross section are in a good agreement with the SM predictions.
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AT

LAS 41 selection criteria

TRIGGER

Combination of single-lepton, dilepton and trilepton triggers

LepToNns AND JETS

ELECTRONS Etr > 7GeV and || < 2.47
Muons pr > 5GeV and || < 2.7, calorimeter-tagged: pr > 15 GeV
JETS pr >30GeVand [5] < 4.5

QUADRUPLETS

All combinations of two same-flavour and opposite-charge lepton pairs
- Leading lepton pair: lepton pair with invariant mass »212 closest to the Z boson mass mz

- Subleading lepton pair: lepton pair with invariant mass m34 second closest to the Z boson mass my

Classification according to the decay final state: 4y, 2e2u, 212e, 4e

REQUIREMENTS ON EACH QUADRUPLET

LEPTON - Three highest-pr leptons must have pr greater than 20, 15 and 10 GeV
RECONSTRUCTION - At most one calorimeter-tagged or stand-alone muon
LEPTON PAIRS - Leading lepton pair: 50 < mj> < 106 GeV

- Subleading lepton pair: myi, < m34 < 115 GeV
- Alternative same-flavour opposite-charge lepton pair: me; > 5 GeV
- AR(L, ) > 0.10 for all lepton pairs

LepTON 1sOoLATION - The amount of isolation E7 after summing the track-based and 40% of the
calorimeter-based contribution must be smaller than 16% of the lepton pr

ImpacT PARAMETER - Electrons: |dy|/o(dy) < 5
SIGNIFICANCE - Muons: |dy|/o(dy) <3

COMMON VERTEX - x’-requirement on the fit of the four lepton tracks to their common vertex

SELECTION OF THE BEST QUADRUPLET

- Select quadruplet with m1» closest to mz from one decay final state
in decreasing order of priority: 4y, 2€2u, 2u2e and 4e

- If at least one additional (fifth) lepton with pt > 12 GeV meets the isolation, impact parameter
and angular separation criteria, select the quadruplet with the highest matrix-element value

HiGGs BosSON MASS WINDOW

- Correction of the four-lepton invariant mass due to the FSR photons in Z boson decays
- Four-lepton invariant mass window in the signal region: 115 < my, < 130 GeV
- Four-lepton invariant mass window in the sideband region:

105 < mgr < 115 GeV or 130 < myge < 160 (350) GeV
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ATLAS 41 STXS scheme

ATLAS s - 13Tev, 139 fo

Production Particlg-levgl STXS Reduced Heconstru_cted event categories Heconstrlucted event gategories
Mode Production Bins Stage 1.1 Signal Region : Sideband Region
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ggF ¥ ‘I gg2H-1j-p.*-Med | 1j-p,“-Medium
' H>120 GeV ; - : . 120 < p,* < 200 GeV Y I -
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i :
. .
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s K .
+ :
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Alternative ATLAS 4] STXS scheme

ATLAS s - 13 Tev, 130 b

|

!

Alt. Reduced

Stage 1.1

ggF-0j-p,"-Low
9gF-0j-p;*High

ggF-1j-p,"-Low

9gF-1j-p,"-Med

ggF-1j-p;"-High

9gF-2j
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Production Particle-level
Mode Production Bins
p.H <10 GeV
= 0-jet
p,>10 GeV
p." <60 GeV
= P! <200 GeV |=1-jet 60 < p,” < 120 GeV
gg -
P> 120 GeV
z 2-jets
P, =200 GeV 1
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VBF P> 200 GeV

VBF-p,-Low

Hadronic V decay

VBF-p,-High

Leptonic V decay

VH-Had
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|

ttH

AN

Reconstructed event categories

Signal Region
. p,* <10 GeV
Oj'pT -Low Nim -0
- 10 < p,* <100 GeV
0j-p,*-Medium
- P < 60 GeV
1j-p;*-Low
60 < p,* <120 GeV
1j-p;*-Med
120 < p,* <200 GeV -
1j-p,*-High N =1
- pé > 200 GeV
1/-p;"-BSM-like
- m, <120 GeV or p,* <200 GeV
21 NIGIS 22
m,>120 GeV, p* > 200 GeV
2j-BSM-like
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N, 25
VH-Lep-enriched
itH Hadronic
ttH-Had-enriched
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Reconstructed event categories
Sideband Region
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Normalised to SM acceptance

 The acceptance correction relative to the SM predlctlon |sdescr|bed by a three-dimensional

Lorentzian function with free acceptance parameters «, B and 5

A(©) _

Acceptance in the 4[/ channel (ATLAS)

-1

Ay A0 + (a“’l)2 C|la2 + 25 (ci +)81) + Z 5(1;) CiCj + 6(1,; k) " CiCjCk )

Hﬁj

where indices i,j and k run over (HW,HB, HWB) in case of the acceptance correction for the set

i#j#k

of CP-even parameters and over (HW,HI?, HWB) In case of the CP-odd parameters.
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Normalised to SM acceptance
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CMS 4] STXS scheme
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STXS measurements in the 41 channel (CMS)

 Properties of the Higgs boson were measured inthe H = ZZ* — 41 (I = e, ) decay channel.

* The STXS measurements were performed for ggF, VBF, VH and ttH Higgs boson production
channels and for different phase space sub-categories.

e The cross section values were obtained assuming the Higgs mass my = 125.1 GeV (best fit

mass value).
CMS Preliminary 137.1 b (13 TeV)
I\I\|\IIIIIIII‘I\IIIIIIIIII\I‘I\llllllll\l\l‘llll
. HoZZ 4| CMS Simulation Preliminary 137.1 b (13 TeV)
my, profiled . goH
Ogy (D) Untagged [RERESIENREEINE mE VBF
. — [ WH, W—X
- VBF-1jet  [OPge exp. events B WH, W—lv
ggH.bbH 0.96:;! e 5.55 tagged | ZH, Z—X
0i B ZH, Z—21
VtE;F ijgt 13.80 exp. events I ttH, fi—>0+X
99 . — R tfH, t§—>1l+x
VBF 0627, | H=—i 0.45 VH-hadronic g exp. events I B ttH, t—>2/+X
tagged I bbH
- i | tH
VH-leptonic 1.73 exp. events -.
+0.90 tagged
VH 11329  —lu | 0.27 i : 1
ttH-hadronic 1.19 exp. l
tagged —
ttH-leptonic
o bl b b b b bvaaa bewaa v 0 01 02 03 04 05 06 07 08 09 1
0051152253354455 Signal fraction
6/0g,
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CMS 4! event yields

Event Signal Total Background Total | Observed
category gegH VBF WH ZH ttH bbH tqH |signal | qq —+Z2Z gg—ZZ Z+X | expected
ggH-0j/pT[0,10] 253 0.08 0.02 0.02 000 014 0.00 | 256 26.5 0.97 1.19 54.2 61
ggH-0j/pT[10-200] 86.8 1.69 054 0.86 0.00 090 0.00 | 90.8 35.4 3.79 15.5 145 153
ggH—lj/pT[O-60] 262 143 050 045 0.01 043 0.01 29.1 10.3 1.19 5.54 46.1 40
ggH-1j/pT[60-120] 124 124 045 047 001 0.10 0.01 14.6 2.76 0.16 3.21 20.8 17
geH-1j/pT[120-200] 3.31 0.62 017 0.26 0.00 0.02 0.00 | 4.38 0.38 0.00 0.52 5.28 6
ggH—Zj/pT[O-60] 3.68 029 014 0.14 006 0.09 0.02 | 4.42 0.97 0.15 2.07 7.60 9
ggH-Zj/pT[60-120] 517 054 022 022 0.09 0.04 0.02 6.30 0.84 0.07 1.86 9.06 12
ggH—Zj/pT[lZO-ZOO] 290 040 015 0.17 0.07 0.01 0.02 3.71 0.26 0.00 0.40 4.37 5
ggH/pT>200 272 0.65 021 024 006 0.01 002 391 0.16 0.00 0.21 4.28 2
ggH-2j/m]]>350 0.82 0.17 0.06 0.05 004 0.01 0.01 | 1.16 0.16 0.02 0.65 1.98 3
VBF-1j 142 294 020 0.18 0.00 0.12 0.01 | 17.6 2.37 043 1.05 21.5 20
VBF-2j/m]J[350,700] 0.80 1.11 0.01 0.01 0.00 0.01 0.00 | 1.95 0.08 0.02 0.04 2.09 2
VBF-2j/m]]>700 043 1.80 0.00 0.00 000 0.00 0.00 | 225 0.02 0.01 0.03 2.31 2
VBE-3j/m]]>350 243 215 0.06 0.07 002 0.03 005 4.81 0.24 0.06 0.96 6.07 6
VBE-2j/pT>200 042 0.76 0.01 0.01 001 0.00 0.01 | 1.22 0.01 0.00 0.03 1.26 0
VBF-rest 240 0.87 011 010 0.03 0.04 001 | 3.56 0.34 0.06 0.74 4.70 2
VH-lep/pTV[0-150] 024 004 071 025 0.08 0.02 0.02 1.37 0.82 0.14 0.40 2.72 5
VH-lep/pTV>150 0.02 0.01 021 0.08 0.04 000 0.01 | 0.36 0.01 0.00 0.02 0.40 0
VH-had/m]JJ[60-120] 4.11 0.25 1.01 1.20 0.11 0.07 0.02 6.77 0.70 0.05 1.36 8.89 8
VH-rest 056 0.04 0.08 0.07 003 0.00 000 | 077 0.08 0.00 0.15 1.01 1
ttH-had 0.19 0.05 0.03 0.06 082 0.01 003 | 1.19 0.01 0.00 0.45 1.66 2
ttH-lep 0.02 0.00 0.02 0.02 060 0.00 0.03| 0.70 0.03 0.00 0.12 0.85 0
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Measurements in the 77 channel (AT

* A test of CP invariance in VBF Higgs boson production was
performed in TT channel with the Optimal Observable method.

* The Optimal Observable (OO) is defined as follows:

- 2 Re(MeniMep.ogd)
M=Mgy+d -Mcpoag  Oop = o ch o
Mgyl
* ij—kIH % ij—kiH
2Re(MiyMepoaa) = D, Fila) ()2 Re((M™ ) M
i,J.k,1
ij—kiH
Msul® = D FODLE)IMET .
i,j.k,1
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Fraction of events / 1.2

Measurements in the 77 channel (ATLAS)

* A test of CP invariance in VBF Higgs boson production was
performed in TT channel with the Optimal Observable method.

* The Optimal Observable (OO) is defined as follows:

- 2 Re(MeniMep.ogd)
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* The Optimal Observable (OO) is defined as follows:

Fraction of events / 1.2

Measurements in the 77 channel (ATLAS)

* A test of CP invariance in VBF Higgs boson production was
performed in TT channel with the Optimal Observable method.

Events/1.0
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Measurements in the 77 channel (AT

* A test of CP invariance in VBF Higgs boson production was

performed in TT channel with the Optimal Observable method.

* The Optimal Observable (OO) is defined as follows:

Fraction of events / 1.2
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LAS)

Channel (Optimal Observable)
TlepTlep SF _0.54 i 0.72
TlepTlep DF 071 + 081
Tiep Thad 0.74 +0.78
Thad Thad -1.13+0.65
Combined -0.19 £ 0.37
o. :l T T 7 ‘ T T 1T l T T 1T | T T 1T | T T TT 1 T T 7T \:
T ypf o Da ATLAS E
£ 125 e o001 VS=13TeV, 361167 |
o 1 0__- Z-o1T qeprhad SR ]
|.|>J - [ Misidentified 7 ]
8_- Other blfg —
C Uncertainty ]
6 -
4 -
2 —
_E; 1 5:_ T ‘ T TT | | { T TT | T T ‘ T T \_:
N IRRNNANE
8 0.5 .
m L1 | ‘ | .I 1 | | I | | | I | | | J | I |
o 9%5°*50% 5 0 5 10 15

Optimal Observable

HIGG-2018-14

42


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-14/

ANLL

ANLL

Measurements in the 77 channel (AT

L I I I [ ]
3_— ATLAS +Comb|n§'c__! 7]
- 5=13TeV,36.1fo" - +7aTDF -
2.5 " TigpThad ]
- i'_rhadrhad 1
7 Y S
1.5
1
0.5/
06 04 4)2 0 02 04 06
d
4 S ]
4k ATLAS E
- Vs=13TeV, 36.1 b ]
3-5:_ —o—Observed _ B
r —+ Expected (d=0,u=1) ]
3F —+ Expected (d = 0, z = 0.73) 3
o5F Pre-fit expected (d =0, u = 1) ]
7 e = S S
1.5-
13
0.5
: 1 1 1 1 1 1 1 1 1 1 L 1 l 1 L 1 1 1
-06 -04 02 O 02 04 0.6

Process Tiep Tiep SF Tiep Tiep PF
Data 26 30

VBFH — tt/WW (u=0.73,d = -0.01) 33 = 2.1 5.1 x£3.1
VBEH — tt/WW (u=1,d = 0) 45 + 29 6.9 +4.4
Z > 1T 6.6 + 3.7 8.2 +£3.8
Fake lepton 002+ 020 23 +0.7
1t + single top 38 £ 23 10.6 £5.5
Z -t 11 +18 18 +1.1
Diboson 0.70+ 0.59 R
gegFH/VH/ttH, H— tt/WW 0.49+ 048 0.70+0.30
Sum of backgrounds 23 +17 23.6 +6.1
Process Tiep Thad Thad Thad
Data 30 37
VBFH - 1t (u=0.73,d =-0.01) 11.8+ 74 89+5.6
VBFH — 1t (u=1,d =0) 16 +10 123+7.7
Z =TT 7.8+ 35 155+£5.2
Fake lepton/t 62+ 1.0 54+27
geFH/VH/ttH, H — 17 21+ 15 28+14
Other backgrounds 28+ 3.1 23+0.8
Sum of backgrounds 19.0+ 5.5 26.0+6.6

No sign of CP violation is observed in the distributions of

the Optimal Observable.

HIGG-2018-14
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ANLL

Measurements in the 77 channel (AT

I L AL I L
12 ATLAS .

- Vs=13TeV, 36.1fb" )
10 B Data stat. uncert. only -+ No jet uncert.

- No MC stat. uncert. —+No 1, , uncert. -
8; = All stat. + sys. uncert. N
6 ]
4 .
e i
0.6 0.6

d

LAS)

Channel TlepTlep SF | TlepTlep DF | TlepThad Thad Thad
Two isolated 7-lepton decay candidates with opposite electric charge
py > 197/15" GeV (u/e) PS> 18GeV prd > 30 GeV py > 40GeV
pr > 10/15" GeV (u/e) P > 14GeV prt > 21" GeV pE > 30GeV
Preselection m > my —25GeV my < 70 GeV 0.8 < AR, <2.5
30 < my, < 75GeV 30 < my, < 100 GeV |An, | < 1.5
ET™ > 55GeV ET > 20GeV EF'™ > 20GeV
iss, hard
EpT M > 55 GeV
Nb-jels =0
VBF topology Niew 2 2, p7 > 30GeV, m;; > 300GeV, |An ;| >3
Pl > 40GeV | Pt > 70GeV. Iy, | < 3.2
_ _ )_n',V‘TMC, mj AR, Cii(1)), Cji(ta), p*
BDT input variables :1; _?,ET ’P!rz C((’bmlﬁs)/\/z |
Ad., EPSp EPSpE | om s |y an )
Signal region BDT,.,. > 0.78 | BDT.o > 0.86 | BDT,. > 0.87
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Events

Measurements in the 4/ channel (CMS)

* Properties of the Higgs
boson were measured in the
H-ZZ"->4l(l=¢e,u)
decay channel.

e The STXS measurements

were performed for different

Higgs boson  production
channels.

CMS Preliminary 2016 + 2017 + 2018

Requirements for the H — 4/ fiducial phase space

Lepton kinematics and isolation

Leading lepton pr pr > 20 GeV

Next-to-leading lepton py pr > 10 GeV

Additional electrons (muons) pt pr > 7(5) GeV

Pseudorapidity of electrons (muons) || < 2.5(2.4)

Sum of scalar pr of all stable particles within AR < 0.3 from lepton < 0.35- pr
Event topology

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above

Inv. mass of the Z; candidate 40GeV < mz, < 120GeV
Inv. mass of the Z; candidate 12GeV < mz, < 120GeV
Distance between selected four leptons AR(4;,¢;) > 0.02 for any i # j
Inv. mass of any opposite sign lepton pair My p- > 4GeV

Inv. mass of the selected four leptons 105GeV < myp < 140 GeV

137.11b" (13 TeV)
[ R D R D R R R
104 Sl WIm ] e N T N 0 — 1
s s 1 a
; mrml Qesx | T st | mes iz | 176 sm0 | aess s
10 B (20 veF  EEgg 222y g8 — ZZ 7517133 | 11667157 | 176.9+£23.0 | 368.5%507
Z+X 193+£7.2 | 508+152 | 64.6+156 | 1347 £22.9
102 Sum of backgrounds 428557 | 7901383 | 1057+781 | 22747070
Signal (my = 125 GeV) | 19.6737 | 408755 | 507+56 | 111.175]
10 Total expected 4472207 | 8307987 | 11084783 | 23857 17,
Observed 462 850 1130 2442
1
fi i f,i £i £i
S EZSE58RE88 755238555888 Ngps (m4¢) = N (mae) + NG 6q (Mag) + Nignres(Mag) + Nyjeg (m4¢)
o Ye 7TYoeo TN A Am, 7= AT L T AT - . .
EoEgegoFEegkE3>Egd A Ao >%E _f f,i f
SEEELERELiE PLiigsTetR = el (1 frtnsa) 05 £+ Prs(ms)
Ist~21tg287 EYSULE 5@ £ N
3 i < %g o 5 E\,E il g3 § T +Nnénres'Pnonms(m4£)—'—Nb]ig"lpbkg(mdﬁ)
S °8 °38 &5 r >
> >
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102-

Measurements in the 77 and 4/ channels (CMS)

5.1 b7 (7 TeV) + 19.7 fb’' (8 TeV) + 80.2 b (13 TeV)
T T L L L B I I I

5.1 fb™ (7 TeV) + 19.7 fo™ (8 TeV) + 80.2 fb™ (13 TeV)
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_______________ 5 S
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002 02040608 1
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CMS CMS
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CMS 35.9 b (13TeV)
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