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CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
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CMS Higgs mass ** 2016 ( combined with Run 1)
ATLAS, CMS ttH+tH production and CP studies FULL Run 2 sk N EW* *
ATLAS Search for Higgs boson decaystoZy  FULLRun 2 **NEW**

**Same measurement also performed by ATLAS earlier in Phys. Lett. B 784 (2018) 345
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https://arxiv.org/abs/1806.00242

Overview of the H>YY/ZY channels

> T
* High resolution channels with a fully ¢ soon0- 4745 Tl
reconstructed final state comprising of two § 40000ETN T &
photons/two leptons (e or p) and a photon. " 30000 &
—  B(H vyy) ~ 0.23 %; B(H>Zy) ~ 0.15 % 20000F- S
10000;_ H—yy, m,=125.09 GeV IB
* Excellent m,/m,, resolution of ~ 1-2% owing | - = : : : o
to the high precision with which leptons and 2 S
photons are reconstructed™**. :
— Asignal appears/would appear as a bump in 8 : , , ' ,
m,,/m,, at around 125 GeV © A
CMS proimnary 7747 (13TeV)
* The signal is modelled from simulation 8 L oy Al ategories E
parametrized as a function of m, 2 ¥ I o
— Requires a precise understanding of the detector S’jzmg ig:;i:tponem E |67
with corrections applied to simulated events to - 1o ] g
accurately represent data. 215000 [1+2¢ s Ik
Ewooof— f 5
« Data-driven estimate of the “smoothly & sooof- &
falling background from continuum B ot TS
diphoton/Zy production (+ fakes) 1000 T B component sublracted-
500 —
’ 1
**See Shilpi’s talk for lepton/photon performance in ATLAS and CMS i

m,, (GeV)
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https://indico.cern.ch/event/856696/contributions/3742249/
http://cdsweb.cern.ch/record/2682800
http://cds.cern.ch/record/2667225
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The Higgs Boson mass: H>yy

CMS Experiment at the LHC, CERN
Data recorded: 2016-Oct-09 17:03:21.065792 GMT
Run / Event / LS: 282734 / 310970836 / 153

CMS: Phys. Lett. B 805 (2020) 135425
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https://doi.org/10.1016/j.physletb.2020.135425

my, in the diphoton channel with the 2016 dataset

003 CMS 35.9 fo! (13 TeV)
. r ‘[ T ]
* Improved ECAL calibration leading to more stable : | | 7
. . 1.002 - ‘ | 4
response with time. T 3 -
% 1.001 5 .
* Dedicated corrections for the photon energy scale | ¢ ¢ Wﬂ—}—
using Z->ee events in data and simulation: & el | = L i
. . T 1 ' ———
— Five times more granular. : 0<nis1 Fe | :
0.998 B 1.0<|n|=1.2 e : .
— Correct nonlinear discrepancies in the photon - Nonnn;;i?f!;‘slf:.:: He }
energy scale with p; between data and 0-9974;) 4‘5 ;5
simulation. o (GeV)
— Precision of the electron energy scale at the level L. A 35.9 o (13 TeV)
of 0.075% 8 16000 Hyy Al categories E
> 14000 S/(S+B) weighted 3
:,E,' 12000 F ¢ Data 1
> F —— S+Bfit
. . . % 10000 % B component
* The m,, resolution in the most sensitive 2 ook e E
. . > F [J+20 .
(weighted sum of all) category is 1.35 (1.68) GeV 2 e
@ 40005—
9, 2000
a 0:. | Il | | | | 1
my =125.78 + 0.26 [0.18 (stat.) + 0.18 (syst.)] GeV
B B I

my, (GeV)
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Combined measurement of m,

CMS
1 1 | 1 I 1 T | 1 1 T I | 1 Ll 1 1 | 1 I 1 1 1 I Ll I I I Ll 1 . A A
- — Run 1: 5.1 fb™ (7 TeV) + 19.7 fb™" (8 TeV) —— Total Stat. Onl
A TLAS Total Stat. only 2016:35.9 b (13 TeV) D y
Run 1: Vs = 7-8 TeV, 25 fb"', Run 2: {5 = 13 TeV, 36.1 b’ Total  (Stat. only) Total (Stat. Only)
1
Run 1 H—4/ —_————— 124.51+ 0.52 ( £ 0.52) GeV Run 1 H—yy [ 124.70 £ 0.34 ( £ 0.31) GeV
Run1H—yy —[ ———e——  126.02 £ 0.51 (+0.43) GeV
Run 2 H—4l ——— 124.79 + 0.37 ( + 0.36) GeV Run 1H— 22— 4l —— 125:80 =040 = 0.42) GaV
I
Run 2 H—yy ———— 124.93 + 0.40 (+0.21) GeV ] Run 1 Combined — 125.07 £ 0.28 ( + 0.26) GeV
Run 142 H—4/ — 124.7140.30 ( + 0.30) GeV et e . XX X X X X ¥ Y
Run 142 H—yy o 125.32 £ 0.35 (£ 0.19) GeV 2016 H-yy — 125.78 £0.26 (£ 0.18) GeV
Run 2 Combined = 124.86 £ 0.27 ( +0.18) GeV
Run 1+2 Combined -i—j—o- 124.97 +0.24 ( +0.16) GeV ] 2016 Combined ﬁ' 125.46 £ 0.16 (£ 0.13) GeV
ATLAS + CMS Run 1 =] 125.09 + 0.24 ( +0.21) GeV Run 1+ 2016 é 12538 014 ( £ 0.11) GeV
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 1 1 1 I l 1 1 I
1 23 1 24 1 25 1 26 1 27 1 28 1 I1 ézl 1 1 I1 2|3I 1 1 I1 2|4.I 1 1 I1 ésl 1 1 \1 2|6I 1 1 I1 éTI 1 1 I1 £8I | 1 I1 2|9I 1
my, [GeV] m,, (GeV)

Run 1+ 2016 combined: Run 1 + 2016 combined:
my = 124.97 + 0.24 [0.16 (stat.) £ 0.18 (syst.)] GeV m,, = 125.38 + 0.14 [0.11 (stat.) + 0.08 (syst.)] GeV

See Will’s talk for m, measurements in the H->2z2->4l

) Most precise measurement of m,, till date: ~0.1 %
channel (New ATLAS result with full Run 2). =
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https://indico.cern.ch/event/856696/contributions/3742193/

CMS Experiment at the LHC, CERN
AT LAS y & ' Data recorded: 2017-Oct-15 09:09:31.450304 GMT,
,‘é Run / Event / LS: 305081 / 22172172 | 62

EXPERIMENT

ATLAS: arxiv:2004.04545 CMS: arxiv:2003.10866
Both papers have been submitted to Phys. Rev. Lett.

See Josh’s talk for the current status of ttH measurements in CMS
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https://arxiv.org/abs/2004.04545
https://arxiv.org/pdf/2003.10866.pdf
https://indico.cern.ch/event/856696/contributions/3752242/

The t-H coupling : Motivation

* Fermions couple to the Higgs boson via the Yukawa
interaction.

— The coupling is proportional to the fermion mass.
Hence largest for the top quark.

* The t-H Yukawa coupling can be constrained g t
indirectly in the production of the Higgs boson via s t - - =
gluon-gluon fusion and in the diphoton decay mode.

g t
— Requires assumptions on the contribution from BSM
particles in the loops. Y

e ttH and tH production allows for a direct
observation and measurement of the t-H Yukawa

coupling l
g

g
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CP properties of the Higgs boson: Motivation

* The Higgs boson of the SM is CP-even with JP=0**

* All measurements to date of the CP properties of the Higgs boson via its
interactions with gauge bosons are compatible with the SM.

* The CP properties of the Higgs boson via fermionic interactions have not been
studied so far.

— Higher sensitivity to the CP-odd contributions which “enter” at the same order as the
CP-even terms (No 1/A? suppression, where A is the scale for new physics).

CMS

ATLAS Probe the CP structure of the t-H interaction

my

£ =2 (G loosta) + isin(a)yslui} H|LA(HIeE) = — "4, (i +ikers)

* Where k, is the top Yukawa coupling *  Where k, and 'k, are the CP-even and CP-odd
parameter and a is the CP mixing angle Yukawa couplings. In the SM k, =1 and Et =0
— Inthe SM K, =1 and a = 0°. For CP-odd a = 90°
* Params. of interest: k. and a : | fHE . ion (7
t Param. of interest:|fcp = K 2 1 |7, 2 sign (&, /%)
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Analysis strategy : ATLAS

e Select events with 2 isolated photons and 21

b

tagged jet. Further divide events depending on the

number of reconstructed leptons(e and p).

Hadronic region : #jets > 3 and #leptons =0

Leptonic region : #leptons > 1

* Events categorized into 12 (8) cats. using a 2D-

partition of 2 1D BDTs for the had. (lep.) regions.

from other SM processes.

“Bkg. rejection BDTs” used to separate the ttH process

“CP BDTs” to separate the CP-even from the CP-odd

couplings using the ttH and tH processes.

— The ttH and tH yields are parameterized in terms of k,

and a

* Asimultaneous fit is performed to the m,,

distributions in all 20 categories for signal extraction.

5/26/2020
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Analysis strategy

137 fb' (13 TeV)

we U e Data  [OftH(125)]
i By +jetsPly +jets ]

Wt +yy tt+y

10 tt+jets IV +y

2

1.5
3 g}

= + E2 1

0.5 0.5 L 1
[ IStat. Unc. [ ] Stat. + Syst. Unc. . -9 [ | stat. Unc. [ ] Stat. + Syst. Unc. . .
1 2 3 4 5 1 2 3 4 5 6 7 8
Lep Bkg. Rej. BDT Had Bkg. Rej. BDT

e Select events with 2 isolated photons and 21 jet.
—> Hadronic region : #tjets > 3 (1 b-jet) and #lep=0 - Leptonic region : #lep > 1
* 1D signal strength analysis : “Bkg. Rej. BDTs” used to define 4*2 categories in the two regions.
e 2D CP analysis : “D,. BDTs” used to define 12 categories : 3 D,_* 2 Bkg. Rej. * 2 regions
— The tH yield is parameterized in terms of |fHt | and

* Asimultaneous fit is performed to the m,, distributions in all categories for signal extraction.
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Results: ttH + tH signal strength

CMS 137 b (13 TeV)
(%‘ ll“|'l1|lu|.l.lll'r-r |]|llll ["T % 340 ‘Data _- % :Illll\llllllllll\ \I6éIIII|IIII|IIII|I\II:
e o T oo A S o v = — Signal + Backgroun = - AR ARAL RALAD MAGAY LARRE LARAS MAAAS RAARN 1/ aAR ALY O
520G, i .g B iu:wv 159, : S T Tomtecroms . 3| O eof Data o0 Statsyst 1
E .0 [+«+ +0 Do g %25 - - - Continuum background -~ | e S + B 450 — Stat only ]
g o0 o« ofO0scspaO w = 3 0 Coaeenns Background 40 SM expected ]
cc{ 5 5 20 E C 50_ g ) _
R SRR IR bl § o mmet 2 ;
E o WIEE B - BB - , 125'5:1”8\,.139“1 +_+__+_+ = T - 126 o\ ]
s Ho0 unnnn-unnu-an.nn éln(‘ll+S.'B)WleigmedSucn o 40_— L -
§ A0o0s[JoooDos.0o0o«+o0 RRNNEET) 120 130 120 150@[@\/]0' 9 - } 10r- ]
% Ooos=opod-o0[] 3 v (€ - : o) il b L e :
5 E”EEEDEZEEE 3505_ + ATLAS _qg; 30 0051152253354415’.5?
= F {s =13 TeV, 139 fb’ 3 ; ttH ]
Oo 3 o ; a ;E!Dgig N §4o — _+_+ _+_ In(1 + S/B) Weighted Sum—é = 20 %
OOOoobDoo oo[o o %30:_ 3 o i .
nﬂnlll.nﬂﬂ'-_1 5205_ .+.'+' + _E + C _]
se oofs » g + + ] @ 10_
ofs-0000 0o = * o 10:—+ '+'+ _+__+__+_+ a C + 4
IIIIIIIIIIIII I"""“"‘I-_U 0- L IIIII\IIIlIIIIII\\IIIIIIIIIIIIIIII | I .|
e b b e 1f“(3m [GEJ]SO 100 1ngconstructedzggmary Top Qiiork Mass [Ges'lf]mI ?00 110 120 130 140 150 160 170 180
m,, (GeV)
Hup = 1.4 + 0.4 (stat.) + 0.2 (syst.) * Muy=1.38%02 . (stat.)+02! . (syst.)
— Non ttH Higgs production modes constrained — Non ttH Higgs production modes constrained to SM
to SM prediction. Assume CP even coupling. prediction.
. CMS
L] 0
* tHrate: <12 x SM xsec at 95% CL *  Ouy.B,,= 1.567034 ., fb
- Non tH/ttH Higgs production modes
- + 0.33 + 0.09 ]
constrained to the SM prediction. ATLAS 1.56 % 0.30 (Stat') - 0.08 (SVSt ) fb
* SM prediction of (0,,.B,, )5\ = 1.13 *%% ¢ |, fb
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= 20 | T | | ] c 100¢ !
3 o ] = -
. [ —T -+ Best fit XSM L 9ok t Data
»n 1.5 2 ] =~ n tht —
% o ] & gob " TerT —Observed
[ e 36 5 e - = = t -
15 . 2 70 _ng =1 5.’.9.5%.9????@ ......... =
0.51 = " oeon £
oF = 501 G 52040608 1-
- . C tt
5 : 40 o
-0.5 g **NEW** ] -
“F ATLAS E 20- | =
—1.9E {s5=13TeV, 139 o E 105 [ =
— :I 1l 11 I 1111 | 111 1 I I I | I | I | I 111 I | I | IZ 0 : l ;
-1.5 -1 05 0 0.5 1 1.5 2 bin 1 bin 2 bin 3
K,cos(a) Do.

= The Higgs boson coupling modifiers k, and k,are | = The Higgs boson couplings to other particles

constrained to the combination result . constrained to SM.
= K, is left free to float in the fit. ATLAS 2> Hyyand |fit, | are free to float in the fit.
« fHt . =0.00+0.33 at 68% CL CMS
* |a] >43°(63°) obs. (exp) exclusion at 95% CL  Limitat95% CL: |fHt | < 0.67
*  Obs. (Exp.) pure CP-odd coupling excluded at e Obs. (Exp.) pure CP-odd coupling excluded at
390(2.50) 3.20(2.6 )
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https://arxiv.org/abs/1909.02845

ATLAS: arxiv:2005.05382
Submitted to Phys. Lett. B
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https://arxiv.org/abs/2005.05382

Higgs boson decays to Zy : Introduction

 The SM Higgs boson can decay into Zy via w z
loop diagrams with a branching ratio of H
~0.15% @ m,=125.09Gev. |
— The branching ratio can differ from the W ¥
above value in BSM scenarios where the
Higgs is a neutral scalar of non-SM origin or 2
for a composite Higgs. |7 SRR
— The branching ratio can also differ if there
exist additional non-SM particles that couple ! |
to the SM Higgs boson via loop corrections.
+  First result with the full 139 fb™ Run 2 o OO As” T ome
dataset. 3 0.035F (52 13 Tev, 36.1 11" =§"‘Y t E
=3 Neg = 2 +ets =
* Search performed in Z(=21l) final states aF 008 115 GeV <m,, <170 GeV —— VBF m, = 125 GeV
where | = e or . Soo028g 0 e ggF m = 125 GeV ]
— Z boson branching ratio ~ 7 % in these final Z 0.02 _
states ~ 0.015 _ =
* One of the signal-bkg. discriminating 0.01 _ =
variables py, is used to suppress background 0.005 E
an in categorization. cesssss .
, % 50 100 150 200
— Pt~ (2*pTz*pTy*5|nAchv)/ pZY; Pr, [GeV]
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Event selection and categorization

Event Selection : ® o
& ATLAS m— 7 j (VBS)
. . . 1 p
Select evgnts with an opposite sign same flavour > 4000 115:213 TeV, 1239 o o Z+iets
lepton pair (ee + pu) and a photon j =2, |An | > ] IﬂrBF
* Muon energy is corrected for’F'SR | 8000 e
— 3% improvement m,, resolution
* Constrained kinematic fit with the Z-boson lineshape
is used to recompute the dilepton 4-vector
— 14% improvement m,, resolution i
° m, within 10 GeV of nominal Z mass. -1 -08-06-04-0.2 0 02 04 06 0.8 1
VBF BDT Score
. . 16_""I“"I""I""]""]""I""I""I""_
Event Categorization: E (af ATLAS —+ Data E
. . . h f th ~ - (s=13TeV, 139 b’ =§?ii ;
To optimize the S/B of the measurement £ 12 yareniches —E
events are picked up in one of six mutually @ 105 VBF BDT >0.87 -
exclusive categories : 8 E
. . . 6 =
— A VBF enriched category using a dedicated . E
BDT ) .
— Remaining categories based on cut based 0
. O N
selections on pY;/m,, and py;. = g
o
© -5 T T T T
© 110 120 130 140 150

m,, [GeV]
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The observed data are consistent with the
background only hypothesis with a
significance of 2.2 ¢

— The expected significance is 1.2 o under
the hypothesis of the presence of a SM
Higgs boson.

The best fit signal strength p,, :

— Observed p,,=2.00 *1° g
= 2.00 *+ 0.9(stat) *04  ; (syst)
with the signal yield normalized to the SM
prediction.
Observed 95% CL upper limit on p,, = 3.6
X SM prediction
— Expected limit assuming no (SM) Higgs
boson decay into Zy is 1.7 (2.6) times the
SM prediction.
The observed upper limiton o, 5,.B,,5;,
is 305 fb at 95% CL

The upper limit at 95% CL on the H>Zy
branching ratio is 0.55% (assuming SM
Higgs boson production cross-section).

5/26/2020

Z weights / GeV

ATLAS

80 Vs =13 TeV, 139 fb™
All categories
70 In(1+Sgq/ Bgg) Weighted sum

50
—e— Data
40— — Sig+Bkg Fit
----- Bkg
E) 4 T T 1 T T T l L ‘ T T T l T T I T T T I:
R ++l
0 oy ; t
43 | I 11 | I_E
140 145
m,, [Ge

Dominant uncertainty :

Statistics

The dominant systematic uncertainty,
amounting to 28%, on |1, arises out of the
“spurious-signal” uncertainties.

LHCP 2020



Summary

We have entered a precision era with LHC Run 2.

* The m, has been measured to a precision of 0.1 % by the CMS collaboration.
— The same measurement has also been performed by the ATLAS collaboration.

* First single channel observation of Higgs boson production in association with a top quark
pair by both experiments.

— The CP structure of the H-t coupling has been studied for the first time with the pure CP-odd
hypothesis excluded at > 30 by both experiments.

— Most stringent limit on tH production of < 12 times the SM xsec. at 95% CL from ATLAS

* The search for Higgs boson decays to Zy has been updated with the full Run 2 dataset by
the ATLAS collaboration.

e Exciting times are ahead with analyses being updated with the full Run 2 dataset.

— From these individual measurements along with their combination a coherent global picture will
emerge.

No evidence available yet of any deviation from SM predictions

5/26/2020 LHCP 2020
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Gauge interaction
- Coupling to
bosons

\

~N

J

Yukawa interaction
- Coupling to
fermions
\__
4 )

=p%|d|?+0.5%\.|b|*
- Higgs self coupling

\_________________/
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Higgs production at the LHC in Run 2

* |In Run 2 we have > 11 times increase in 1=

Higgs production w.r.t Run 1

— Much higher sensitivity in the measurement of
the properties of the Higgs boson.

LHC HIGGS XS WG 2016

Branching Ratio
| \ I| 1 ;

—

o
|
Q
@

1
4
-—

* Gluon fusion is the dominant production -
mode.

— Sensitivity to given production modes depend on
the decay channel being considered.

—y
Q
n

103

2y I E
(a) ggF (~87 %) (b) VBF (~7%) | i :
- == _ Ml| | | | |= | | | | |
H° 101 2(I)I I1I2I1I I1I2I2I I1|2|3I |1|24|fl I1|2|5I I1I2él |1|2|7I I1I2él |1|25|3I I1|30
i B M, [GeV]
qz Q4
(d) ttH (~1%) * The decay modes presented
(0]
g t today are yy and Zy
LR LR EE
H° — B(H2vy)~0.23%
s T — B(H>Zy)~0.15%
g t
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What do we wish to do with all this data

Total and
differential

Cross-sections

Reduced model
dependence and shape
information.

e Heavily stat. limited.

Signal-strengths
: 2 Couplings

* Using k-
framework

Inclusive

Per prod.
mode

e Using the high

discovery |y framework H->ZZ* channels only.
* Now syst. * Requires a deep

understanding of the
detector to correctly
estimate the systematic
uncertainties.

limited

5/26/2020 LHCP 2020 22



my, in the diphoton channel with the 2016 dataset ATLAS

> 06— 77 7 1 ]
. . . o F Hoyy,m_ =125GeV ATLAS Simulation .
« Diphoton vertex selected using a dedicated DNN | & o.14F " 75 - 13 TeV B
o= - -
* Eventsselected in a total of 31 exclusive cats. & 012 .
based on the photon kinematics and other s o1 AT
u — Signal Model ]
. = C ]
ObJeCtS' - D'GB:_ ggH 0J Fwd :uﬂ=2_1ueew_:
. . o e MC .
* The M,, resolution varies between 1.59 - 2.10 0.061- — SgnalModel
GeV 0.04f -
0.02 -
D_ Y e o ". PR SR W N TR T T .- " - . :
m,, = 124.93 + 0.40 [0.21 (stat.) + 0.34 (syst.)] GeV M5 120 125 130 135 . 40
m,, [GeV]
= i B S LA A A B R B R SRR R R
8 600:— h g:lci round ATLAS -
Source Systematic uncertainty on mj;’ [MeV] @ - — gigns?: + Background | (E;E:;‘ Tevl;izj b 3
5 - — Signa n(1+S/B) weighted sum
EM calorimeter cell non-linearity +180 2 500: 3
EM calorimeter layer calibration +170 N 400 —
Non-ID material +120 - .
ID material +110 3005_ E
Lateral shower shape +110 200 3
Z — ee calibration +80 - 3
Conversion reconstruction +50 1005_ 3
Background model +50 o o —
Selection of the diphoton production vertex +40 § 20 —;
Resolution +20 , 105 E
Signal model +20 g’ 0
W -10 ’ L M BT B
110 120 130 140 150 160
Phys. Lett. B 784 (2018) 345 m,, [GeV]
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https://arxiv.org/abs/1806.00242

m, in H>yy : Systematic uncertainties CMS(1)

The main sources of uncertainty
are those related to the photon
energy scale :

 The electron energy scale
uncertainties are propagated

CMS Preliminary

L IIII[IIIII T 1 T 7 T T A

1 bseca v
directly to the photon energy | £, o, ﬁkﬁ ﬁi{a’i ::‘S‘f ““@Q Rt o
scale. 5% o6} W »\ Y \‘w ’Q: | \ Ve
* Additional uncertainties on the éij 04 | R L Y K'W.i
photon energy scale account 27 02 1-a<iﬁi:§i§ . g;’iaig‘; °\\K, -~ O
for the differences in between | .. o} "% S - s
electron and photon B0 200 7TV sTv  a3Tev
interactions. £5 12|
— Modelling of upstream material | 32 21
— Non-uniformity in light @“5\‘:‘33\”” Qu\“fg%\':;l\"’@\‘%\"’\"’ ﬁﬁ%\:%”‘" Q@\i\q&’?«,\'\’« @\%“’%i\’%
collection in ECAL crystals due Date (month/year)

to radiation damage

* New light collection efficiency
models that account for radiation
damage.
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https://doi.org/10.1016/j.physletb.2020.135425

m,, in the diphoton decay channel with the 2016 dataset CMS

.. 35.9 1o (13 TeV)
3 16000:_H_>YY All categories E
~ — S/(S+B ighted —
2 o (§ DL:V: o 1 Source Contribution (GeV)
g 12000¢ — S+Bfit E : : N
Waoo- N Bcomponent - Llectron energy scale and resolution corrections 0.10
2 so00f 1o 5 Residual pr dependence of the photon energy scale 0.11
) C [ ]+¥2o0c ] x :
g = 1 Modelling of the material budget 0.0?
1 Nonuniformity of the light collection 0.11]
1 Total systematic uncertainty 0.18
Statistical uncertainty 0.18
- Total uncertainty 0.26
3 ;
~4000 110 120 130 140 150 _ 160 _ 170 _ 180 Phys. Lett. B 805 (2020) 135425
m,, (GeV)

* The signal model is obtained from simulation using a sum of up to 4 Gaussians.

* The background model is obtained directly from data using the discrete profiling method.

* Two signal strength parameters pCeH*TTH |\VBF+VH 3re free to vary in the fit.

* Uncertainty on the photon energy scale arising out of the Z—> ee based energy
energy scale corrections are of the same order as those arising out of differences
in e-y interaction.
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4 I ~25% CL_ |
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Phys. Lett. B 805 (2020) 135425
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Simplified Template cross-sections (STXS)

 The STXS framework, a logical evolution of the per process signal
strength measurements, aims to maximize the sensitivity of
measurements and minimize their theory dependence.
— Developed collectively by ATLAS, CMS and theorists.

* Certain exclusive regions of phase space, “bins”, are defined specific
to the different production modes in stages with increasing
granularity:

— minimizing the number of bins without loss of experimental sensitivity.
— Allowing for combinations across decay channels and experiments.
— Isolating possible BSM effects.

STAGE 0: The standard SM Higgs production modes

STAGE 1: further splitting based on p;(H), #Jets, p;(jetl), etc
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H->vyy recast in STXS stage 1 bins

ATLAS : ATLAS-CONF-2018-028 CMS: PAS-HIG-18-029
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https://cds.cern.ch/record/2628771/files/ATLAS-CONF-2018-028.pdf
https://cds.cern.ch/record/2667225

STAGE O

STAGE 1

5/26/2020
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Cross-sections in a fiducial region, in
exclusive phase space regions (“bins”) for
the different production modes

- Evolution of per-process signal strengths.

- Reducing theory dependence.

- Allows for combinations across decay channels
and experiments.

- Isolate possible BSM effects.
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H->vyy in STXS stage-1 bins : Grouping 1 results

T T 1T T T T 1 T T T 1 T T 1 T 17T T 11 T 11 T T CMS Prelfminaq/ 774 fb'1 (13TeV)
'IJLASPrellmlnary[ HTlota|||Sltat .éyst -‘ISM [ L L B L AL I A O LA
(s=13TeV,79.8 fo”' ' ' N Hoy —— Observation |
H-yy, <25 Total ( Stat. Syst. .
W- IyHl || +0.23 ( +3(:.16 ) ggH OJ 118 522‘?
ggF, 0j o 0.92 (+0.17 )
’ 1 . — .SM Prediction —
ggF, 1j, 0<p!<60 GeV e 123 0¥ (+052 0% ) | ggH1Jlow | 13%%
ggF, 1, 60<p!'<120 GeV % 089 ‘o ( ‘te  Toa) o m,, profiled ]
: H +085 +070  +049 ggH 1J med 0.7 04
QOF, 1], 120<p’<200 GeV | —s=mmmm—151 0% ( 0% 0w ) | _
ggF, >=2j == 065 0% (+047 ‘02 ) |ggH 1J high | 1737
qq—Hqa, 0<p’ <200 GeV : 140 ‘0h ( om loat ) . B
T . ;li_" gg Ej: 021 ggH GE2J | 08¢
ggF +qg—Hqq, BSM-like 076 Ty ( Toa *0.23) - —
VH, leptonic l—:——| 138 00 (T TaE) ggH BSM | 2237 —=—
+0.44 +0.37 +0.23 B ]
TOF: | J Fi-_| | o |_0'38 | _|0'34 _0119 | qaH O'Bf‘%; | ! | ! !
_2 _1 0 1 2 3 4 5 1 1 _2 1 1 1 0 1 1 2 1 1 1 4 1 1 1 6 1 1 1 1 1
(0' X B) / (0 X B)SM CMS proc/ theo
* The stage-1 bins are defined using “cuts” || = Analysis performed targeting the ggH and
on the corresponding “RECO” level VBF bins.
quantities. * The stage-1 bins are defined using “cuts”
— 9 STXS bins in all. the corresponding “RECO” level quantities.
— Total of 27 categories in these bins with a — Dedicated BDTs used to reject backgrounds.
mix of cut based and BDT selection — Two sets of results with 7 and 13 STXS bins
respectively
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H->vyy in STXS stage-1 bins : Grouping 2 results
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ttH + tH production and CP properties of the Higgs boson

ATLAS: arxiv:2004.04545 CMS: arxiv:2003.10866
Both papers have been submitted to Phys. Rev. Lett.
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https://arxiv.org/abs/2004.04545
https://arxiv.org/pdf/2003.10866.pdf

BDT input features: ATLAS

ttH Bkg. Rejection BDT

* Leptonic channel input features :
— Photons : pVT/mW, n, ® of each photon
— Leptons : 4 vectors of up to 2 leading in p;leptons
— Jets : 4 vectors of up to 4 leading in p;jets
— MET : magnitude and ©

* Hadronic channel input features
— Photons : pVT/mW, n, O of each photon

— Jets : 4 vectors, b-tag of up to 6 leading in pjets
— MET : magnitude

CP BDT

e Total of up to 20 input features :
— Photons: p; and n of the diphoton system
— Top quarks: p;, n, t-BDT scores of up to 2 reco. top quarks, ®,, ,, O
ANirpr ADyyep My 1, My
— Jets and MET: #jets, #b-tagged jets, H,, MET/sqrt(H), lowest and second lowest
Ar'|vj

yv,t2 7
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BDT input features: CMS

ttH Bkg. Rejection BDT

e Hadronic channel with up to 35 input features
— Photons : p¥;/m, , n, PSV of each photon; Max and Min y ID MVA
— Diphoton system : p¥¥;/m,,, Y, AR, cos(AD), , | cos(Helicity angle)|
— Jets and MET : 4 vectors, b-tag of up to 4 leading in p;jets; Highest and 2" Highest b-
tag score; #jets, H;, MET
— Dedicated variables : DNN to suppress diphoton background, top-tagger BDT
* Leptonic channel with up to 32 input features :
— Photons : Same
— Diphoton system : Same
— Leptons : #leptons, p;, n of lead lepton
— Jetsand MET  :Same [up to 3 lead jets]

— Dedicated variables : DNN to suppress tt+yy background

D,. BDT to separate the CP-even and CP-odd couplings using the ttH/tH processes

* input features :
— Diphoton system: kinematic variables (not including m,, )
— Leptons (lepton channel only): #leptons, kinematic variables of the lead lepton
— jets: kinematic variables, b-tag scores of up to 6 leading jets
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A search for Higgs boson decays to Zy (ATLAS)

arxiv:2005.05382
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https://arxiv.org/abs/2005.05382

Event categorization

© D. Schaefer

selected events

Soe T e S

VBF BDT —l
> 0.4 p} /mzq{ <0.4
ee ! Hu
li lepton flavour l
> 40 GeV < 40 GeV > 40 GeV < 40 GeV
Pt Pt
Y v v v v Y
I | i V||V Vi

VBF like GGH like
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https://indico.cern.ch/event/868253/attachments/2023520/3384212/vbf_cern_phys_seminar.pdf

Signal and background modelling

* A parametric signal model is obtained from fits to the m,, distributions in simulation for all
6 categories.

— Used a double-sided crystal ball function.

* A parametric background model is used to describe the m,, distribution using a template of
simulated Zy and EW Zyjj events along with the Z+jets from data.

— Family of functions : exponential, Bernstein and power law.

— The choice of the analytical model of the background and the m,, fitrange optimized in each
category using the templates.

The “spurious signal” is require to be less than 50% of the exp. stat. unc. on the signal yield. A S+B fit to the m,, background-
onlydistribution with m varied in the range 123-127 GeV : The max. number of signal events obtained from these fits
constitute the spurious signal systematic unc.

The optimal fit range is by varying the bound of 105-115 GeV and 140-160 GeV in 5 GeV steps in order to achieve the
highest signal significance.

Category Function Type Fit range [GeV |
VBF-enriched Second-order power function 110-155
High relative pr  Second-order exponential polynomial 105-155
ee high pr, Second-order Bernstein polynomial 115-145
ee low pr; Second-order exponential polynomial 115-160
uu high pry Third-order Bernstein polynomial 115-160
uu low pry Third-order Bernstein polynomial 115-160
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S o5- ATLAS ';"'n';{a"" - $ 120- ATLAS ""';'"'5;'1;” S
9 - Vs= 13 TeV, 139 fb" —— Background fit : — ~ ys=13TeV, 139fb" —— Background fit _
2 e “iH -2y SMx20 @ 100~ e “iH - Zy SMx 20~
S 20— VBF-enriched s - High relative p] p
I : & 80
15 - -
4 il
5 i -
, ot o
E o T ARRRRARRRN A i ) SARALARRARARARE A i LARAARL I MAARALAARS ARLS
© 0}#|J|.|IJ|.|IJI»I +Hv++.||I|I|1I.|H]|.II|+I++|+I++%] .."IE 0 + + ++
g _151_b"'I"1'2'b'+"+""1j:'aTJ'I'T"'1'4'4b """"" 150 S B0yt +' g
My, [GeV] 120 130 140 Y1{%[3_}\{1
Category Events Ses Bgg weg [GeV]  SegY B 1072]  Ses /WSss + Bes
VBF-enriched 194 2.7 18.7 3.7 14.3 0.58
High relative pt 2276 7.6 112.8 3.7 6.7 0.69
High p; ee 5567 9.9 444.0 3.8 2.2 0.46
Low pr; ee 76679  34.5 6654.1 4.1 0.5 0.42
High pr; pu 6979 12.0 610.8 3.9 2.0 0.48
Low p1; pu 100876  43.5 8861.5 4.0 0.5 0.46
Inclusive 192571 110.2 16 701.9 4.0 0.7 0.85
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