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Leptons and neutrinos Quarks

W and Z masses from EWSB n '

Fermion masses from ad-hoc Yukawa couplings

Higgs boson decays to fermions

One Yukawa coupling per (heavy) fermion to be scrutinised...

H
-------- < ¥’ Generalised Yukawa coupling, CP violation ?
A My T
b~ . < Ly = TH(Kfff + Kff iysf)
A

This talk: H->bb (BR=58%), H->tt (BR=6%), H>uu (BR = 0.02%), ttH & tH measurements
H—>cc, H>vr in Badder Marzocchi’s talk on Tuesday
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Phys. Rev. Lett.121.121801

H - bb 172 10

Evidence established with 2016 data with VH events (0-, 1-, 2- leptons and b-jets)

77.2 (13 TeV)

10-13% mass resolution: | CMS ‘S:f:%bg 201 ::;017
DeepCSV for b-jet identification, b-jet energy regression VZ,Z-bB

33 S+B uncertainty

Kinematic fits in 2-lepton channel, FSR jet recovery

S/(S+B) weighted entries
o
o
o
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DNN scores to extract signal (yields and b-tag scores in CR)
500 -

<5117 (7 TeV) +<19.8fb" (8 TeV) + < 77.2 fb” (13 TeV)
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' Runl + Run 2 (2016+2017):
ttH | -e——- 0.85 £ 0.23 = 0.37 . . .
. + Observation with VH, ttH, VBF, and ggH production
WH ~——— 1.24 £ 0.29 = 0.24 modes
ZH | - 0.88 = 0.24 = 0.16 u=1.04 +0.20, 5.60 observed, 5.50 expected
Combined - 1.04+0.14+0.14 + VH,H->bb only
e b e b b e b b e b e b by
o 1+ =2 3 4 5 6 7 Begt i M9 uw=1.01+%0.23, 4.80 observed, 4.9 expected
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801

H = bb - Lorentz-boosted Higgs events

Higgs reconstructed in boosted topologies using new deep double-b tagger (DDBT)
All production modes: u = 3.7 = 1.2(stat)*)3(sys)*o3(theo), 1.90 observed w.r.t. SM (2.5 vs background)

Higgs mass (soft drop)
is fitted for signal extraction Differential measurement as function ofpﬁ in ggF events
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https://link.springer.com/article/10.1007/JHEP12(2020)085

H-—> 7t

Simplified Template Cross Section (STXS) with 137 fb-1 of Run 2
+ Stage 0: ggH and qqH=VBF+V(qq)H
+ Stage 1.2: with merging of bins

DeepTau for 7}, identification,
Z — 77 from ppu embedded data (JINST 14 (2019) P06032)

CMS Preliminary 137 fb' (13 TeV)
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CMS Preliminary 137 fb™ (13 TeV)
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m__ from simplified matrix-element algorithm

(J.Phys.Conf.Ser. 513 022035)

—
o
o

— theory and syst. now larger than stat. uncertainties (inclusive and ggH measurements)
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https://cds.cern.ch/record/2725590?ln=fr
https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06032
https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06032
https://iopscience.iop.org/article/10.1088/1742-6596/513/2/022035
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https://cds.cern.ch/record/2725590?ln=fr

CMS-PAS-HIG-20-015
H—> 717 137 fb-1

First differential cross section measurement at LHC in fiducial volume of tau decay products!
Check variables sensitive to new physics, measurement integrates over several production modes

138 fb' (13 TeV) 138 fb' (13 TeV) 138 fb' (13 TeV)
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Competitive precision w.r.t. other final states at high pﬁ, high jet multiplicity.

— see Andrew Loeliger’s talk on Tuesday
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https://cds.cern.ch/record/2776742

JHEP 01 (2021) 148

137 fb-1

BR(H-> pp) = 2.18 104 but good mass resolution
Narrow resonance over smoothly falling backgrounds (mainly Drell-Yan, ¢¢, dibosons)

Typical mass resolution
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https://link.springer.com/article/10.1007/JHEP01(2021)148

JHEP 01 (2021) 148

H=> Uy 137 fb-1

Results extracted from di-p mass spectrum (ggH, VH, ttH categories) and DNN score (VBF category)

Background templates from simulation in VBF category \
137 fb™ (13 TeV)
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https://link.springer.com/article/10.1007/JHEP01(2021)148

Eur. Phys. J. C 81, 378 (2021)

ttH and tH measurements - overview CMS-HIG-18-030
PRL 125 (2020) 061801

51f" (7 TeV)+19.7fb" (8 TeV) + 35.9 b (13 TeV)
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Signal strength  Obs/Exp significances

Multi-leptons 137 fb-! 0.92+0.26-0.23 4.70 /5.20 (ttH) ttH and tH

H—-WW, ZZ, tt 1.40 /0.30 (tH) ttW and ttZ free floating
Last results -

H — bb 41.5fb1 1.15+0.32-0.29 3.90/3.50 challenging tt+HF modelling

H— vy 137 fb1  1.38+0.36-0.29 6.60/4.70 STXS measurement (S. 11)

CP analysis (S. 14)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x
https://cds.cern.ch/record/2675023?ln=fr

PRL 125 (2020) 061801
137 fb-1

ttH and tH measurements - ttH, H — yy

CMS 137 fb' (13 TeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
https://link.springer.com/article/10.1007/JHEP07(2021)027

Eur. Phys. J. C 81, 378 (2021)
ttH and tH measurements - critical backgrounds CMS-HIG-18-030

» 80 CMS 137 fb™ (13 TeV
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% 3 «  H®W: 2l same sign with ttw = Splitin tt+bb, tt+b, tt+2b, tt+cc, tt+LF based on flavour
node of multi class NN content of particle-level jets
SN e having the highest value * Independent normalisation and uncertainties for all 5

tt+jets processes
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
https://cds.cern.ch/record/2675023?ln=fr
https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x

ttH and tH measurements - ttH multileptons

CMS 137 b (13 TeV)
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Kt constrained to -0.9<kt<-0.7 U 0.7<kt<1.1 @ 95% CL

Eur. Phys. J. C 81, 378 (2021)

137 fb-1

ytimpact on kinematics and
rates

&

Ky impact on tHg tHW
interference

taken into account

— both the SM and inverted top coupling scenarios are in agreement with data
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https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x

Tau Yukawa coupling and search for CP violation CMS-HIG-20-006
137 fb-1

Generalised Yukawa coupling, CP violation can occur at tree level

m
/i K
Ly = _H(Kfff+ Kffl}’sf) CP violating angle ¢ = f ¢ = 0inSM

Angle between tau decay planes allows to reconstruct ¢_.

1pr,3nr

Several techniques depending on 7 decay mode ,ui,ﬂi,pi, a,

—>pure CP-odd hypothesis excluded at 3.20
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https://cds.cern.ch/record/2725571

Top Yukawa coupling and search for CP violation

PRL 125 (2020) 061801 itH,H — yy Combination with tH, H — 4l and gluon
CMS 137 fb! (13 TeV) fusion loop with top quark dominance
100¢ { Data ! : (= CP violation impacts rates differently)
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first six jets, diphoton system (but not myy), b-tagging

scores of jets, lepton multiplicity...
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>-sign(k,/x;) = 0.00 = 0.33 -> pure CP-odd hypothesis excluded at 3.2¢


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
https://cds.cern.ch/record/2725543?ln=fr
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.052004

Conclusion

CMS has observed Higgs to tau, top- and b-quark couplings 35.9-137 fb' (13 TeV)
Evidence for Higgs to muon coupling! % 15_”|CMIS 'P'r'e'”'r;;'inar'y T WZ' 't"’l,g
. : , , S | m,=12538GeV s
All fermionic couplings so far proportional to the fermion Q qo-1k _:
mass, over three orders of magnitude... EZ : o g :
First dlfferentlfl, STXS measurements being performed é .. ...
Large BR to bb and 77 allow to test less accessible phase T (o3 T .u :
spaces: @ high Higgs pT, high jet multiplicities... & Fovscamers  Higgsboson
niion O
R
Top and tau Yukawa couplings being scrutinised for CP g 1_i .............. §-.{ ................. FYS
violation 8 o5 :1"6-1 ; ik L
Pure CP-odd hypothesis excluded at 3.2c for both particle mass (GeV)

Everything in agreement with SM so far!
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JHEPO03(2020)131

— _ 35.9 fb-1
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First upper limits (UL) w.r.t. SM: u< 71 (obs.), 49 (exp.) at 95% CL
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Light quarks... ?

CMS Experiment at the LHC, CERN
Data recorded: 2018-May-18 01:11:35.832512

Run / Event / LS: 316505 / 182749938 / 166 Z 9//! +/’t - or

Wi
T ””T”],’V//

4+ -

H — Z p/d gives access to u- d- s- couplings
p mesons decay to it and ¢ mesons to KK
Pions consist of two u- and d-quarks and kaons of two s-quarks

No additional track in a cone of DR<0.3 around p/¢ candidate.

Di-track mass windows: p: 0.6<m_. <1GeV (my =139.6 MeV)
¢: 1.005 < myy < 1.035 GeV (my=493.7 MeV)

IIKK IIKK 137 o™ (13 TeV)
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N ] 2 300 background function
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Mk [GeV]

BR(Z+p) < 1% and BR(Z+¢) < 0.5%.
— Limits are 1000 times larger than the expected branching fractions in SM
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https://cds.cern.ch/record/2718949

Eur. Phys. J. C 80 (2020) 75

Top-Yukawa coupling (y,) from ¢f and ftztt Phys. Rev. D 102 (2020) 092013
+ Higgs diagrams enter ¢ production at order agy, + 111t cross section one order of magnitude smaller
+ Shape effect on tf invariant mass and difference in than ”H_ B

top-quark rapidity expected + 20% of ¢ttt diagrams contain H
9 100000000009 > t q t
9
A H H
9 0000000000 < t q t
+ Dilepton final state with lepton+b pairing considered + Multilepton final states: 0,7 = 12,62-3 fb with a
~  1.14CMS Simuiation fs=13TeV significance of 2.60
% % HATHOR -e Y,=3
s 11;_ Generator level _zt:':' CcMS 137 fb~' (13 TeV)
Foes 501 2 Goem e s
ﬁ 1.06;— -= Predicted cross section Y
>§ 1.045—'\ ' 40, ,"/
~ S T T
\>-" 15 R LT g 30+ I,'l
g o T R B %
0'96-._1...1...1...1...1...|‘..|...|...| © /
200 400 600 800 1000 1200 1400 1600 1800 20 1 ~ 4
MypellGeV] <
+ Y, =y/y(SM) < 1.62 @ 95% CL
_ +0.07 +0.17
+ 0= 1'16—0.08(Stat —0.27(Sys) %0 o5 10 15 20 25
lye / ye"|
Limited by modelling uncertainties. + Y, =y/y(SM) < 1.7 @ 95% CL

No assumption on Higgs width.
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https://epjc.epj.org/articles/epjc/abs/2020/02/10052_2019_Article_7593/10052_2019_Article_7593.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092013

Run 3...

26
CMS-PAS-FTR-18-011 | 300" (13 Tev)
CMS

w/ Run 2 syst. uncert. (S1)
m— W/ YR18 syst. uncert. (S2)

Projection |
o -0 w/ Stat. uncert. only
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K, e Run 3
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KW 4 —
0.03 (Stat); 0.04 (S2); 0.05 (S1)

0.03 (Stat); 0.04 (S2); 0.05 (S1)
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-

0.06 (Stat); 0.09 (S2); 0.11 (S1)
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-
0.22 (Stat); 0.22 (S2); 0.22 (S1)

0 005 0.1 0.15 0.2
Expected uncertainty
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HL-LHC...

Vs =14 TeV, 3000 b per experiment

T T T T T T T T T T

| Total ATLAS and CMS

— Statistical HL-LHC Projection
—— Experimental
— Theory Uncertainty [%]

Tot Stat Exp Th

y B— 1.8 08 1.0 1.3
Kw B=— 1.7 08 0.7 1.3
KZ — 1.5 0.7 06 12
. KA B
Fermions are over here... g —— 25 09 08 21

3.4 09 1.1 31

3.7 1.3 13 32

1.9 09 08 15

43 38 1.0 1.7

9.8 72 1.7 64
0 002 004 006 008 01 012 0.14
Expected uncertainty
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Top Yukawa coupling and search for CP violation

PRD 104 (2021) 05200

TABLE V. Constraints on the f%” and fH parameters with the best fit values and allowed 68% CL (quoted uncertainties) and
95% CL (within square brackets) intervals, limited to the physical range of [—1, 1]. The fZ! constraints obtained in this work are
combined with those in the H — yy channel [26]. The interpretation of the ZgH result under the assumption of the top quark dominance
in the gluon fusion loop are presented in terms of the f£% parameter, where either ggH or its combination with zH and ¢7H results are

shown.

Parameter Scenario Observed Expected
sgH ggH (H — 47) —0.04719% [—1,1] 0+1[-1,1]
cr ( tH & tiH (H — 4¢) +(0.881942) [-1, 1] 0+1 [-1,1]

tH & ttH (H — yy) [26]

tH & ttH (H — 4¢ & yy)

< ggH (H — 47)

ggH & tH & ttH (H — 47)

\ ggH & tH & ttH (H — 4¢ & yy)

0.00 = 0.33 [-0.67, 0.67]
0.00 = 0.33 [-0.67, 0.67]

—0.013%;35 [—1,1]
—0.56107% [-1,1]
—0.04133% [-0.69, 0.68]

0.00 £ 0.49 [-0.82,0.82]
0.00 £ 0.48 [-0.81,0.81]
041 [-1,1]

0.00 £ 0.47 [-1,1]
0.00 = 0.30 [-0.70,0.70]
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.052004
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ggH 1 jet low p;

ggH 1 jet med. p;

ggH 1 jet high p;




H—> 77 - STXS

Analysis categories & 2D distributions used as input to the maximum likelihood fit

Table 2: Analysis categories. The results are extracted by performing a maximum likelihood fit
of 2D distributions in these categories using the observables listed in the last column.

Final state ~Category Selection Observables
O'jEt 0 jet Mrzr Th PT (ETh)
e (1)
VBF low py > 2jets, my > 350GeV, pp < 200GeV ., m;
{Th el VBFhighpy > 2jets, m; > 350GeV, p§ >200GeV ., my
Boosted 1 jet 1jet Mz, Pr
Boosted > 2jets Notin VBF, > 2 jets My, p?
O-jet 0 jet M.
VBF low py > 2jets, Ary;; > 2.5(2.0 for 2016), Moy, My
ThTh 100 < pi < 200GeV
VBFhighpy > 2jets, Ay;; > 2.5(2.0 for 2016), Myr, M
i > 200 GeV
Boosted 1 jet 1jet My, p?
Boosted > 2jets Notin VBF, > 2 jets M, p?
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/ — 17 - embedded samples

Input:
Data or JINST 14 (2019) P06032

simulation
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Z — pp selection

S e Event cleaning
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4

merge simulated and
cleaned events
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ttH, H—> yy - STXS

goH = ggH + gg — Z(qq)H + bbH qqH = VBF + qq — V(qq)H
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