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Introduction

top Higgs

* The heaviest elementary * The most Godly particle ever
particle ever discovered (1995) discovered (2012)

* Almost exclusively decays to W * The last predicted missing particle in
boson and b quark SM now observed

* Short lifetime makes it decay * Gives mass to all particles via
before hadronization (T = 4x |02 s) Higgs field

¥ Represents re|a‘|:i\/e|>/ clean * |t pl”opel”ties and implicatiOﬂS for SM
experimental signature to study are currently being studied in details

In SM top is expected to strongly
couple to Higgs (yt~ 1)

Yukawa ~——j
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Why top Yukawa coupling is so strong ?

Yukawa interaction with quarks: Higgs field expae(:;:tion
L = ) Q A ( ) 1 = A ( )
- — (2/) H + v) - (qz Al Q_ H+wv

Yukawa coupling

Top quark Yukawa coupling (y) = 1.4*(173 GeV)/(246 GeV) ~ 0.98
precise calculations — 0.990 +/- 0.003
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Is our world stable ?

metastability/
stability instability
* Our world is stable if there are no
other potential minimaV < Vrerm

* Our world is metastable if there is
another potential minimum with a
tunneling time greater than the age of

our universe (P_ltunnel > Tuniverse) ¢>
* OUI” WOI”|C| |S unStabIe |f P_ltunnel < Planck
Tuniverse
. sign(/l)m Strong coupling
* The answer is strongly -
connhected to the top and /
Higgs properties ! Higgs self-

:
 ptr=O(v =246 GeV) =-o.__ S | D

Scale u

2018/01/26 Kirill Skovpen - Seminar


https://arxiv.org/abs/1205.2893

When the world (almost) crashes down

180

nstabilty /"

* Our world is unstable at 1.30

j\[t GeV

* We seem to live iIn a metastable
world — transition time
between two minima >
lifetime of the universe

* Main uncertainties on our fate
come from me¢, Mu and Y
determination

140
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"
e
.
o

' § )| By = poN/Ou Phys. Rev. Lett, 115, 201802 (2015)

vacuum stability condition
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https://arxiv.org/abs/1507.08833
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Top pole mass M, in GeV
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https://arxiv.org/abs/1505.04825

The importance of being y;

* Critical y¢ Higgs field has two
degenerate minima

* Yt € [th"it, ytcrit + 0.0 4] the

new minimum Is deeper than ours,
the age of the universe is smaller
than the life-time of our vacuum
(metastability)

* ye > yeerit+ 0.04 (ime > 178
GeV): the life-time of our vacuum
s smaller than the age of the
universe

* Ye < yeorit = 1.2x10-6; our
vacuum Is unigue

* Ye € [Yeerit = 1.2x10-6, ycrit].
our vacuum Iis deeper than the
other one
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https://arxiv.org/abs/1411.1923

Mass, Yukawa and stability

Tevatron+LHC m, combination - March 2014, L =3.5fb"- 8.7 fo”
, ATLAS + CDF + CMS + DO Preliminary
CDF Aunl, kjets P 172.85 + 1.12 (052 = 0.49 = 0.86)
127 CDF Aunil, di-lepton = 170.28 = 3.69(1.95 +3.13)
7)) o CDF Runil, all jfats = 172.47 + 2.01(1.43+0.95+ 1.04)
e 126.5 :_ CLDT:T”’ By ets - = - 173.93 = 1.85(1.26 + 1.05+ 0.86)
— * ™~ DO Runll, |+jets 174 94 1 50
- - Con - = .94 = 1.50(0.83+ 0.47 + 1.16)
7)) 126 F DO Runil, dilepton o 174.00 = 2.79 (2.36 + 0.55 = 1.38)
(D) %, 2 ATLAS 2011, l+jets — e — 172.31x 1.55(0.23 + 0.72 = 1.35)
- S O 125.5 F ATLAS 2011, dilepton ———— 173.09 = 1.63 (0.64 + 1.50)
' E-C " CMS 2011, l+jets ——rr—s 173.49 = 1.06 (0.27 = 0.33+ 0.97)
o) 125 CMS 2011, di-lepton —_— 17250 £ 1.52(043 = 1.48)
ﬂ& E CMG 201, St P — 173.49 = 1.41(0.69 +1.23)
ﬂ 124.5 - World comb. 2014 ¥ /"= 41° - = 173.34 = 0.76 (0.27 = 0.24 + 0.67)
= - 25 TevatonMarch2013 Runt+l) b—o—a 173.20 = 0.87 (0512036 0.61)
124 28
8 S LHC September 2013 — e — 173.29 + 0.95(0.23 + 0.26 + 0.88)
0.92 0.93 0.94 0.95 0.96 5 , , , totgl _(stat. syst)
165 170 175 180 185
Myop [GEV]

Critical y;

yi(u=173.2 GeV)

19.7fb” (8 TeV) + 5.1 b (7 TeV)

yi(u=173.2 GeV)
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m CMS Preliminary
4
v 127 —— e Rt
= C A\ ] CMS 2010, lepton+jets \g 173.1 = 2.1 = 2.6 GeV
n N J PAS TOP-10-009, 36 pb" (value = stat = syst) o o
7)) 126.5 C .~ - CMS 2011, dilepton X 172.5 + 0.4 = 1.4 GeV PFECISIOII mass
C .\ 7 EPJC 72 (2012) 2202, 5.0 fb”! (value = stat = syst)
& ' N €15 2011, loponiens N®"  ms-0i-r00W measurements for
h > 1 26 -~ - JHEP 12 (2012) 105, 5.0 fb™' (value = stat = syst)
L 3 ———— °
CMS 2011, all-hadroni 5 =0,
m 8 125.5 : 3 EPJ cl;aj(lo:as) 2750'?::: b (‘Jalaui Do 1v2-t(); . to p an d H lggsl an d
- = o
Rl . CMS 2012, lepton+jets 172.0 = 0.1 = 0.7 GeV ° °
2 . : PAB TOR14401, 107 10" b ot < oyet Yt determination are
= C 4 CMS 2012, all-hadronic ® 1721+ 0.3 = 0.8 GeV A
125 - PAS TOP-14-002, 18.2 fb" (value = stat = syst) Cruci al to
u C " CMS 2012, dilepton X 1725 = 0.2 = 1.4 GeV
- . PAS TOP-14-010, 19.7 fb° (value = stat = syst) d h
I 124 .5 | - CMS combination NS 172.38 = 0.10 = 0.65 GeV un erStand wnere
C : September2014 ... (value :stat:sys) o '
= C . Tevatron combination O 17434 2037 = 052 Gev we Ilve °
1 2 4 [ T T 1 July 2014 arXiv:1407.2682 (value = stat = syst)
= World combination March 2014 @ 173.34 = 0.27 = 0.71 GeV
z 0.91 0.95 0.96 ATLAS, cOF,CM8.00 | (value = stat = syst)
1 1 1 1 l l | 1 1 1 1 1 1 1 1
165 170 175 180

120 (2015)3 8


https://arxiv.org/abs/1411.1923

Higgs mass measurements
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1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
ATLAS and CMS —e— Total Stat. w1 Syst.
LHC Run 1 Total Stat. Syst.

ATLAS H—yy p——e—— 126.02 + 0.51 ( = 0.43 + 0.27) GeV
CMS H—yy P 124.70 + 0.34 ( £ 0.31+ 0.15) GeV
ATLAS H—->ZZ -4l ; - i 124.51+ 0.52 ( = 0.52 = 0.04) GeV
CMS H—ZZ -4l ——— 125.59 + 0.45 ( + 0.42 + 0.17) GeV
ATLAS+CMS yy ——— 125.07 + 0.29 ( + 0.25 = 0.14) GeV
ATLAS+CMS 4l ———q 125.15 £ 0.40 ( £ 0.37 = 0.15) GeV
ATLAS+CMS yy+4l == 125.09 = 0.24 ( + 0.21 = 0.11) GeV
1 | | | I 1 | | | I 1 | | | I 1 | | 1 l 1 1 | 1 l 1 | | 1 l 1 1 | 1 l 1 1
123 124 125 126 127 128 129
m,, [GeV]
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How to catch Yukawa ?

Directly

g ) v 5
H H S Q
TR N S it \@ w Caveat: new
A ENSI t & particles could
q &> ~o ¥ / contribute to
) h Y, Z
CT) tr ‘" the loops !
€ € €
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Catch me directly, if you can

—
o
[\

o(pp — H+X) [pb]
=

10

102

;’ T T 1 LN I B N O I B B B L B B Ié §
N W) :
— — NNLO+NNLL QCD +NLO :

pp— H{( :
i I

3

t op — gaH (NNLO QCD + NLO EW) :
= pp ~ WH (NM
:—W
- 1o — boH (NNLO IS elols -

pp =~ M, =125 GeV _
: MSTW2008 -
1 I A B A A T ST S A T AT TS AT AT BT R A
7 8 9 10 11 12  13__ 14
s[TeV] tHq@14TeV
. ................................................................................................................................... :' 50.090pb
eeceeeeee ,‘ ~0.020pb e ~0.020pb

tHq@8TeV tHW@14TeV
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How well do we know y; ?

ATLAS and CMS - ATLAS+CMS
LHC Run 1 -+ ATLAS
-+ CMS
B i —1ointerval
K, el -$— — 2¢interval
y -
h= S
| .
:N Kt S
But mostly | X —
comes from he | —.—
° ® T _*_+
indirect search N ;
' L z
analyses ! K, —
i, —
llllllllllllllillllllllllll
JHEPOB (2014) 045 -2 -1 0 1 2 3
Parameter value

2018/01/26 Kirill Skovpen - Seminar



https://arxiv.org/abs/1606.02266

y: and CP violation

scalar  pseudoscalar

Top-Higgs L, = ——2 (

interaction

L (kitt 4 iRityst) H
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CP violation phase: Ct = arctan(i%t / lit)
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ttH+tH 95% CL

SM:xe=1,ke=0

[ { "N Electron EDM (indirect):
I TN RRSROTIL k| < 0.01
-0.5F QRS N =
: e
[ All Higgs
-1F results
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https://arxiv.org/abs/1312.5736
https://arxiv.org/abs/1310.1385

ttH

Golden process to directly probe y: but a very complex final state !

H-oWW,ZZ,t7

2018/01/26 Kirill Skovpen - Seminar |4



H-bb

ttH search channels

11.4-12.9 b7 (13 TeV)

CMS Preliminary
dilepton

>4 jets, > 4 b-tags
pre-fit expectation

¢ Data — ttH x25.0
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https://cds.cern.ch/record/2231510
https://cds.cern.ch/record/2205282
https://cds.cern.ch/record/2205275

Summary of the latest ttH results

JHEPOB (2014) 045
Ru“ II ( tptl. ) ( 'st]at.],§vlst.l)
-o- ATLAS+CMS ATLAS \s=13 TeV, 36.1 fb™
ATLAS and CMS
LHC Run 1 -+ ATLAS —total — stat.
B -+ CMS ttH, H—1rt F-o—- 1.5 t:g ( tgg, fgg )
-+ 10
—r—
B tiH, H—bb o4 0.8 55 (03,75 )
" —— Run | %

VBF = ) " 1.5 06 (+04 +05
- ttH, H->VV k== 9 0.6 ( -0.4 v 0.4 )
e 403 , 402 +03

M _—."__ ttH combined I-r'-l 1.2 _3_3 ( 023 02 )

WH — | | | 1 1

ol 2 0 2 4 6 8 10
’ Best-fit u_ for m =125 GeV
tiH

W —,—"“—
) ?H " Significance@13 TeV = 4.2 (3.8) o

3.3 4.4 4.2
: (2.5)o0 (2.0)0 (3.8)o s 50 ?
u et @13TeV @8TeV @13TeV
e
NN FRETY FRUTY FEUTE SUUTY SUNTY FUTRY SURTE FARTY FUAT %
-1-050 05 1 16 2 25 3 35 4
Parameter value 2016 2017 2018

Significance@8 TeV = 4.4 (2.0) o
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https://arxiv.org/abs/1606.02266

tHq

* Suppressed in SM by destructive
interference: Ye-yw < 0

* tHq is sensitive to both
magnitude and sign of y:

* BSM can be looked for by probing
negative Yy still allowed from global fits

* | 5x Increase In tHq cross section assuming
inverted coupling scenario, yt = -|

pp—>thj (LHC 14 TeV)

8

o0 (pp — thy) [fb]
CF = 1 Cp = —1

-2 -l 0 L 8 TeV
CF
14 TeV

0.42 4.6
18.28 38 233.8%5

7
88.21¢ 982128

J. High Energ. Phys. (2013) 2013: 22
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t channel

N

s channel

Eur. Phys. J. C (2015) 35: 263



https://arxiv.org/abs/1504.00611
https://arxiv.org/abs/1211.3736

tHq results at 8 TeV

a5 CMS 19.7 fb” (8 TeV) 1600 CMS 19.7 b (8 TeV)

S f pp — tHq : e ! | | | | o

3 F t — blv N 21400-_ — Observed

g 30 C=1,m =125GeV ~ < I - Expected -

o [ ; E [ -

E —o— Observed - = 1200~ W oep -

8 25—~ . Expected - Cz - | ] +20 exp. :

E + 1o exp. : P - -

: | S B :

S 201~ - - §

B . 800 ~

15 _ - -

’ 600 —

10 — ao0l- -

S — 200 —

0: l l | | | l q 0_Ilott'q(lc'.iﬂ'l.lx{..xxi.,,ll.xlll,-
e Cux  Slep  Hu- by 7 Com, 05 1.0 15 2.0 25 3.0

eg B(H—yy) / B, (H—vy)
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https://arxiv.org/abs/1509.08159

tHq results at 13 TeV

CMS Preliminary

| 35.9fb~" (13TeV)

14
12

1.0

ox BR [pb]

pp — tH + fiH
H—>WW/ZZ/rr

Kr =Kt

—e— Observed limit (o .>< BR) |

- -- Expected limit (c x BR)
+1 standard dev.

+2 standard dev.

_____ otheo. x BR (ky = 1.0)
-== 0':5_'80' x BR (H..v = 1.0)

......... atheo. x BR (ky = 1.0)
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Observed (expected) 95% CL
0.56 (0.24) pb =
3.1 x o(ttH+tH)

HIG-17-005


https://cds.cern.ch/record/2264553/

tWH at the LHC13 .
5FS NLO ——DR2 - DRI

1000 |

100 |

\
o [fb]

MadGraph5 aMC@NLO

10 |
* As tHq, suppressed in SM by destructive
interference: Ye-yw < 0 ,
* Sensitive to both magnitude and ’ : 1 ,:m 1 : ’

sign of y:

* Significant increase in tHW cross section

(up to 50x) in some phase space of (yt,yw) Eur, Phys. J. C (2013) 37: 3¢

No experimental results yet
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https://arxiv.org/abs/1607.05862

Indirect probe of y; in four top

1 / o S - v
g Y g —_ " : ,P";;v'; . |
t Z [y t
g
t
: t
: g ~
g 1 t
o(tttt) = oM (titt + K20 arKiv:1602.01934
g+Z/v t
2: | SN AR AR SRS e
S § i B gy [ B \: 8 Tev 14 TeV
m§ i N . e q oM (ttE) g1 2/ - 1.193 fb,  12.390 b,
~ X777 Excl. by uit (300fb7") - oSM(tttt) g 0.166 fb, 1.477 fb,
& &l I Exel. by i (500 ) M (78D 0229 fb,  —2.060 fb.
SN : XOOOKXKXKXIEAA
Il (a) A0 MO LHC data results @8TeV:
a -I | O | I | | | ( I/ // / /v IS XA /l VAVAAY . 1. X
& Qb ] o(tttt) < 23 fh = k; < 3.49

K:
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https://arxiv.org/abs/1602.01934

When flavours change but charge
remains the same

= g cral . FCNC in

* Flavour-changing neutral currents .
(FCNC) forbidden at tree level in SM producn
* Largely suppressed in higher orders by GIM | )

mechanism u/c

* But, could be significantly enhanced in
various BSM

* Direct probe of anomalous Yyt

B(t—cg) 10-12 08-104 | 107-10% 10710

B(t—cZ) 10-14 |0-10- 1O 10-7 - 105 |0

10-14 102 - 107 |07 - 108 |0
10> - 10 072200

arxXiv:1311.2028
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https://arxiv.org/abs/1311.2028

t—=yc
t—=yu
t—=gc
t—gu
t—Zc

t—Zu
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BSM

95%CL upper limits <@ ATLAS <@ CMS
[1] JHEP 02 (2017) 079 [2] JHEP 10 (2017) 129
Each limit assumes that [3] CMS-PAS-TOP-17-003 (4] JHEP 04 (2016) 035
all other processes are zero (5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] ATLAS-CONF-2017-070 (8] JHEP 07 (2017) 003
Theory predictions —SM 2HDM(FV) []2HDM(FC)

from arXiv:1311.2028

ll L ll

Elrs

9
9
—9
7/ «0
) —e (51
| o
~—0
«—9
0

(4)

(4)
(5]
(6]

(6]
[7)
(8]
[7)

1

107'° 1073 107'° 1074

o 10”
Branching ratio

t—yc

t—=gc
t—=gu
t—=2Zc

t—Zu

Top-Higgs FCNC results

Future projections

95%CL upper limits <@ ATLAS <® CMS
[1] JHEP 02 (2017) 079 [2] JHEP 10 (2017) 129
Each limit assumes that [3] CMS-PAS-TOP-17-003 [4]) JHEP 04 (2016) 035
all other processes are zero [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] ATLAS-CONF-2017-070 8] JHEP 07 (2017) 003
w— SM HL-LHC N FCC-ee

B FCC-hh B ILC/CLIC B LHeC

<@ (4)
<@ (4)
@ b
<@ (6)
<@ (5)
<@ (6)
A o «®
<@ (8)
<@ (7)
l ll ll ll Il ll ll ll ll lI L ll lf.ll ll llel
1076 1073 10710 1077 107 10

Branching ratio

arXiv:1/11.01852
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https://arxiv.org/abs/1711.01852

Study of y; at future colliders

\CJ ete o Z/Yy*ttH arXiv:0604160

arXiv:1506.05992

\’ 19.7 b (8 TeV) + 5.1 fb” (7 TeV) o
\CJ ki =~ ko = F CMS ' 53 1 ILC TDR Program y
(J ] 4 2 | 250fb" @ 250GeV H
\\’ o | S | s500fb" @ 500GeV
@ = =68% CL 810" 1000fb" @ 1000GeV
107F | —es% CL
6+ k/ k — i ---SM Higgs b
/ 102k j 10% T
’ C
/! 10°1 TMefit |
/ ] =es%CL 1 10°F
, PH —95%CL | P
/' 10‘4 L el MR — ’ll‘1 NETERETIY B AR ,‘.m\z -
r i o 1 Particl1<-§) mass (180eV) ° 1 * Mass [GoV]
- 4
a8 R T o(ttH) :
&é arXiv:1507.081 o(ttH)[pb] o (ttZ)[pb] o (t17)
QQ 13 TeV my = 174.1 GeV 0.3640 0.5307 0.6860
e
©\ m; = 172.5 GeV |  0.3707 0.5454 0.6800
100 TeV my = 174.1 GeV 23.88 37.99 0.629
e
my = 172.5 GeV 24.21 38.73 0.625
rX1v:1510.090
Expected
precision in y;
determination

2018/01/26
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https://arxiv.org/abs/1510.09056
https://arxiv.org/abs/hep-ph/0604166
https://arxiv.org/abs/1506.05992
https://arxiv.org/abs/1507.08169

Top, Higgs and beauty

b

* b quarks are always present in top
quark decays: B(t—VWb) = [00%

* B(H—bb) =59% is the dominant
Higgs decay mode

* b jet identification (b tagging) is
crucial for SM and BSM analyses
with top and Higgs

2018/01/26 Kirill Skovpen - Seminar 25



-6 -4 -2 0 2 a4 6

CMS Experimentat LHC, CERN
Data recorded: Tue Oct 18 21:11:41 2016 CEST
Run/Event: 283453 / 53384671
Lumi section: 90 ]~ muon
n =0.17
b = 2.34

AK4 jet

Br =73.1 GeV _ i
¢ = 2.31 X '

/ 1
Compact Muon Solenoid m

S

-t

—

& o oo =™ e oMB 00 O 0

AKA4 jet

Pr — 62.2 GeV
n = 0.22

» = —0.82



How to tag the beauty

* b jets = hadronised b quarks

* Use B hadron properties to identify b jets:

P
P

2018/01/26

displaced

lepton

eavy-flavour

Relatively large mass; 5-6 GeV jet

Long lifetime: ct = 450 um :
E=70GeV = Byct =5mm | v

jet
Daughter particle multiplicity
~ 5 charged tracks per decay

Possible presence of B semileptonic decays
b= uvX (Br = [1%), b=>c=2puvX (Br = [0%)

Tertiary vertex (B meson decay to a charmed hadron),
ct = 120-310 pm

Kirill Skovpen - Seminar
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b pickup methods

Algorithm

Impact parameter
based

ATLAS

IP2D, IP3D,
TrackCounting, JetProb

CMS
TCHP, TCHE, JP, JPB

Secondary vertex
based

Decay chain multi-
vertex

Soft lepton

Multivariate

Machine learning

SVO, SV1, SV SSVHP, SSVHE
JetFitter
SMT, pTRel Soft Lepton Taggers
JetFitterCombNN,
MVic. MV2 CSV, CSVv2, cMVAv2
DL1 DeepCSV, DeepFlavour

2018/01/26

Operating points:

b tag: 60%, 70%, 77%, 85% (ATLAS)
mis tag: 0.1%, 1%, 10% (CMS)
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CMS Phase I Pixel upgrade

* The pixel detector completely replaced in 2016

Upgrade
4 barrel layers

* One additional pixel layer close to the new beam pipe
installed in LS| — significant improvement in the

flavour tagging

* Reduced material budget, improved ROCs, higher |n|
< 2.5 coverage

Current

* Challenging commissioning of the new detector over 3 barrel layers
2017, but overall good b tagging performance
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Rise of Machines

* Machine learning finds more and more applications in many fields of
life and science

* The use of convolutional and recurrent neural networks to apply
on image-like data

* Use a large amount of raw information in the most efficient way
* Possible to apply a looser selection on tracks and vertices

* Application to flavour tagging as multi=classification — tag all objects
with one tagger

N
Stlicon N s H I
Tracker \ 4 i i
Electromagnetic il v il

250 < pT/GeV <260 GeV, 65 <mass/GeV <95
Pythia 8, QCD dijets, s =13 TeV
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JHEP 07 (2016) 069
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https://arxiv.org/abs/1511.05190

Performance results on MC

Vs=13 TeV, Phase 1

Vs=13 TeV, Phase 1
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‘ ' b-jet efficiency

* Significant improvement in b

tagging performance with the
""" § use of DNN

« * Huge gain for jets in boosted

3


http://cds.cern.ch/record/2263802

Charm tagging

* Charm lies somewhere inbetween the beauty and the light =>
c tagging is more challenging than b tagging

* [wo dedicated trainings against b (CvsB) and light (CvsL) jets

5 c tagger 13 TeV, 2016
- _l | I LI | I LI I L | LI l 1 I-l I LI I | | l LI | I [} l—
g [ cms it + jets § 1 13 TeV, 2016
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CvsL discriminator BTV-16-001  arXiv:1712.07158

2018/01/26 Kirill Skovpen - Seminar 32


http://cds.cern.ch/record/2205149?ln=en
https://arxiv.org/abs/1712.07158

Higgs and double beauty

More boosted objects with the
increase of collision energy

Decays of boosted particles clustered

in large-R jets can also contain b
quarks

Use substructure techniques to
reconstruct subjets

T axis

T axis

double-b

1
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k
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https://arxiv.org/abs/1712.07158
http://cds.cern.ch/record/2195743?ln=en

Conclusion

* We live In a beautiful metastable world
* Jop quark Yukawa coupling might be a portal to other worlds of new physics
* Experimental studies of this vital fundamental parameter in SM have just begun

* A broad range of analyses in the top-Higgs sector Is being performed by the
LHC experiments with very good prospects for y: determination at future
colliders !

* Jet flavour tagging is crucial for the exploration of the top-Higgs sector
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y: and CP violation
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https://arxiv.org/abs/1312.5736

Direct CP measurement of y;
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LD — —th (cos a + 15 sma) t H

v /" '\ CP-even SM Higgs 0+ (K=1,a=0)
Real number CP-phase CP-odd SM Higgs 0- (K=1,a=17/2)

* Probe CP of y; in ttH dilepton events , , , —— -
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https://arxiv.org/abs/1507.07926

Categorisation
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[JOther
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https://arxiv.org/abs/1712.08891

Categorisation WL

ATLAS [ Jti +tight [Jtt+=1c [Jti+=1b
Is =13 TeV Wi+v  [INon
Single Lepton

ttH H-bb cRd, cRY..,
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https://arxiv.org/abs/1712.08895

tHq results at 8 TeV
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https://arxiv.org/abs/1509.08159

GIM mechanism

| KY — /ﬁu;|
— f Flavour changing neutral current
Back in 1968 people found strange o
this decay not to be observed y b

Br(K.—= p*p-) = (6.84 £0.11)x10-2 [BNL]

Quark mass degeneracy — no FCNC = CKM matrix

unitarity

Glashow-lliopoulos-Maiani (GIM)
mechanism (1970)
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Top-Higgs FCNC results

H _}YY JHEP 10 (2017) 129 H — bb arxiv:1712.02399
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https://arxiv.org/abs/1707.01404
https://arxiv.org/abs/1712.02399

From LHC to HL-LHC

LHC Global data fit results

fs=7TeV,Ls51fb" ys=8TeV,L<19.6fb"

CMS Preliminary " 68% CL
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* Scenario I:systematics unchanged - :" ' J
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Could reach ~5%
precision in y¢ !
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https://arxiv.org/abs/1307.7135
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Image recognition

RELU RELU ELU RELU RELU RELU
CONV lCONVl CONV lCONVl CONV lCONVl

¢ ¢

car
truck

'aliplane
Ship

horse

b jet

cs231n.qgithub.io

Strip the input image to a set of pre=-processed layers
Convolutional approach: treat input data as multidimensional images

Max-pooling: reduce the number of network parameters via down-sampling

Minimise the loss function: the difference between the network output and the true class

More efficient recognition of low level features in early layers and high level features in later
layers with non=shallow configurations

Supervised or non-supervised lcarning

Kirill Skovpen - Seminar
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http://cs231n.github.io/convolutional-networks/
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Jet imaging

N

max-pooling

o~

deep = several hidden layers

"

X3
dense layer = each of its units
connects to all of the units in the
previous layer
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J pre-process

dense layer

Example of ML application

Ooo0oo00oDo0ao

to gluon/quark tagging

quark jet
O

0
gluon jet

JHEP 01 (2017) 110
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https://arxiv.org/abs/1612.01551

Inside of the Machine

* DeepCSV is currently the flagship tagger at CMS that is already commissioned in real data
=> DNN on CSVv2 inputs

* DeepFlavour is the upcoming tagger that uses deeper neural networks
=> more inputs, looser selection, more hidden layers

* Good prospects for the use of the full multi classification of reconstructed objects (flavour
+qg/g) with the deeper networks (Deep)et)
=> extension of DeepFlavour to jet multi classification

DeepCSV

Charged (8 features) x6

Dense Output classes:
100 nodes x 5 layers b, bb, c, |

DeepFlavour

Charged (16 features) x25 1 1x1 conv. 64/32/32/8 ACAT2017

Neutral (8 features) x25 1x1 conv. 32/16/4 - Dense
350 nodes x1,

ORI 11 com: 68727325} 100 s

Output classes: EPS2017
b, bb, c, |
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https://indico.cern.ch/event/466934/contributions/2590268/attachments/1487778/2311967/Verzetti_EPS_2017.pdf
https://indico.cern.ch/event/567550/contributions/2629600/attachments/1511294/2356931/ACAT_Stoye.pdf

Jet imaging results

Additional deep NN related

] Result discrimination
pre-processing

Standard pre-processing
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Is Machine Learning flawless ?

* Machine learning methods provide the best performance nowadays
* The performance is mostly limited by the size of the training dataset

* Powerful but delicate to configuration details

* Usual shortcomings:

2 Long training time: a big amount of input information
=> mitigated by the use of GPUs

2 Unit saturation: insensitivity of the network to the changes in the input unit values
=> mitigated by the use of the rectified linear units (ReLU) for activation
functions

2 Overfitting: overly-fine details in training sample lead to worse performance on
test sample
=> avoid over-dependence on particular units with regularisation methods

JHEP 01 (2017) 110
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https://arxiv.org/abs/1612.01551

Performance in 2016 data

* A large number of analyses to calibrate the performance
of flavour tagging in data

* Calibration is done in QCD (b, ), ttbar (b, c) and S 35.9 " (13 TeV, 2016)
W+c (c) events CMS o
* Similar performance in MC and data (SF = |) * Comb
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https://arxiv.org/abs/1712.07158

Flavour tagging at HL-LHC

14 TeV
* Tracker to be completely replaced for Phase 2 3 1T CMS Phase-2 Simulation
g |
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