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Standard Model

> Standard Model (SM) is a renormalizable
quantum field theory of 12 fermions with 3
forces mediated by spin-1 gauge bosons

> Electroweak gauge symmetry is
spontaneously broken by
Brout-Englert-Higgs mechanism

» Predicts neutral scalar particle

"[The Higgs boson is] a particle needed for theories to work” - Gerard 't Hooft
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The Higgs boson discovery at the LHC in 2012

2013 Nobel Physics Prize
to Francois Englert and Peter Higgs
— \

The Higgs boson discovery completes the SM,
making it self-consistent up to the Planck energy scale
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Rotation curves of the Andromeda Galaxy Gravitational lensing -

"bullet cluster”
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What is the origin of the dark matter?
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What is the origin of the fermion mass hierarchy?

Why do neutrinos have mass?
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Figure by Hitoshi Murayama
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Outline of this presentation

v

Higgs boson mass

v

Higgs boson phenomenology at LHC

v

Searches for H — pyu decays

v

Searches for flavour violating H — 7 decays

v

Searches for ttH production

v

Searches for flavour violating top-Higgs coupling
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24 EXPERIMENT

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

p,(H) =27 GeV n(u)= 07
p(H") =45 GeV n(p*) = 2.2
M,, =87 GeV

Z>uu candidate
in 7 TeV collisions
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Entries / 0.5 GeV

Data/MC

Standard Model with ATLAS detector

» SM provides excellent description of experimental data

» Main reference processes for detector calibration: Z, J/¢, T
» LEP: mzy = 91.1876 + 0.0021 GeV

Z = pip
L —
[ ATLAS Chain 1, CB muons |

1200— _ —— Data —
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. discovery channel

5/Z
/b
H H ------ /o
/b
kw - H to W coupling Kkt - H to top quark coupling
%) F T T T T
o c JLdt=451"V5=7Tev ATLAS
2 m; JLdt=20.31b" \5=8 TeV
> For the mass measurement, 5 . o weighted sum ~+-oaa
. 4 Combined fit:
categorise events by photon e . Mass measurement categories — Signat+background
conversion status and photon 7 oo Background
— signal

> Fit f(my4) to measure my:

f(myy) = B(p)+px S(my, Osyst)

B - background shape

2
B ~ epl'm'y'y‘*'PZ'm’y,y Lt N
2 9 E
£ 3 E
w - signal strength (SM p = 1) E E
o 0
. . = 2 JE
Osyst - systematic uncertainty g + E
N GE E
Tio 20 30 40 50 T
m,, [GeV]
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H — ZZ* — 4]: discovery channel

Rw/z—HtOW/Zcoup“ng > B AR AR AR AN AR AR RanA
w.z 8 35?ATLAS * Df“al 124.5 GeV p = 1.66) E
0 [ Hozzrsa  LdSmnomeeoe
f 30 L \s=7Tev: ILdt:4.5 [ = Background 22 -
[%2] C . Background Z+jets, ti |
___________ g 25 } fe-oTev JLdt:20_3 K ’/////% Systematic uncertainty {
H > C ]
w F ]
20— -
w,Z 150 B
10~ .
f(ma, OgpT) = s ]
B(es‘/St) + BX S(rnH: esyst) 5 r **
B - simulated background shape
. 0
pu - signal strength (SM = 1) 80 90 100 110 120 130 140 150 160 170
Fit f(my;, OgpT) to measure my my, [GeV]
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Higgs boson mass: ATLAS

Profile likelihood ratio

i o
L = P(model|data) 42 \ \ \:"'-‘.. / / / %20
L(my, 0) - my fixed 3 | E
L(Mu, GA) - my and 0 free 2? E
1 - free parameter 1§ A :ﬂ

07 123 1235 124 1245 125 1255 126 1265 127 127.5
m, [GeV]

[ Channel ‘ Mass measurement [GeV] ‘
H vy 125.98 = 0.42 (stat) % 0.28 (syst) = 125.98 = 0.50
H — ZZ1 | 124.51 £ 0.52 (stat) £ 0.06 (syst) = 124.51 + 0.52
Combined | 125.36 = 0.37 (stat) = 0.18 (syst) = 125.36 + 0.41

mH and m are compatible at 4.9%
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Higgs boson mass: ATLAS and CMS combination

ATLAS: Agyee(mii) ~ 10 MeV
LEP: mz = 91.1876 + 0.0021 GeV

Probing fermion flavour structure with Higgs boson

—r 7T
ATLAS and CMS ——iTotal Stat. = Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H - yy F——=—H  126.02 + 0.51 (% 0.43 + 0.27) GeV
CMS H-yy == 124.70 + 0.34 ( + 0.31+ 0.15) GeV
ATLAS H-ZZ -4 e 12451+ 0.52 (+ 0.52 + 0.04) GeV
CMS H -2Z -4l e 125.59 + 0.45 ( + 0.42 + 0.17) GeV
ATLAS+CMS yy I-—EIH 125.07 + 0.29 ( + 0.25 + 0.14) GeV
ATLAS+CMS 4| I-—%!—I 125.15 + 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4l P—EIH 125.09 +0.24 ( £ 0.21+ 0.11) GeV
N | | | BT T R
123 124 125 126 127 128 129
m,, [GeV]
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» Higgs boson mass is a free parameter of SM
LHC: my = 125.09 £ 0.24 GeV

» All other Higgs boson properties are predicted by SM
> Width, spin and parity
> Couplings to gauge bosons and fermions
> Production cross-sections and decay branching ratios

> Perturbative corrections to SM parameters up to the Planck energy scale

» SM is self-consistent but not complete (and perhaps not natural)
> Gravity
> Dark matter and dark energy
> Baryon asymmetry
>

Neutrino masses
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Rich LHC programme to measure Higgs boson properties and
to search for new phenomena in Higgs sector

pp collision by Sherpa
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Higgs boson production at LHC

Gluon fusion (ggF) ~ 88%
N*LO(QCD ~ 10° diagrams) + NLO(EW)
Ttheory ™~ 7%

W/Z associated production (VH) ~ 4%
NNLO(QCD) + NLO(EW)
Ttheory "~ 4%

q H

a w/z
X Ky

Probing fermion flavour structure with Higgs boson

Vector boson fusion (VBF) ~ 7%
NLO(QCD+EW)
apprF ~ 2%

X Ry

tt associated production (ttH)
NLO(QCD)
Otheory ™~ 9%

~ 0.9%

X Kt
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Standard Model Higgs boson decays

mg

Couplings to fermions: k¢ o< VEY

> Bf = Ir_—f, I'f,"” = 4.1 MeV . m?
H Couplings to W and Z: kv o< 3
> 7 accessible channels for

my = 125.09 GeV: Q@ T T
g F
Branching ratio  [%] o [ =
£ T H
H — bb 58.1 £ 1.9 S0t 2z j
c C 3
H— ww 21.5 + 0.9 S0 1
H— 77 6.26 + 0.35 2’ b
102 -
H— ZZ 2.73 £ 0.11 E 3
H — vy 0.227 + 0.011 i N
H— Zy 0.154 + 0.014 10° E
H— up 0.022 + 0.001 ]
H— ee ~5-1077 sl N N
080 100 120 140 160 180 200
M, [GeV]
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» Narrow width approximation:
K

o(i=H—=f)=0xBf=0; x —
My

» Experiments observe events:
Nexpected =L-A- €exp " Oi * B

L - integrated LHC luminosity
A - detector acceptance

€exp - detector efficiency

» Measure signal strengths - observed rates normalised by SM prediction:

! - _SM SM
o B?

1
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Higgs boson production and decay measurements

B¢ /o geF | VBF | VH | tiH
H — bb vV | V|V
H— WW vV | V|V
H— 71 vV IV VY
H— 27 vV |V |V
H— vy v v v v
H— Zy vV |V |V
H = pp v IV

H — ur v

- current measurement

v’ - current search
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Higgs boson

ATLAS and CMS - ATLAS+CMS
LHC Run 1 = ATLAS
-+ CMS
[ —zlo
———— —*2
Hoor — ’
e
v ————
VBF e
———
uWH L
N S
uZH ——
e
HttH
——
H =
cocdcc e bendbeend b e b e b
-1-05 0 05 1 15 2 25 3 35 4

Parameter value

production and decays with LHC Run 1

ATLAS and CMS o ATLAS+CMS
LHC Run1 -+ ATLAS
-+ CMs
B —tlc
hit ———— i
u ———
uz ——
.
ww o
n e
——r———
Ly -—
W e
bb ————
n ——
NI IATRTTTINE FUTT FUUT OV SOV IPTT TR

-1

-05 0 05 1 15 2 25
Parameter value

» Combined signal yield: 1.09 £ 0.07(stat) =+ 0.08(syst)

» Measured VBF significance: 5.4¢0

» Measured H — 77 significance: 5.5¢0

Probing fermion flavour structure with Higgs boson
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Higgs boson production cross-section

E [ T T . ! T T T T T ]
2 I ATLAS Preliminar — G, m,=125.09GeV ]
= 100 o .
T [ A Hoyy 0H—ZZ*—4l QCD scale uncertainty 1
b% 80 © ¢ comb. data syst. unc. mm Tot. uncert. (scale ® PDF+a,) E
60| =
40} ]
201 B
N Vs=7TeV, 451" 1
- (s=8TeV, 20.3 1" g
oF Vs =13TeV, 133 fo" (y7), 14.8 o (ZZ*) ]
vy
AU NS S S S NS ST S S ST T ST S S T ST SN NS S ST S NS ST ST S MRS
7 8 9 10 11 12 13
Vs [TeV]
Decay channel Total cross section (pp — H + X)
/5 =7TeV NG 8T(=V /5 =13TeV
H = vy 3r+13 pb 37+14 pb
H— 22" — 4 33tf}, pb 81t}§, pb
Combination 34+ 10 (stat.) 73 (syst.) pb  33.3725 (stat.) (sy:t )pb  59.0757 (stat.) 4% (syst.) pb
SM predictions [7] 19.2+0.9 pb 24 5+ 1.1 pb 55.5t33 pb
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Particle masses and Higgs boson

mf my
Kf X yag VRV X TVEV

T T T
€ 1 ATLAS and cMs
X f LHC Run1l
> Higgs boson couplings determine the O
. . g 10 E
mass hierarchy of charged fermions o
» Search for rare Higgs boson processes i
to measure flavour structure of SM 07 E
» Search for exotic Higgs boson decays [ t ATLASCMS 7
to probe for BSM physics w0ty T SM Higgs boson |
: — M, g] fit
? [ 68% CL
[ 195% CcL
107 ) )
10 1 10 10°

Particle mass [GeV]

“Evidently the Higgs system knows something that we do not know:
the difference between the generations” - Martinus Veltman.
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Outline of this presentation

Higgs boson mass

Higgs boson phenomenology at LHC
Searches for H — . decays

Searches for flavour violating H — 7 decays
Searches for ttH production

Searches for flavour violating top-Higgs coupling
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Events / GeV

Data/MC

Search for H — up

9 T
10 ATLAS Preliminary —4- Data
2
10 Vs=13TeV, 13.2 fb™* @ EWK Z+ets
10 (3 Top Quarks

) Diboson
— ggF 125 GeV] x 10
— VBF [125 GeV] x 50

15 3

. —

E E

0.5E |
60 80 100 120 140 160 180

m,, [Gev]

Background model:
e~ Amup

B=f (BW%GS)+(1—f)-C- e
i

BW = Breit-Wigner PDF, GS = Gaussian

Probing fermion flavour structure with Higgs boson

bt pt
Search for narrow p*u¥ resonance:
f(mup) = B(p) + 1 x S(mpy, 0)
Irreducible Z/v* background

> 7 resonance, continuous v*,
plus interference terms

> PDF and NLO - no analytic form

Empirical background function is
fitted in sidebands

Subdominant tt and di-bosons
backgrounds suppressed with £7 and
b-jet vetos
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Search for H — up

. < 1 for both muons
7 event categories: 721

> F T T T B
» Di-muon le«,U« (PH > pz/"/* ) 8 [ ATLAS Simulation Preliminary ]
T T T p I central medium pt -
= r T (s=13TeV,13.2fb"
. . @ r ! : 7
> Muon 7 (motivated by p¥ resolution) £ o8- E
g F e ggF [125] 1
. 0.6F — Signalmodel
» VBF production [ FWHM=5.6 GeV oremese
0.4 B
3 I AR aans e 02 ]
S ATLAS Preliminary 4 Data [ ]
I oz I |
2 0 f5=13Tev, 132" VK Zejes 110 115 120 125 130 135 o 140
H (3 Top Quarks
- oiboson m,, [GeV]
10 T ggF (125 Gev] x 10
10t —— VBF [125 GeV] x 50
[nu| > 1 for at least one muon
> F T T T =
& 25 ATLAS Simulation Preliminary =
0 r ) " ]
5 r Non-central medium |
S b P s=13Tev,132m°
2 5 1
G ,eb e ggF [125] B
L — Signal model |
E FWHM=7.0 Gev ]
H 1 ;
3 r E
8 L ]
0.5 -
0 2 [ ]
pi [GeV] L, ]

Il Il
110 115 120 125 130 135 140
m,, [GeV]
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Events

Data/ MC

Search for H — ppu:

ATLAS VBF category

BDT output for 76 GeV < m,,,, < 106 GeV E 45E ATLAS p‘,e"m‘inan‘, =
10° ; ; ; % 40 VBF s=13Tev,13.2fb™" 3
10° ATLAS Preliminary - Data ,% 35i E
v \5=13TeV, 132 fb* 8 g E E
10 WK s w 30E —e— Data E
[ Top Quarks Background model 3
[oiboson 25 —— Signal [125] x 20 —
20 =
15 E
e £
5 3
0 :
A E
2F E
1 3 SYNRL NP LI i bid i8-204dLT
E 3 z o rw*w*m“ # *+T++T m'*ﬂ TTTM ¢ # +TT+T
N ~ — 25 UL o
E 3 —af E
-0.2 0 0.2 0.4 0.6 0.8 1 E. 3
80T outp 110 115 120 125 130 135 140 145 150 155 160
my, [GeV]
» 14 input variables using muons, MET, HT and di-jet information
> BDT > 0.7 results in 51.3 (2.4)% efficiency for VBF signal (total background)
> 38% ggF contamination
> Use simplified background function
Probing fermion flavour structure with Higgs boson Rustem Ospanov 25



Entries / GeV

Central medium pr

Search for H — up

T T T T T
r ATLAS Preliminary
1000 i ™
- Central medium P,

800

—e— Data
Background model
—— Signal [125] x 20

600

400

200

(s=13Tev, 13.2fb"

110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]

Non-central high pr

> FrT T T =
@ 400F- ATLAS Preliminary E
% E Central high p:“ (s=13TeVv, 13.2fb" J
o 350 3
c 3
o 300F —e— Data =
E Background model _§

2505 + —— signal[125]x20 ]
200 =
150 E
100 =
s0E- et

Qb T bbb d

aE ; E

2F E
TR TR TR N K FTRY
& _zé TRt Ty Ty +T LRI E
74;+ 4 t 3

110 115 120 125 130 135 140 145 150 155 1

Event yields for 120 < m,,,, < 130 GeV

Signal[125] | Z+jets | Top | Di-boson | Total background | S/VB | Data
Central, low pfr” 4.0 3404 6 10 3419 | 0.07 | 3552
Non-central, low ]/11” 10.8 | 13184 | 23 45 13252 0.09 | 14262
Central, medium p/”" 90| 2872 49 31 2052 | 0.17 | 2883
Non-central, medium pf;“ 23.9 | 10255 | 177 157 10590 | 0.23 | 11269
Central, high p}" 6.6 | 1128 106 27 1261 | 0.19] 1272
Non-central, high //.l'.’ 154 3939 | 334 106 4379 | 0.23 | 4264
VBF 2.5 78 7 1 85 0.28 117

Probing fermion flavour structure with Higgs boson
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Search for H — up

e e L B B B B

ATLAS Preliminary

— Observed

Vs=13TeV, 13.2 fo* ---- Expected
E m+lo -
E H-up J+20 E
F ----SM Higgs 1

=
o
8

T T

|

[
S
N

95% CL Limit on ¢ x BR(H - p) [pb]

P T T S I A A

115 120 125 130 135 140 145
m, [GeV]
» H — pp decay for my = 125.09 GeV is excluded at 95% CL:
> ATLAS observed (expected): 4.4 (5.5)xXSM with 13 TeV data

> ATLAS observed (expected): 3.5 (4.3)xXSM with 748413 TeV data

> Sensitivity is dominated by statistical uncertainty on measured background

Probing fermion flavour structure with Higgs boson Rustem Ospanov
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Outline of this presentation

Higgs boson mass

Higgs boson phenomenology at LHC
Searches for H — pyu decays

Searches for flavour violating H — u7 decays
Searches for ttH production

Searches for flavour violating top-Higgs coupling
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Charged Lepton Flavour Violation

Charged Lepton Flavour Violating (CLFV) Higgs boson couplings:
> pu—e, 7—u and T—e

CLFV couplings are negligible in SM but present in many BSM models
B(H — pe) < O(1078) - constrained by null results for ;1 — ey search

B(H — p7) < 0(0.1) - constrained by 7 — iy, ey (and other results)

LHC is sensitive to H — u7 and H — et decays at percent level
> In Run 1 CMS observed 2.40 excess with best fit B(H — pr) = 0.84t%‘}3397%
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Search for H — ur

> Split by visible decays of 7 lepton into
hadrons (75,) or electron (7e)

> H— ptpv
> H— pev

> Signal categories by background type

ATLAS Simulation, Z — 11 + jets

m‘: £

Probing fermion flavour structure with Higgs boson

[GeV]

Fraction of Events

ATLAS Simulation, H{125) — tu

m [GeV]

ATLAS Simulation, W + jets

m [Gev]

WETS

myr

[GeV]

X107

Rustem Ospanov
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ATLAS Data 2012, \E 8TeV [Ldt=203 fb"

WE™S

my [GeV]

ATLAS Simulation, Z — 11 + jets

my S [GeV]

Probing fermion flavour structure with Higgs boson

Search for H — ur

ot ATLAS Simulation, H{125) — tu

E — 140, -

g S o
i} &)
k] i
S 3

©

i

w

e
My
ATLAS Slmulatlon, W + jets

» —

E %,

2 S

w

S W

§ g€

©

©

w
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[GeV]
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Fraction of Events
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Search for H — ur

> Search for broad m,,; resonance with (fine tuned) cut-based analyses

> Reconstruct my, using Missing Mass Calculator

1.8
1.6
1.4
1.2

Events/ 10 GeV

Data / BKG

X
<

SR1 for H — prpv
dominated by W+jet

ATLAS

SRiur, events
5=8Tev [Lat=2031"

—e— Data 2012, 20 fb"
= H(125) - w [BR = 25%’
W + jets (0S-SS)
[ same Sign
B Z - o ets (0S-SS)
= Wi+ VV (0S-SS)

100

150
miMC [GeV]

Probing fermion flavour structure with Higgs boson

Events /10 GeV

o

Data / BKG

b
o

nd w
N w o
T

SR2 for H — prpv
dominated by Z — 771

x10°

ATLAS

SRzt events
¥s=8Tev [Lot=203f0"

—e— Data 2012, 20 fb”

= H(125} - w (BR = 25°

B Z 5 <o+ jots (0S-SS)
W + jets (0S-SS)

[ Same Sign

Z 5 pp+ WV (0S-SS)

Syst. Une.

codiodndo oo oo @

Rustem Ospanov
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Search for H — u7: backgrounds

W-tjet control region for fake 7

> T T

© 450 ATLAS —— Data 2012, 20 fb”

O 400F  wer ur,, events = H(125) > = [BR=25%

W + jets (OS-SS)

O agol. F-8Tev [Lai-2030" gy Sa,;f;i;n )
Mis-id leptons from multi-jet and W+jet ~ 200 I Others (0S-S5)

» Z - tajets (0-58)
backgrounds measured from data: T 250 P77 syst. Une.

(]

> Multi-jet from same sign events Ll>.l 200
> W-jet from dedicated control region
Irreducible Z /v* — 77

> 7, embedding with Z — pp

Di-boson and tt from simulation

Data / BKG

%O 100 150 200 250
miMC [GeV]
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Search for H — ur:

results

Obs. (%) | Exp. (%) | Best fit (%) CMS 13 TeV and
— ATLAS 8 TeV
ATLAS | 8 TeV B(H — pr) | <1.43 < 1.01 053755 results neither rule
cMs 13TeV | B(H — pr) | <1.20 <162 —0.76+981 out nor confirm
( KT —0.84 8 TeV CMS excess
CMs 8TeV | B(H— pur) | <151 < 0.75 0.841%%
B L e B o B
ATLAS B Expected 1 10
| s=8Tev [Lat-2031" e
L. &Y Excluded |
i - e, SR1
3 - § ur, o SR2
3 -& mm‘Comb
.\ K SR
W
3 N\ ut, Comb
el v b b b b b by
0

Probing fermion flavour structure with Higgs boson

8 10 12 14

2 4 6
95% CL upper limit on Br(H — pz), %
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Search for H — u7: results

Obs. (%) | Exp. (%) | Best fit (%)
ATLAS | 8 TeV | B(H — pr) | <1.43 < 1.01 0.5374%,
CMS 13TeV | B(H— pr) | <1.20 < 1.62 —0.761%%,
CMS | 8TeV | B(H—pr) | <151 | <075 | 0.847G%
CMS preiminary

F(H = ) = (e 2+ Yo ?)

Fr(H—pt)

B(H = u7) = tti=pmytton

CMS at 13 TeV:

VIYur 2+ Yrul? < 3.16 x 1073

CMS 13 TeV and
ATLAS 8 TeV
results neither rule
out nor confirm

8 TeV CMS excess

2.31™ (13 TeV)

Probing fermion flavour structure with Higgs boson
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Outline of this presentation

Higgs boson mass

Higgs boson phenomenology at LHC
Searches for H — pyu decays

Searches for flavour violating H — 7 decays
Searches for ttH production

Searches for flavour violating top-Higgs coupling
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Is the electroweak vacuum stable?

Standard Model with a3(My) = 0.1184

2
S
- — = _— = E
N
£ T Meta-stability 123l ]
2
|)t |‘2 £ 172
2 _ f 2 €
Amy = — = Ajyv + -
T 170 | 1
Perturbative contributions Stability
to the Higgs boson mass 168

. . . . . .
114 116 118 120 122 124 126 128
Higgs pole mass M), in GeV

Figure from arXiv:1608.02555
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Search for ttH production at 13 TeV

t/b
» Measure directly magnitude and phase
of the top quark Yukawa coupling

> Non-zero phase implies CP violation

H » 3 ttH analyses:
» H— bb

> H—> WW,rT1,2Z

> H— vy

Probing fermion flavour structure with Higgs boson
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Search for ttH in multi-lepton final states at 13 TeV

» Search for ttH with H — WW 71, ZZ decays

> 4 analysis channels selected by number of leptons and jets

Higgs boson decay mode Axe
Category WW* 77 ZZ* Other (x107%)
200Thad % 1% 3% 3% 14
2617—had 46% 51% 2% 1% 2.2
3¢ 4%  20% 4% 2% 9.2
4/ 2% 18% 9% 2% 0.88

Probing fermion flavour structure with Higgs boson
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Search for ttH in multi-lepton final states at 13 TeV

I2) £r T T T
§ % arLas Preiminary #0aa  HtH (SM)
Bl s=13Tev 13210 Cliw Bizrr
20 [EDiboson [ Non-Prompt
¢ 0Thad W aMisReco []Other
60[ 77 Total uncertainty
50[

030 15 T
10 Nb-tags + NJe1s

> 2 same sign electron or muon with > 1 b-tagged jets and > 5 jets
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Search for ttH in

» Main irreducible backgrounds
estimated from MC: ttW, ttZ

» Main detector background estimated

from data:

multi-lepton final states at 13 TeV

> Non-prompt electrons and muons
from B hadron decays

> Wrong sign electrons

Post-fit event yields

Events

ATLAS Preliminary

gof s =13TeV, 132"

Post-Fit

T T T
- Data B ttH (n=2.5)

Ouw D@y
[I Diboson [ Non-prompt
[l QMisReco [ Other

7/ Total Uncertainty

200Thaa €€ 200Thaa et 200Thad it 201 Thaa 3¢ 40
ww 3.2+09 10.4 £2.9 74+ 18 1.0 £ 0.5 6.5+ 1.5 —
tH(Z/v") 1.53 + 0.29 4.3 +0.9 2.6 £ 0.6 1.7+ 04 113+19 1.08 £ 0.20
Diboson 0.40 + 0.26 2.6+ 1.5 08+05 021+0.15 1.9+ 1.0 0.04 £+ 0.04
Non-prompt leptons 9+4 11+4 89 + 3.3 1.9+16 15+ 4 0.17 £ 0.10
Charge misreconstruction 72+14 76+ 18 — 0.25 £ 0.03 — —
Other 0.83 + 0.16 2.3+ 0.6 1.5+04 0.66 + 0.16 3.4+08 0.12 + 0.05
Total background 222+ 3.4 3945 214+ 4 5.7+ 1.7 39+5 1.42 4+ 0.24
ttH (2.5 x SM) 53+ 1.8 13+ 4 7.6+ 2.5 4.0+ 1.2 16 + 5 1.5+ 0.5
Data 26 59 31 14 46 0
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Combined search for ttH at 13 TeV

ttH(H - yy)
(13 Tev 13.3fb™)

ttH(H - WW/tt/2Z)
(13 Tev 13.2 fb?)

ttH(H - bb)
(13 Tev 13.2 fb?)

ttH combination
(13 Tev)

ttH combination

(7-8TeV, 45-20.3f0™)| |

T T T T T
ATLAS Preliminary Vs=13 TeV, 13.2-13.3 fb*
—total stat. (tot.) (stat.,syst.)
——— +1.2 +12 +0.2

-0.3 -1.0 ( -1.0 0.2 )
——— +1.3 +0.7 +1.1
= — 25 -1.1 0.7 09 )
° +1.0 +0.5 +0.9
= — 21 -0.9 05 07 )
+0.7 +0.4 +0.6
F-e=d 1.8 -0.7 -0.4 05 )
Fed 17 g (%5755 )
PRI B P I || PRI R
0 2 4 6 8 10

best fit u_H for m =125 GeV
1t

» Combined ttH significance is 2.80 relative to the background only

hypothesis
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Outline of this presentation

Higgs boson mass

Higgs boson phenomenology at LHC
Searches for H — pyu decays

Searches for flavour violating H — 7 decays
Searches for ttH production

Searches for flavour violating top-Higgs coupling
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Flavour Changing Neutral Currents in top quark sector

> Flavour Changing Neutral Currents (FCNC) processes in the top quark sector are
suppressed in the SM but may be enhanced in some models

> Generic searches for top FCNC processes at HERA, LEP, Tevatron and LHC:
> Limits on B(t — gX) with X =~,Z, H
> Limits on production, for example: qg — t

> Here, focus on searches for top-Higgs FCNC decays via:
> tt — tqH — Wb + u(c)H

> Study clean or high rate Higgs boson decay modes:
> H—=y
> H— bb
» H— WW,ZZ, v — multi-leptons
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Flavour Changing Neutral Currents in top quark sector

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
[1] JHEP 12 (2015) 061 [2] arXiv:1610.04857 subm. to JHEP
LHClopWG
[3] JHEP 04 (2016) 035 [4] EPJC 76 (2016), 55
November 2016 [5] arXiv:1610.03545 subm. to JHEP 6] EPJC 76 (2016), 12
[7] CMS-PAS-TOP-12-039
Each limit that —
al e provesses ars zora Theory predictions M 2HOMFY) - [EaHom(FC)
from arXiv:1311.2028 ssm [71rpv ERS
t—=Hc &l
1
t—Hu 2
—>
t—=yc .
t—=yu Bl
I S e — — &
t—gc 15l
[4]
s
t—=gu 5
|  —e B
t—=Zc Y
[6]
t—=Zu Yy
L 1
—16 -13 —10 -7 4 —1
1 10 10 10 10 10

Branching ratio
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Search for t — gH: H — bb

-
W
t _
\ v 9 categories for jet and b-jet multiplicity
be <O]”‘ % L ATLAS a
- =1%,
b <O']"Y & V5=8 TeV, 203 b o Wory ot
Pre-fit [ ti+lightjets
i, ot
-’ by <iets
; \

» ATLAS uses 9 categories for jets and b-jets
> tt — Wb+ uH

most sensitive ch.: 4 jets, 3 b-jets

o
2
_ Z ,
> > 155455 4 Z
tt — Wb + cH . _ g orec s 7
most sensitive ch.: 4 jets, 4 b-jets T
8 8 8 o & o % F
» Construct signal and background A .

probabilities computed using reconstructed
top and Higgs boson masses, and b-tagging
weights
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Events / 0.05

Data / Bkg

ATLAS search for t — qH: H — bb

4 jet, 4 b-jet pre-fit

ATLAS

501~ Vs=8 TeV, 20.3 fb’!
4, 4b
Pre-fit

—e— Data

B ti—>WbHc (BR = 1%)
[ tt+light-jets
Cttvce

I ti+bb

= v

. tH

1 Non-tt

/., Total Bkg unc.

01 02 03 04 05 06 07 08 09 1

D

Events / 0.05

Data / Pred

4 jet, 4 b-jet post-fit

[ ATLAS

50— Vs=8 TeV, 20.3 fb"'

L 4j4b
40/— Post-it

30

20

—e— Dat;
i

a
[ (i WbHc (BR = 0.17%)

[ ti+light-jets
Cttece
I ttbb
[ i

. tH
1 Non-tt
/., Total unc.

t.

17

272 /
T

AT 1A
YT

0.3 04

05 06 0.7 08 09

> Signal and background probabilities computed using reconstructed top and Higgs

boson masses, and b-tagging weights

Probing fermion flavour structure with Higgs boson

Rustem Ospanov

47

1
D



Search for t — c¢H and t — uH: results

t — uH t—cH
Ho>WW* o7 1 — ATLAS — Ho>WW, 7 — ATLAS —
Vs=7TeV,451" Vs=7TeV,45fb"
Vs=8TeV,20.3fb" Vs=8TeV, 203 fb"
H-ry = — Hoyy — —
BR(t—>Hu) = 0 BR(t—Hc) = 0
H—bb [~ —— Observed - H—bb [~ —— Observed —
. Expected + 1o . Expected + 1o
Combined — 2o | ... Expected + 26 — Combined — & .. Expected + 26 -
T T O S S R E R E T T S I S S S B E R
0 0.5 1 15 2 25 0 0.5 1 1.5 2 25
95% CL limit on BR(t—Hc) [%] 95% CL limit on BR(t—Hu) [%]

» H — ~+ sensitivity is dominated by statistical uncertainty

» Systematic uncertainties are important for H — WW™ and H — bb
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Search for t — gH: results

Obs. (%) | Exp. (%)
CMS 8 TeV | B(t — cH) | <0.40 <0.43
ATLAS | 8 TeV | B(t — cH) | <0.46 <025
CMS | 8 TeV | B(t — uH) | <055 < 0.40
ATLAS | 8 TeV | B(t — uH) | < 0.45 <0.29

> Lrcne = AteHtHC + Ay tHu + h.c.

B(t — qH) = (

)\2

g = 2my /v, x = kinematic factor,

ATLAS: [Aegn| = (1.92 + 0.02)/B(t — qH)

> ATLAS observed: |Ase| < 0.13 and |Appy| < 0.13

Probing fermion flavour structure with Higgs boson

teH T )‘%UH)/(E2 ) |th‘2 ‘X2)

Rustem Ospanov

49



Summary and outlook

» LHC experiments have performed extensive searches for rare and flavour
violating Higgs boson processes

> B(H — pp) < 3.5 x SM - already rule out universal Higgs boson couplings
to the leptons

» CMS observes a mild excess in H — u7 search with 8 TeV data - not yet
ruled out or confirmed by new 13 TeV data

> B(t — gH) < 0.5% - strict limits on top-Higgs FCNC processes
» ATLAS approaches SM sensitivity for ttH production
» New 13 TeV results are becoming available - expect significant

improvements with forthcoming Run 2 results

Thank you!
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Events / GeV

H — vy

+ e,
4y, .
**eens e

Fit f(my-) to measure my

*

w000l ATLAS T oy

[ Jldt= 497 (5=7Tev .Y.j ]
800; = . f(myy) = B(p) + 1 x S(mu, Osyst)
GOOi 7: B - background shape

: z B ey
400— - .

r ] 1 - signal strength (SM p = 1)
200§ B

160

Probing fermion flavour structure with Higgs boson
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m,, [GeV]
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Higgs boson mass: systematic uncertainty

ATLAS and CMS Uncertainty in ATLAS Uncertainty in CMS

LHC Run 1 combined result combined result
I I i

ATLAS ECAL non-linearity / ] ]

CMS  photon non-linearity

Material in front of ECAL

ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

L

e

ATLAS H » yy vertex & conversion
reconstruction

—
7 — ee calibration [
CMS electron energy scale & resolution

Muon momentum scale & resolution :l

ATLAS H — yy background modeling [

Integrated luminosity

Additional experimental ATLAS CMS
systematic uncertainties Observed Observed
Theory uncertainties [JExpected [OExpected

0 005 01 0 005 0.1
sm,, [GeV]
ATLAS: Agyse(mji) ~ 10 MeV

LEP: mz = 91.1876 £ 0.0021 GeV
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Search for ttH in multi-lepton final states at 13 TeV

R, L
ATLAS Preliminary Vs=13 TeV, 132"
—tot. ~ stat. tot (stat,syst)
20 0tas re—mt 4077 (41, 43)
201t b—e—m 62737 (35, 7))
| e 05 7 (43, 43)
a¢ «— <2.2(68% CL)
inati 1.3 0.7 1.1
Combination : o= , , 2.5 t1‘1 (t°7’| toe)
0 5 10 15 20 25

best fit R for m, =125 GeV
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Search for ttH in multi-lepton final states at 13 TeV

T
W tH (sm)

£ 100] ! ! T 2 T T
] ATLAS Preliminary #0ata  ftH (SW) H ol ATLAS Prliminary +Data _
“ (5=13Tev, 132" LJIW Bz @ (-13Tev, 13210 DWW EHZIr)
20 Diboson [l Non-Prompt 16l 201 [ Diboson [ Non-Prompt
80 Tha W aMisReco [T]Other Trad M QMisReco [[JOther

74 Total uncertainty

77 Total uncertainty 14

ee
Lepton flavor

Lepton flavor

45 T T — T
ATLAS Preliminary #Data  [ltH (sm)

40f Vs=13Tev, 1321 [Jaw [ty
3¢ [Hpiboson [l Non-Prompt
[CJother 7 Total uncertainty

Events

35

30}

eee

. . N . Lepton flavor
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Search for ttH in multi-lepton final states at 13 TeV

T
W (iH (SMm)

2 ' '
© 16] ATLAS Preliminary #Data !
w {5=13Tev, 132" W D@ir)
144 5., ’ @ Diboson [l Non-Prompt
Thad W aMisReco []Other
12f 77 Total uncertainty
10
8l
6l

10 15 20 25 30
10 Nb-taqs * NJe1s

> 2 same sign electron or muon with 174,49, > 1 b-tagged jets and > 4 jets
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Search for ttH in multi-lepton final states at 13 TeV

Events

b

_ 301
q
< q 25[
[+
201
171
< i

!
I
b

.
W <m

t

0

» 3 electron or muon with > 1 b-tagged j

Probing fermion flavour structure with Higgs boson

T T T
ATLAS Preliminary #Data  [liH (SM)
(s=13Tev, 13210 [Jaw  [tiz/y
3¢ |2 piboson [ Non-Prompt
D Other 7/ Total uncertainty

A\

10 15 20 25 30

ets and > 3 jets
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Higgs boson at 13 TeV

ATLAS Preliminary m,=125.09 GeV ATLAS Preliminary m,=125.09 GeV
(s=13 TeV, 13.3 fb™ (yy), 14.8 fb* (22) (s=13 TeV, 13.3 tb™ (yy), 14.8 fb™ (22)
-o- Observed 68% CL SM Prediction -e- Observed 68% CL SM Prediction
(o EB);ZF ---
r 7 (o (B)* ——
Yy 9gF
(0 B) 4 -
(0 B, —_— i I
(@B, —— B"/g%| ==
e, ~——— i 1
(@ EB)V‘I
VHlep | i Gvgploggp
(o B)" ——
top
‘\\\‘\\\‘\\\‘\\\‘\\\‘\ \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
-4 2 0 2 4 6 0 1 2 3 4 5
Parameter value norm. to SM value Parameter value norm. to SM value
SM compatibility = 11% SM compatibility = 5%
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Events

Data/MC

o
@ o
pmml il

Search for H — ppu:

BDT output for 76 GeV < m,,,, < 106 GeV

10° T i !
o ATLAS Preliminary 4 Data
107 V5= 13Tev, 132 b gav
- EWK Z+jets

[0 Top Quarks
[Joiboson

0 0.2 0.4 0.6 0.8

BDT Output

ATLAS VBF category

Entries / GeV

Pull

T T T
ATLAS Preliminary

45

40FE- VBF {5=13TeV, 132 fb
35E

30:7 —e— Data

Background model
—— Signal [125] x 20

e

oN MO O

-2
-4F

-
-

1]:0 115 120 125 130 135 140 145 150 155

m,, [GeV]

» 14 input variables: muons, MET, HT and di-jet
> BDT > 0.7 results in 51.3 (2.4)% efficiency for VBF signal (for total

background)
> 38% ggF contamination
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Entries / GeV/

Pull

Entries / GeV/

Pull

Search for H — pp: my,, spectra

Ty > prT ey > prr e
ATLAS  Preliminary 8 1000[ ATLAS  Preliminary & 4ooE- ATLAS  Preliminary
Central low pt* s=13Tev,13.216" J > [ Central medium p* 5=13Tev, 132" 4 2 E central high p* =13 TeV, 132 1™
1 2 ] 2 350
E 2 800 g
10000 —e— Data B w R —e— Data ] w —e— Data
—— Background model ] £ —— Background model | —— Background mode!
— signal[125]x20 | 600 —— Signal [125] x 20 —— Signal[125] x 20
El 400
E| 200
b Lt ok ST~V TN TN TR TOIO: |
* 4 4
2
w*# AR M CRERNIE 5 oy :H‘ RIEKEN v*o‘*‘mw 3 *WM‘ A1 iy KR
ty o ARILUAN: L HHTTY i 2} *+ KK f
_a| -4 -4
110 115 120 125 130 135 140 145 150 155 160 110 115 120 125 130 135 140 145 150 155 160 110 115 120 125 130 135 140 145 150 155 160
m,, [GeV] m,, [GeV] m,, [GeV]
e Lhdataasc] > prTemTe e > 1400 ey
ATLAS  Preliminary E K E ATLAS  Preliminary 3 [ ATLAS Preliminary ]
[ Non-central low p{" s=13Tev, 1321 ] % 3500F Non-central medium p* &= 13 Tev, 132 6™ % 1200 Non-central high p}" =13 TeV, 132 16" ]
B $ K g ]
4000 5 £ 3000 £ 10001 B
—— Daa ] RPN —— Daa u E —— Daa q
Background model 3 —— Background model 800 —— Background model 3
— signal[125]x20 —— Signal [125] x 20 F — Signal[125]x20 |
J 600
400
200
b o e d E
4 4 4
2 2 2|
Bidgt it b wm " s ity RINEUNN) M“ ; 5 ittt bty ;ﬂv i
> RARNEY TW T s § AR N vH ' fo t - Y? THTIRTR T w i)
4 -4 -4
1167115 120" 1251301357140 145 150”155 160 1107115 120" 125 150" 135 140" 145 150 155 160 1107115120125 1307135 140145 150”155 160
\u [GeV] m,, [GeV] m,, [Gev]
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Search for H — pupu: ATLAS systematic uncertainty

Event yields for 120 GeV < m,,,, < 130 GeV

Signal[125] | Z+jets | Top | Di-boson | Total background | S/VB | Data
Central, low p’%“ 4.0 3404 6 10 3419 | 0.07 | 3552
Non-central, low p{:.ﬂ 10.8 | 13184 | 23 45 13252 | 0.09 | 14262
Central, medium ptl‘.“ 9.0 2872 | 49 31 2952 | 0.17 | 2883
Non-central, medium pi" 239 | 10255 | 177 157 10590 | 0.23 [ 11269
Central, high p’."." 6.6 1128 | 106 27 1261 0.19 1272
Non-central, high ;f;.“ 15.4 3939 | 334 106 4379 | 023 | 4264
VBF 25 78 7 1 0.28 117
Experimental and theory uncertainty
ggF signal VBF signal
Experimental
Luminosity 2.9% Background modelling uncertainty
Muon efficiency 1% = = =
Muon momentum resolution <1% Categories Spu. sig. | Spu./Signal[125]
Muon trigger <1% Central low phf* 21 5.3
L ee o
Muon isolation 2% Non-central low 74 6.9
Jet energy scale - 5% .
- Central medium 20 22
Theoretical . T m
Higes branching ratio 1.23% Non-central medium p#! 43 1.8
QCD scales 4% 0.8% Central high p/* 18 2.8
PDFs and a5 1.9% 2.1% Non-central high pf* 35 2.3
ggF contribution to VBF 22% (VBF region only) -
Multi-parton interactions 9% 4%
o 22% for pr < 10 GeV
Higgs pr distribution 13% for pr > 10 GeV -
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Search for H — et: results

» Similar search for H — et decays by both experiments

» CMS also searched for H — ey decays

Obs. (%) | Exp.(%)
ATLAS | 8 TeV | B(H — er) | < 1.04 <121
CMS 8TeV | B(H—er) | <0.69 < 0.75
CMS 8 TeV | B(H — eun) | <0.035 < 0.048
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Search for ttH

Pre-fit impact on p: A

By=+A0 0=28 04 02 0 02 04
mpact on p: T T T T T
A 0,=-AB | ATLAS Preliminary

—e— Nuis. Param. Pull s =13 TeV, 13.21b"

Jet-vertex association

2007pag/3E non-prompt sample variation
1tH acceptance (QCD scale)

200Thag/3t non-prompt e transfer factor
Pileup modeling

201Taq non-prompt normalization

1tH cross section (QCD scale)

W acceptance (QCD scale)

Jet Energy Scale variation 1

W acceptance (NLO vs LO)
200T44/3t non-prompt i transfer factor
W cross section (QCD scale)
Luminosity

210thag ep non-prompt CR stat.

Jet Energy Scale (flavor composition)

T PO T T P TN

-2 -15 -1 05 0 05 1 15

(0-6,)/8

200Thad €€ 200Thad €t 200Thad ppt 201Thad 30 40
W 32+09 10.4 £ 2.9 7.4+ 1.8 1.0 £ 0.5 6.5+ 1.5 —
ti(Z/’y') 1.53 £ 0.29 4.3+ 0.9 2.6 + 0.6 1.7+04 113+ 19 1.08 £ 0.20
Diboson 0.40 = 0.26 26+ 15 0.8 £0.5 0.21 = 0.15 19+£1.0 0.04 + 0.04
Non-prompt leptons 9+4 11 +4 8.9+ 3.3 1.9+1.6 15+ 4 0.17 + 0.10
Charge misreconstruction 72+ 1.4 7.6 + 1.8 — 0.25 + 0.03 — —
Other 0.83 + 0.16 2.3+ 0.6 1.5 + 0.4 0.66 + 0.16 34+08 0.12 + 0.05
Total background 222+ 34 3945 214+ 4 57+ 1.7 39+5 1.42 £ 0.24
ttH (2.5 X SM) 53+ 18 13+ 4 7.6 + 2.5 4.0 £ 1.2 16 £ 5 1.5+ 0.5
Data 26 59 31 14 46 0
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