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The Large Hadron Collider
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The LHC detectors
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D“._-’ C Luminosity weighted relative detector uptime and good data quality efficiencies (in %) during stable beam
- in pp collisions with 25ns bunch spacing at Vs=13 TeV between April-October 2016, corresponding to an

70_ integrated luminosity of 35.9 fb'l. The toroid magnet was off for some runs, leading to a loss of 0.7 fb.

= Analyses that don’t require the toroid magnet can use that data.
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ATLAS performance overview
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Snapshot of measurements

Standard Model Production Cross Section Measurements

Status: March 2018
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Higgs mechanism and the Higgs boson

VOLUME 13, NUMBER 9 PHYSICAL REVIEW LETTERS 31 Aucust 1964

2 SU(2)L.eU(1)y local gauge symmetry;
o ] . BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*
electro-weak unification: massless carriers F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium

Z Symmetry spontaneously broken; Higgs field (Received 26 June 1964
obtains non-zero vacuum expectation value R e
BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

2 3 d.o.f of Higgs field become longitudinal W, HIGGS
. . Tait Institute of Mathematical Physics, University of Edinburgh, Scotland
polarisations of W*/Z bosons f roosva 21 sy 108

VoLUME 13, NUMBER 16 PHYSICAL REVIEW LETTERS

2z 1 d.o.f of Higgs field becomes the physical

Peter W. Higgs

Higgs boson
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
H - - = - (Received 31 August 1964)
% Iggs InteraCtlonS to veCtor bosons. VoLUME 13, NUMBER 20 PHYSICAL REVIEW LETTERS 16 NOVEMBER 1964

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

defined by symmetry breaking
G. S. Guralnik,T C. R. Hagen,{ and T. W. B. Kibble

Department of Physics, Imperial College, London, England
(Received 12 October 1964)
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Higgs-fermion interactions: Yukawa couplings

= Higgs interactions to vector bosons: defined by electroweak symmetry breaking
= Higgs interactions to fermions: ad-hoc hierarchical Yukawa couplings-ms

y
= 10°g 5
% E ————— gHVV
© [ t-quark 2m?
B 10°E : gy =—r Vv
© =
=
10F b-quark ™ Yukawa couplings not imposed by fundamental principle
T-lepton § c-quark ® Probing fermion mass generation scale—independent task
43 B Fermion mass generation scale from unitarity bounds:
muon . s-quark A ~23.31.52. 77,84 TeV
= T (b,c,s,d,u)
- [Phys. Rev. Lett. 59, 2405 (1987); Phys.Rev. D71 (2005) 093009]
-2l
10 = d-quarlé
_3:— u-quark e Modified Higgs-fermion couplings in BSM scenarios
electron 19 = 2 Concise summary in LHC Higgs Cross-section WG YR4
- [arxiv:1610.07922]
107%= 2 Effects ~1//\? or ~ to mixing angles with extra scalars
e 3% 1076
my
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SM nggs boson production and decay
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pp — H (N3LO QCD + NLO EW) \/§= 1 3 TeV N 87%
B mh = 125 GeV
7%
= mnh = 125 GeV
- pp — qqH (NNLO QCD + NLO Ew)
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The Higgs boson properties

S 22T T 7T 71— 1 Higgs boson discovery through the h—ZZ/WW/yy channels
© b ATLAS Preliminary | ~=% > = S : .
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4 8 9 0 3 Common coupling scaling:  *y
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— L —— T | T T no BSM contributions
ATLAS Preliminary
/5 - 13 TeV. 36.1 fb" —e— Total Stat. [ Syst.
ATLAS-CONF-2017-046 Total  Stat. Syst PE— - —
LHC Run 1 e 1 125.00+0.24(£021£0.11) GeV - Experimental information on §
HaZZ*a4l ----- :%-I-: ------- 124.88 £ 0.37 ( £ 0.37 £ 0.05) GeV YUKawa Coup“ngs essentlal ,:
| to fully characterise the |
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Higgs-fermion interactions: The story SO far®e
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For 3" generation fermions:
™ top-quark, bottom-quark, T-lepton: tth observed, h—bb

established, h—T1T1 observed
For 1st/2"d generation fermions, different picture:
[ e/p: no evidence yet — established non-universality

2 h—pup: feasible in LHC (possibly in Run II/l11)...
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O c-quark: no direct evidence, loose bounds from h—bb
O u/d/s-quarks: no inclusive searches available
2 Higgs couplings: margin for undetected/unobserved decays
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mass — =23 MeVic* =1.275 GeV/c* =173.07 GeVic* 0 =126 GeV/ic*

charge -+ 2/3 213 0 0 I I
spin - 12 w 172 1 0
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up top gluon booan
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A3 -1/3 -1/3 0
down strange bottom photon
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1 1 -1 0
172 % 112 w 112 y 1 UV
-
electron muon tau Z boson O
O
2 <22 eVic <0.17 MeV/c? <15.5 MeV/c? 80 4 GeVic* e
0 0 0 +1
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electron muon tau
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Higgs boson-charm quark coupllng

BInclusive search for h—cc, similar to h—bb

2 In SM BR(h—ccbar)/BR(h—bbbar) ~ 5.1%
®Need an algorithm aimed at c-tagging

2 Displacements for c-jets x3.5 less than for b-jets

2 First used for search for scharm
[Phys.Rev.Lett. 114 (2015) 161801]

» New Run2 “inclusive” c-tagging based on = tracks b jet
several “low level” taggers combined into a “high — »rr \
level” tagger using ML techniques parameter /
2 Track Impact Parameter B concary
. . / vertex
2 Reconstruction of Secondary Vertices
2 JetFitter: Fit the decay chain of a b/c-jet \"7\“”
c-jets b-jets Ilght flavour (u, d, s, g) jets
= [T ""l"_—:‘IO_S_? = [ rrrrrrrr T _10_3_? b= "|""|""|"'|""|"_10_3_‘?
= 11 2 & i S g o 1 § g
o I ° 5 = 3 o
0.5, o, dficiency - 0.5 N 0.5 N
0 107 of -+ 10 o - 10"
—0.5:— . . -0.5 . . — -0.5 . - —:
: ;- clets : ; blets| - i light jets:
= /s=13TeV, tt e ls=13TeV,tt _ _4E /s=13TeV,tt _
ATLAS Simulation Prehmmary . ATLAS Simulation Prellmlnary i B ATLAS Simulation Prellmlnary ]
45 0 o5 i 107 "4 05 0 05 1 10 '—1'—05"6" 05 1 10
bvs c bvs ¢ ATLAS-CONF-2017-078 NEVERSITYOF
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Zh(—cc):Event Selection

BFirst search for exclusive Zh—llcc decays, I=e, u
2z Small experimental uncertainties
» Main backgrounds: Z+jets, Z(W/Z), ttbar

Z — ¢t¢~ Selection H — cC Selection

m Consider anti-kt R =0.4

m Trigger with lowest available pt calorimeter jets with || < 2.5 and

single electron or muon triggers

pt > 20 GeV
m Exactly two same flavour _ _ .
m At least two jets with leading jet
reconstructed leptons (e or u)
pr > 45 GeV

m Both leptons pt > 7 GeV and at

least one with pr > 27 GeV m Form H — cc candidate from the

two highest prt jets in an event
m Require opposite charges

(dimuons only)
m 81 < my < 101 GeV
m pf > 75 GeV

m At least one c-tagged jet from
H — cc candidate

m Dijet angular separation ARj;
requirement which varies with p%

B Split events into 4 categories
» h—cc candidates with 1 or 2 c-tags
2 prtz above/below 150 GeV

®Background modelling and uncertainties validated with Z(Z/W) production measurement
» Observed (expected) ZV production with significance of 1.40 (2.20)
> Measure ZV signal strength of 0.6 4, consistent with SM expectation

[ UNIVERSITYOr
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Zh(—cc):Background Composition
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Zh(—cc):Fit Results
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Zh(—cc):Results

arXiv:1802.04329

BNo evidence for Zh(cc) production with current dataset
Limits on ZH(cc) production

95% CL CLs upper limit on o(pp — ZH) x B(H — ¢c) [pb]
Observed | Median Expected | Expected +10 | Expected —1o

BSM: 2.55x102 pb
110xSM (150%80_40)

2.7 3.9 6.0 2.8
S ] z0.9— |
ource o /0 s F
il tot 5 0.8F- ATLAS
Statistical 49%0 5 0.7 s=13TeV, 36.1 fb"
. . Il AL
Floating Z + jets normalization 31% % o gL 1% efficioncy c-agging working poin
Systematic 87 % g F DR
P e S O SO0 S
8 055 TRl I,

Flavor tagging 73% 5

v -,i-v.ﬁ.’ ..Q.v.w e
R

Background modeling 4'7%
Lepton, jet and luminosity 28% S
Signal modeling 28% _
MC statistical 6% O|||||
The sum in quadrature of the individual components differs from the total 50 100 150 200 250 300
uncertainty due to correlations between the components. Jet P, [GeV]

WA tagging working point constrains linear combination of h—cc/h—bb

2 Analysis in conjunction with h—bb; account for cross-contamination
®For future key is the controlling of systematic uncertainties

2 Phenomenological analysis indicates |k¢|<2.5-5.5 at 95%CL

2 2x3000 fb-! depending on the c-tagging scenario [Phys.Rev. D93 (2016) 013001
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Exclusive Decays h—Qy

® h—Qy decays: clean probe for Higgs-quark couplings for 1st/2nd generation quarks
2 Q is a vector meson or quarkonium state
@ Two contributions: direct and indirect amplitude
2 Direct amplitude: provides sensitivity to Higgs boson-quark couplings
2 Indirect amplitude: insensitive to Higgs boson-quark couplings; larger than direct amplitude
 Destructive interference

“Direct” contribution “Indirect” contribution
14 1%4
—p+q
. p+q
p+q+p, H-mmmee-
o
Y

D(H = J/b+7) = [(11.940.2) — (1.04 + 0.14)k,|” x 1071 GeV

Phys.Rev. D90 (2014) 11, 113010
BSimilar decays of W*and Z bosons: also rich physics programme

Z Novel precision studies of quantum chromo-dynamics
> W*/Z boson interactions with light quarks not well covered at earlier facilities
2 Discovery potential for new physics processes

40 UNIVERSITYOF
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Exclusive Decays h—Qy

Substantial interest from theory community on branching ratio estimates and feasibility

Mode Branching Fraction [10_6]

Method NRQCD [1487]  LCDALO[1486]  LCDA NLO [1489]
Br(h — py) - 19.0 £ 1.5 16.8 £ 0.8
Br(h — wv) - 1.60 £ 0.17 1.48 + 0.08
Br(h — ¢) - 3.00 &+ 0.13 2.31 4+ 0.11

Br(h — J/¢ ) - 2.79 7018 2.95+0.17
Br(h — T(15)7) | (0.615&1) - 1077 - (4.61 11381077
Br(h — YT(25)~) | (2.02715%)-107° - (2.34 1078y . 1073
Br(h — Y(39) 7) (2.44 7175y . 1073 - (213°975) - 1077

PRD90 (2014) 113010 PRL 114 (2015) 101802 JHEP 1508 (2015) 012
Decay mode Branching ratio

7% — 70 1 (9.80700 . £0.03; £0.61,, +0.82,,) - 10712
70 — ply (4191505 . £0.165 £ 0.24,, +0.37,,) - 107°
70 — wy (2.89 50 o £0.155 £ 0.29,, +0.25,,) - 1078
70 — ¢y (8.63 1515, £0.41; £ 0.55,, +0.74,,) - 107°

Z° = J /by (8.0270 15, £ 0.205 Ty 6) - 107°
70 = Y(18)~ (5.39 7010, £0.08; T0i8s) - 1078
70 — Y (4S) v (1.22F 005 . £ 013, 1005 5) - 1078
70 = Y(nS)~y (9.96 7018, £0.09, 732 ). 1078

JHEP 1504 (2015) 101 sxw UNIVERSITYOF
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h/Z—J/wy and h/Z—Y(NS)y (n=1,2,3)

gl
BFirst search for exclusive h/Z—Qy decays
2z Q= J/porY(nS), n=1,2,3 decaying to p*y-

B Event Selection

2 single muon and dimuon trigger
2 |INu|<2.5, p1u>20,3 GeV, ptuu>36 GeV>

2 |ny|<2.47, p1y>36 GeV §
2 excluding 1.37<|ny|<1.52 2 0.1

. _ =
Z PM and vy isolation S s

2 myy requirements

2 myywx0.15/0.20 GeV barrel/endcap 0.06
B 8<mpp<12 GeV

P |ny /0ny|<3 0.04 /

Z AQ(up,y)>0.5
B Total efficiency 0.02

2 h/Z—J/IWY(—uu)y~22% (12%)

o
—

Events/0.01

lIIIIII|IIIIIIIIIII|IIIIIIIII|IIII|IIII|IIII

ATLAS Simulation

H- J/yy
H— Y(nS) y

. Before selection

% After selection

| | | | | | | | | | | | 1 | | | | |

o 30. 4 o o 6 07 0505

ATLAS Simulation

o
-
\V)

—HF

©

o
—

. Before selection

/ After selection

Events/2 GeV

o
o
o3}

T I 1T 1 I L _L__L-J T

| | | I | | | | | | | I | | | | | | | | | 1

—>Y(— ~ 0 0 OO =
2 hiZ Y( “IJ)Y 28% (1 0 /0) Phys.Rev.Lett. 114 (2015) 121801
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20 40 60 0 120 140
p, [GeV]

RN P -
0 20 40 60 80 100 120 140

AR,
=T T 7T | T 17T LI T T | T T T | T 17 | T 171 ] I——
_— ATLAS Simulation -
S P
T Z— Jyy
b pu2 Y S
SR . Before selection
% After selection

L1 1 | | | 11 | I | 111 | L1

p. [GeV]
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h/Z—J/yy and h/Z—Y(nS)y: Mass Resolution

_II|I|IIII|I||I|IIII|IIII|IIII|IIII|III_
CD L —
&350 | oo, ATLAS :
QA C _ _ 1]
QSOO-__F“ s_8TeVJLdt_19.2fb -
o N
~ DJ/W Loose Isol. Soft p_
2]

J/y v channel

E 250 = = = Background v
g) Barrel Categories
w 200 c=44+1MeV

150

B Simple event categorisation 100

B 4 detector-driven categories

Z Muon pseudorapidity (x2)
? Photon conversion (x2)

50

III|IIII|IIII|IIII|IIII|IIII|

27 28 29 3.0 3.1 3.2 33 34 3.:

m .. [GeV]
. T
. MaSS reSOIUtIOn ~1 '2-1 '8% n L I L B B B IO O
£ 1600~ ATLAS Simulation ]
o | Barrel Unconverted H— J/y ¢ ]
W1400 - sigma - 150+ 0.02 Gev B
F Mean =124.85+ 0.02 GeV .
1200 |- unconverted/barrel .
1000 -
800 -
600/~ .
400 -
200 -
C ° g ]
1 1 | | | | 1 | 1 | | | | | 1 | ]
P08 110 115120 125 130 135

my,.y [GeV]
Phys.Rev.Lett. 114 (2015) 121801
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Events / 0.1 GeV

Events

800 + oas ATLAS

— Fit ‘u,:‘s=8TeVJ-Ldt=20.3 o'
705 7 y(s

- - Y(nS) ( ) Loose Isol. Soft P,
60 Y(nS) y channel

. Background

Barrel Categories
c,s =108 £ 13 MeV

50
40
30
20

Y(3S)

10
0
8.0 85 9.0 95 10.010.511.011.512.0
m,.,- [GeV]
500 ariassmumion
- EndCap Converted H— J/y vy ++ _
| Sigma = 2.23+ 0.04 GeV i
400_ Mean = 124.89 + 0.04 GeV _]
| unconverted/end-cap |
300 .
200 .
100~ .
i ¢ i
- » .. -
. o T B b ]
Qo5 110°"115 120 125 130 135
M,y [GeV]
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h/Z—J/py and h/Z—Y(nS)y: Background

® Inclusive quarkonium with jet “seen” as y

2 combinatoric background: small contribution
2 contribution from Q+y production

® Non-parametric data-driven background model EU

2 Begin with

2z Model kinematic and isolation distributions
“pseudo’-background events

2z Generate

loose sample of candidates

2 Apply selection to “pseudo”-candidates

B Y(nS)y: also Z—puyrsr from side-band fit
100¢

90
80
70
60
50
40
30
20
10
0

Events / 4 GeV

IIIIIIIIIIIIIIIIIIII]IIIIIIIIIIIIlIIIII

>
3
D
7))

Inclusive Category

s=8TeV I Ldt=19.2fb"  Loose Isol. Nominal p_

E_ J/y v channel ¢ Data _E
— ~— Incl. Bkgd. —
- Incl. Bkgd. Shape Syst.
= —Z >y y(B=5x10°)
C N —H s Jy y(B=2x10%) 1
- &.\; \ =
- ANW _
- i‘\"\i. N 7
- SN -
- \ : \-L ]
- :' N %h.. =
C ‘- N
: - L1l A_LJJ_|—LA_A hl 1Ll I | S I Y Y | | L l + .“
100 150 200
My = My + My, [GeV]

Events / 4 GeV
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? Observed (Expected Background) Signal
o0 Mass Range [GeV] Z H
= Al 80100 115-135 B[107%  B[1077]
= J/~
30 9 (8.9+41.3) 5 (5.0+0.9) 1.20£0.07 1.96+0.24
29 8 (6.0£0.7) 3 (5.540.6) 0.63+0.03 1.06+0.13
EU 35 8 (87+1.0) 10 (5.840.8) 1.3740.07 1.4740.18
EC 23 6 (5.6+0.7) 2 (3.040.4) 0.9940.05 0.9340.12
T(nS)~
BU 03 42 (39%6) 16 (12.9£2.0) 1.67£0.09 2.6+0.3
BC 71 32 (27.7£2.4) 5 (9.7£1.2) 0.79+0.04 1.4540.18
EU 125 49 (4746) 16 (17.842.4) 2.2440.12  2.540.3
EC 85 31 (31%5) 18  (12.3£1.9) 1.5540.08 1.60+0.20
| 171 I 171 l 11 1T l 1T I 1T I 171 I | I_
160:— ATLAS Inclusive Category _:
[ s=8TeV I Ldt=19.2fb"  Loose Isol. Nominalp_ ]
1 40__ Jy vy channel ¢ Data ~
- —— Incl. Bkgd. ]
120 Incl. Bkgd. Shape Syst. -
HER —Z > Jlyy(B=5x10°)
100;» —H > Jiy y(B=2x107) A
80 .
60H -
4o§ -
20 -
O_’l_[l_‘_l_g_l; ; 1 ¢ 8 - "
0 20 40 60 80 1 OO 1 20 140
Y
Phys.Rev.Lett. 114 (2015) 121801 P, ' [GeV]
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h/Z—J/py and h/Z—Y(nS)y: Systematics

B Signal Yield Uncertainty: Several sources of systematic uncertainty on the h and Z
signal yields are considered, all modelled by nuisance parameters in likelihood:

Source Signal Yield Uncertainty | Estimated From

Total H cross section 12% QCD scale variation and
Total Z cross section 4% PDF uncertainties
Integrated Luminosity 2.8% \Sjll\l/lbl;zjczznuzz):$’cr;/?nl?cli253nd
Trigger Efficiency 1.7%

Photon ID Efficiency Up to 0.7% Data driven techniques with
Muon ID Efficiency Up to 0.4% Z =00, Z — "¢ v and
Photon Energy Scale 0.2% J/p — pp” events

Muon Momentum Scale Negligible

® Background Shape Uncertainty: Estimated from modifications to modeling
procedure (e.g. shifting/warping input distributions), shape uncertainty included in
likelihood as a shape morphing nuisance parameter
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h/Z—J/yy and h/Z—Y(nS)y: Results

> 24T T T T T T T T T > op[C
() . () R
S 22 ATLAS E o 1
N 20 /s=8TeV [Ldt=19.2fb" = N i
n ] 0 20
B Multi-observable fit 5 1° T
- — S+B Fit . -
uiti-observa e Lﬁ 16 [ ] Background _E U>J |
2 Muyyy, PTuwy for J/gy 14 I %;{5:3} E 150
12 B = i
Z Mupy, PTupy, Muu for Y(nS)y E ol
B No significant excess 8 -
above background observed 2 i E 5
0 3
0 0 200 0
Phys.Rev.Lett. 114 (2015) 1121801
M,y [GeV]
> > Frrrrrrrryrrrryrrrrprrrg > B
(¢)) (0] B 7 Q C
O ATLAS O 5ok ATLAS - O 35F
< , A <t L ‘ 4 To) L
- [s=8 TeV [Ldt=20.3fb - /[s=8 TeV [Ldt=20.3fb" ] o
9 ¢ Data 12 ¢ Data - g 30
& — S+BFit S 40 — S+BFit 1 I ¢
S === Combinatoric S == Combinatoric 4 0 L
L - = T(nS) L == Y(nS) - = 29[
==ZFSR _ ==ZFSR _ - .
H [B= H [B= . -
%z[[BJé)-ﬁ]] 30 ngBJg-e]] - W 20F
1 15
] 10
y | E 5F
O { * mtmllﬁIl-L PRI TR T rar iU : 0:
40 80 120 160 200 0 50 100 150 200 8

m,,., [GeV] pﬁ‘” [GeV]
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h/Z—J/yy and h/Z—Y(nS)y: Results

1072 ¢
20.3 fb! S
20.3 fb~! ’ 20.3 b~

-l e

95% CL upper limit on Branching Fraction

107°

Theory
10°°F A A A A

- X X N N
N & & & & 3\@
B & & & B
R Va Va Ve Va A
Q Q Q >

ATLAS Vs =8TeV

H/Z - Qy
o  Observed E

== Expected (+1, 20)

®95% CL upper limits on decay Branching Ratios:
2 0(103) for Higgs boson (SM production)

2z 0(10°) for Z boson

Phys.Rev.Lett. 114 (2015) 12, 121801

™ Indicate non-universal Higgs boson coupling to quarks

[Phys.Rev. D92 (2015) 033016, JHEP 1508 (2015) 012]

2 CMS obtained the same 95% CL upper limit: BR[H—(J/@)y] < 1.5x10-3 [Phys.Lett. B753 (2016) 341]
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mass | 2.3 MeVie? =1.275 GeV/c «173.07 GeV/c* 0 =126 GeV/c?
charge —| 2/3 u 23 213 y 0 c 0 I I

spin - 112 e 4 112 Q/’ 172 0

up charm top gluon Higgs

boson

l =4.18 GeVic? 0

=4 8 MeV/c?
il -1/3 -113 -1/13 0
L‘ 12 | U 112 g 1
| bottom photon
0.511 MeVic? 105.7 MeV/ic? 1.777 GaVic? 91.2 GeV/c?
1 e 1 -1 0
12 -y 12 B 12 L 1 n
-
electron muon tau Z boson O
T,
Ty <22 eVict <0.17 MeV/c? <155 MeV/c? 80 4 GeV/c* g
2 0 0 0 +1
w
E 112 -l)} 12 w 12 .lb 1 w O
-
o
electron muon tau
“ ' neutrino neutrino neutrino W boson S
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Search for h/Z—@y and py

week endin
(P PRL 117, 111802 (2016) PHYSICAL REVIEW LETTERS 9 SEPTEMBER 2016

Search for Higgs and Z Boson Decays to ¢py with the ATLAS Detector

H ....... M. Aaboud et al.”

(ATLAS Collaboration)
(Received 14 July 2016; published 9 September 2016)

A search for the decays of the Higgs and Z bosons to a ¢» meson and a photon is performed with a pp
collision data sample corresponding to an integrated luminosity of 2.7 fb~! collected at /s = 13 TeV with
the ATLAS detector at the LHC. No significant excess of events is observed above the background, and
95% confidence level upper limits on the branching fractions of the Higgs and Z boson decays to ¢y of

Y 1.4 x 1073 and 8.3 x 107, respectively, are obtained.

BR(h — ¢v) = (2.31 £0.03f, £ 0.115_,,,) - 107°

DOI: 10.1103/PhysRevLett.117.111802

B First search, with 2.7 fb-"at 13 TeV collected in 2015 > Aanns
B h—qy sensitive to strange quark Yukawa coupling = = AT e

Z challenging to access with inclusive h—ss decays! E 100 \ ‘ S
® Looking for new physics through anomalous couplings ” %EEZK:S

2 possible in various BSM scenarios, modifies BR(h—y)
B Z—y not directly constrained by existing measurements

40

| Brénching Fraction Limit (95% CL) | Expected | Observed
| B(H = ¢v)[ 1077 ] 15797 1.4 20
B(Z — ¢v)[107%] 4.4729 8.3

-
» L 1¢

Data/Fit
o -
oS,

® New results with up to 35.6/fb e RS0
» updated h/Z—@y arXiv:1712.02758 hys. Rev. Lett 117, Ti1802 Mycicy [GEV]

» added h/Z—py probing up- and -down quark couplings to Higgs boson
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https://arxiv.org/abs/1712.02758

Analysis Strategy

Small angular separation of decay
products

BEXxclusive decays — distinct experimental signature
» Pair of collimated high-pT isolated tracks e
recoils against high-pT isolated photon
B Meson decays:

{§> (p_)K*'K-, BR=490A) meson decay
products
Ei;}t p_)1T+1T-, BR~100% Higgs |

BSmall opening angles between decay products
2 Particularly for p—K*K-
7 Tracking in dense environments

KX
%

3 Sk " A
¥ ORL/
NS :‘:‘:mlfe

) J .

TN

I
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Analysis Strategy

lEchl_sze dgcays - dIStInFt experimental signature 2 008k ATLAS Simulation
& Pair of collimated high-pT isolated tracks > Hos oy 1
. . . . £0.07F ]
recoils against high-pT isolated photon o |__|Before selection 3
- MeSOn decayS' LLI 0_()6;— 7 Aiter selection —;
2 ¢—K*'K-, BR=49% 0.05¢ E
2 p—1rtm, BR~100% 0.04 |- -
BSmall opening angles between decay products 0.03 - -
2 Particularly for p—K*K- 0.02F -
2 Tracking in dense environments 0.01 1 E
F e tomzm 0 0.01 002 003 0.04 0.05
Phys. Rev. Lett. 117, 111802 AR,
TRT B
4 g T L | arvi70a07s63 -
L % o:zz T T E 0.1 \s=13TeV,3.2fb" -
— o= = — -
r = 554mm s T o T, - - .
( r=514mm g 0.85; L +¢:++_.—; 0'08—_/. //% / 5 ///(/ A
ad Pos amasmieen T TR g} bty
L r=299mm T 0.75[ m T-v.3r* _O_‘O‘_o_ — : i
T SREETIRY ] 0.04 ]
§ 0.7F © TV, 5X* _O_-O% ¢ | ?tatils’{iJcal Uncertainty ’
- C ] 0.02— . Total Uncertaint —
r =122.5mm 065 arXiv:1704.07983 E - — Simulation (Pythia 8) %TotaIyUncertainty :
Pixels { T =88.5mm T B S B B I R RN BRI BRI R R
{r':35§_'255"‘m'}‘n %% 200 400 600 800 10( 200 400 600 800 1000 1200 1400 16

r=0mm

Initial Particle’s p; [GeV]

K. Nikolopoulos / Liverpool, 16 May 2018 / Study of the Higgs boson interactions with fermions

Jet P, [GeV]

"9 UNIVERSITYOF
=y BIRMINGHAM 28



Trigger Strategy

120

100

80

L1 Trigger Rate [kHZz]

60

40

20

@ L1 Trigger Total Output

200 400

I AL B AL IR
- ATLAS Trigger Operation
- L1 Group Rates (with overlaps)
_ pp Data July 2016, ys= 13 TeV

@ Single MUON
® Multi MUON
# Single EM
& Multi EM
@ Single JET
®Multi JET
Missing Trans. Energy
#TAU
# Combined

T I T T T I T

600 800

1000 1200 1400 1600
Luminosity Block [~ 60s]

@ Main Physics Stream

lﬁ! _ L L LI LA R EL I B B B oSing.Ie Muons
52200 =~ ATLAS Trigger Operation :gﬂi:,g',gﬂg:;gfms
2 2000 HLT Physics Group Rates ® Multi Electrons

@ Single Jet
@ Multi Jets
“b-Jets
Missing Trans. Energy
® Taus
Photons
# B-Physics
# Combined Objects

& 1800F- (with overlaps)

31600 pp Data July 2016, ys= 13 TeV

21400

|—

+ 1200

LT 1000 =%
800
600
400
200

1000 1200 1400 160
Luminosity Block [~ 60s]

200 400 600 800

Trigger rates (July 2016) LHC fill with peak luminosity 1.02*1034cm-2s-1 and <p>= 24.2

B ATLAS features a two-level trigger system to reduce the data rate from 40 MHz
to the 1kHz that can be stored for further processing and analysis

2z lLevel-1: Hardware-based
2 40 MHz — 100 kHz

2 High Level Trigger: Software-based

? 100kHz — 1 kHz

® This is the total data rate ATLAS can record
2 A dedicated analysis-specific trigger will only allowed a small fraction of this rate
2 typically well below 10 Hz
2 Highly selective trigger design is needed
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Trigger Strategy

. . . Small angular separation
MEnabled by dedicated trigger items of decay products

2z Modified T1-lepton algorithms

2 Activated: 9/2015 (@y) and 5/2016 (py)

2 Efficiency ~80% w.r.t offline selection
MLevel-1: Isolated EM object

. meson
zLowest pT unprescaled EM object | decay
MHLT: Collimated/isolated high-pT track pair recoiling i/ Pproducts
against high-pT photon ,—~ Higgs
7 |solated di-track (leading pr>15 GeV) consistent with mmeson
& Photon (pr,>35 GeV : -
(Pry ) < * photon
s EurPhys.J.C77(2017)317 . 102 e
T N . = § Eur. Phys. J. C 77 (2017) 3171
= - \l§=13TeV,J-Ldt:3.2fb'1 ATLAS . S L .
S 20 — 5 [ oo g
o — - - -o- O . ]
o LI SEMTOVH - 0.985 -~ -
15~ a L1_EM22VHI - o = - i
- o L1_2EM15VH - 0.961 e ATLAS N
B ] B .- Data 2015 Vs =13 TeV .
10_ i B o offline track pT>1 GeV i
] 0.941— 25 GeV Tau Trigger -
— B e Fast Track Finder (Stage 1) i
- 0-92__ - o Fast Track Finder (Stage 2) ]
R o o e s AT i - o Precision Tracking (Stage 2) .
0 1 2 3 4 5 0.9l S S S
1 2 34567 10 20 30 10°

Instantaneous luminosity [cm 2 s x 10% Offline track P, [GeV]
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Event Selection

B Tracks

2 No particle identification available at pT range of interest, all tracks considered K/

2 Two opposite charged tracks

2 Leading pT>20GeV, sub-leading pT>15 GeV
2 di-track consistent to myx8 MeV or mpx140 MeV
2 track-based isolation
2 di-track system must satisfy:

f40 GeV, for my, < 91 GeV
pY > {40 +5/34 x (mpy — 91) GeV, for 91 GeV < myy., < 140 GeV
\47.2 GeV, for my, > 140 GeV
BPhotons

2 “Tight” identification criteria
2 pTy>35 GeV
2 |ny|<2.47 and not in 1.37<|ny|<1.52
2 Isolated (calorimeter- and track-based)
2z A@(M,y)>T11/2
B Total signal acceptance/efficiency
2 h(Z)—»ey—K*Ky ~ 17% (8%)
2 h(Z)—py—1*1Ty ~ 10% (0.4%)

A 4

A 4

Full event selection w/o mkk requirement

%3000_—'A'T'LAS" o . '¢' 'Da'ta' T
g N 1 —— Fit Result -
So5oof- Vs=13TeV, 3560 o — K'K _
o - ] g==1 Total Background
~ - arXiv:1712.02758 ]
$2000}~ -
] C ]
O - ]
©1500— .
(4] - _
@) N -
1000
500
0
1.00 1.01 1.02 1.03 1.04 1.05

My [GeV]
~1000UE I I | -
(O] - -
O 9000F- ATLAS P Resut E
§. 80002_ f5-19TeV, 323 10" F=- EI)'()?allnl_;zat;:kground _i
o - arXiv:1712.02758 =
> 7000F 3
o = =
§ 60005— — — E
5 5000F =
(= - -
& 4000 =
3000 .

2000
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0
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Efficiency and Resolution

arXiv:1712.02758
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Background Modelling

® Dominated by QCD production y+jet and multi-jet events
B Exclusive “peaking” backgrounds (e.g. h/Z—puyrsr) estimated to be negligible
® Non-parametric data-driven background model; common for ATLAS Qy searches

2 Begin with loose sample of candidates
? Model kinematic and isolation distributions
7z (Generate “pseudo”-background events
2 Apply selection to “pseudo’-candidates

B Background Normalisation: Directly from the data in the Signal Region

B Background Shape Uncertainty: Estimated from modifications to modelling
procedure (e.g. shifting/warping input distributions), shape uncertainty included in
likelihood as a shape morphing nuisance parameter
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Background validation in side-bands
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Results
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HL-LHC and beyond
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HL-LHC and beyond

Phys.Rev.Lett. 115 2015)211801

® For HL-LHC pp—hc could be used ¢ ’ g
with high purity Higgs boson decays
» SM cross section o(pp—hc)~166 fb
B Main backgrounds are \
zpp—hg (0~12pb), pp—hcc (~55fb), \\h c
2 pp—hb (0~2001fDb) ¢ ch(—vv) 3000 fb-1 ’
® Phenomenological study suggests: — o ox in 0(735( 1W)125 AP
'ZX30020 i lKC|<2 at 957%CL S 874 877 885 899 917 941 973 1008 1052
— SM K. 225 25 275 3 325 35 375 4 425 45
S 50'615_'_' f“:l 7 S 1097 1148 1206 1276 1350 1424 1504 1590 1683 1786
B B - [pT{>20 GeV, |n{<5, DR(j1,j2)>0.4, £=0.4, g4c=1%, £0--c=30%]
0.2/ —
L]

0 05 10 15 20 25 30 B Derive constraints on Higgs boson-quark couplings

0.08 | vl | through the Higgs boson kinematic distributions
Cam For example pTh or yn

L0 r=1| @ Phenomenological study suggests that couplings to up-
55 0.04. %=1 and down-quarks could be constrained to <0.4 of the b-
s  quark Yukawa at HL-LHC.

002 1 | PRL 118 (2017) 121801, JHEP 1612 (2016) 045, arXiv:1608.04376
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prlGeV]
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Summary
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Several new and complementary
approaches appearing:
exclusive decays, inclusive (e.g. charm
tagging), Higgs boson kinematic
properties (somewhat less direct), etc.

New field of study in Higgs sector;
novel ideas available to elucidate this
corner of the SM!
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Higgs boson and precision electroweak physics

Common coupling scaling for all Fermions (kr) and for all Bosons (kv); no BSM contributions

Combination of ATLAS and CMS results. Average neglects correlations.

L 1 .8 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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Global EW fit more precise for kv than Higgs boson measurements
Kv>1 preferred (many BSM scenarios require ky<1)
Global EW fit has ~ no effect on determination of kr

| Expenmental information on Yukawa coupllngs essentlal 3
}L to fully characterise the observed Higgs boson!
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Spin/CP properties

ATLAS H—- Z/Z* — 4]
— e— Observed ls=7TeV, 45 fb'
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Performance of the ATLAS c-tagger

ATLAS-CONF-2017-078
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mEfficiency calibrated in data
2 b-jets from t -Wb decays
2 c-jets from W — cs, cd decays (in ttbar events)

B Typical total relative uncertainties of around 25%, 5% and 20% for c-, b- and light jets,
respectively
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Fraction of decays

Fraction of decays
© o o
(&)} [0} ~
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c-tagging
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Zh—cc:Yields

arXiv:1802.04329

Yield, 50 GeV < m.z < 200 GeV

Sample
1 c-tag 2 c-tags

75 < p% <150GeV | p% >150GeV | 75 < p% < 150GeV | p% > 150 GeV
Z + jets 69400 + 500 15650 + 180 5320 + 100 1280 + 40
ZW 750 + 130 290 £ 50 53+13 20+5
ZZ 490 £ 70 180 + 28 55+ 18 26+ 8
i 2020 + 280 130 £ 50 240 + 40 13+6
ZH(bb) 32+2 19.5+1.5 4.1+04 2.7+0.2
ZH(c?) (SM) | -143+£170 (2.4) -84 100 (1.4) | -30+40(0.7) -20 £29 (0.5)
Total 72500 + 320 16180 + 140 5650 + 80 1320+ 40
Data 72504 16181 5648 1320
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LHCb H—cc

2 Lower luminosity, ~ 3fb! in Run 1

7z Complementary n coverage (2 <n<295)
2 Excellent vertexing (IP resolution of 13-20 um),
momentum resolution (0.4%-0.6%), particle ID

2 b/c-tagging

2 efficiency b-tag: ~65%

2 efficiency c-tag: ~25%

2 light mistag prob: ~0.3%
2 Additional requirement on the BDT b|c tagging

variable: Separation of b jets from c jets is applied
2 It removes about 90% of W/Z + H(bb) events while

retaining 62% of the W/Z + H(cc)

LHCb sim|
B vz+H' (- bb)
[ wzsH' (s co)

I =

ulation preliminary \s = 8 TeV

3 SiliEC
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h/Z—J/yy and h/Z—Y(nS)y: Mass Resolution

% _IIIIIIIIIIIIIIIIIIIIIII’I[IIlIIIIIIII: % :IIIIIIIIIIIIIIIIII|IIlI|IIIIIIIIIIIII:
& 350F | puia ATLAS 1 8250 4 ome ATLAS .
8300;_Fit s=8TeVILdt=19.2fb'1é g o Fit s=8TeVJLdt=19.2fb":
S C DJ/\V Loose Isol. Softp ] S 200 _—D Iy Loose Isol. Soft p_ -
'g 250:—-E- Background Jhy y channel ) _; % : E Background Jy ¥ channl ) :
o C Barrel Categories ] o B Endcap Categories
> C 1 >
W 200F 6 =44 +1 MeV 4 @ 150 6=74+3MeV
B Simple event categorisation - E :
B 4 detector-driven categories _ - 1 50
Y % . T S ST . D )
? Muon pseUdorapIdIty ( 2) O 1 i i O IIIIIIIIIIIIIIIIIII|IIII|IIIIIIIIIIIIII
2 Photon conversion (x2) 27 28 29 3.0 3.1 3.2 3.3 34 3t 27 28 29 3.0 3.1 3.2 3.3 34 35
B Mass resolution: 1.2-1.8% My [GEV] phys Rev.Lett. 114 (2015) 121801 My [GEV]
% EIIII|IIII|IIIIIIII|IIII|IIII|IIII|IIIIE %140__IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII__
S 80k + oms ATLAS 18 [ om ATLAS :
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h/Z—J/yy and h/Z—Y(nS)y: Mass Resolution

barrel endcap
w _I T T T T 1T T T 171 T 171 T 17T T 17T U) T 17T T 1T T 17T T 17T T T 1771 T 1771
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Events / ( 0.02 GeV/

K. Nikolopoulos / Liverpool, 16 May 2018 / Study of the Higgs boson interactions with fermions

h/Z—J/yy and h/Z—Y(ns)y
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h/Z—J/py and h/Z—Y(ns)y

Phys.Rev.Lett. 114 (2015) 12, 121801
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h/Z—J/yy and h/Z—Y(nS)y: Results

107%¢
i 20.3 fb! ATLAS Vs =8TeV

20.3 fb™*
20.3 fb™! 20.3 fb~!

H/Z - Qy
o  Observed E
== Expected (1, 20)

20.3 fb~?

95% CL upper limit on Branching Fraction

10—5 -
Theory
P & & 8 g &
Va Vs Vs Va Ve Vs Ve Va
A} > > > > v A A A A

Phys.Rev.Lett. 114 (2015) 12, 121801 .. . .
57 0L Uoor T W95% CL upper limits on decay Branching Ratios:

o = s 6(10°8) for Higgs boson (SM production)

Expected | 20000 | 49733 | 62812 | 54837 | 88737 B @(10-6) for Z boson

Observed 2.6 3.4 6.5 5.4 7.9
B(H— Q7)[107] ™ Indicate non-universal Higgs boson
+0.6 +0.9 +1.1 +0.9 +1.3
overed | 15 | 15 | 18 | 1s | o coupling to quarks
o (pp = H) x B(H = O~) [0] [Phys.Rev. D92 (2015) 033016, JHEP 1508 (2015) 012]
Expected | 26712 | 38119 | 45720 | 38%19 54127 » CMS obtained the same 95% CL upper limit: BR[H—(J/p)y] <
Observed | 33 29 i 28 1 1.5x10-3 [Phys.Lett. B753 (2016) 341]
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Background

® Dominated by QCD production y+jet and multi-jet events
B Exclusive “peaking” backgrounds (e.g. h/Z—upyrsr) estimated to be negligible
® Nonparametric data-driven model; same procedure as in h/Z—J/yy

> > [ T > 1800 _l T | T T T T I T T T |_
) = i [) L ] [O) L .
O - ATLAS Preliminary ¢ DatayVs= 13TeV,35.61b" - G 1200~ ATLAS Preliminar ¢ DataVs= 13TeV,356f" ] O C ATLAS Preliminary ¢ DataVs= 13TeV,35.61b" J
~ 12000 y ] ~ y ~ 1600F =
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h—y*y—lly and h—J/ypy

™ CMS search for h—y*y—lly and h—J/yy

2 used 19.7 fb! at 8 TeV

™ Event Selection [for h—J/yy]

2 single muon and a photon, both pt>22 GeV
4 |r]p|<2.4, pr>23,4 GeV, prp>4O GeV

4 |r]y|<1 44, pTy>4O GeV
? UM and y isolation,
2 2.9 <my <3.3GeV

2 AR(u,y)>1 for each muon

Z muon impact parameter requirements

Source Uncertainty
Integrated luminosity (ref. [37]) 2.6%
Theoretical uncertainties:

PDF 2.6-7.5%
Scale 0.2-7.9%
H — 4"y — {7 branching fraction 10%
Experimental uncertainties:

Pileup reweighting 0.8%
Trigger efficiency, u (e) channel 4(2)%
Muon reconstruction efficiency 11%
Electron reconstruction efficiency 3.5%
Photon reconstruction efficiency 0.6%
Myeq scale, p (e) channel 0.1 (0.5)%
my¢q, resolution, y (e) channel 10 (10)%

Events/ 7 MeV

Events/0.5 GeV
o

19.7 b (8 TeV

~—"

—
o
\)

- CMS

- Simulation

—
T IIIIIII'I_

SM H- y'y- ¢¢y
my, = 125 GeV

— uu before selection

ee before selection

— uu after selection

10 = =
ol b ]
10 ElliIiIlJLIJLlILIliIIJLIJLllLIliIlJ]lJLIE
0 4 8 12 16 20
Phys.Lett. B753 (2016) 341 m;, (GeV)
x10° 0.9 fb" (13 TeV, 2016)
160 CMS
1 40f_ Preliminary o = 30MeV
120 f_ pf“' > 16GeV
100; DP-2016-027
80
60
40
20
_| I--I--I-.l.-T--I--I--I--I---I--I--I--I--T..I.-I.-I--I--T--I--I-.I..I "
295 3 305 31 315 32 325 3.3

utu invariant mass [GeV]
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h—y*y—lly and h—J/ypy

19.7 b (8 TeV)

B h—J/yy: fit over the 110-150 GeV mass range - 12—
N . /nd . () . CMS i
2 Background: 2" degree polynomial S * Data i
< . ] . o B —— Background model ~
2 Signal: Crystal Ball + Gaussian Q B 1o Peze i
72] ~ _
® No excess above background observed c 8 [ ] 500x SM H—s(J/®)y — ppy]
® 95% CL upper limit Hoy*y—lly: 6.7(5.9xSM & © background-only fit to the data -
B 95% CL upper limit BR(H—J/ypy) < 1.5x10-3 : )
540 times the SM prediction 4n ¢
® o[ o0 o0
Signal events Signal events Number of events o | ® ol e
Sample before selection after selection in data |
my = 125GeV my = 125GeV 120 < mgp, < 130 GeV B 1 L 1]e I Lol
Uy 13.9 3.3 151 e e Lol e L L
ce 25.8 1.9 65 10 115 120 125 130 135 140 145 150
i GeV
(J/¥ — pp)y 0.065(J/¢) 4+ 0.32 (non-res.)  0.014(J/¢) + 0.078 (non-res.) 12 Phys.Lett. B753 (2016) 341 mMW ( € )
19.7 b (8 TeV) 19.7 fb™ (8 TeV) 19.7 fb™" (8 TeV)
> :""l"" 'I""I""l"": 35: T I I 'l""l"": % 40__Icl:hlnélllll '|""|""|""_—
8 60 CMS e Data E 3():_CMS e Data E % g — Observed g
g 50 Bafl:g(:ound :n:ciel _f - Bai:l:gcround :ngociel : c 355— Hopy o Iy 5;2:3:;10 —g
D - - 41 25 - - - =  30F (kuyandeey) [ ] Expected + 26 =
I= e [ J10xSMH = vy = ppuy] [ ]J10xSMH—> Yy —eeyq E - .
g :% |2 13 % .
30 - 1 5E 4 o 20F E
- ] C 1 o =5 E
20 =4 10F + 14 ° 155 .
: ¢ 10F A
105— 4‘—|J_|_|_“ % ; i 55— ‘,_|J_|_|“ 5:_ _;
Plo"T20 130 140 150 160 470 %10 120 130 140 150 160 170 Or e T L T T T
20 125 130 135 140 145 150
Phys.Lett. B753 (2016) 341 My (G€V) Meey (GEV) m,, (GeV)
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Charm Tagging

One may “re-interpret” the h—bbbar search . , ’
for anomalous h—ccbar production G "b
— In the SM BR(h—ccbar)/BR(h—bbbar) ~ 5.1% g H e
— Enhancement Y.: 1BR(h—ccbar), |BR(h—bbbar) [through 1T ] ; C
— Constrains only a linear combination of yp and ¢ q W
— Need muIt| Ie b- tagglnﬂ points ”b
o B bb €bi1 €by T O BRez €cq€eo q H\\< Q
Mo = ’ b C
USMBRbE O'SMBRM; €, €b, I+
o BR%\/I €cq Ec 1 7 Z, -
— Uy BRE%\/I €, Ebs He . }; \\\\\ <f Q
WWWWWWWWWWWWWWWWWWWWWWW e = 95 g0t 40) at 68.3(95)% CL. b C
3l 5fb~!(7TeV)+20fb~' (8TeV) |
: Stat.+Monte Carlo Error :
N | — Extracting info about Yukawa couplings:
| @ account for new production modes
1} Q ¢ .C_ _ ﬁ _
U -
" ke S 234 at 95% CL, |
—1h o
: (e) (0) (£) 5/¢ < Wiz
_zj (b)’ . . .
e e a0 30— — No detailed experimental analysis performed yet!

He

[Phys.Rev. D92 (2015) 033016]
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Quark/Lepton Flavour Violation

B Indirect constraints from low-energy data; certain transitions still loosely constrained[ JHEP 03

(2013) 026; Phys.Lett. B712 (2012) 386 ] oS PASHIGAT00]  ore
» QFV: constraints from flavour physics _
2z LFV: constraints from y—ey, T—u/ey, y/e g-2, EDM >*1’1o

»BR(H—eu)<108; BR(H—eT1)<10%; BR(H—u1)=10% B
B LFV CMS Run 2 95% CL upper limit with 35.9 fb™’ 102 E s S

7 BR(h—uT1)<0.25% (0.25%)

? BR(h—eT1)<0.61% (0.37%) 10
B QFV ATLAS Run 2 95% CL upper limit with 36.1 fb-" :
Z in ttbar events looking for t—qgh

2 hadronic and leptonic decays of the W boson used _ .
? BR(h—ch)<0.22% (0.16%) 1075 Lol i

» BR(h—uh)<0.24% (0.17%) 07 nomen e g
2 t—uh acceptance ~8% lower than t—ch due to additional b-tagging efficiency provided by

the c-quark versus the u-quark

107%E

> - . » 1

q) | ] T T I T T T T I T T T T I T T T T I T T T T
3 14: ATLAS Vs =13 TeV 361 fo! - a ATLAS /s =13 TeV, 36.1 b E
ﬁ 1o e Data ] t — cH(yy)

42 N e L b Continuum bkg. ]

e 1ok || | e + SM Higgs -

L H ® ®

- —1
—+t—=cH(yy) 107E

1072

P00~ "Tio 120 130 140 1500 160  qsl._

1 2 3 4 5
m,, [GeV]
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h—T1T

> Higgs boson-fermion coupling e CMS, 4.9 1" at 7 TeV, 197 "3t 8 ToV
> . . . "~ 4L — ;‘ i ) . %SI\;HUZSGeV):n _
-first direct evidence S 107 — oae 1o [ owenumen 9 e
B I:] Background (u=1.4) ] O 2500 | | g [EX]Bkg. uncertainty i
8 BaCk rou ndS % P s I Background iu:O)) _E ®
g g) 103:— B H25)c (us14) T =F i o=
» Z — 11 dominant [embedding] N T 3
B 13 Jr 3.20 (3.50)
» “Fakes”: Multijet, W+jets, top [data-driven] 102 4o 1500 B
i =t 12 [
» “Other”: Dibosons/H->WW?* [MC] g .50 (3.40) 4 12 oF 2 swismes
. e . = H—11 —_-- B A T
- Sensitivity mostly VBF and boosted topologies '°F 4r.as T T % ;
: B ~ g T . | -4 500 F Elgt[:)troweak 7
- Sub-channels: TiepTiep, TiepThad, ThadThad i ‘S‘jie:/” 2053;:? z ‘E : D -
= \s=7TeV, 4. ENL i
» Catergories based on event topology b L 35 0 L o~ =

> Multivariate techniques used either as BDT or  JHEP 1504 (2015) 117 1oy (s/B)  JHEP 1405 (2014) 104 M- [GeV]
multi-dimensional fits N
2z Run 1 ATLAS+CMS Combination: 5.50 (5.00 exp) Run: 214021

_ 2012-11-05 09:48:46 UTC
35.9 fo' (13 TeV) Event: 269834309

E E
- CMS T arasnarnananarBE
i 1.6F —8— (Obs. - bkg.)/bkg. .
E 14 —— (Hotr)/bkg. E
- o.éi Bkg. unc./bkg. 3
E o 0.6F =
2 oo 0.4F :
:._::— e, 0% =& T .
-1.5 -1 -0.5
:F log, (S/(S+B)) E
B Run 1+2 - 4.9(4.7)c W

5.9(5.9)0 -‘Lﬁ*

¢ Observed %%

wt, .erh
1 ey — H—o1t (u=1.09)
Bkg. unc. epr = 56 GeV, Thad PT = 27 GeV, MET=113 GeV, mJ1,12—1 .53 TeV,
ol v 1 mMMC=129 GeV, BDT score = 0.99. S/B ratio of this bin 1.0
-3 25 —2 15 1 0.5 0
arXiv:1708.0037 log, (S/(S+B)) UNIVERSITYOF
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4
7 Largest BR (58%@mn=125 GeV) 1 __
> large QCD background 'vb
2 Use associated production with W/Zq ; e __ ‘
2 complex final states f\ &, T s
2 b-tagging crucial q O, s
2 Backgrounds: W/Z+jets andtop w0 BEEHE DTS IPE—"
2 Final discriminant: BD Tvn q
& Evidence from both ATLAS and CMS b

,,

: >’ | = '\ &0\
\ N4 | @me ! VAW
ba \/ g 212 \ \(é}" 3' @)’A

2b-tags, MET=320GeV, P=151GeV, p1v=450GeV, mppr=124GeV

359" (13 TeV)

o 10¢ g | T el T g [T T
E g e s 10°= atLAS mmVH o Vbb (1203 B E CMS ﬁ\?::s) -
> [ ATLAS Simulation Preliminary - 2 4g7k s=13Tev,36.1 1o ot e [ Background .
S L - o mm Single top E 3
= B \/g 13 TeV ﬂ . B AT 10° 0+1+2 leptons Multijet = 7]
g 1 S = ) —Db !ets 5 2+3 jets, 2 b-tags -W:g?b,bc,cc,bl) 10° & =
- —-cjets 7 10° Run 1+2 Wi - .
- i : mm Z+(bb,bc,ce,bl)
i Light-flavour jets 10° 3.6(4.0)0 -§:ﬁ| 10° = E
—1 . C .
F . - 3
ﬂ "-._H___ | 102 10 ;_ 3.3(28)0 |
102} e = 10 - :
- T - = 3
| 1 1 11 1 I 11 1 1 I 11 1 1 I 1 1 11 I 11 1 1 I 1 11 1 I 1 1 11 I 11 1 1
: E @ 1.5 — ‘ ' ' 1
10_3 __70% b_jet tag eﬁ . :-:3‘\ 5? L | L L | L | L | L | T |_|+|_| ||||||| —] g E Tl—‘_'ilil

1 8.2% c-jet tag eff -, - 2 ok s T )
H 0.3% light-flavour tag eff T ] E 3 . .F , , , , . . . .
1 1 | 111 | 111 | 111 | 1 11 | L 11 | 111 | L 11 | 111 | | I--I 0.5_4 _3.5 _3 _2.5 _2 _1 -5 _1 _O 5 O

1 -08 -06 -04 -02 0 02 04 06 08 1 . '0910(3/5). logm(S/B)
ATL-PHYS-PUB-2016-012 Mv2c10 BDT Output JHEP 12, (2017) 024 PLB 780 (2018) 501
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top quark

g t,b
—————— H H
g t,b
[JHEP 08 (2016) 045]
» ggF Higgs boson production proceeds mostly through top-quark loop _%AF‘S“in‘d - 1§LL$S+
2 one can resolve the loops, assuming only SM contributions K, = + zonewa
2 new physics may appear in the loop - *
2 ttH production: direct information on Higgs boson coupling to top-quark KW_ — =
» Combination of several Higgs boson decay modes K, ;’_{E
2 h—bb, h—multi-leptons (WW,17), h—vyy, h—ZZ—4l - *
2 Complex final states with large number of objects 'K*'_ ==
2 jets, b-jets, light and T leptons, photons K, —
Z multivariate techniques used extensively | |_ j
2 Run 1 ATLAS+CMS Combination: 4.40 (2.00 exp) B T wwo vewniaeesil
2 Run 2 evidence for ttH production by ATLAS and CMS JHEP 08 (2016) 045  Parameter vaue
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top quark

ttH, Ho1r

ttH, H—vyy

ttH, H—bb

ttH, H—>VV

ttH combined

K. Nikolopoulos / Liverpool, 16 May 2018 / Study of the Higgs boson interactions with fermions

Phys. Rev. D 97 (2018) 072003

.( tptl. ). ( 'stlat.l , .SV.S‘t'. )

T T [ T T T [ T T T ] 7
ATLAS {s=13 TeV, 36.1 fb’’
— total stat.
- | +1.2 +0.9 +0.8
- Fre— 1.5 5 (loss o6 )
: +0.7 +0.7 +0.2
==l 0.6 0.6 ( -0.6 » -0.2 )
: +0.6 +0.3 +0.5
o 0.8 0.6 ( 0.3 0.5 )
+0.6 +0.4 +0.5
H—e—1 1.5 0.6 ( 204504 )
I 403 , 402 403
(3 £ 12 -0.3 ( -0.2 1 0.2 )
| | | i | | | | | | | | 1 | | | | | | | | |
0 2 4 6 8 10

Best-fit M for m =125 GeV

FEH(WW*)
ftH(ZZ*)
ttH(yy)
ttH(t*7)
ttH(bb)
7+8 TeV
13 TeV

Combined

arXiv:1804.02610
5.1 0" (7 TeV) +19.7 b (8 TeV) + 35.9 fb™' (13 TeV)

@® Observed
CMS = +1G (Stat @ syst)
| mmm +16 (syst)
5 —— 120 (stat @ syst)
—- @ =
ﬁ:
—é—*—
—*E—
——————
—on—
_E*_
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
—1 0 1 2 3 4 ) 6 u 7
ttH
UNIVERSITYOF

BIRMINGHAM 60



top quark

arXiv:1804.02610 arXiv:1804.02610
" _ 5.1 1o (7 TeV) + 19.7 fo (8 TeV) + 35.9 fo (13 TeV) 51 fp" (7 TeV) + 19.7 ol (8 TeV) + 35.9 o (13 TeV)
2 : o LI B L B L L B B R R B LR
qf:) 10f = CMS ¢ Observed —— Combined
> 3 []Background | [ U= SM expected i
LL ; - Supplementary [ Uncertainty —_ 13 Te\? . -
10 :_ tEH (M=1 26) — 748 TeV /," 4
i ttH (u=1.00) :
10% ¢ 50
10°F
102k
10F s
s M
é 2.5F * .
— 2.0;— .
»w 15F 5
O - )
O 10— =

1 1 l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :
30 -25 20 -15 -10 -05 0.0
log 1 0(S/B)
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h—>p u/ee

? h—puu best available probe for second generatlon fermlons a [ amas Soua o< 00
» BR 2. 10'4(12568\/) s 2 0 \s=13TeV, 36.1 fb E?re”'Ya” *”xz':xmoé
SM™ B = op  VHx100 S
Run 1: non- unlversal nggs { L [oiooson -
> simple final state | boson coupling to Fermlons T P
» S/B ~0.1-0.4% Png 1° o [ [ S SE
2 backgrounds: Z/y*—up, top, dlbosons ib_ =-—“?
> categorisation 10 = ——
»2x VBF (22jets+MVA) o B P
» main variables: my,pTu ,Anj, ARj, I e = R
2 6x ggF categories based on pT and n oo
» Parametric background Model: BW®Gaus+Exp/m?3 _PRLMO@017)051802 77
. . > 35__ IR R N N N N ;_
»95% CL upper limit @mn=125 GeV: ° i ey an
; % - tight \s = eV, 36.1 fb~ -
2z ATLAS: 2.8 (29)XSM [Run 1+2] f'g) 3O§ x2/nd9<])f=30.7/48 g
»CMS: 7.4 (6.5)xSM [Run 1] N S S E
o0 u m““ Background model -
- —— Signal x 20 .
S B | S/YB | FWHM | Data - ’ .
Central low p/7 11 | 8000 | 0.12 | 5.6 GeV | 7885 1> E
Non-central low ph" 32 | 38000 0.16 | 7.0 GeV | 38777 10 =
Central medium p/ 23 6400 0.29 | 5.7 GeV 6585 .
Non-central medium p/f/* | 66 | 31000 0.37 | 7.1 GeV | 31291 5 .
Central high ph# 16 | 3300 | 0.28 | 6.3 GeV | 3160
Non-central high p4" 40 | 13000 0.35 | 7.7 GeV | 12829 O: s
VBF loose 34| 260 | 0.21]76GeV | 274 o o | | E
VBF tight 34 78| 038|75Gev| 79 g °§;++J,'+‘ RSV - &;_;} whetid? oot l}_ ot
pT <15 GeV,15<pTu<50 GeV,pT,,>50 GeV PRL 119 (2017) 051802 Sle 2F * A
110115720 725 130 135 140 145 150 155 160
PRL 119 (2017) 051802 M, [GeV]
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h—uu/ee

e Closing in on h—uu!
Expected significance for Run 3 and HL-LHC
2.30 for 300 fb-'and 7.0c for 3000 fb™"
2 Conservative extrapolation (no IBL, Run 1 analysis)
Run 2 result shows improved sensitivity wrt extrapolation
Evidence for h—puu possible with Run 3
2 Even earlier with further improvements?
HL-LHC will be needed for detailed studies

»h—ee: extremely rare decay in SM
BRsm(h—pu)/BRsw(h—ee) ~ 4x104

» CMS performed a search for h—pu/ee with Run 1
»95% CL upper limit BR(h—ee)<1.9-10-3

H— e‘e 19.7 b (8 TeV)
> 30 | T T T T I T T T T I T T T T I T T T T I T T T T _
S E 2-jet Tight —— pata CMS 1
o 25 ]
ol — Background model
%) ]
S 0/ SM Higgs boson x 10°
o N
(NN .

15 —
10 * -
: |f
S *—o—
: -
0 C 1 1 P PR
1 2 E J2INDF _13.1/25 = 0.567- pvalue: 0.951 '
= 1
p
w° 05
o -1

150 160

[Phys.Lett. B744 (2015) 184]
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Mee [GeV]

120

—_
o

K. Nikolopoulos / Liverpool, 16 May 2018 / Study of the Higgs boson interactions with fermions

L [fb1] 300 3000
Ngen 1510 15100
NvyBF 125 1250
Nwn 45 450
Nzy 27 270
Nun 18 180
Ny 564000 | 5640000
A?}jg (model) 68 110
A, (fiD 190 620
A 750 2380
Signal significance 230 7.00
Aulu 46% 21%

ATLAS-PHYS-PUB-2013-014

> 5000 L B B e
o 4000 ATLAS Simulation Preliminary J
Lo H \s =14 TeV .
< 3000f } [ Lat=3000 0" -
T 2000, M =
2 RT * ‘i E
3 1000¢ | il + SRTRRTS
g 0 | H ||'| !‘ii T A At w i»n:.,l W |:‘
(4%} I L e f
1000} L F + AR R
(48] - .
6-20005_ e S+B toy Monte Carlo_f
30001 — S4B model E
-4000;— — B-only model —;
- :I 1 1 I L1 1 | | L1 1 1 | L1 1 1 | L1 1 1 | | 1 l:
000 110 120 130 140 150 160

ATLAS-PHYS-PUB-2013-014 My, [GeV]
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