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The Large Hadron Collider
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® Run 2 pp dataset at 13 TeV exceeds 130 fb-’
B Inst. Luminosity “levelled” at 2x1034 cm?s™"
@ Operations and physics in high pile-up now routine
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The LHC detectors
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiafion tracker

Semiconductor fracker
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S 8ol < Good for physics: 93-95% (33.3-33.9 fb1) >

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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Snapshot of measurements

Standard Model Production Cross Section Measurements
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Status: July 2018
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BEH mechanism and fermion masses

B SU(2).®U(1)y local gauge symmetry;

EW unification; massless carriers
B Symmetry spontaneously broken; Higgs field acquires vev
2z 3 Higgs d.o.f become longitudinal polarisations of W%/Z bosons
1 Higgs d.o.f becomes physical Higgs boson
® Higgs interactions to vector boson: defined by symmetry breaking

® Higgs interactions to fermions: ad-hoc hierarchical Yukawa couplings-ms
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® Yukawa couplings not imposed by fundamental principle
® Probing fermion mass generation scale—independent task
B Fermion mass generation scale from unitarity bounds:
A ~23,31,52,77,84 TeV (b,c,s,d,u)
[Phys. Rev. Lett. 59, 2405 (1987); Phys.Rev. D71 (2005) 093009]

2 Modified Higgs-fermion couplings in BSM scenarios

2 Concise summary in LHC Higgs Cross-section WG YR4
[arxiv:1610.07922]

2 Effects ~1//A\? or ~ to mixing angles with extra scalars
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SM nggs boson production and decay
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Higgs boson properties
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@ Discovery channels: h—ZZ/yy/WW.
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nggs-fermlon interactions: The story so far®-
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3rd generation fermions:

™ top-quark: tth observed

™ bottom-quark: h—bb observed
™ T1-lepton: h—T1T observed
1st/2nd generation fermions, different picture:

[ e/u: no evidence yet — established non-universality

? h—pup: feasible in LHC (possibly in Run Il1)...
O c-quark: no direct evidence, loose bounds from h—bb
3 u/d/s-quarks: no inclusive searches available
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2 Higgs couplings: margin for undetected/unobserved decays
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Higgs boson-charm quark coupling

B Search for inclusive h—cc decays, similar to h—bb

2 associated production with W/Z boson B *
» SM BR(h—ccbar) BR(h—bbbar)~51% — -
BNeed a c-tagging algorithm 0 <econdary

vertex

2 Displacements for c-jets x3.5 less than for b-jets
2 First used Run 1 for search for s-charm phys.Rev.Lett. 114 (2015) 161801] ‘7 \pmy
® Run 2 new “inclusive” c-tagging
» Combining “low level” taggers into “high level” tagger using a BDT
2 Track Impact Parameter
2 Reconstruction of Secondary Vertices
2 JetFitter: Fit the decay chain of a b/c-jet
2 Optimal working point: 41% c-jet efficiency for 4x b-jet & 20x light flavour jet rejection

c-jets b-jets light flavour (u d,s, g) jets
b= L L L BN I B B _—_10_33 = B L I I I L B _10_33. = [T 7 ‘ L B L B _102,
o § k%) Ry - ‘@ 2 - 4 ]
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> [m) > B o > B (a)
O O O o
0-51419, efficiency g 0-5 E 0-52 19 g
oF o 10" o i 10
~0.5- : 0.5 ] : | ~0.5F- : -
: S clets - : ; blets| - : light Jets;
= (s=13TeV,tt = ls=13TeV,tt ] e (s=13TeV,tt
- ATLAS Slmulatlon Prellmlnary . ATLAS Slmulatlon Prellmlnary - ATLAS Slmulatlon Prellmlnary
P L -5 P 1 -5 : ) I B L —5
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bvsc bvs c ATLAS-CONF-2017-078 W7 ANIYERSITYOF
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Zh(—cc):Event Selection

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

Z — £T£~ Selection H — cc Selection
m Trigger with lowest available pt y Cons'|der an’_fl-kT /.?: 0.4
single electron or muon triggers calorimeter jets with |n| < 2.5 and
pr > 20 GeV
m Exactly two same flavour _ _ o
reconstructed leptons (e or 1) m At least two jets with leading jet
pr > 45 GeV

m Both leptons pr > 7 GeV and at

least one with pt > 27 GeV m Form H — ccC candidate from the

two highest pt jets in an event
m Require opposite charges

(dimuons only)

m 81 < my, < 101 GeV

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

m Dijet angular separation AR;
m pf > 75 GeV requirement which varies with p%

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

B Background modelling/uncertainties validated with Z(Z/W) production measurement
2 Observed (expected) ZV production with significance of 1.40 (2.20)

2 Measure ZV signal strength of 0.679-° 4, consistent with SM expectation I
K. Nikolopoulos / BNL, 13 September 2018 / Study of the Higgs boson interactions with fermions > BIRMINGHAM
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Zh(—cc):Background Composition

03

% >:(I1 T I T T T I T T T T T T | T T T | T T T I T T T T T I: % 200'—_' T T T T | T T T T I T T T T | T T T T I T T T I_— PRL120 (2018) 211802
G 4L ATLAS o O - ATLAS D
= - {s=13TeV,36.1 b - Zh‘(‘éé)lczegg‘(‘)'“ty . 2 180F ys-13Tev,36.11b" wh Zh(e0) 0000
7 - 2 c-tags, 75 < p$ <150 GeV W ZH(bb) . 7 160 2 c-tags, p? > 150 GeV W ZH(bb) =
= 1-2__50smc6<2ooeev e Z 4l - I C 50<m,<200GeV Tzl .
4 [ Simulation normalised to data B Z+cl ] 4 140F Simulation normalised to data B Z+cl _
L 1.0~ I Z +cc ] W - B Z+cc .
- B Z+bbbcbl 120F- } BN Z-+bbbcb
0.8 - ZW ] -  ZW ]
O - 77 - 100 - 7 -
2 c-tags : = : : =L :
0.6— — 80 —
0.4 - o0F" E
- - 40— =
0.2 ] 20:_ -
0.0 T T T I T T T I T T T | T T T | T T T T T T | T T T T T __ O - | T III|IIII|IlI T | T T T T I T T T -
= 1.2F = = 1.2F =
g2, 129l b b b
D 1.0k 3 —+— R = : T'T+7T+'+"'T| " E
E 0.8:_I 1 1 I 1 1 1 I 1 1 1L | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 | 1 _: -'C_U‘ O 8; I 1 1 1 1 I 1 1 1 1 I 1 1L 1 1 | 1 1 1 1 I 1 1 1 l;
Q 40 60 80 100 120 140 160 180 200 Qo 50 100 150 200 250 300
Leading jet P, [GeV] Leading jet P, [GeV]
X1V A1V
% :I T T I T T T I T T T T T T I T T T I T T T I T T T I T T I: % 2 2__| T T T T | T T T T I T T T T | T T T T I T T T I__
O] - + Data = o} E + Data 3
o 18: ATLAS 1 vy Stat. Uncertainty o 20 ATLAS -1 Yy Stat. Uncertainty—
- - Vs=13TeV,36.11b T ZH(eT) x2000 ] - E Vs=13TeV, 36.1fb T ZHeo) %2000
S - 50 < m, <200 GeV oz ] 15 = 50 < m_ <200 GeV Szl ]
4 14— Simulation normalised to data B Z+cl — Q1.6 Simulation normalised to data B Z+cl —
w C B Z+ce = H 14 B Z +cC =
12 BN Z+bbbcbl “E BN Z+bbbcbl ]
C mm ZW ] 1 oF mm ZW T
10— - 77 ] “E . 77 ]
o ot ] 1.0 ot —
1 C'tag - ] 0.8 =
6 —] C .
- ; 0.6 E
o= B 0.4F —
. E 0.2 =
O_ T T T I T T T I T T T T T T | T T T T T T | T T T | T T T __ O.O__ | T T T T | T T T T I T T T T T T T T I T T T T ]
£ 1.2F, . £ 12H 1t ¢ 3
75) 1.0F e o . . . . — 4 l D 1 0: + PR SR S 5 ¢ oo t ; ; + 3
e . F 0 O ° + i T E U v . hd + E
% O.8;_I 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 T | 1 1 I_; % 0.8;_ I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 +I 1 I 1 + 1 + 1 1 *_;
= 40 60 80 100 120 140 160 180 200 Q 50 100 150 200 250 300
Leading jet P, [GeV] Leading jet P, [GeV]

75< prZ < 150 GeV p1Z > 150 GeV

"9 UNIVERSITYOF
K. Nikolopoulos / BNL, 13 September 2018 / Study of the Higgs boson interactions with fermions

-ER BIRMINGHAM




Zh(—cc):Fit Results
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Zh(—cc):Results

®No evidence for Zh(—cc) production with current dataset PRL120 (2018) 211802
Limits on ZH(— cc) production
BSM: 2.55%102 pb 95% CLg upper limit on o (pp — ZH) x B(H — c¢) |pb]
2110xSM (150+80_40) Observed | Expected | Expected +10 | Expected —1o
2.7 3.9 6.0 2.8
Source / g T T T
u 0 | Otot S 0af e
Statistical 49%% SR S
Floating Z + jets normalization 31% s F
70.6F
SYStemAtC oo 877 o Sos
Flavor tagging 73% " §0'4§ f
Background modeling | 47%.; ..
Lepton, jet and luminosity 28% sk
Signal modeling 28% - 0'2§
MC statistical 6% 0'1;’1"' e | I
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]

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

2 Analysis in conjunction with h—bb; account for cross-contamination
IFor future key is the controlling of systematic uncertainties
» Phenomenological analysis indicates |Kc|<2.5-5.5 at 95%CL
L/ 2x3000 fb-! depending on the c-tagging scenario [phys.Rev. D93 (2016) 013001]
2z ATLAS HL-HLC projection for Z(ll)H(cc) alone u<6.3 [arL-pHys-puB-2018-016)]
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Exclusive Decays h—Qy

® h—Qy decays: clean probe for Higgs-quark couplings for 15t/2"d generation quarks
2 Q is a vector meson or quarkonium state

B Two contributions: direct and indirect amplitude
2 Direct amplitude: sensitive to Higgs boson-quark couplings
2 Indirect amplitude: insensitive to Higgs boson-quark couplings; larger than direct
B 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

ZNovel precision studies of quantum chromo-dynamics
2W*/Z boson interactions with light quarks not well covered at earlier facilities

2z Discovery potential for new physics processes
K. Nikolopoulos / BNL, 13 September 2018 / Study of the Higgs boson interactions with fermions
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Exclusive Decays h—Qy

Substantial interest from theory community on branching ratio estimates and feasibility

Mode Branching Fraction [107°]
Method NRQCD [1487]  LCDALO[1486]  LCDA NLO [1489]
Br(h — py) - 19.04+ 1.5 16.8 4+ 0.8
Br(h — wy) = 1.60 &+ 0.17 1.48 £ 0.08
Br(h — ¢) - 3.00 +0.13 2.31+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 — pOy (4191505 . £0.165 £ 0.24,, +0.37,,) - 107°
Not exhaustive; 70 — wy (2.89 50 o £0.155 £ 0.29,, +0.25,,) - 1078
accurate at the 70 — ¢y (8.63100% , £0.41; 4 0.55,, +0.74,,) - 107°
time of YR4 70 = J/hy (8.02 7512, £0.20, 7032 ) - 1078
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 %W UNIVERSITYOF
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h/Z—J/wy and h/Z—Y(NS)y (n=1,2,3)

BFirst search for exclusive h/Z—Qy decays in Run 1

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

2Q =J/yorY(nS), n=1,2,3 decaying to y*y- §§ZATLAS S 8T amas
> ATLAS 19.2 - 20.3 fb-’ BT I L T
»>CMS 19.7 fb s } == 1 B
. . . . = Z[B=107] E i Z[B=107] i
®95% CL upper limits on decay Branching Ratios: i ;
. . 8F - ]
2z 0(103) for Higgs boson (SM production) o } :
4 E i B
> 6(10%) for Z boson VST .-

40 80 120 160 200 0 50 100 150 200
™ Indicate non-universal Higgs boson coupling to quarks  ™=cV Py [GeV]

[Phys.Rev. D92 (2015) 033016, JHEP 1508 (2015) 012] 102
: ATLAS \s=8TeV
H/Z - Qy

o  Observed =

== Expected (+1, 20) ]

95% CL upper limit on Branching Fraction

» CMS obtained the samé 95% CL upper

.. Theory

limit: BR[H—(J/p)y] < 1.5x10-3 )

[Phys.Lett. B753 (2016) 341] 10:‘ K &\@* &Qc,x\
:Q., ~Z*) Q*’ ~2~}‘

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

UNIVERSITYOF
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h/Z—p(mS)y m=1,2 and h/Z—Y(nS)y (n=1,2,3)

Phys Rev.Leff, 114 (2015) 121801

T I

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

||III|II II IIIIIIIII|IIII|IIII|I
Jhy S 01  ATLAS Simulation
G@ E H— J/yy
c
0 0.08 H— Y(nS)y
H =-=aca-aa H Before selection
% After selection
0.06 -

~ 0.04

® New results on exclusive h/Z—Qy decays with Run 2 datal! 0.02

2 Q = w(mS) [m=1,2] or Y(nS) [n=1,2,3] decaying to p*y- \\\\\Q\\\ N\

B Event Selection (ATLAS example) 0 0.102030.4050 6 0708 OA% 1
s

T T T l T T T | T T T I T T T I T T T | ]

9dedlCatedph0t0n+mU0ntrlgger ,I_'—'0.04_—'II|III|III|III|III|III|III|I|'—_v,—';' I L B B L B B DR

> ] . . - B . . ]

: ATLAS Simulation 1 @ - ATLAS Simulation 1

2 |Nu|<2.5, p1u>18,3 GeV 8 oosst ., oo 1§ oo ) .

2 |ny[<2.47, pTy>35 GeV P T H=> Jhyy 1 S o p2 TY ]

. - N ] . Before selection —

B excludlng 1. 37<|r]v|<1 52 g 0'032_5 ............ Before selection - 'C\CJ : T _ . | ]

u . [/ Atter selection 1 S 505k After selection -

2 ptup >34-54.4 GeV [function of mpw]A 0.025 % ! 15 008 ]

Z MM and vy isolation = 0_02;5 12 omb T . :

2 loose my, requirements - . . P . : - Py -

2 |Lyy|/OLxy<3 0.015[: oL 1 %0 E

® Total efficiency 0.01" 1 ooer ]

2 h/Z—=J/WY(—pPpP)y~19% (11%)  ooost [ . E 0.01:,/ i -

% h/Z_)Y(_)”IJ)Y~ 23% (1 6%) 0 /-/ , ,:_,A Tt S o 5 0 A BN 2 i e L L0 P TUROOY SRR BT |:
0 20 40 60 80 100 120 140 16 0 20 40 60 80 100 120 140 160

arXiv:1807.00802 p.. [GeV] P, [GeV]
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h/Z—@p(mS)y m=1,2 and h/Z—Y(nS)y (n=1,2,3)

= ]
. ATLAS : 8 O e ATLAS _ 8 1201 ¢ Data ATLAS B
1000 - s=13Tev,36.110" | 5 [ _ .o s=13Tev, 361" | T [ _ g (s=13TeV, 36.1 1"
o B ] -~ — — 0~ B i
> - I:Iw(ns) Region: GR 1 @ 80_ --Y(nS) Region: GR 1 @ 100 --Y(nS) Region: GR ]
2 800_—. Bock g y(nS) y channel | & - . Y(nS) y channel 1§ i Y(nS) y channel .
3 - I Backgroun A c=54x1MeV | 7 ool Background B category 1 5 80—. Ba°k9r°”“dY(1 S)EC category -
W eook ’ I Y(1S)o,; =105 = 18 MeV _ i s =205 =28 MeV ]
E E 40_ Y(2S) i 60~ Y(2S) ]
4007 ] ] ] : Y@S)
| T T
200} . 20
0 . 0
2.0 2.5 3.0 3.5 4.0 80 85 9.0 95 10.010.511.011.512.0 80 85 9.0 95 10.010.511.011.512.0
arXiv:1807.00802 My [GEV] My [GEV] M, [GEV]
H JApy —uuy 201635.9b" (18TeV) = TTewrTwwr  evivewow uvioy)
[2) S L O L L L B R =
& °f cms —4— Data 1s | cms —+— Data
| [ Preliminary 1W 1o}  Frefiminary
sl |:| H—>J/ypy signalx750 ] I |:| H—J/py signal
I : H—y*y backgroundx150 | I L_ ' H->y*y background
o . 80_ —]
. . 50 ] I
® Mostly no categorisation : 1|
» ATLAS Y(nS): 2 u categories “f + 1w § :
. i ] - k
7 CMS ZJ/y: 3 y categories s 1
. i + | 401 § |
® Mass resolution ~1.6-1.8% | | H 10 §
i - N
| o L |
S ++ 1 \
: | ++ + | : -.L.LIJ. S Lo o o o
%" é9§ 302-\-\\?1\\\\%15 3.2' T 325 3. % -0.5 0 0.5 1 1.5 2

"% UNIVERSITYOF
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h/Z—Qy: Background

® Inclusive quarkonium with jet “seen” as y s [ TATLAS | ]
2 combinatoric background: small contribution 3 2501 AL 33(1,;3; -
2 contribution from Q+y production > T + Data ]
] ) < 200 g=== Background model ]
£ Non-pargmetrlc data-driven background model b M T GoSe uncertainty ]
7 Begin with loose sample of candidates 150F E
2 Model kinematic and isolation distributions 100 -
7 Generate “pseudo”-background events : ]
. 14 ” . 50 1
2 Apply selection to “pseudo”-candidates ' ]
BCMS: polynomials for background model 5 1ol %
BPeaking backgrounds S Jme Ao
& Z—uuyrsr from side-band fit § 50 100 150 200 250 00
wruy
b H—JpyFsRr (smaII contrlbut|or1183/vrt other backgrounds) B
3 140~ ATLAS 1 3% ATLAS ] Z1oF = ATLAS -
o I is= 13 TeV, 36.1 fb" 1 o 160 Is= 13 TeV, 36.1 fb" = =S = s= 13 TeV, 36.1 fb" ]
g 120~ \ Region : VR1 y(nS)y — 3 140:_ Reglon:VRz P (nS)y E g 160:— Region : VR3 y(nS)y =
~ . + Data 1 = n ; + Data 1 = 140 + Data —
2 100~ . === Background model - 2 120 y| === Background model 3 2 - g=== Background model .
s : Z FSR _ 1 o F B Z FSR _ 3 o 120 Z FSR _ =
kT 80:— é wzzz Model uncertainty _: kT 100 %1 , wzzz Model uncertainty 3 kT 100;_ /-é% wrzzzz Model uncertainty E
60| E 801 | E 80 f =
B . 60__ —] :_ _:
40__ ] E E 60: ]
- . 40p E 40F- E
20E E 20F- = 20F- =
= 0 [T ™ v ”I | | = 05 ar‘x.v 1*8 u.o FRYIN = 0 S | | CAR ‘ T :
& 50' 100 150 200 250 _ 300 § 50 100 150 200 250 _ 30C & 50 100 150 200 250 300
0 m.. [GeV] O m.. [GeV] O [GeV]
e e 2 UNIVERSTTYoF
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h/Z—Qy: 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
H Signal Modelling 7.2% QCD Scale Variations
Z. Signal Modelling 5.7% and PDF uncertainties
Integrated Calibration observables and
. 2.1% .
Luminosity vdM scan uncertainties
Trigger Efficiency 2.0% Data Driven Techniques
Photon ID Efficiency 1.4% with Z — 00, Z — (/7y, and
Muon ID Efficiency 2.8% J/y — uu events

® 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

[ UNIVERSITYOr
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hIZ—>Qv Results

> - N B L B AL R L
8 eob ATLAS E
0 u Vs=13 TeV, 36.1 fb™ N
% u + Data .
T 50 === Background fit +1o ]
o u [ Combinatoric N
Ty IJ [ w(nS) background ]
- == 7 FSR ]
- [ B(H— y(nS)y)=10° 1
30 [IB(Z— w(nSK)=10°
20 -
10 -
o) - f )
2 1.5F .
m 1= :
S ost M
S aXiv:18000008020 200 250 300
m,.-, [GeV]

B ATLAS Two-observable fit
Z Mupy, My

B CMS Single-observable fit
Z Mypy

BNo significant excess
above background observed

Events/0.05 GeV

100

80

60

40

- + Data

- == Background fit 1o ATLAS ;
— [ Combinatoric Vs=13 TeV, 36.1 fb
- =ZFSR

[ @w(nS) background
— [JB(H—= y(nS)y)= 10 y
- [OB(Z— y(nS)y)= 10°

2 22 2.'4 2628 3 32343638 4 4.2
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m,.. [GeV]
H—>J/1py—>mw 2016 35.9 fb' (13TeV)
rrrrrr T rrrrrfr T rrrrrfrrrrrrrrr T
CMS —¢— Data
_ Preliminary — Background model

— Expected signalx100

B <10 []+20
CMS-PAS-SMP-17-012

135

100 105 110 115 120 125 130 140 145 150

w (GeV)
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h/Z—Qy: Results

® Two-observable fit

Z Mupy, PTupy
B No significant excess

above background observed

K. Nikolopoulos / BNL, 13 September 2018 / Study of the Higgs boson interactions with fermions

Events/5 GeV
=~
o

L
ATLAS
{s=13 TeV, 36.1 fb”
B category

¢ Data
= - - Background fit +1o0
[ Combinatoric
1 Y(nS) background
== 7FSR
[ 1B(H— Yy)=10"
[B(Z— Yy)=10"°

-87 1.5 { -

X b :

2 os ; HH {H 4 “ 1\ “ -
8 50 100 150 200 250 300

m,.-, [GeV]

> 200F ' R N A B

S pook ATLAS E

To) - (s=13 TeV, 36.1 fb ]

% 180:— ' EC category =

()] - -

T 160 ¢ Data S

140F = - - Background fit +1o0 3

- [ Combinatoric 3

120:— [ JY(nS) background

100F E=Z7FSR 3

= [CB(H—>Yy)=10" 3

80F CIB@Z—>Y1)=10°

Data/Bkgd

50 100

arXiv:1807.00802

360
[GeV]

250

Moy

Events/0.1 GeV

Data/Bkgd

Events/0.1 GeV

Data/Bkgd

45, Data e A -
-- Bgc?(ground fit 1o A TLAS
40 =ZFSR Vs=13 TeV, 36.1 fb
Combinat
35 EY?nnS])IB:c?(rglgcr:ound B category
C1B(H— Yy)=10°
30F @B(Z— Yy)=10°
25
A‘iihthu
_AEN A
AU {
0 * Hh Hhy T HH}#{*H
8 8.5 9 95 10 105 11 115 12
........ e My [GEV
45F- 4 Dat
-- Baaciground fit 1o A TLAS
40 =ZFSR Ys=13 TeV, 36.1 fb
Combinat
35 EY?nrg)IE:c?(gc;ound EC category
[JB(H-— Yy)=10?
30F [@B(Z— Yy)=10"°
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h/Z—Qy: Results

ATLAS CMS
Branching fraction limit (95% CL) | Observed | Expected | Observed | Expected
B(H — J/¢y~)[1074] 3.5 3.0} 7.6 5.213%
B(H — 4 (25) v)[1074] 19.8 15.6757 - -
B(Z — J/¢~)[1076] 2.3 1.179°3 1.4 1.670:1
B(Z = (25) v)[ 1079 ] 4.5 6.0127 - -
Branching fraction limit (95% CL) | Observed | Expected
B(H — Y(18)~)[ 1074 ] 1.9 5.015%
B(H — Y(28)v)[ 104 5.9 6.2150
B(H — Y(358)v)[ 104 5.7 5.019°2
B(Z — Y(18)~)[1076 ] 2.8 2.8%2
B(Z = Y(28)~)[ 1076 1.7 3.8110
B(Z — T(35)~)[1076 ] 4.8 3.0

B Substantial improvement with respect to Run 1 results
» Expected limit improved by factor 3-4 for Higgs and by 60-80% for Z
® Current limits imply: -165<k:<200

2 Predictions on the direct amplitude have been revised downwards as a function of time
c.f Phys.Rev. D96 (2017) 116014 to PRD90 (2014) 113010 %{q UNIVERSITYOF
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h/Z—>J/t|JV and hIZ—>Y(nS)y Results

> 50_'"I"'I""""'I T ]
O - ¢ Data —
O . —Background fit A TLAS p i
Lo - mEsR (s=13 TeV, 36.1 fb ]
S 40 = 86 6Gev |
Qo ~ [ Combinatoric <mg. <96 Ge ]
-g - [Jw(nS) background i
© 30 B ze J/wy) =2.3x10° _
LU [ [IB(Z— ¢(2S)y)=4.5x10" ]
20" \ -
10+ -

2 22 24 26 28 3 32 34 36 3.8 4 42
m,.; [GeV]
> - [~ 7Ty ':
S 300 ATLAS E
10 - s=13 TeV, 36.1 fb .
Ql - ]
4\9 25:— 29<m, <33 GeV E
c - ]
() = [ ¢ Data ]
Lﬁ 20:_ —— Background fit _:
- [ ] Combinatoric .
15 [ ]w(nS) background —]
N === 7ZFSR ]
10E [ ] B(H— JApy)=3.5x10" 7
- \ [ B(Z— Jpy)=2.2x10° 1
5 =

0

5
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A TLAS

{s=13 TeV, 36.1 fb”
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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

4@, UNIVERSITYOF
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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

K. Nikolopoulos / BNL, 13 September 2018 / Study of the Higgs boson interactions with fermions <> BIRMINGHAM 28

UNIVERSITYOF



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]
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Trigger Strategy

@1 Trigger Total Output
(" [ " T [ T[T [Tt |eSingle MUON

- ATLAS Trigger Operation :gzg‘lgﬂgg"'

- L1 Group Rates (with overlaps) @ Multi EM

" pp Data July 2016, {s= 13 TeV oMM 2T

1 00 — Missing Trans. Energy

®TAU
# Combined

120

80

L1 Trigger Rate [kHZz]

B ATLAS features a two-level trigger system 60

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

2 High Level Trigger: Software-based ;

2 100kHz — 1 kHz 200 400 600 800 1000 1200 1400 1600
Luminosity Block [~ 60s]

® This is the total data rate ATLAS can record  Trigger rates (July 2016) LHC fill with peak
luminosity 1.02*1034cm=2s-! and <p>= 24.2

20

200
0

2 Dedicated analysis-specific trigger only —_ - [eeeen
: T 2200& /IATLASITriggeIr Opera:tion | " el uons
— — @ Single Electrons
allowed a small fraction 220005 HLT Physics Group Raes e
I 1800F (with overlaps) oMt Jets
? typically VYell b_elow 10 I__IZ | o 1600I\PP Data July 2016, 5= 13 TeV -E-;i;g{gm_mgy
2 Highly selective trigger design required 81400
E 1 200 = :C;)mgiilgz Objects:
T 1000/= ** Wiy =
800> . V"
400W

200 400 600 800 1000 1200 1400 1600
Luminosity Block [~ 60s]
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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
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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

. . > IR DL L T Rl
» Leading pT>20GeV, sub-leading pT>15 GeV 8 arvas ISR
1 1 8 - Vs= eV, 35.6 fb” - KK i
> di-track consistent to mgx8 MeV or mp+140 MeV S50 1 0 0 o 1oy = Touibasiaona
2 track-based isolation 20007 .
2 di-track system must satisfy: 515000 -
(] - .
f40 GeV, for my, < 91 GeV O10003—
pY > {40 +5/34 x (mpy — 91) GeV, for 91 GeV < myy., < 140 GeV 5005_
\47.2 GeV, for my, > 140 GeV
BPhotons o0 101 102 103 1 04m 1[.82\/]
. T Ry . . . KK

2 “Tight” identification criteria > 10000 | . T
© PTi730 Bev S e hihe
2 |ny|<2.47 and not in 1.37<|ny|<1.52 S 7000E JHEP 1807 (2018) 127 = "9 3
2 Isolated (calorimeter- and track-based) & 60001 — - E
5 5000 -
P A(P(MaV)>1T/2 o S 4000 =
B Total signal acceptance/efficiency 3000 :

2 h(Z)—»ey—K*Ky ~ 17% (8%) fggg

2 h(Z)—py—1*1Ty ~ 10% (0.4%) 0

0.5 0.6 0.7 0.8 0.9 1.0

Full event selection w/o mkk requiremnt m,.. [GeV]

K. Nikolopoulos / BNL, 13 September 2018 / Study of the Higgs boson interactions with fermions

A

UNIVERSITYOF

BIRMINGHAM 32



Efficiency and Resolution

JHEP 1807 (2018) 127

> FT 177 | T T | 1T I T T I T T T I T T | T T T T4
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C -AT 2 .
Ay 0.07 - E_PT Hopy .
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0.03F -
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0.01F -
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JHEP 1807 (2018) 127  p, [GeV]

JHEP 1807 (2018) 127

B No categorisation

@ Mass resolution ~1.8%

B Signal Model

2z Higgs: double Gauss
2> /Z: double Voigt with eff. corr.
BSignal Systematic Uncertainty

Source of systematic uncertainty Yield uncertainty

Total H cross section 6.3%
Total Z cross section 2.9%
Integrated luminosity 3.4%
Photon ID efficiency 2.5%
Trigger efficiency 2%
Tracking efficiency 6%

140

> O 24__' L Y I O =
S 0000 _p ATLAS Simuiation E
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0'08;_ pT E
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ol tATLAS Simulation]
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'c% 1 5:_ — Double Gauss. Fit _:
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Phys. Rev. Lett. 117, 111802 My [GeV]
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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

> C > C T ] > 1800 _I T T T | T T T T | T T T T | T T T T | T T T |_
) o a) n ]
g T ATLAS $ Datais= 13TeV,356fb" | <N5 1200— ATLAS $ DataVs= 13TeV, 356" ] CND - ATLAS $ DataVs= 13TeV, 356" 7
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100 150 200 250 300 100 150 200 250 300 100 150 200 250 300
Micrcy [GeV] Micicy [GeV] My [GeV]

P TMeson y-isolation Meson-isolation
arXiv:1712.02758
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Background validation in side-bands

> R B DL S L L S B L L A BN >10000g——— T T
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Results

> B L L L A L BN 7
@ B 7 | > 10001 | L L BRI -
= ATLAS . o .
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mNo significant signal observed | Branchlrllf PI‘{ractlon I[,lil(l)lt4(s]95% CL) E;(};iclt:d Obze;vi
: .. | — - 27 :
B 95% confidence level upper limit | B((Z j’y)) o6 1 3+é-§ »
: T _r — 37 :
2 CLs with profile likelihood test statistic R .
o : : B(H — py)[ 1074 8.475 1 8.8
2 Limit on production cross-section L s
. . . B(Z = py)[107°] 3318 25 /|
times branching ratio — :

> h—y < 25.3 fb
> h—py < 45.5 fb
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x3 improvement in expected limits with

respect to 2.7/fb result [PRL
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HL-LHC and beyond

High

LHC /HL-LHC Plan @tﬁgms'w ATLAS-PHYS-PUB-2015-043
LHC Expected branching ratio limit at 95% CL
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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 \
2 pp—hg (0~12pb), pp—hcc (~55fb), \\h c
%pp—>hb (O'~200fb) ¢ pp—ch(—yy) 3000 fb"'
® Phenomenological study suggests: 02 0s 00t 1 1 s i
1 - K¢ . . . . . .
)2)(30020 fb |KC| 2 at 95%CL S 874 877 885 899 917 941 973 1008 1052
— SM K. 225 25 275 3 325 35 375 4 425 45
S :Oﬁ_l_l_l_'—'_ f“: | S 1097 1148 1206 1276 1350 1424 1504 1590 1683 1786
:vl E 0.4 —I_l_ T [pT>20 GeV, |nj|<5, DR(j1,j2)>0.4, €.=0.4, £3-.c=1%, €b—c=30%]
® 02 1
0 05 10 15 20 25 30 B Derive constraints on Higgs boson-quark couplings
0.03 | bl | through the Higgs boson kinematic distributions
| For example pTh or yn
JHEP 1612 (2016) 045 — SM . :
Q &0-06 2019 ==t. @ Phenomenological study suggests that couplings to up-
55 0.04! K= and down-quarks could be constrained to <0.4 of the b-
|8 . quark Yukawa at HL-LHC.
0020 1 i PRL 118 (2017) 121801, JHEP 1612 (2016) 045, arXiv:1608.04376
00024060 80 100
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The future is now: kinematic distributions

10CMS Preliminary 35.9 fb™ (13 TeV) 4 Inputs: h_)VV= h—sZ77 —4|
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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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