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The Higgs boson discovered — end of (a long) story? Nik[hef

At the centre of the Standard Model

Courtesy Fermilab Visual Media Services

Discovered in 2012 as the last missing piece
— 50 years after its prediction

All known elementary particles
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The Higgs boson discovered — end-of (atona)-story2— Nik[hef

just the beginning

At the centre of the Standard Model

Discovered in 2012 as the last missing piece
— 50 years after its prediction

All known elementary particles
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The Standard Model without the Higgs boson NikJhef

... describes the dynamics and interactions of massless
fermionic particles ( and ) by exchange of
massless bosonic mediators ( )

All known elementary particles
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The Standard Model without the Higgs boson NikJhef

... describes the dynamics and interactions of massless

fermionic particles ( and ) by exchange of
massless bosonic mediators ( )
BUT

the W and Z bosons and the charged fermions are massive!

All known elementary particles
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The Standard Model without the Higgs boson NikJhef

... describes the dynamics and interactions of massless

fermionic particles ( and ) by exchange of
massless bosonic mediators ( )
BUT

the W and Z bosons and the charged fermions are massive!

Solutions:
+

+

All known elementary particles
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The Standard Model witheut the Higgs boson NikJhef

At the centre of the Standard Model

... describes the dynamics and interactions of massless

fermionic particles ( and ) by exchange of
massless bosonic mediators ( )
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the W and Z bosons and the charged fermions are massive!

Solutions:
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All known elementary particles
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The Higgs boson couplings Nik[hef

At the centre of the Standard Model

XX mv |%
H _____
vV
xXm f T
massive
H _____
f

All known elementary particles

+ self-interaction...
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The Higgs boson couplings Nik[hef

At the centre of the Standard Model
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massive
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All known elementary particles

= test by studying the observed Higgs
boson’s production and decay
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The Higgs boson couplings Nik[hef
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So far excellent agreement with the prediction!
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The Higgs boson couplings Nik[hef
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Couplings to electrons and 1" and 2" generation quarks?
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The Higgs boson couplings Nik[hef
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The Higgs boson coupling to charm quarks Nik[hef

Why is it important to measure it?

= ,L_ ATLAS Preliminary =
. . . E ~1 B
Probe of Higgs couplings to 2" generation 20 = Vs=13TeV,36.1-139fb z.43 [
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Outline Nik[hef

* Recent VH, H - cc search with the ATLAS detector based on the full Run-2
dataset [ATLAS-CONF-2021-021]

* Previous and first search [PRL 120 (2018) 211802]:
* Based on 36 fb™ of Run-2 data; targets Z( - l[)H( - cc)

* Observed (expected) upper limit on 6xBR: 110 (150) x SM prediction

* HL-LHC projection for VH, H - cc search based on full Run-2 analysis
[ATL-PHYS-PUB-2021-039]

* Previous projection [ATL-PHYS-PUB-2018-016]: upper limit on 0xBR: 6.3 x SM prediction
(w/0 systematic uncertainties)

* Complementary approaches to constrain the Higgs-boson coupling to charm quarks

Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21
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The data Nik[hef

Prerequisites:

.......................... AU = , * Lots of high-quality pp-collision
I\ i T = . ey ¢ ' | ‘ data provided by the LHC

* Excellent multi-purpose detector

= U ATLAS

2140 Preliminary (s=13Tev
=140¢
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Challenge how to identify H - cc? Nik[hef

1. Jet reconstruction

Parton level
\5 %
) k """"""""
o \ Particle Jet Energy depositions
Source P in calorimeters

o Jet clustering algorithm: anti-k  with radius-parameters R = 0.4

* Inputs: Calorimeter energy clusters (EMTopo)

Absolute MC-based
calibration

Jet finding app/led to Appl/ed as a function of Removes residual pile-up Corrects jet 4-momentum

* (Calibration of the energy scale:

| p;-density-based »
 pile-up correction

Reconstructed
jets

tracking- andfor event pile-up p; density dependence, as a to the particle-level energy
calorimeter-based inputs. and jet area. function of i and N scale. Both the energy and
direction are calibrated.

Global sequential Residual in situ
calibration calibration

Reduces flavour dependence A residual calibration
and energy leakage effects s applied only to data

using calorimeter, track, and to correct for data/MC
muon-segment variables. differences.

ATLAS Adapted from Eur. Phys. J. C 81 (2021) 689
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https://cds.cern.ch/record/2636049
https://cms.cern/news/jets-cms-and-determination-their-energy-scale
https://link.springer.com/article/10.1140/epjc/s10052-021-09402-3

Nik[hef
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Challenge: how to identify H=ee H —» bb? Nik[hef

Displaced
tracks

" b-hadron decay

~ 3 mm
flight path

® |nteraction point
~ H - bb decay

Identification of jets containing b-hadrons

- “b-tagging”

ATLAS

EXPERIMENT Adapted from
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Challenge: how to identify H - cc? Nik[hef

17 Fewer & less
Displaced
tracks

L e e e T e
UTIHIUUIVIL ucLuy

~3 mm

flight path
o Interaction point M Ofre
~ H - kb decay hal‘d] Cb&]]engin
eXplol‘ed 8 ~

Identification of jets containing c-hadrons

- “c-tagging”

ATLAS

EXPERIMENT Adapted from
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c-tagging

Nik]hef

Current c-tagging strategy: use the algorithms developed for b-tagging, but train with c-jets as

signal

Selection of “low-level” b-tagging algorithms

2008 J. Phys.: Conf. Ser. 119 032032

Displaced
cks

Secondary
Vertex

LA
Lxy 7"/
i/

& inclusive B/D

R & vertex
Primary R
I IP3D SV1 L JetFitter
Track impact- inclusive 2™ / 3" vertex b- - c-hadron decay chain
et parameter based reconstruction reconstruction

Multivariate analysis techniques used to combine low-level tagger output into final
discriminants, e.g. MV2c10 (BDT-based b-tagger), DL1c (DNN based c-tagger)

Hannah Arnold

Search for the Higgs decay to c-quarks at ATLAS

15/11/21
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https://iopscience.iop.org/article/10.1088/1742-6596/119/3/032032

c-tagging: the VH( - cc) strategy Nik[hef

Tagger

Dedicated c-tagging:

DL1 c-tagger

ctag + b-tag
vero i. Including b-tag veto — orthogonality with VH( - bb)

ii. Optimised for VH( - cc) limit

Courtesy of M. Stamenkovic

MV2c10 b-tagger

o T (Average) performance (on ttbar)
0.3-55— \é[iic}ieMc\;fQ (;2175/;; i;g%%ﬂ)g efficiency working point _; C-j ets 27%
0.25; —c-jets —b-jets —light-jets ; b-jets 8%
5 l-jets 1.6%

For comparison: a typical b-tagging algorithm achieves a b-jet
efficiency of ~70% for similar c-/light jet mistag efficiencies!

i 00

Data c-tagging efficiency = total uncertainty

jetp, [GeV]
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c-tagging: calibrations Nik[hef

c-jets b-jets light jets
w T " R I B B o e R B - T
@ ATLAS Preliminary ] 0 [ ATLAS Preliminary ] @ 4 gL ATLAS Preliminary
= 14 o - 1.4 # > 1.6F 2
S {513 TeV, 80.5 fb 1 S F (s=13TeV, 139 b : 3 [ (s=13TeV, 139 fb
:8 VH, H— c¢ 27% c-tagging efficiency working point - :g F VH, H— cc 27% c-tagging efficiency working point - :g 14 VH, H— ¢c 27% c-tagging efficiency working point
£ 1217 DL1, + MV2c10 b-tag veto ] £ 1.217 DL1, + MV2c10 b-tag veto -] £ L DL1, +MV2c10 b-tag veto
g c-jets ] E b-jets T .CED 1 oE light-jets
S A PEEEEEe e - 2D s 5 "
& it 5
o 9 A 13} 1
0.8 0.8 —
—4—— Scale factor (data-based, total unc.) ] | ——4—— Scale factor (data-based, total unc.) ] 0.8~ ___¢  Scale factor (data-based, total unc.)
0.6 Scale factor (smoothed, extrapolated) ] 0.6~ Scale factor (smoothed, extrapolated) ] B Scale factor (smoothed, extrapolated)
I Uncertainty (data-based, smoothed) - - N Uncertainty (data-based, smoothed) ] 0.6 M Uncertainty (data-based, smoothed)
| S E U B 04l bl e Lo b L Lo v U o v m v Fww oo B aw vy L w wala vy
50 100 150 200 250 50 100 150 200 250 300 350 50 100 150 200 250 300
jetp, [GeV] jetp_ [GeV] jetp, [GeV]

Dedicated calibrations for c-, b- and light-quark jets using “standard” b-tagging calibration
methods™

= jet p, and n dependent data-to-simulation scale factors (per parton shower)
= uncertainties: at most 15%

) Eur. Phys. J. C79(2019) 970, ATLAS-CONF-2018-001, ATL.AS-CONF-2018-006
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Why VH, H - cc? Nik[hef
!

T T T | T T T | T T T I T T T I T T T |E
0 =13 TeV
QL _pp o H(NSLOQCD +NLOEW) S= € =
[ S— | o)

—1Q

= vH
T N W/Z
T 1Rl = \
o ]
o - PP — qgqH (NNLO QCD + NLO EW) 7] q W/Z*
O - g

—__Pp— WH (NNLO QCD + NLO EW)

CmowHoMOAcD.woEw - ~
1 leBB.22 2H (WNLO QCD LG EW) 4 By
E pp — ttH (NLO QCD + NLO EW) / )

. 3%

| pp— bbH (NNLO QCD in SFS, NLO QCD in 4FS) n

IIII

] o “the golden channel”
10 V= PP ! .0 Q( B _]

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

8
120 122 124 126 128 130
I M, [GeV]
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Challenge: H - cc at the LHC Nik[hef

LHC: proton_proton Colllsions proton - (anti)proton cross sections
10— 3 10’
. . . . 10° F : — 1o
Challenge: find a pair of c-jets in an o L IR I
- : - - 3 Tevat LHC: 1
overwhelming multi-(c)-jet background quark/jet S R T
production Al
A 10° | ; : 3 10° 7,
10° F C Jiw E
: : 1 o
? c 10° F ﬁ — 10° 80
5 10° ; = 3 10° "
H € 10E E 410 :]
. [ : : ] o
¢ © 10°Es (€5 100 Gev) Y R Q
10" | = 100 @
C 10° | T 2
10° E : //:/ _: 10° G>.)
Higgs-boson T+ 3°.°
Y production F { 1
» 10° ;_MH=125 GeV 4 10°
10° F 410°
10.7 L WJS20‘12 . . L) a . . ; . : , e 10_7
0.1 1 10
Vs (TeV) W. J Stirling
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Challenge: H - cc at the LHC Nik[hef

LHC: proton_proton Colllsions proton - (anti)proton cross sections
10— —— 3 10’
. . . . 10° F : — 1o
Challenge: find a pair of c-jets in an o L IR I
. . . 3 Tevat ‘LHC: E
overwhelming multi-(c)-jet background i i I T T I
10° ' .~ 410
10° | ; 3 10° Z“’
10° : S T/ =
: : 1 o
10°F ; / {1 &
c V+jet 1 — ’j// - 100 7,
H production :é 10| i 4w 2
s, 55 [ ! : ] o
\A{/\A’._ © 10 o (E> 100 GeV) N L Q
10" [ 1T =S Jwu @
3 i 1. 2
C 10—3 - f ///\// — 10_3 §
Higgs-boson 10_4 T 3 10_4 ?
production " f 1
. . > 10‘5 2 MH=125 GeV _ 10‘5
Solution: VH production ik 5 o e
0 [ wiszotl2 L ; goa ] 0
0.1 1 10
Vs (TeV) W. J Stirling
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Challenge: H - cc at the LHC Nik[hef
LHC: proton_proton Colllslons proton - (anti)proton cross sections
10° ¢ et — 5109
. . . . 10°F 5 4 10°
Challenge: find a pair of c-jets in an i S 1
. . . 0E Tevatron LHC: 310
overwhelming multi-(c)-jet background I ; TR I
10 2 410
10° F 4107,
10° - 410 g
/ 10° | 71008
¢ V+jet 10 F J1¢ 7,
H production :é 10k J10 ]
i E L
V © 10 ?G]el(ETje'>100 GeV) 4 10° Q
10" E 1100 @
C 10°F 4102 %
¢ . 10° Jw 3
Higgs-boson "~ o
production " o 1"
. . > 10‘5 2 MH=125 GEV{ GWH _ 10‘5
Solution: VH production ik e i
+ leptonic V-boson decays ,0.7031%820:2 S . o
= background suppression + triggering ' Js (TeV) W, J Stirling
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Putting things together: VH( - cc) analysis strategy I Nik[hef

Three lepton channels: 0/1/2L. - according to number of reconstructed electrons/muons

Courtesy of M. Mironova

= triggering: eletrons, muons or large missing transverse momentum (Etmiss)

Cut-based analysis with m(jj) as final discriminant
Leading pyjets

b-tag veto on jet 3+ : \
1 and 2 c-tag categories ' '

* c-tag includes b-veto 1 = Orthogonality to VH( - bb)

 m(jj): invariant mass of the two p_-leading jets

* b-tag veto on additional jets J

Categorisation in p_(V) and # of jets = isolate regions with better S/(V)B

Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21 28



Putting things together: VH( - cc) analysis strategy II ~ nik[hef

Background estimate 0-lepton channel
. . [ ATLAS Preliminary =§v':’f :3;:"'”’! sv'fl ]

* From SlmUIatlon | 5= 13TeV, 19 b Mistop s+t " top(b) top(other) |
| 0Olepton, p, > 150 GeV VVBkg [VZ(- ct) WIVW(-cq) |

exception: multijet contribution in 1L (negligible in 0/2L (after
selection))

Background fraction

II|IJII

* Truth-flavour tagging to maximise the statistical power of the
samples
weight events with the probability of each jet to be c-tagged(+b-tag veto)

Re) 11 I i |
£ 105 .
* Systematic uncertainties from comparisons to alternative samples & e ¥ LSS
. . . o E ncertaint : :
or simulation settings (acceptances, shapes) o i o
* Various control regions in data = determine normalisation and 5 5 5 '
constrain modelling uncertainties tomg | 2ot tomg | 2ot

2jets 3 jets

Profile likelihood fit to extract three signal
strengths simultaneously:

* VH(- cc0)
* VW(-dl), VZ(-cc) {m coss-check signals = validate analysis strategy

Large and diverse background
contributions: Z+jets, W+jets, top

Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21 29



Control regions

Nik|hef

V+jets background (V= W, 7)

e V+hf =V+cc/bb = 2 c-tag high-AR CR
e V+l = 0 c-tag “SR” — norm-only (1/2L)
e V+mf = rest = 1 c-tag high-AR CR

Top background (0/1L) @
* top(b): Higgs-candidate jets bx; dominated by bc
 top(other): rest; dominated by cl (from W)

> e A P R e LI IO
4500 A —e— Data =
Lo rd = 8 E ATLAS Preliminary  Sianaia Back i o
= top CR: inverted b-tag veto on 3" jet———— <, | G-rorev, 1o e il
T 4000 1 lepton. 3 jets, 1 c-t VW(- cq) (1=0.83) =
@ F eplon,; 2 jots, Ticsiag top(other) 4
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g E T We+mf -
4] 3000F Walf =
=) I VH(- bb) ]
= [ Uncertainty =
2500 E — SMVH(— c5) x300 |
2000F =
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1500F =
1000F- 4
500E =
P
8 = 3
8 1. . ’
5 009 SRy +++—+-_+—++ +4+> -4
© 0.9E | [ gxl g3 L L L 113
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0

R ERE T
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FrT

- A — signal + Background
E {s=13TeV, 139 10" B VZ(- ¢T) (u=1.16)
- 2lepton, > 3 jets, 2 c-tags - x:"‘;k;‘“ (n=0.83)

E ARCR,p: > 150 GeV . Zehf

E . Z+mf

F Z+if

1l + others
I VH(— bb)
Uncertainty
= SM VH(— c€) x 300

T
T

15FT — =
S =t S
[0 27 == I e O A O I 08 T ) T O O A o O O O L |
100 150 200 250 300 350

m,, [GeV]

1'0? IR R Tt Ry

C o Data m
18E- ATLAS Preliminary :s:gnauaackground E
L (s=13TeV, 139 fb" B VZ(— c) (u=1.16) i
=N p > . VW( ) (1=0.83) s
161 1Ieplan,f jets, 1 c-tag top(;h'::) 1 -
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C . Whf n
12~ + o Wamf -
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Control regions Nik[hef

Trrr T T T T T
TLAS Preliminary ~e=Data
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Top background (0/1L) ®

15F T

* top(b): Higgs-candidate jets bx; dominated by bc Y o
100 150 200 250 300 350
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> L RARE LSRR AR R R R > RSN NN LR B BRI [N, L =

. d ® 4500 AT1 AS Preliminary e L 3 E ATLAS Preliminary o ckoroun
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w = '+ =] w C -+ ]

oo muen e WHmf S E

2500; — SMVH(-> ¢?) x300 10 B VH(— bb) —

. = = E Uncenainty_ E

t O b @m Suppressed in SR, 2% top(other) E sF- =

. . 1500 = r ;

enriched in CR B g e 1

1000~ E af :

f b 500E & o 3

. = E I

/- nggs -5,"12)-51 151851‘|“"|""|""|"H|"’

° o 1. = o 1. = =

c candidate s | R e RSN EES

Y] O P R R B PR R | ‘ao'ogg"m‘..,l‘.. ! ! ! E

e 60 80 100 120 140 160 180 200 a &= 100 150

‘200‘ - ‘250‘ - ‘300‘ -
™ In 2L (very) small contribution = norm-only ey ttbar CR Sl s lSed
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Summary analysis regions Nik[hef

Courtesy of M. Mironova

pTV
> 150 GeV

1 ctag 3 jet 2 ctag 3 jet
pTV 1 ctag 2 jet 2 ctag 2 jet

> 150 GeV 1 ctag 3 jet 2 ctag 3 jet
1 ctag 2 jet 2 ctag 2 jet

Norm-only

75 < pTV
< 150 GeVY

Norm-only
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Summary analysis regions Nik[hef

Courtesy of M. Mironova

16 Slgnal Regions ARcc < ARcc selection ARcc selection < ARcc < 2.5

10 2 ctag 2 jet 1

oL 10'%
1 pTV 7 2 ctag 2 jet 0.9

> 150 GeVY 5 2 ctag 3 jet 0.6
; TR 03
< 150 GeVY

2L
pTV
# VH(cc) events expected (in the SM)

3 2 ctag 3+ jet 0.3
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Candidate event display: OL Nik[hef

EXPERIMENT

Run: 329964
Event: 500775771 2C_‘[ag

2017-07-18 06:31:13 CEST
m(cc) = 125 GeV
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Candidate event display: 1L Nik[hef

EXPERIMENT

Run: 350440
Event: 1105654304
2018-05-16 23:55:11 CEST 2 c-tag

' m(cc) = 124 GeV
Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21




Candldate event display: 2L Nik[hef

ATLAS

EXPERIMENT

Run: 303892 ,
Event: 4866214607 2 c-tag, high p (V)

2016-07-16 06:20:19 CEST m(CC) =123 GeV
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Events / 10 GeV

Data/Pred.

Postfit m(cc) distributions Nik[hef

= T R L T ll:llat; L l. % 450-—- R T I—.‘—‘D‘atal L) N [ % 80_ | I T T | I—;—‘Da‘lal ¥ i i B

= 5 g . - i = = i m
400—_ATLAS Preliminary R S 15} 5 ATLAS Preliminary e SlghataBakgionnd: 5] - ATLAS Preliminary " Signal « Background
C {s=13TeV, 139fb" B VZ(— cT) (u=1.16) = © 400F {s=13TeV, 139" B VZ(— cT) (u=1.16) — 0 opb Vs=13TeV, 139 fb! B VZ(— cT) (u=1.16) =
350 0 lepton, 2 jets, 2 c-tags B VW(- cq) (1=083) 4 ~ £ 1lepton, 2 jets, 2 c-tags I VW(— cq) (u=0.83) 3 ~ _ 2 lepton, 2 jets, 2 c-tags F VW(— cq) (u=0.83) m
= v VV Bkg -] @ 350 i v top(other) i Bo] - v VV Bkg 3

- S . P = 150 GeV top(other) ] 5 - SR, [ = 150 GeV top(b) E 5 60 SR, [ = 150 GeV B Z+hf N
300 top(b) e = r | multi-jet + other ] > = o Zemf 3]
c B Wahf ] w300 . Wahf = w - Zolf -

F e Wamf - = o Wamf = 50— ti + others =]
250 Walf = o Walf o= - B VH(— bb) B
F B Z+hi = [ VH(— bb) @ 40E Uncertainty =

o Zemf ] [E3 Uncertainty m — SM VH(— ¢T) x 300 =

Zalf = —— SMVH(—¢cT) x300 T

I VH(— bb) ] 3 ]

[E5] Uncertainty = - 7

—— SM VH(— cT) = 300 E i —:
1_5_—'|"'|*"|"'|"'|"‘|"x_t_'|'—_ ti1_5_—'|"'|'"|"'|"'|"'|"_‘{_>—T~ = S i T e B R AL i PSR BELER L e L O
F ] @ r ] @ r 7
1?@«».“_3_%_‘_??\?*“4“&?**:}\:\\\#_\\:? % 1?i.<ﬁ—¢*++—‘h_._».-‘-—+—ﬂ-¢ﬂ+_\*:+\ ‘.\\\\\:t;\zE % 1W\\\ N \\\T“*T‘.\x.\\ S \\\\\\\L\\\\x\\\"\\\\\‘ \\g
1 T L VRIS (WY U, (RO (Y SR B SR e e T e T o B pony g Byl gy 54 E0.5:—.|...|...:...|..|.r...|...|—:
60 80 100 120 140 160 180 200 g 60 80 100 120 140 160 180 200 g 60 80 100 120 140 160 180

m., [GeV] m,. [GeV] m,. [GeV]

Most sensitive signal regions

Expected signal x 300
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Results: signal strengths

" ATLAS Preliminary’ ' epata |
4000_ s =13TeV, 139 fo'' Il VH(— cT) (u=-9)
I 0+1+2 leptons B VZ(— cc) (u=1.16)
1+2 c-tags, All SR I VW(- cq) (u=0.83)
3000 B-only uncertainty

— SM VH(=s ct) x 26

2000

Events after B-subtraction / 10 GeV

—_
o
o
o

60 80 100 120 140 160 180 200
m,, [GeV]

Nik|hef
: _ 0XBR
Signal strength 1= ooy X BRy,
.................... SEN—
ATLAS Prehmmary v’_13 TeV, 139 fo!
—Total — Stat. (Tot.) ( Stat., Syst.)
Obs. (exp.) significance:

Wi =200 Fe—H 116 9% (324%) 26(22)0

VW, W= cq roli 083 1% (47.5%)| 3.8(4.6)0
M R g eimlsimagl impsgs [ psg gy s

Py oo=-9% 10 (stat.) + 12 (syst.)

Compatibility with the SM: 84%

First “measurement” of VW/VZ using c-tagging

Good agreement with SM prediction
= validation of VH( - cc) search strategy

Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21
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More VH( - cc) results

L N NS M NI R R I NN AR
ATLAS Preliminary VH,H - ct Vs=13 TeV, 139 fo’'
—Total —Stat. (Tot.) ( Stat., Syst.)
oL T -8 2 (13 11)
| 16 % (hF)
2L ————i -4 2 (18,17
Comb. H—e—H 4 2 {47, )
IIl|IIIIIIIIII]|IIl|llI|III|III|III
60 40 20 0 20 40 60 80 100 12C
MVH H - ct
, 1 — CC

Individual channel results from POI

decorrelation (i.e. otherwise fit model unchanged)

* Good agreement between channels

0 lepton

Exp.= 40 x SM
Obs.= 35 x SM

1 lepton

Exp.= 60 x SM
Obs.= 50 x SM

2 lepton

Exp.=51x SM
Obs.= 49 x SM

Nik|hef
| T T T | T T T | T T T I T T T I T T T | T T T
ATLAS Preliminary [J+tto
{s=13 TeV, 139 fb’! B+ 2
s EEEE Expected
VH, H - ¢t —— Observed

Combination

Exp.= 31 x SM
Obs.= 26 x SM

0 20 40 60 80 100

95% C.L. limit on uVH( 5
ccC

Most stringent limit on H - cc to date!

* OL most sensitive channel (high stat. + bkg. Control from 1/2L)

Hannah Arnold

Search for the Higgs decay to c-quarks at ATLAS 15/11/21
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Uncertainties breakdown Nik[hef

Source of uncertainty HVH(cE)

Total 153 Statistical and systematic uncertainties are of

Statistical 10.0

Systematics 11.5 - the same order

Statistical uncertainties

e stz only 73 - Uncertainties on the free-floating background
oating normalisations 5.1 . . . . .

normalisations are considered statistical unc.

Theoretical and modelling uncertainties

VH(— cc) 2.1 . . . . .
Z+jets 7.0 - Dominant systematic uncertainty: Z+jets modelling
Top-quark 3.9
W+ijets 3.0
Diboson 1.0
VH(— bb) 0.8
Multi-Jet 1.0
Simulation statistics 42 @ Followed by uncertainties related to the limited simulated
Experimental uncertainties S ample SiZES
Jets 2.8
Leptons 0.5
E:_rrniss ‘ _ 0.2
Pile-up and luminosity 0.3

c-jets 1.6
Flavour tagging ﬁgﬁ:iiets (1)31

T-jets 0.3

; AR correction 33

Trutheflsvoyr iapeing Residual non-closure 1.7 -

Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21 40



Interpretation of the result

CERN-2013-004 (2013) N1k|hef

: e . § gs0 T 3
k framework = study potential BSM modifications of z :
the Higgs-boson coupling strength 301 N

252— —f
K ) ) . o0F- ATLAS Preliminary E
c Higgs-charm coupling modifier - o :
______ [ — M Ke ]
" k =1in SM 5 | ]
c o lim,.p  (k)=1/ B . ~346 J
10__ VH(cT) —
13 Mo T B 5 (2 1) E
O E TH0 A5 20 25 30
« Modification of the partial decay width by k ? el
* Modification of the total Higgs-boson total width, K2
assumin My H(ce)(Ke) =
: | B 2 - D)
* Only decays to SM particles
* All other coupling-strength modifiers are 1 Parametrisation
Neglect modifications to the production because no ggZH parametrisation incl. k_is available
Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21 41


https://cds.cern.ch/record/1559921

VH( - cc): k_constraint Nik]hef

AO 5_[ I T T 2 < & I T T T T I T T T T | T T T T I T T T T ’ T T T T l I_
_¥ i . — Comb. (obs.) ]
\¥o4_5:_ ATLAS Preliminar - Combs fexp) E
= 4F VH Ho , E

1-lepton (obs.)

3.51 Ikl <8.5at95% CL — 2-lepton (obs.) _

Best fit value: k = 0 (because of negative yV(Hﬁcc))
First direct constraint on K !

@68% CL: |k|<3.5(4.9) obs. (exp.)
@95% CL: |k | < 8.5 (12.3) obs. (exp.)
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Nik|hef

VH( - cc) @ the HL-LHC

Hannah Arnold

Search for the Higgs decay to c-quarks at ATLAS

15/11/21
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The High-Luminosity LHC (HL-LHC)

Nik|hef

We’re here

LHC / HL-LHC Plan

HiLumi ,

LARGE HADRON COLLIDER -

HL-LHC

LS3 14 TeV

energy

HL-LHC
installation

s | zoes | o ][]
5 to 7.5 x nominal Lumi

ATLAS - CMS //4

HL upgrade
integrated JELLURIS
luminosity REGI[1E 3

INSTALLATION & COMM.”H PHYSICS

Source

Hannah Arnold

Search for the Higgs decay to c-quarks at ATLAS
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https://project-hl-lhc-industry.web.cern.ch/sites/default/files/inline-images/HL-LHC-plan-2021-1.pdf

VH( - cc) @ the HL-LHC Nik[hef

Assumptions for the extrapolation of the full Run-2 analysis 7q — WH (H — cc/bb) 110
gq — ZH (H — ¢é/bb) 1.11
gg — ZH (H — ¢é/bb)  1.18

* Luminosity increase: x~22

* Flat CoM cross-section scaling: x1.10-1.18 > =
. . . . 1t
* Reduction of most systematic uncertainties by 50% pg 9 BE 1.16
Vv
Uncertainties Scale Factor ?/ij;s 1.10
Ey o 0.5 single top
Lepton
Jet
Flavour tagging c-, b- and 7-jets 0.5
Flavour tagging light-jets (MV2c10 in VH(bb)) 0.5
Flavour tagging light-jets (DL1 in VH(cc)) 1.0
Luminosity 0.58
Signal modelling 0.5
Background modelling 0.5
MC statistics 0 * Uncertainties due to limited simulated sample
Truth-tagging uncertainties ( VH, H — c¢¢ only) 0 sizes: negligible (!)
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VH( - cc) @ the HL-LHC - Results Nik[hef
T I T T T T [ T T T T | T T T T I T T I T T T T I T T I T T T T I T T T T I T T T [ T T T T I T T
ATLAS Preliminary VH,H-ct ys=14 TeV, 3000 fo’ ATLAS Preliminary Ot 1o
Projection from Run 2 data Projection from Run 2 data -; 2%

—Total — Stat. (Tot.) ( Stat., Syst. ) Vs=14 TeV, 3000 fb” E ted
+4.1 +27  +3.1 e i - epesie
oL 1.0 - (_2?’ _30) ...................................................
. ’ ' 0 lepton
Exp.=8.1x SM
1L * — 1.0 f:; (j‘j, fj‘f) """""""""""""""""""
; ’ ' 1 lepton
Exp.=11.2 x SM
2L : s (e e
2 |lepton
...................................................................... Exp.=10.5 x SM
Comb. 1.0 +3.2 +2-0, 26\ (| T i N ...
|‘...:|...|.. : 42..|(_2-.0 _2!5) Combination
-5 0 5 10 15 20 Exp.= 6.4 x SM
CcC PR T WS W AN T WO SO M N SR
Mo 0 5 10 15 20

. « e . e . 95% C.L. limitonpn
= systematic uncertainties are of similar size on the VH(co)

combined signal OL remains the most sensitive channel

= systematic uncertainties dominating in 0/1L

Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS
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Uncertainties breakdown and alternative scenarios Nik[hef

Source of uncertainty Apsh
Total 3:21
Statistical 1.97
Systematics 2.53
Statistical uncertainties

Data statistics only 1.59
Floating normalisations 0.95

Theoretical and modelling uncertainties

Alternative scenarios = impact on expected limit

Signal/background modelling unc. x2/0.5: -/+10%

(*2: no improvement wrt. Run-2)

* Including truth-flavour tagging unc.: - 4%

VH,H — ¢ 0.27
Z+jets 1.77 | _
Top-quark 0.96 inole 1 . L. . .
Wets 084 singlelargest e Including MC statistical unc. - assuming they improve as the
Diboson 034  contribution inosity: - 5
GEL HisbB e luminosity: - 5%
Multi-Jet 0.09
ExjRaiprl QyCHiitics e Improved b-(light)-jet rejections by x1.5 (3) thanks to the
i‘;mns gég inngr detector upgrade (ITk): +10-15% \_\m-maw‘-
s 0.18 (With the same DL1c tagger) pre
Pile-up and luminosity 0.19

c-jets 0.61

: b-jets 0.16

Flavour tagging fight jets 0.51

T-jets 0.19

Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21
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VH( - cc) @ the HL-LHC: k_constraint

Nik|hef
_— é 3- T T I T T T | T T T I T T &
—'| £ R ATLAS Preliminary
> o250 Projection from Run 2 data 5
o e Vs = 14 TeV, 3000 b .
' n VH(= ct) ]
2r =
i — Combined (exp.) -
15 — 0 lepton (exp.) ]
~L — 1 lepton (exp.) -
i — 2 lepton (exp.) ]
T 71 Expected constraints:
0.5 1 @68% CL: |k |<2.2
[ ] Cc
. 1 @95% CL: [k | < 3.0
oL— | e [ ¢
—4 -2 0 2 4
KC
Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21
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Nik|hef

Complementary approaches (attempts?) to constrain
the Higgs-charm coupling

Hannah Arnold Search for the Higgs decay to c-quarks at ATLAS 15/11/21
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Exclusive H — J/Py decays

B 786 (2018) 134 Nik|hef

Phys. Lett.
. . . . . ~ _6 F T T T T
 First proposed in arXiv:1505.03870; BR ~ O(10°) 3 of arias ]
0 C 13 TeV, 36.1 b
« Pro: does not require c-tagging; sensitive to sign and magnitude of x_ $ sof FRE
o . -Comblnatorlc 3
* Cons: destructive interference of two amplitudes: S E’%"F”sséb““gm“”d_gg
1/ 305— ESEE'i 315:2;3:}86_;
c 20
c . »:
From A. Chisholm < 0.51:
o K 8 50 150 200 250 300
M,y [GEV]
H - cc: sensitive K H - yy: dominant (%10 larger) > F : —
¢ 3 L g ’ g:::akground fit +1o ATLAS
0 100~ -Combmatonc (s=13TeV,36.1fo" —
e ,0 o . % - EMZI(ESS’;(background E
— Sensitivity to k_diluted 8 i =R ]

Search pioneered by ATLAS in Run 1; updated measurement on partial Run-2

dataset

* Obs. (exp.) upper limit on BR(H - J/%y) @95% C.L.: 117 (100) x SM

 No K_interpretation

Data/Bkgd

15+
0.5

ok ‘+m*mﬂ#mbo.**+++++++“+++++++++i

2 22242628 3 32343638 4 42

m,.,- [GeV]
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https://arxiv.org/pdf/1505.03870.pdf
https://www.sciencedirect.com/science/article/pii/S037026931830724X?via=ihub

p.(H) spectrum

Nik|hef
—>—uemen First proposed in Phys. Rev. Lett. 118 (2017) 121801 2., =10 ]
,C 2
. e . e . Q
« The p,(H) spectrum is sensitive to modifications of the 3
. . . . < 1.2}
D - H sign and magnitude of k_(and k,) in the production S
K e Pro: does not require c-tagging [ LU
S — * Cons: indirect (more assumptions) § 0.8F
b) c o)
. 0 20 40 60 80 100
1) I : . . prh [GeV]
D Approach applied to full Run-2 p_(H) differential cross- Susamd = T
section measurements in S oif e on! :
0000, » 0000 8 b e
e H_.ZZ" - 4l [Eur. Phys. J. C 80 (2020) 942] N I ke NG - 5%
At,bo Y ‘% @)ﬁ: i ieeom
- e H- yy [ATLAS-CONF-2019-029] 01041 i |F I e
o i O E
= K_interpretation (simultaneously with k) RS . iy ]
c 8 0.51" a (L L E
(Same assumptions as before: only decays to SM particles are g 15F 5 —————
allowed, all OtherK - 1) § 0-;0:-"‘ 10 20 30 45 60 80 120 200 350 1600
p¥ [GeV]
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https://arxiv.org/abs/1606.09253
https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/

K interpretation from p,_(4l) spectrum

Nik]hef

") Interpretation Parameter best fit value | 95% Confidence Interval Modifications affecting
= ke =—1.1 [-11.7,10.5]
) Modifications to only p3* shape - -
< | = kp = 0.28 [-3.21,4.50]
o ot
s | o v ke = 0.66 [-7.46,9.27] .
e = Modifications to py- predictions s = 0.55 [—1.82,3.34] ...only the production
T | £
o (=]
% U El 1T | LI I TTTT TTTT | i |+| |éelsi ;Itl TTTT T I-:l
e ¥ mAltAe oo L. 1 ...the production
= R~ 10EH > ZZ* - 4l — 95%CL - .
> F Vs=13TeV, 139 fo" * SM 3 and the tOtal Wldth (—) BR)
w c - V— il
: o 8 :_ Best Fit p-value: 0.10 _: .
=R o E Reminder
9= E - ]
o e A E -1
‘g v oF E V(H-cc) [k,=1]
e of < @95% CL: |k | < 8.5 (12.3) obs. (exp.)
2f ]
—4:_ _: L] L] L] L]
of E Direct and indirect constraints are comparable!
_Q;u L 3
. Detailed comparison difficult
b
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Summary and conclusions Nik[hef

Studying Higgs-charm coupling is among the most important open tasks in current Higgs physics

Most promising approach to directly probe the charm-Yukawa coupling at the LHC: VH( - cc)

ATLAS’ full Run-2 VH( - cc) search provides

et [ amaspreimnay ]

: L E Vs=13TeV,36.1- 139" .4 3

* Most stringent limit on H - cc to date R R S S FoE

> ~ W b

° ° ° ° s A mommessees SM Higgs boson #* _

* First direct constraint on charm-Yukawa coupling = i

. . I ? .

* ‘Measurement’ of VW/VZ with c-tagging 102 C Y E

* HL-LHC extrapolation results promising E 1 g used forquarks.
10 =

 Significant work to reduce (modelling) uncertainties necessary g 4B == "

BLL 12F =

« Measurements of p_(H) spectra in H— 4l (and H— yy) provide © L. ] % }_
comparable indirect constraints on K _ 08k = : { e = -

Particle mass [GeV]
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