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Higgs decay modes

dThe Higgs boson was first discovered in bosonic decay channels.

dStudying the coupling in fermionic channels is challenging but
essential:

O Direct measurement of
Yukawa couplings.

1 Test mass-coupling
relation predicted by
Standard Model.

O Any deviation might be
hint for new physics.
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M This talk will focus on the
following fermionic decay
channels:

= H->bb
= H-TT
" H->up




Higgs production modes
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U Gluon fusion (ggF)
ULargest production rate. §102
Vector boson fusion (VBF) 3
U2 VBF jets, low hadronic activities in between (except # 10
the region where the Higgs decays). o
©

JAssociated production with a vector boson (VH)
ULeptonic decays from W/Z helps in triggering and

background suppression. 10—1;

L Associated production with a pair of top quarks (ttH)

LUnique channel to study Higgs coupling to top quarks. 192 !

»See Asma Hadef’s talk on ttH coupling measurement.
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H—>Leptons — latest public results

Dataset

Decay Channels

7 TeV 8 TeV 13 TeV
H->tt [JHEP 04 (2015) 117]
https://arxiv.org/abs/1501.04943

- 4.5fb  20.3 fb'!

H->tt [PRD 93, 092005 (2016)]
https://arxiv.org/abs/1511.08352

H->pp [PRL 119 (2017) 051802]
https://arxiv.org/abs/1705.04582

20.3 fb?

36.1 fb?




36.1 fb1, 13 TeV

H—->up

. . % ; ATLAS +-Data —ggF x 100
U Clean signature but very low S/B ratio. E CE e tarov.o0 Dsre"_van_vemoo
dUse a boost decision tree (BDT) to categorize - Bo‘i’&son VR0
events and select VBF like events. e —|_\_\=|=‘ VBF | VBF
: o ; : loose|tight
QSignal extr.acte.d by fitting the m,,, spectra in - &
all categories simultaneously. E e E
, 107 | 1
> 10 = ; :
S - ATLAS +Data / —ggF x 100 C e B ) ] .
5 10°E 1s-13Tev,36.1 o' [JDrell{Yan —VBF x 100 % 1oE E
€ 2 [@Top VH x 100 T e —_ .
@ e C [CJpiboson e 8-2;: —— 3
; '-0.P2 0 0.2 0.4 0.6 0.8 —1
- BDT score
10“_5
10°k JEvent categorization (8 categories):
= njet>2, high BDT ;
ng '_II 1 njet=2, nig score events:
I T dRemainingevents enter ggF categories.
s 72035 T3S —T#0 145 —Teo 55— Teo Splitbased on p;/** and n,:

M, [GeV] ULow, medium and high p** categories.

m,,, in inclusive signal region :
s . . WCentral, non-central categories.

PRL 119 (2017) 051802 ;



H—->uu — Results

[ No significant excess observed in data.
Analysis limited by data statistics.

(JRun 2 results:

JObserved upper limit: 3.0 x SM.
JExpected upper limit: 3.1 x SM.

Signal strength p=-0.1+1.5.

(JCombined with Run 1 (7 and 8 TeV data):
Observed upper limit: 2.8 x SM.
Expected upper limit: 2.9 x SM.

Signal strength p=-0.1+1.4.

PRL 119 (2017) 051802

36.1 fb1, 13 TeV

~ VBF tight
E y2/ndof = 30.7/48

Entries / GeV

—e— Data

——— Signal x 20

\s=13TeV, 36.1 fb™

Background model
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VBF H->uu candidate recorded in 2015

EXPERIMENT

Run 281411, Event 312608026
Time 2015-10-11, 18:40 CEST

m(u, M) = 124 GeV
m(jet, jet) = 1237 GeV



H—>Ttt

4.5 fb1, 7 TeV + 20.3 fb!, 8 TeV

ATLAS _":smt's“‘”:)th ) Total uncertainty
—g(Syst. exc e0
3 channels, based on tdecays. m,, = 125.36 GeV —o(myeory; " lt1oonp
DTlepTIepr Tlepthadr Thad Thad. H 1404 33 : ": ]
. — TT w=1473%51'02 :" : : : :
(2 categories: VBF and boosted. il N RTINS I
. . 09 [.05 : :
Targeting VBF, ggF+j events. Boosted . “122‘0 i +'—1—'1 R
CVH events are also considered as signal. BRI 2.1 1 1 S 2 B SRS DU EUE
7 TeV (Combined) = 0.9 | o3 J'_I__'t R B
L Di-tau invariant mass reconstructed USiNg e ev combinedu = 15 %% | o3 I ey j o
Missing Mass Calculator (MMC) method. . o7 .
= Teplep U=2079|05| ! 1 | : :
BDT output as final discriminant to extract | . - SR el ISR
signal. Boosted | w=8057 1] | e
VBF w=17°19 w08 .._]_. : :
¢ 0.9 08 | i . |
3 [ amas oat H— T Tha u=107% E’; : '_; 5
S 80 H-> 1z VBF+Boosted —HI2S) =) o e Ty o;*——i e
g f[as=7Tevast’  EEZoc ] Boosted =095 _?_‘%___J_L |§ A R
€ 60 \s=8TeV,203f" Fakes = . g VBF u=1.079:[%3 : : i
: Uncert. Significance: T e :
2 1 | Observed: 4.50 M Trodieg w=205588) 1 R
= 1 | Expected: 3.40 Boosted | w=367358) |
S | Evidence forH->tt | X w=tagla] e |
g 20:__551?3;?1::'3 T Vs=7TeV.45fb" ° ° :
g gaf RO ] s=7TeV, 4. :
s 10| - H(150) (u=6.2) ... . !
:10 SRS q Js=8TeV. 203 fb" Signal strength (u)
%’ 0o o -o@ * { 2am
g 50 100 200 . )
g e Combination with CMS Run 1 data:
[GeV]

JHEP 04 (2015) 117

5.50 observed (exp. 5.00)

JHEP 08 (2016) 045 8




H—>Ttt

U Evidence for Higgs Yukawa coupling to T. i N ML ) B’es”:t )

L Overall signal strength: Rl it oo
p=143 T02(stat.) T032(syst.) £0.09(theory syst.) o *Sweedeen ]

USignal strengths of different production of / _______ \ e 23000

processes (ggF and VBF+VH) are determined:

Hogr = 2.0 £ 0.8(stat.) T 52(syst.) % 0.3(theory syst.) [ ) B |
T +0.49 +0.31 0 S~
Poe v = 1.24 7oz (stat.) To5g(syst.) = 0.08(theory syst.) .

JHEP 04 (2015) 117 ue

A similaranalysis targetingthe VH productionmode, | —ossenves o

oq . . Expected ATLAS

exploitingthe leptonicdecays of the vector boson: 2 Vs=8Tev, 203"
USignal extracted by fitting reconstructed Higgs  zonHiys) |

candidate mass distributions. . 1

Z(l) H-) | |
LData agree with the background expectation Wiy Hons| £ N
LUpper limit: 5.6 x SM (exp. 3.5 x SM) 3 1

W(=N) H(-tt) |

QSignal strength p=2.3+1.6 i |. |

Combination | :

.
. B
PP PN BT B IS AT AP A A

PRD 93, 092005 (2016) e 9g°/oCilim?tlo:g/olfat%,,161251%5;30
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H—->bb — latest public results

Dataset
Production Modes
8 TeV 13 TeV
 Overwhelming multi-jet
ggH, H->bb background
VBF H, H=>bb [JHEP 11 (2016) 112] 20.2 fb-1
https://arxiv.org/abs/1606.02181 '
VBF H+y, H->bb [ATLAS-CONF-2016-063] 126 fb1
https://cds.cern.ch/record/2206201 '
VH, H->bb [arXiv:1708.03299] (submitted to JHEP) | 26.1 fiy
https://arxiv.org/abs/1708.03299 : '
|
ttH, H>bb [ATLAS-CONF-2016-080] : 1
| 13.2 fb

https://cds.cern.ch/record/2206255

See Asma Hadef’s talk:
ttH Coupling Measurement with
the ATLAS Detector at the LHC 10




VBF H, H>bb

Search for H->bb in VBF production mode.

U Event topology:
UTwo central b-jets from

U Two forward VBF jets close to the beam line.

Higgs decay.

BDT to separate signal from multi-jet background using
VBF topology, categorize events into 4 signal categories.

WFinal discriminant: invariant mass of the signal b-jets

from Higgs decay m,,,.

ULimited by statistics in data sideband used to determine

the background.

= LA L | LA DL L L

123 - ATLAS TeV f 41

Z 0.15_— data \s=8TeV, 20.2 b—_

< - ——Z-bb 7z .

S ggF H — bb || 0 IV

- [ VBFH - bb 1

0.1 R 77 ]

I ~ i Y 7

0.05( - H %7 .
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JHEP 11 (2016) 112

w = BDT response
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95% C.L. upper limit:
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VBF H+y, H->bb

Search for VBF H->bb with an additional photon:
v'Extra handler for triggering.

v'Suppression of multi-jet background.

UDedicated VBF+y trigger to access low m,, sideband.

LBDT to separate signal from multi-jet background.
UFit my, in 3 BDT regions.

Only a subset of 2015+16 data are used.
ULimited by data statistics.
We are updating the analysis with full dataset.

>
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_.@ L e g
S 0.12ATLAS Simulation Preliminary [ VBF H(125) + y — -
> B - .
KT : s =13 TeV {71 NonRes Bkgd ] %
01 low ;med high = &
0.081 5
0.06[ /_/
0.04)- =
0.02f ]
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BDT response
ATLAS-CONF-2016-063

12.6 fb, 13 TeV

95% C.L. Upper limit:
Observed: 4.0 x SM
Expected: 6.0 x SM
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VH, H—>bb

dMost sensitive production mode for H->bb.

Explore 3 channels,

charged leptons.

O-lepton
ZH->vwvbb

Z+hf W+hf

% T T T T T Data UL BB
——
S o AT’-AS mm VH — Vbb (u=1.20) j
9 s=13TeV,36.1fb" -g-boson 3
; 0 lepton, 2 jets, 2 b-tags s Single top 7
< 4 v > 150 GeV mm W+(bb,bc,cc,bl)
o 10 Py o Wael E_
w W4l 3
s - §+(bb ,bc,cc,bl) -
o Z+cl
10 4l 3
3 Uncertainty =
««« Pre-fit background -
102 == SMVH - Vbb x10 —
10
515 F T T T N R =
o E —— ]
[l = SN o S ¢ Ju s l\
s _F —++ ~+ 1
80,5 e oo b b b b by Ll
150 200 250 300 350 400 450 500
E""ss [GeV]

arXiv:1708.03299

denoted by number of

1-lepton
WH->Ivbb

W+hf smgle top
> - T T .
) Data ]
S ook ATLAS :VH—»Vbb(u=1.20) =
S 600F" (5-13Tev, 36.1 16" mm Diboson ]
C ) ft ]
; 1 400—_ 1 lepton, 2 jets, 2 b-tags C Sing_lp top .
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w 1200 o Wl ]
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VH, H—>bb — Analysis strategy

dSearch for H>bb in 0/1/2-lepton channels:

WExactly 2 or 3 jets (=3 jets for 2-lepton channel)
UExactly 2 b-tagged.
Focus on events with high vector boson transverse momentum (p;V).

36.1 fb1, 13 TeV

Events further categorized according to p;¥ and jet multiplicity:

8 signal regions and 6 control regions.

BDT as discriminant in signal regions
(Dedicated BDT in each signal region.

dm,, or yield as discriminant in control regions.

Categories

Channel SR/CR 7§ GeV < p¥ < .150 GeV p%’ > 150 QeV

2 jets 3 jets 2jets | 3 jets
O-lepton SR - - BDT | BDT
1-lepton SR - - BDT | BDT
2-lepton SR BDT BDT BDT | BDT
l-lepton | W + HF CR - - Yield | Yield
2—lepton eu CR Mpp Mpp Yield Mpp

arXiv:1708.03299
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VH, H—>bb — Run 2 results (BDT

E ATLAS

3w 13Tev, 361 0"
b Olopton, 3 jets, 2 b-tags
10° - Y > 150 Gev

Events /0.13

Data/Pred.

"1 0806-04-02 0 02 04 06 08 1
BOT,,, output

BDTyy

Events /0.13
3

. |—OB-06 -04 02 0 02 04 06 08 |

BDT,,, output

ATLAS
Vs=13TeV,36.1fb"

Events /0.25

0+1+2 leptons
2+3 jets, 2 b-tags
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i Diboson
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g
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BDT,,, output

T
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|
¢
H
g
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Comb.

mm Z+(bb,be,cc,bl)
mn Z+cl
Z+Il

Pull (stat.)

SEUTETET AP TR T ATET TSNS STACENE N A STAT NS AT A AT ATAT TR AR

Significance:
Observed 3.50
Expected 3.00

Evidence of H->bb

35 8 25 -2 -15

arXiv:1708.03299

-1 05 0 0.5
Iogm(S/B)

36.1fb-1, 13 TeV

analysis)

Compatibility: 75%

.................... e I

ATLAS Prellmmary 1s=13 TeV, 361 fo!

—Total - Stat.

(Tot.) ( Stat., Syst. )

+0.68 0.40 +0.55

o= 1.35 %5 (Y038 045

Flo— 0.50 0.34 +0.37

112 %5 (%033 200

0.42 0.24 +0.34

e [1-20 ‘036 (1023 028

NI NI AT A | INETE AT L ! L L

-1 0 2 3 4 5 6 7 8

bb
uVH

O Compatibility:

O 3 lepton channels: 10%
0 WHvs ZH: 75%

J Dominant uncertainties:

O Signal modeling
O Monte Carlo statistics
O b-tagging uncertainties
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VH, H—>bb — duet mass anaIyS|s

T
—o-Da

o ta ]
- ATLAS -VHaVbb(u 130)

T r T T T

3 3 100 - Data - 3
O r 1] N ‘T’-As = VH Vb (u=130) | 3
2 joof fs=13Tev. 361 0" - Diboson 2 [ s=13Tev,361m" s Diboson 1 e
- + 0lepton, 2 jets, 2 b-tags - s;,.gh top ~ - 1lepton, 2 jets, 2 b-tags s, le 1 =
dUse my, as g L oo =iliZem | 2 s oo S
bb o L Pr  Z+(bb,be,cc,bl) & L Pr m-Webbbocc) | @
o 80— 5 Uncertainty 1 @ o Wacl o
. . . - C ++« Pre-fit background | L -Z (bbbcocbl)
discriminant with O S ST
S - « Pre-fit background |
N . ] C ZSMVH > Vbb x1 |
R L N ] ol
. L
additional cuts 0
20— N
;. 315§ i 3
a a WN \* a
5 g + w s
© 8 0.5 3
e 40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200

my, [GeV]

Right plot: Dijet mass after subtractingall
backgrounds except diboson.

Clear excess of data on the right of Z>bb
peak:

L Observed significance 3.5a0.
EIExpected significance 2.80.

= 1.3070-28(stat.) *9-37 (syst)

dAn importantvalidation of VH BDT analysis.

arXiv:1708.03299
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36.1 fb1, 13 TeV

VZ, Z->bb validation

9 T T T T
S 10°E ATLAS . VZ - Vbb (u=1.11
. . . . @ . 5F {s=13TeV,36.1 " —
Diboson analysis targeting VZ(bb), which  § ¢~ " " =
. . . T + “ i Single top
has a signature very similar to VH(bb). ojF e 2a mMuitiet
m Wecel
Validate the modeling of background and 0 21 (0b,bc,c,b)
. . . N Z+cl
the associated uncertainties in the VH(bb) o =z
BDT analysis. 0
(15.80 observation of VZ, Z->bb. 10
(15.30 expected. ~ 1o
© E
» 5F
din good agreement with SM expectation. 3 o=
-2.5 -2 -1.5 -1 -0.5 0 0.5
log, (S/B)
R UL RS R R R R I R Y B IR A BRI R RS IS I
ATLAS VZ,Z(bb) 1s=13TeV, 36.1 fb" ATLAS VZ,Z(bb)  1s=13TeV, 36.1 fb
—Total — Stat. —Total — Stat. (Tot.) ( Stat., Syst.)
(Tot.) ( Stat., Syst.) "L"‘|
OL 1.12 +0.34 (+0.18,+0.28)
Wz ey 1.02 f},’_‘?? (tSﬁ,‘i,tS;;’S) 028 \-018:-022
L o — 113 0% (%05, %% )
+0.29 +0.16  +0.24
7z Hed 113 0% (Z016 020 ) oL L 110 08 (020 w0z
comb T"[m oz (517,05 Como.| v QR (R 55
40 1 2 3 4 5 6 7 8 S R s s S g
Compatibility: 88%  Bestfit > Compatibility: 99.8%  Bestfit '

arXiv:1708.03299 Y
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H—>bb — Run 1 + Run 2 combination

31010""l""lv"'l""l";D;ia‘ """"" II]IIT]II]‘Il]l[]"l]l[]]li]l[]llI]lll]ll]ll
® 10°E {s=7TeV 471" i Diboson [Ldt=4.7 b7, 20.3 fb"!, and 36.1 b
S a8 B tt —Total Stat.
o 10 Vs=8TeV,20.3fb mm Single top (Tot.) ( Stat., Syst.)
7 _ S Multijet ; +0.77 +0.50 +0.59
107 Vs =13TeV, 36.1fb I W(bb,be,co,bl) 2L Run2 ; F—o— 1.91 Toes  (Zo4s s 042 )
6 +C :
10 Wl 2L Runt e 0.4 088 (1072 050
10° = Z+(bb,bc,ce,bl) ; ' ' ‘
m Z+cl : . +0.68 +0.39 +0.55
10 Z+ll 1L Run2 - 1.41 550 (Zo38 0 045 )
3 S P +0.66 +050 +0.43
10 1L Runi : F=o—H 1.16 ~0.60 (—0.48 » -0.36 )
10? ‘ +0.52  ,+0.38 +0.35
o OL Run2|  k—e— 042 o5 (Y037 04 )
’ OL Runt|k—e—i 0.34 N0 (foie . Toge)
— [T T a4 028  , + 0.18 4021 |
5— T I T I T I U I N ] 1) l e l o I: Comb. Ll 1 1 l 11 l'l ‘] L1l 1 l Ll 1 1 l 1 10-19]01 1 ;0;2? 11 (l il-()1118 l, quvﬁgl )l 11

-1 0 1 2 3 4 5 6 7 8
Compatibility: 7% Best fit ”3?4 for m =125 GeV

Pull (stat.)

(dCombined the Run 2 VH BDT analysis with the
corresponding Run 1 analysis. Significance

dSignal modeling and b-jet energy scale uncertainties | Observed 3.6c

are correlated for the combined results. Expected 4.00
Evidence of H->bb

L Other uncertainty correlations are found to have
negligible impact.

arXiv:1708.03299 e



WH-evbb (1 lepton) candidate recorded in 2016

N

my, = 124 GeV

prY =450 GeV




Summary

JATLAS is actively exploring the direct coupling of Higgs to fermions.

(dSearches for H->Leptons:
dObservation of H>tt:
J4.50 (exp. 3.40) evidence in ATLAS Run 1 data.
5.50 (exp. 5.00) discovery in combined ATLAS + CMS Run 1 data.
dimproved limits for H->pp with full 2015+16 datain Run 2.

(1Searches for H->bb:

Study of VBF production mode with Run 1 data.
dExplore newchannel VBF H+y in Run 2 data.

d in VH production mode:
d observation with full 2015+16 data in Run 2.
| observation in Run 1 + Run 2 combination

(12017 data takingis ongoing.
Stay tuned for more Run 2 results!
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36.1 fb1, 13 TeV

H—>up — Categorization

(18 analysis categories.
BDT to select VBF like events:
LVBF tight, VBF loose.
dRemaining events enter ggF categories. Split based on p;** and n :

ULow, medium and high py#* categories.
WCentral, non-central categories.

.S‘P: E ATLAS -+-Data —ggFX100 E
§ 105 \s_13Tev,36.1fb' [JDrel-Yan —VBF x 1003
- E @Top  —VHx100 I
- [CJpiboson .
Central muons Non-central muons - 10°E =, 3
pi* <15 GeV pi** <15 GeV 6 ggF categories: _ ]
H < 103 _'g
Central muons Non-central muons hjet<2 or BDT<0.7 Bikng P&
15 GeV < p**< 50 GeV | 15 GeV < pi** < 50 GeV 102
I ;
[ (S [ e - : ——
Pr Pr BDT=0.9 —m————
0.6

VBF loose PRV A L
WA IDIRNOR categories

PRL 119 (2017) 051802 22



VH, H—>bb — Compatibility

L I LI IR UM UL I L I
ATLAS VH, H(bb)  1s=13TeV, 36.1 fb"'

—Total ~ Stat. (Tot.) ( Stat., Syst.)
053 (4039 +0.36
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2L F—o—mt 190 000 (7030, 0as)
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Comb. FeH 1.20 56 (Zo23» o2
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-1 0 1 2 3 4 5 6 7 8
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VH
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R
ATLAS VH, H(bb) \s=7 TeV,8TeV, and 13 TeV
[Ldt=4.7 6", 20.3 fb™!, and 36.1 fb!

—Total —Stat.

(Tot.) ( Stat., Syst.)
" ot 121 98 (92,9%)

‘ 035 (4027 +0.23

ZH te 0.69 33 (Y0265 021

Comb. : +0- 1918 5 20"

mr 0.90 ‘92 (915,705

T [IPI IS I IS PR
-1 0 1 2 3 4 5 6 7

8

it ubb -
Best fit u>” for m =125 GeV

Compatibility: (Run1+Run2) WH vs ZH 34%

arXiv:1708.03299

ATLAS ~ VH, H(bb) 1s-13TeV,36.1 "
—Total — Stat. (Tot.) (Stat., Syst.)
OL:CBA|  k—e—h 0.53 ‘0% (‘041 0as)
OL:MVA|  r—e—d 045 05 (0% 0a¢)
1L: CBA H e — 151 g (Toae ‘o8 )
1L: MVA H—e—— 143 05 (%% ‘o)
2L: CBA F—e—— 220 07 (%55 is)
2L: MVA bt 190 ‘000 (73,70%)
Comb:CBA| Hea 130 00 (05 %%) |
Comb:MVA|  \  HeH . 120 % oz lom)

4 0 1 2 3 4 5 6 7 8
Best fit u°P for m,=125 GeV
Cut-based vs BDT analysis

LN AL AL AL LA A AL AL A AL LA B
ATLAS VH, H(bb) \s=7 TeV, 8 TeV, and 13 TeV
[Ldt=4.7 6", 20.3 fb", and 36.1 fb"
—Total - Stat.
(Tot.) ( Stat., Syst.)
7TeV| pi————im 1.61 *150 (+122 +087
-1.61 T (53 oo
+0.43 +0.33 +0.28
8 Tev et 0.65 "4 (l032 024
0.42 0.24 +0.34
13 Tev Hed  1.20 ‘058 (1053, ‘o
028 +0.18 +0.21
Comb. I:T 0.90 “05 (%018 019
PRI RN SR S N PR IS S S N S ST S N S S
-2 0 2 4 6 8

Best fit u°° for m =125 GeV
Compatibility: Runl vs Run2 21%
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VH, H->bb
Impact of systematics

JAnalysis dominated by
systematic uncertainties:

= signal modeling

= Monte Carlo statistics

= b-jet tagging uncertainties
= background modeling

arXiv:1708.03299

Source of uncertainty Ou
Total 0.39
Statistical 0.24
[Systematic 0.31 ]
Experimental uncertainties
Jets 0.03
Exmiss 0.03
Leptons 0.01
b-jets 0.09
b-tagging c-jets 0.04
light jets 0.04
extrapolation 0.01
Pile-up 0.01
Luminosity 0.04
Theoretical and modelling uncertainties
Signal 0.17
(Floating normalisations 0.07)
Z+jets 0.07
W+jets 0.07
tt 0.07
\Single top-quark 0.08/
Diboson 0.02
Multijet 0.02
MC statistical 0.13
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ZH—->vvbb (0O- Iepton) candidate recorded in 2016

My, = 137 GeV

prV =294GeV [




ZH->upbb (2-lepton) candidaterecorded in 2016




