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Outline

» Review what we have learned about the Higgs coupling to
fermions since the discovery three years ago

e July 2012 discovery driven by bosonic decay channels: D
e Hoyy, HoZZ H—oWW D

 Indirect evidence of fermion coupling from loop

contributions B A
A
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g o — :
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» Fortunately at my = 125 GeV many opportunities to study 3 = : T
fermion couplings directly at the LHC « m
S 102 2 :
°* Leptons: H—11, H—puu T : ]
- . M
* Quarks: H—bb, ttH and tH production 0 : 3
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H—ott

» Branching fraction @ 125 GeV: ~6.3%

CMS JHEP 05 (2014) 104

o Consider all Tt final states: uth, eth, Thh, ey, Uy, €€

» Target production modes: ooy

t

° ggH,VBF, VH, ttH 200000

CMS, 19.7 fb™" at 8 TeV

* Main backgrounds: Irreducible Z— 11, Reducible W+jets, & ook T ohhnzs Gev)-
En N X :IZ__”T ]
QCD multi-jet - 1200 1 EtEtlectroweak .
S 1k 1 = o uncenainy
* Need good T ID performance & di-t mass estimation 3wl . ]
[ [ h .
600 [ ]
 Exploit event categorisation and multivariate methods to ook
increase sensitivity ok = o L

m,, [GeV]
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Analysis Techniques
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®* Need to distinguish Z— 1t and H— 1t mass peak

e Likelihood method to estimate full m

o Better separation and mass resolution 15-30%

e Data-driven background estimates where possible

o Control regions to predict and normalise backgrounds

» E.g. high mr(lep, Ey™iss) for W+jets

* “Embedding” of Z— uu data events to model Z— 1t bkg.
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Embedding
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In Simulation —
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Signal Extraction
cms

» Loose pre-selection splits events into Boosted . Split events into categories to improve
and VBF categories sensitivity + dedicated WH, ZH selections

Ojet | 1-jet 2-jet
e BDT discriminator: m, event kinematics, (P1'2 | |

' : pr™ > 100 GeV
. . . i l > m; > 500 GeV | m; > 700 GeV
mr), topological variables (centrality, Ap'2), VBF T00Gev | 1an1>35 | [ah]> 40
M iaqh-p_th iah-p_Tth high-p;™
properties (mj;, Anj) + others pr™ > 46 GeV nohpr" MNP | boosted loose
baseline low-py™ low-p;™ verteg
|

: : : , o Discriminator: di-tau invariant mass
 Fit control regions simultaneously to constrain

backgrounds e Low 5/B 0-jet categories constrain uncertainties

in 1-jet and VBF categories
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Results

ATLAS
m, = 125.36 GeV
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Signal strength (u)
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Houu/ ee

e Branching ratio @ 125 GeV.:

e With Run | data test if Higgs<lepton coupling is

* Hopp: 2.2 x 104
e Observable at > 50 with HL-LHC (need > 300 fb™")

* Hoee:~5x107°

flavour-universal or proportional to mass

» Look for a narrow signal peak on top of the

dominant Drell-Yan background

» Strategy:

23/7/15

[ ]Le]

Events / 2 GeV
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» Categorise events to target ggH and VBF production modes as well as leptons in

the best-measured detector regions
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Signal Extraction
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VBF Categories

* high mjj and Anj
requirements to increase
signal purity

ggH Categories

Categorise on ptHH (higher

in signal) and central vs.
non-central leptons (better
mass resolution)
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Results
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* No excess over-background only expectation

* Limits on the H=up and H—=ee branching fraction imply

lepton coupling is non-universal (i.e. unlike Z-1+1)
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H—ee 6xBR: < 0.041 pb

(B<0.0019 @ 125 GeV

A. Gilbert
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H—bb [b]

e Branching fraction @ 125 GeV: ~58% ATLAS JHEP 01 (2015) 069

CMS PRD 89, 012003 (2014)

e Overwhelming multi-jet background to ggH production: focus on associated W/Z

i [ /)
production vy ‘
q 7 Z ; 7 Z, I W " ()]
b T N N b
H "~ H >~~—— 477  H ™
Decay channel ,, ! 5 1
e Decay channels:
y Z(vv) H Z(eelup) H W(e/u/th) H
E1000_—""4'_"_1'-"4';'"'I""I""|""|'£\|?élt;?"é;]|(1i'1'-;) T
9 " ls=8TeV [Ldt=2031b" —1 e
PR = sl
* Backgrounds from W/Z + HF, tt, W/Z + LF, diboson 600 =i

Uncertainty

«»==: Pre-fit background
m== VH(bb)x10
400

e Strategy: 200

® b-tagging of jets to identify candidate H—bb decay B 1SETTTITTI T e e
% 1;*"ﬁwwwt1t¥%$ﬂ¢&4g/ﬂ/aﬂ+w g

. . . . . g 05:—\\\\\\%%{
e Exploit V-H recoil with pt(V) categorisation 680 0180”200 255300"380 400 450

e Reconstruct mpp,and combine with other variables in a multivariate discriminator
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Analysis Techniques

* b-jet energy corrections
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CMS

Signal Extraction

» Categorise events on p1(V), number of » Categorise events on pr(V)
jets, b-tagging criteria « Fit“cascade” of BDT outputs designed
» Fit BDT distribution in most sensitive to constrain specific backgrounds
categories e Input variables include b-tagging
e Input variables cover di-jet kinematics discriminators, di-jet kinematics &

& event topology event topology
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Results
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best fit u=c/c_for m =125 GeV
SM

ﬁ =0.51 t0:40 43; @ 125 GeV
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[l =0.89 047 4 44 @ 125 GeV (inc. gg—ZH)
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VBF H—bb

CMS arXiv:1506.01010

19.8fb" (8 TeV)
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Events /0.10
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* 4 jet final state with background dominated
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multi-jet production
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e VBF topology
e b-tagging information

o quark/gluon discriminating variables

e Fit mpp distribution in bins of BDT score

CMS Unpublished 19.8 o™ (8 TeV) + 5.1 fb" (7 TeV)
T T T H T LI T T T T

i=1.0+0.4@ 125 GeV
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ttH

o Want to measure top-quark Yukawa coupling: yt ~ O(1) in the SM

* Indirect evidence from ggH production and H—yy decay via loop contribution

o But possibly modified by BSM contributions

o ttH production is the best handle for tree-level coupling, but o ~ 130 fb

o Strategy:

23/7/15

Target as many combinations of the tt final

state (0,1 or 2 leptons) and Higgs decay as
possible

Analyses for bb, leptons and yy Higgs decay

Exploit high jet and b-jet multiplicity

Extract signal using MVA or matrix element
methods

A. Gilbert

Vi

g—i—

.................. bb, WW, ZZ, v, yy

S

S ATLAS
JHEP 09 (2014) 087 (comb) ar);?;:j?:a????éffggf 3
EPJ C 75 (2015) (bb ME) ’ !

PLB 740 (2015) 222-242 (yy)
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ttH

o CMS: 2 analyses: 1 BDT based, 1 matrix element
method (MEM)

o ATLAS: Neural network with MEM input

b-tagged jets

ATLAS Simulation Single lepton
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Compat Wuor Somnond

Single lepton and dilepton selections to suppress large multi-jet background
Remaining backgrounds from tt+bb, mis-tagged tt+light and tt+cc, tt+V and single t

Categorise on jet and b-tagged jet multiplicity, multivariate discriminator for signal extraction

CMS ttH bb ls=8TeV,L=19.3 1"
Lepton + >6 jets + >4 b-tags

Events

7

Fit+26 '

- WFit+1c
o
e |
E 1:
g7 . |
0 I n n n n n n I
0.8 -06 -04 02 0 02 04 0.6
BDT output
120 ATLAS e Da
F Vs=8TeV,20.3fb" ] RH| (1h2t~5)
100 - Single lepton % tt:cl:%
L >6j,>24b -tt+bb
+ Post-fit otV
80— _Jnon-tt

+v, Total unc.
oI ttH (125) norm.

1 08060402 0 02040608 1
NN output

16



ME Method

EXPERIMEN

CMS Analysis: | tt+he)
. . . . h 1 <
o Fit 2D distribution of Ps, and Phy + kn/1f (EJtE+1)
» Psp: Ratio of signal (ttH) and bkg (tt+bb) likelihoods
computed from LO matrix elements with transfer ) 195 1" (8 TeV)
2 .oEcms Pu<05[Py>05
functions to model experimental resolution — similar G ogf Ao gﬂﬁ:éf’;
—tTH (125) x 10 Bt +cC
ratio used in ATLAS analysis 7 l —
-S_ingletop

o Pns: likelihood of b-tagging observables

e ~30% improved sensitivity compared to BDT

analysis

w(7|tEH)
w(if[ttH) + ks 20 (7| tE+bb)

Py, =

ﬁ =1.2+16,5 @ 125.6 GeV

23/7/15 A. Gilbert 17



CMS
ttH

Compat Wuor Somnond

o Categories: 2| (same-sign), 3l, 4l, 14+21x

* Backgrounds: tt/W/Z+jets with non-prompt leptons, tt+V, VV H=WW/ZZ/tt

% ng_AITLAS | | ‘Dﬁw | —+‘—Data 2o|12
D16 e catsgon e ot
L — 120 x24 iz e Signal Extraction
12
e
o e ATLAS: Split di-lepton categories into events with 4 or =5 jets.
i : : : : :
2 Simultaneous fit to data of yields in all categories.
0

Number of jets

— e CMS: Fit output of a BDT discriminator in 2- and 3-lepton

/2] F T T T
% 100_—ATLAS [ Non-Prompt - Data 20127
Li L Vs=8TeV, 20.3 fb [ ]charge misiD [Jl] Rare
_2I0t,_ category %% Totalune.  [VV N H f e b . + 1+ f°
a0} 207 e categories. Excess of events visible in p*p* final state
i [ttw ]
60~ * ]
40 )
£t — - 1 ESTES _ — o
o0f p  QEmeTome fromuissel g FIRSCSRRRSEESSERE,,  SELOCASRSspbeRien
N g 10; o Data ] § 25? [ tﬂ_a|a ] CIC.) 25? ; Eﬁta ]
' g Tl miH 1 O Fomtw 1 D F omtw
ol—L ‘ P Euw 1 Lotz 1 L@tz
L : oL @ ttzly 7 20 m tty ] 20 mwz i
Number of jets 3 = 3\72 1 T mwz - [@ Others B
n T T T T T T T I [ Others ] 15 & Others 15 - NI(-)In o .
‘GE) 18p ls=8TeV, 203" ATLAS Preliminary 4 Data 201 6 O Non Pr ] L E ’(\l;ﬂnm?;d B xS ]
> 16 3/ category Cliw M Rare - B Chmisld P tHxS - :
w E Bl Non-Prompt [ vV == ttHx5 10— 10; ]
14— —tiH(125) [tz L L ]
125_ -------- 5} = 5; i
10F I o o e T == = R = L
8:_ \ . : -------- . Oj : s t i [l]EoE ---‘---- | \“\-T T T S =
o - OF 9 ] o3k =
6:— é\L— g 3; ae_ 2k = g“j 25 + ]
4F % 2; % 1E J — JT- ] % — e 1
i3 g1 — a [ e e a ]
E L — %’ . . . . . . . J C . . . . . . . ]
- . . . S e 08 06 04 02 0 02 04 06 08 Q8 06 04 02 0 02 04 06 08
0— 3 4 5 6 7 8 R 06 04 02 0 02 B?ST gﬁtp lj)t-s BDT output BDT output
Number of jets P oot U
ete* e*tp* HEHe

23/7/15 A. Gilbert



ttH

CMS

* Despite small H—yy BF, exploit clean signature and excellent resolution of myy

* Categorise events based on hadronic and leptonic tt final states

o Selections on jet and b-tagged jet multiplicity

 Signal extraction from fit to my,

 di-photon background modelled with smoothly falling functional form

CMS ttH yy hadronic  \/s =8 TeV, L = 19.7fb'

% L B L R ] . . %6 I+[I)at;a
S 5[ —4 Data ATLAS ] single or di-lepton tt = — Bkg fit
o) B - ] i
2 © _ Background it 'S=8TeV [Ldt=203f" T - channel | 5 1o
£ al- . ttH, H — yy, m,=125.4 GeV - >1 b_tagged jet +20
i - n=n 8 TeV leptonic category i 4 — my=125.6GeV
F E J
2~ - hadronic tt channel
- 5 4-6 jets, 21 b-tag
1_ *— . —— —— ]
: PR T R S TN TN N T TN T TN NN TN SN SN TN NN SO NN ST SN NN MO SO S : O 2 2 2 L L 2 2 L 2 2 H'&J\\
110 120 130 140 150 160 100 120 140 160 180
m,, [GeV] m,, (GeV)
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ttH - Results

T | T T T | T T T | T T T | T T T | T
. — tot. ATLAS (s=8TeV,20.3fb" |
Stat. & (Hobb)  (tot) (stat)
Dileptonf~  F———e 28 £20 (1.4) -
Lepton+jets —  F——eo—— 1.2+13 (0.8)
Combination—  F—e—- 15+1.1 (0.7) 7
1 | 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1
0 2 4 6 8 10
Best fit u=c/c__ for m =125 GeV
SM
- tot. )\TLAS |
—— stat. Vs =8TeV,20.3fb!
tot. (stat.)
2007, .} e A 28 79 (14
30} oo o 2.8 17§ (39
20174t oo 0.9 34 {75
40! ——o 1 1.8 38 {26)
14274 1@ : | -9.6 *57 (23
Combined} e A 2.1 13 (19

-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14

Best fit u(ttH) = o/og, for my, =125 GeV

23/7/15

CMS 15«7TeV,505. 1% {s«8TeV, 19.319.7 '
1= L
bb [~ -
Inth - .
4l — .
3~ L
Same-Sign 2| — R
Combination — ~— i
MPIPE IIPEP IPEPEP PP e e P PP I P
10 8 € 4 2 0 2 4 6 8 10

Best fit o/c,, at m,, = 125.6 GeV

o ttH signal strength from Higgs combinations (*):

e CMS: [ =29%1109@ 125.0 GeV

N

o ATLAS: H=1.81+0.80@ 125.36 GeV

CMS EPJ.C75(2015) 212

*
( ) ATLAS arXiv:1507.04548
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Single top + Higgs Production
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» tand W couple to H with opposite sign q — !
o Destructive interference of main diagrams w
» SM cross section of ~ 18 fb < > & "
» But enhanced by factor of 15 if y; =-1 "
’ Ty

c% 102 .' L L L L ‘| .................... | RS ‘g . /M}_ 103 % LI N N N Y [N L L N L L Y [N L L B L B B B 45-
= el e o : X [ ATLAs fLat=451" s=7Tev 3
E- e R BRH -7 3 0 ? P L 2011-2012 [Ldt=203 0", \s=8TeV ]
S :_-———-— ~ BRgy(H = 77) 7 T E E
R S R El Lower (upper)
Q T N ] X 10 — ° °
g 10k e g T Il 95% CL limits
E - = c C ]
- ] o
1021 ATLAS . R e . E of -1.3 (+8.0)
TN E = - —— Observed CL, limit .
- ttH, H =y . — - L .
10° — (g o' 0 T Expected CL; limit _ on kt
- @=8Te\§, m,, = 125.4 GeV - 3 = It 3
ot ° B + 20 ]
-2 O 2 4 6 8 10 10-2 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 I
K -2 0 2 4 6 8 10
t
K

—
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CMS-HIG-14-026 (leptons)

. CMS-HIG-14-015 (bb)
tH Production CMS-HIG-14-001 (yy)

CMS

o CMS: Analyses target tHq production in three decay channels, set limits on o predicted for k¢ =-1

H—bb H-ovyy H—leptons
20 fb' (8 TeV) ICMS Fl'relimilnary, Il. = 19.|7 fb™! alt s =|8 Tev ® 60 cms ’lj.r‘?l’.m’ln.a.”.’. N — 19. G.f.b. {8 Tev)
4@ T : - : I - Data — L L L L L L BN B B BB ] L ? oD _,
S | Muon channel CMS |Rtay=" 2 - . Data . ) - efu* channel -tHacﬁc;t:.n .
b 3T region Preliminary |EBtbb O 0.5 — |_|>J - Eldw, tiz, ttH - 4
300 |- m,=125 GeV s S f | [tHa (Ct=-1) ] S0F .
i ] =tsﬂi_'|‘9'e vt %) : _ | ExtrattH (Ct=-1) - B iy, thy* .
B Diboson GC) 04__ H ] 40—‘ [CJRare SM —
200 - B &L B v (129 - StonPrompt
— 50x tHq L - VH (125) B [ Ch. Mis.Id 1
0.3~ — 30— —
100 . : .
0.2 . 20F -
g 0. { stat.+sys. : : ;
E% ‘‘‘‘‘‘ i statrey 0.1~ ] 10:
o Mol E— -
MVA Output Lo by g B0 | L1 11 | 111 IJ | | | 111 I_ -O. O:I - ! IIIIIIIIIIIIII
?OO 110 120 130 140 150 160 170 180 eq’ 2r
. o . Diphoton Mass [GeV] 3 ):
 Significant tt+jets &5
I H : : : : 00010203040506070809 1
background reduced with o Likelihood discriminator to

tHq Likelihood

MVA separate ttH and tHq

« Fit neural networkoutin3b- . Zero events observed in o Likehood discriminatorin 2

tag and 4 b-tag categories signal region and 3 lepton selections

H<7.6(5.2exp)95% CL H<4.1(4.1 exp) 95% CL M <6.7 (5.0 exp) 95% CL
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. . ATLAS arXiv:1507.04548
Combination Results CMS EPJ. C 75 (2015) 212

e Introduce parameters that allow for deviation with respect to SM values:

2 __ SM 2 __ SM

1

-1 -1
ATLAS s s Loop processes (€.g. OggH, 19.7f (8TeV)+ S1fb (7 TeV)
6%C0L: —a—  \5-5TeV.20300" [yy) expressed in terms of CMS = 68% CL
°v- g L . == 05% CL
I L e SM coupling structure " , >
Ky =0.9574 45 el
Kw=0.91+0.14 - .
: 0.16
K7€ [-1.06,-0.82] L K, =1.057] ¢ el
u[0.84, 1.12] 019 .
' +0. 1
Ki=0.94 +0.21 e =081, ————
Kp € [-0.90, —0.33] * _ 0.33 ;
U[0.28, 0.96] g K, = 0.74" 70 ——l——:
k€ [-1.22,-0.80] o ﬂ.k 019 .
u[0.80, 1.22] : i K. =0.847 ¢ - omfe.
O5%OL) o < 2.28 : Top quark dominates ggH | :
© u . ' .
my - 125.36 Ge loop = extra constraint on ki K, < 1.87 :
R T NS DR N PN SR N N Ll

-2 -15 -1 -05 0 05 1 15 2
Parameter value

L1 T L
0 05 1 15 2 25
Parameter value
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CMS
Summary

19.7 o' (8 TeV) + 5.1 fo (7 TeV)

* Evidence for Yukawa couplings from H—tt decays in L fems |
> i t 1
both ATLAS and CMS analyses S 4 2
g _13 == 68% CL
107 |—o95% CL E
- ---SM Higgs

* Non-detection of H—pu/ee implies this coupling is not

102 E
lepton flavour universal

e Me)fit | |
—68% CL .

. ’ —95% CL
* Excess of events in the H—=bb and ttH searches 0t bl il S
compatible with SM expectation Particle mass (GeV)
g [ T
.. : Rl ATLAS t
o Limits set on the enhancement of tHq production = T eormevasart 2.3
S | s=8Tev,20.3 1" A

e T W
S 10 — Observed -
. . . . . - ---SME ted ’ .
» Overall picture in combined coupling fits shows : AR :
consistency with the SM 102k ff ]
- e ]

[ b

10° w7 4

ATLAS arXiv:1507.04548 s | | ‘

CMS EPJ.C75(2015) 212 10" 1 10 10°

Particle mass [GeV]
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Combination Results

23/7/15

ATLAS arXiv:1507.04548
CMS EPJ. C75(2015) 212

Alternatively parametrise loops with effective couplings, e.g.: Ky, Kg

Tests for presence of BSM particles in the loops

Fermion couplings only from tree-level contributions

Vs=7TeV,45-4.7f0"
A TLAS Vs=8TeV,203fb™"
68ZA-> CLE —— ———
5% CL: Ky <1 Kon = Koff Bi/:i'i.,u.= 0
T T | T T | T T I T T | T T | [
L 19.7 b (8 TeV) + 5.1 fb" (7 TeV)
Kw !
! CMS = 68% CL
Kz o o == 95% CL
i E=——— Ky = 0.96"01% -
. - b "7 0.29 - :'
T 1
: _ +0.18 .
Ku - : ](T - 0_82_ 018 l*:l
+0.34 E
: = e
E K, =1.607 5, :
K - '
Y ———— +0.15 :
. ; Kq=0.7577 15 e
g == '
K> - — 0.98017 :

Y : Ky =V.90 5 16 | —-I-— | |
BRLuSssse— 0 05 1 15 2 25
4 ——— Parameter value

FE" | my=12536GeV i
L1 1 | L1 11 | L1 11 l I | L1 11 | [
-2 —1 0 1 2 3
Parameter value
A. Gilbert
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ATLAS arXiv:1507.04548

Combination Results CMS EPJ. C 75 (2015) 212

e Assume Ky = Kw = Ky, KF = Kp = Kt = K¢

» Show 68% CL confidence regions for separate channels as well as the full
combination

o Compatible with SM prediction kr=ky =1

5 CMS 19.7 fo'' (8 TeV) + 5.1 b’ (7 TeV) 4
L [ I | I I I | I I I | I I T T T T T T T I I T T T
g [|* Observed g = ATLAS -
| ¢ SMHiggs| 3 Vs=7TeV, 4547 b —
- ' - Vs=8TeV,20.3 1" .
1 2 m, = 125.36 GeV \ —
i - \ S .
I & 1= =
i - :
0 _ ................................................................................................... OF -
: : | =
! -1= - f&) -
- - H— -
IC EE————— A A _D 7'// [ % H s ?é* —
- : = COH - wWwe =
[ —3F % sum — 68% CL * g
. - #Bestiit | --95%CL | | £ Combined
| | . | | | | | | | | | | | | | | | | | | | | | |
Eh 05 r 15 4704 06 08 1 12 14 16 18
KV Ky
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