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Abstract: <p>The Higgs couplings to fermions are known parameters within the Standard Model. Deviations from these<br>
expectations would be clear signals of new physics and are thus important target measurements for the LHC program. <br>
In this talk | shall discuss ways to extra information about the coupling of the Higgs boson to the charm quark with<br>
emphasis on methods applicable with the available LHC data set. A novel method based on the current ATLAS and CMS<br>
Hbb measurement will be presented and compared to our knowledge so far. Future projections and the even more<br>
challenging case of light-quark Yukawa couplings will be discussed.</p>
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The Higgs boson within the Standard Model

Theory
Role (I)

o unitarises VV scattering in a minimal way
o its vev induces the W and Z masses
o a single extra d.o.f., h

Quantitatively tested at LHC

— direct: observing h — WW, 22
— indirect: electroweak precision

Role (I) [this talk]

o unitarises ff — VV scattering
o vev induces fermion masses and coupling the CKM

Many (small) parameters
— overconstrained system
— observation of 3@ gen. couplings only
— significant progress can and is being made

4 28" V4
E. Stamou: Probing the Higgs—charm coupling 1 mjj r']x. n:"] m
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The Higgs particle

Experiment

A particle like any other. Defined by observing:

Mass Charge Spin Couplings

°o mp 125.4 + 0.37(stat) + 0.18(sys) GeV [ATLAS]

mp 125.7 + 0.3(stat) + 0.3(sys) GeV [CMS] a new SM parameter v
o neutral v
o spin-0 v
o couplings predicted gx o —X so far v

— overconstrained in SM, test of the SM
— Yukawa couplings may not be related to EWSB
— window to new physics

Y1l 1R hoo prg
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Exercise: find the missing purple line

g(hAA)/g(hAA) | -1 LHC/ILC1/ILC/ILCTeV

0.15 il

0.1 -

-0.1 il
0.15 -

02l W Z b g v T cC t inv. |
0.25 2 ; : : =
o focus on charm at the LHC using available data [Peskin 12 @ ILC-TDR]
E. Stamou: Probing the Higgs—charm coupling 3 Il 1228 o2 g
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The goal

I

E. Stamou: Probing the Higgs—charm coupling
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o Introduction

o Probing y. at LHCS8
— the width of the higgs
— recasting the ATLAS and CMS H — bb analysis
— ¥ from exclusive Higgs decays
— global analysis

o Future prospects

7 1 noe
E. Stamou: Probing the Higgs—charm coupling 5 Iy 12% oD g
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Unitarity bounds

o any deviation from the SM prediction signals breakdown of theory

f WL f WL vl Wi,

Z h
f WL f WL f 47
A stretched, but phenomenologically viable, scenario:

o higgs does not couple at all to light fermions
i.e. they obtain masses from a different (TC) sector

[ Giudice, Lebedev 08; Kagan, Perez, Volansky, Zupan 09; Delaunay, Grojean, Perez 13]
new d.o.f. at the unitarity breaking scales
scales inaccesible to LHC or realistic future colliders

B 871tv2

~2.10%,1-10%,1-104,2-10°,5-10° TeV
"wb,c,s.;,d,u\/g

[Appelquist, Chanowitz 87]
o enhancement of Yukawa couplings more promising

Y 1 oo pog
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Effective theory

o small deviations captured by dim-6 operators

u

g T
SH'HQ H Uy,

L D /\36;‘ FI Uj
Charm-quark case
o SM case very challenging to observe y™ =~ 0.4% and 8R(h — c¢) = 4%

o Dominant mode BR(h — bb) = 60% also small Yukawa y, = 2%
-» deviations of a few significantly modify higgs phenomenology
[Delaunay, Golling, Perez, Soreq 13]

C
N\ =~ 25TeV
SM|__
" " " VIye/ySM|—1 B e
a) here g¥ = 16712
b) assummed cvy 1
c) main constraint BR;,,, C
~ ——— u ~ 1 u
\[_ /\ +g!j-2/\2) \[_ /\ +3Q,,12A2)

Y7 1% OB prgg
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Effective theory
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. g = =
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A ~ _ 25TeV ‘
SM|__
4 " . VIye/ySM|-1 B e
a) here g¥ = 1672
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Effective theory

o small deviations captured by dim-6 operators

u

g 1
SH'HQ HU,

LD /\:-;:6;‘ I:I Uj
Charm-quark case
o SM case very challenging to observe y:M =~ 0.4% and BR(h — c¢) = 4%

o Dominant mode BR(h — bb) = 60% also small Yukawa y, = 2%
-» deviations of a few significantly modify higgs phenomenology
[Delaunay, Golling, Perez, Soreq 13]

c
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SM| _
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Direct observations for fermionic higgs couplings

o higgs couples to t, b, and 7 v

101! , , . 1
0 :
10 R
101 4
. m b ]
— 104 s
ﬁi‘? 3 F e 3
- 10 E * /L X s E
1074 | .
i 7 E
105 | A X U
1()—(5 F * & 1 | ‘i
1 2
-1 —3 3
Q
o upper bound on higgs to e, u
o nothing for light quarks
E. Stamou: Probing the Higgs—charm coupling 8

Signal strenth

~ O BR
M= 330 peom

o ur = 0.98 + 0.22
o up = 0.71 = 0.31

o upn = 2.41 + 0.81
[naive ATLAS, CMS averages]

o u, <7 @95 CL
© Ue < 3.7-10° @95 CL
[ATLAS, arXiv:1406.7663]
[CMS, arXiv:1410.6679]
i}j ~ 280 for y,, = y, but ob-

servation ‘;—'{i- <15

T

=» higgs couples
non-universally to
leptons
What about quarks?

Y 12axn non prg
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Direct observations for fermionic higgs couplings

o higgs couplestot, b, and 7 v

Signal strenth
[~ < BR
!’ - gSM ﬁ(fehf\i

10! , . ,

E |
109 m _! o ur = 0.98 + 0.22
101 : o up = 0.71 = 0.31
o
10-2 mb o upn = 2.41 = 0.81
p— ) 3 I X c ™ [naive ATLAS, CMS averages]
o ~— 3 3
= -3 [ ;
= 10 3 * L < s 1 o u, <7 @95 CL
104 | d © we<B87-10°@95CL
ey < d < 2 ] [ATLAS, arXiv:1406.7663]
LU E *~ e ‘ ‘i [CMS, arXiv:1410.6679]
10~° = —L7 ; “s ~ 280 for y, = y. but ob-
3 3 ; My
O servation 7= < 15

o upper bound on higgs to e, u
o nothing for light quarks
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=» higgs couples
non-universally to
leptons
What about quarks?
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h — light-quark light-quark

Challenges
o SM-higgs branching ratios tiny
o huge QCD background

o need some sort of flavour tagging
(c-tag seems possible at the LHC)

Directions

o Be exclusive
— h — M y as a flavour proxy (M vector meson)
— possible for u, d, s, c
[ Bodwin, Peteriello, Stoynev, Velasco 13; Kagan, Perez, Petriello, YS, Stoynev, Zupan 14;
Bodwin, Chung, Ee, Lee, Petriello 14; ATLAS: 1501.03276]

o Be inclusive
— limited by b- and c-tag
— higher statistics
[Delaunay, Golling, Perez, Soreq 13; ATLAS arXiv:1501.01325, ATLAS-CONF-2013-063;

this work]
Impressive progress in c-tag in ATLAS used already in SUSY
searches.
E. Stamou: Probing the Higgs—charm coupling 9 .'U‘Tz:b mx:"' n::r,l !""!
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ATLAS’s c-tagger, a break through

ATLAS’s c-tag working point

— calibrated from data containing D* mesons employing multivariate techniques with information on
“impact parameter on displaced tracks and topological properties of secondary and tertiary decay
vertices".

— factor of 5 rejection of b’s w.r.t. standard medium point by calibrating on simulated tt events

ATLAS search for t — cxo

Search for pair-produced top squarks decaying into charm quarks and
the lightest neutralinos using 20.3 fb ! of pp collisions at /5 = 8 TeV with
the ATLAS detector at the LHC
[ATLAS arXiv:1501.01325]
ATLAS search for ¢¢* with ¢ — c X1

Search for Scalar-Charm Pair Production in pp Collisions at
V'8 = 8TeV with the ATLAS Detector

[ATLAS-CONF-2013-063]

E. Stamou: Probing the Higgs—charm coupling 10
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o ATLAS and CMS constrain the higgs total width with shape
analyses of the yy and ZZ signal

Mot < 2.6GeV[ATLAS] Mot < 1.7GeV[CMS]
% o cesspitamrn "j:_f_ o to be compared with
-, T oy e oy~ N M = 4.15MeV

tot

Saturate width with h — cc
-»y’;i,, < 150[ATLAS] 120[CMS]
’ @ 95% CL

5 8 3 38 8 B

| e o s b e lllIIl[]llllll[]lll]llillll]ll llllll

]Iill l]l]]I]Il][]l]lllllll]l}lllllllll

y ¢
i o not much hope for future
i improvement due to

m, (O] resolution of experiments
[ATLAS arXiv:1406.3827]

2 28" >
E. Stamou: Probing the Higgs—charm coupling a |- .!J‘T.i'l Ux. 1122 Lge |
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Recasting H — bb: Idea

b-jets at LHC are NOT b-quarks

o b-quarks hadronize to B-mesons

o B-mesons are long lived ~ 440um/c

o the fly in detector before decaying

o b-tagging is based on looking for such displased vertices

2ndary VTX

But

o D-mesons are also long lived ~ 120 — 31 Oum/c
-» some c-quarks are misstagged to be b-jets

o misstag depends on working point, e.g. 4 — 40% for ¢

2 28™M >
E. Stamou: Probing the Higgs—charm coupling 13 mj;; r'Jx n‘j"] m
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b-jet efficiencies depend on theshold

C jets light jets

CMS Simulation, \/s = 7 TeV CMS Simulation, \s = 7 TeV

;é‘ 1 5::‘,‘...‘.,..1:::':' oy oebeerpecd :+f: :> ;é‘ 1 8 i :P
= C .e-TCHE T = E C .- =
8 [ eTowe Tt s i i il 1 8 [ - ;
e | SSVHE N E 10 |
o - SOVHP . s g SSVHP =
- 107 [P < F —JP |3
- — o e B -+ JBP )
Z : 2 [ ——csv T
B | B B
©102 g |3
E- — -‘0-3 - f_.."" ; —

1 0‘3 L I a‘o | I | ‘ : 1 0‘4 ALl i‘? I‘_l".ll l.]. L : L L L i L L l L L L i L L1
0 010203040506 0.70809 1 0O 0.10.2030405060.70.809 1

b-jet efficiency b-jet efficiency

[CMS arXiv:1211.4462]
o experiments can and do use different working points

o €p correlated with misstag propabilities
in reality: complicated function of pr, rapidity, channel, ...

> 218%™
E. Stamou: Probing the Higgs—charm coupling 14 .U'T.:b ux. n:p_: F'!

Pirsa: 15020111 Page 23/52



Recasting H — bb: Idea

What is the bound on y. from misstagging?

2 272%™ N2
E. Stamou: Probing the Higgs—charm coupling 15 mij T'm .F.DTJ. m
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Recasting H — bb: ATLAS and CMS analyses

ATLAS [arxiv:1409.6212] and CMS [arxiv:1310.3687] h — bb analyses

o h produced in association with W /Z
W/Z

W+ /Z*

o h produced in association with W /Z

o different channels for W/Z decays
Z — vv [Olepton] Z — (€ |2lepton] W~ — v [1lepton]

o different categories for pr(W/Z2)
o two b-jets required

b-tag working point depends on category (2 in ATLAS, 4 in CMS)

Y1l 12aRn hoo prg

E. Stamou: Probing the Higgs—charm coupling 16

Pirsa: 15020111 Page 25/52



Recasting H — bb: ATLAS and CMS analyses

ATLAS [arxiv:1409.6212] and CMS [arxiv:1310.3687] h — bb analyses

o h produced in association with W /Z
W/Z

W+ /Z*

o h produced in association with W /Z

o different channels for W/Z decays
Z — vv [Olepton] Z — (€ [2lepton] W~ — (v [1lepton]

o different categories for pr(W/2)
o two b-jets required

b-tag working point depends on category (2 in ATLAS, 4 in CMS)

Y 1R hoo prg

E. Stamou: Probing the Higgs—charm coupling 16

Pirsa: 15020111 Page 26/52



Recasting H — bb: ATLAS and CMS analyses

ATLAS [arxiv:1409.6212] and CMS [arxiv:1310.3687] h — bb analyses

o h produced in association with W /Z
W/Z

W+ /Z*

o h produced in association with W /Z

o different channels for W/Z decays
Z — vv [Olepton] Z — (€ |2lepton] W- — v [1lepton]

o different categories for pr(W/Z2)
o two b-jets required

b-tag working point depends on category (2 in ATLAS, 4 in CMS)

Yl 1R hoo prg
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Recasting H — bb: signal strength

Signal strength

Vh
uvh — Nopservea @ L-0-BRp-€p,"€p,-€ o-BRp

b Vh = SM SM ~ __SM SM
N e | -0 BREY ey, e e oM BRG

o use multi-variate techniques to find best S/B discriminators
o minimize x? over all this BDT output based on poisson statistics

ulh = 0.52+ 0.32 + 0.24 [ATLAS]
pulh =1.0+0.5 [CMS]

=>Information on yp
What if y. was modified by a lot?
-»x2 of two signal strenghts

Iy 1228 o2 g
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Recasting H — bb: signal strength

Signal strength

Vh
uvh — Nipservea @ L-0-BRp-€p,-€p,-€ o-BRp
b Vh - SM SM T __SM SM
N ecea L-0M-BRy"-ep, -€m-6 M-8Ry

o use multi-variate techniques to find best S/B discriminators
o minimize x? over all this BDT output based on poisson statistics

0.52 + 0.32 + 0.24 [ATLAS]
10 = 0:5 [CMS]

Vh
Hp

Vh
Hp

=>Information on yp
What if y. was modified by a lot?
-»x2 of two signal strenghts

e R oD prgg
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Recasting H — bb: signal strength

Signal strength including c-misstag

Vh
Nobserved . o - BRb - €b1 - €b2 _"l"' g BRC = €C1 " 602
Vh - SM . SM : ]
Nexpected o Bﬂb €p, €p, - €

SM
BRC €c1 * EC2
BRM €b, - €b,

= Ub + He

= up +0.05-€¢/p - Uc

o the larger €./p (the misstag) the more sensitivity
o can only constrain the combination (degeneracy)

-» need different €., working points
o the more different the better

21 1223 PO
E. Stamou: Probing the Higgs—charm coupling 18 Il 1228 oD g
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Recasting H — bb: signal strength

Signal strength including c-misstag

Vh
Nobserved - = mlb ~ €b1 = €b2 + g BRC = €C1 . 602
Vh =F SM . SM : :
Nexpected o BRb €p, " €p, - €

SM
BRC €c1 * GC2
BRM €b, - €b,

= Ub + He

= up +0.05-€¢/p - Uc

o the larger €./p (the misstag) the more sensitivity
o can only constrain the combination (degeneracy)

-» need different €., working points
o the more different the better

1 R oD prgg
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Recasting H — bb: an example

ATLAS: pp — Z(£€) H(bt_)) with pr(Z£) > 120 GeV
«© """_._bmzo'm'
S 4ot ATLAS mmm VH(bb) (1=1.0)
= Vs = 8 TeV [Ldt = 20.3 fb' %3“”"’"
‘g 2:Qp.. 2 Jets, 2 Medium«+ Tight tags = g":‘?]. top )
& 10° - Pr>120Gev é;:f. - Signal, Background, Data
Y ound binned in BTD output
102 —— VH(bb)x20 ) ) )
- Each bin is one independent
10 measurement entering the 2
1 - Bitter reality:
they don’t give tables
10" digitize plots
o 2 T T T T |"'|"'|—'-T=F""'
g 1'51 - - ° ______-_,-.--:é:=+= ................
£ o5 S 3=
a 0..,l..,l...l.,.l.,.l...l...l..,l..,l..
'Y -0.8 06 04 -02 0 0.2 04 06 08 1
BDT,,,
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Recasting H — bb: ATLAS

ATLAS
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Recasting H — bb: Breaking the degeneracy

Fit assuming two signal strenths in ATLAS and CMS

tight—tight

med—med

i A i i 1 i
100 0 10K 200 J00 1010 SO0 GO TO0

te

L(ub, te)

ATLAS
ATLAS

CMS
CMS
CMS
CMS

x2

I—l i P'1|)i9\"\l'!1\ ( k"’ N‘l-:ll':;:li T I““'l N:j:'ll.ji“l
1st tag 2nd tag €c/b
Med Med 8.2x10°2
Tight Tight 5.9x%x10-3
Med1 Med1 0.18
Med2 Loose 0.19
Med1 Loose 0.23
Med3 Loose 0.16

—2log L(ub, tic)

Profiling over up =» first bound on uc

o +80(150)

te = 90_456(190)

E. Stamou: Probing the Higgs—charm coupling

22
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Recasting H — bb: Breaking the degeneracy

Fit assuming two signal strenths in ATLAS and CMS

1 E
ak .L:(}Ib, !"'C) I—l, Ppnih-.nn(ku N.l_:;:;:l‘ = Mot
i T S 1sttag 279 tag €c/b
Hb'f | | Ughe=ugat ATLAS Med Med
ol = - ATLAS Tight Tight
1 — = - - —— CcMS Med1 Med1 0.18
CMS Med2 Loose 0.19
2k 3 CMS Med1 Loose 0.23
., | CMS Med3 Loose 0.16
med—med -
% g x° = —2log L(up, tic)

i i i i 1 i
104 0 LOX) 200 J00 1010 SO0 GO TO0

te
Profiling over up =» first bound on uc

0182150 & 68.3(95)% CL

te = 90_;56190)

E. Stamou: Probing the Higgs—charm coupling 22

8.2x10°2
5.9%x10-3

)
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Recasting H — bb: Breaking the degeneracy

Fit assuming two signal strenths in ATLAS and CMS

= \.\\

I B ,

3 E -L:(p‘b, .“c) IT1; Ppnim“n(k“ NL‘::«‘ ) .Uth:ml_?‘l)

2 | ] 7 1 1sttag 279 tag €c/b
Hb'} N i Hon—tighty ATLAS Med Med  8.2x10°2

= X . ] ATLAS Tight Tight 5.9x10°3

. & — cMms Med1  Med1 0.18

e —— CMS Med2 Loose 0.19
2 . h . : CMS Med1 Loose 0.23
) \"“\,\ - e, medﬁ_\g\d: CMS Med3 Loose 0.16
1]nn 0 “.m 3tllll ;lz:t.m llll() \L,'.u:h 600 T..I“ /\.’2 re— _2 Iog -L((llbl [JC)
>

Profiling over up =» first bound on uc

pe = 90170, @ 68.3(95)% CL

2 28" >
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Recasting H — bb: production enhancement

o assume no modification of production
o assume BR(h — cc) = 100%

- 1. ~ 33, our bound is trivially satisfied
However, a new production mechanism kicks in around
Ye/ya™ ~ 100

3 V H enhancement
C

at LHCS in CMS

sVH

SM

0 4

1K) = »y

- 130 < pr{Z — 1
- 170 < pr{Z — 1

150 200
Yol W™

o depends on channel, category and experinment because of cuts
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Recasting H — bb: constraining x.

8] 50 100 150 200 250 300

After profiling - ke = YoM/y. < 245

s L4 |
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Recasting H — bb: constraining x.

4] 50 100 150 200 250 300

After profiling - ke = YM/ye. < 245

s |
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Exclusive way: h — J/u yp

vV |74

¥ ¥
Fh—uy y = 1(11.9 £0.2)x, — (1.04 = 0.14)x.|2- 10719 GeV

[Bodwin, Petriello, Stoynev, Velasco 13; Bodwin, Chung, Ee, Lee, Petriello 14]

Recent ATLAS study:
o-BR(h — J/y y) < 33fb at 95% CL

[ATLAS 1501.03276]

" . Oppsh-BR(h—J/Y ) (x,—0.087x¢)? 2
CanCEI prOductlon- Opp .,,SB’R(h—>ZZ‘(f()) < 2-79 l\'%, = 10 < 9-32

Ke < 210xy + 11x,

Use robust LEP bound xy = 1.08 + 0.07 [Falkowski, Riva 13]

> rd » >
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Exclusive way: h — J/u yp

\ 74 | %4

i ¥
Fh—uy » =1(11.9 £0.2)x, — (1.04 = 0.14)x.|2- 10719 GeV

[Bodwin, Petriello, Stoynev, Velasco 13; Bodwin, Chung, Ee, Lee, Petriello 14]

Recent ATLAS study:
o-BR(h — J/y y) < 33fb at 95% CL

[ATLAS 1501.03276]

. OppanBR(h—J/Y ) (1, —0.087 K¢ )2 5
CanCEI prOductlon- Opp .p,l‘;(/{(h_*zz*({()) < 2-79 l\'% = 10 < 9-32

Ke < 210xvy + 11k,

Use robust LEP bound xy = 1.08 = 0.07 [Falkowski, Riva 13]

. 2 4 >
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Combination: what we know about y. from LHCS

. ATLAS+CMS (stat+MC error)
30 . y

Liswmi=2.0 CGeV H-J/Y+y

25¢ Now=1.7 GeV

10}

0 50 100 ] 150 200 300

P

Comments:
o width bound will not improve much in the future
o recast bound competes with J/vyy bound

o experiments can improve our analysis (they don't even need to digitise plots)

2 228™M >
E. Stamou: Probing the Higgs—charm coupling 26 mjj r'Jx. n:u m

Pirsa: 15020111 Page 43/52



y: from tth and up-quark universality

Can we make any statements about up-quark universality?

uivE — 2.41 + 0.81

[ATLAS and CMS average]

o this translates to a lower bound on the top Yukawa

|K.'t| > 0.9 JBR?’hj’mlevant modes ~. (0.9

B‘,zh---relevant modes

o Since £ =~ Jl_Xc the combination of x./x; bounds means

Vi 280 K¢
Ye < Vi

Yl 1R hoo prg
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1 ¥ 1 T
Jgp+ Y—ATLAS GP, Soreq, Stamou & Tobioka (Feb/15)

I’ Direct Bound t
r,-atLas |
—
N M~-CMS |
0.100 s | b
= | c
0.010 | - *
u |
11 -l —— Global Analysis
0.001 *
{ AL, ] A
0.1 0.5 1 o 10 S0 100
my[GeV]

Fit dominated by untagged Higgs decay driven by VBF production.

— v SM
HMVBF—-h—-WW- — Ky, x Tr:hl; - Mot < 4rtot

Robust as long as there is no new VBF production channel.

2 228™M >
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New (insufficient) VBF production channel

Enhanced light-quark Yukawas

. V5 = 8 TeV - /5 = 100 TeV
Tt s o ———— Yul|] - ——— ;J.. n L
- - L] - - Wa "
rd
P — Va PR — Ya o
= e 1. s H:---- Ye //
=L 11} — P IRR Y ¢ . Y
- . sl ”
S [ S T
3 ] "3 e
.-i 1 -J: —”’." . . - 7]
b:- ______________ —5 b:. : ””:_,' - Hr-z_.___-""'.
D e e e Ao s 1.0 |me—can et St T -
i 1 L A 1 1 L
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
SM SN
yr/vi yr /™

o at LHCS8 irrelevant
o at a 100 TeV hadron collider 10% enhancements possible and

phenomenologically viable
o if there is ever both a lepton and a hadron collider could be used

to cancel h decays
-» yr sensitivity from production

Y1l 1R hoo prg
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