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The quark Yukawa sector
e 2ms

The SM Yukawa sector: /\Q/,zZLz,bRH + h.c. Ad =|

ul \‘
At the LHC, one measures: i S
® ratios of K’s
o X B(H — —_—
sosH X B ( yy) ® K’s (+ model assumptions)
Difficult! FCNC:
Verv di " Ideas: = o t—cH
Ideas: —

Y 4
V4
/

‘ Top quark:

from H production.
At hand!

H—-®y, py, ...

@*

Bottom quark:
from H decay.
2 At hand!

Thursday, December 17, 15



(Z,W£)H—bb

p 0,1,2-leptons + jets

CMS, PRD 89 012003 (2014)
ATLAS, JHEP 01 (2015) 069

3rd generation (b)
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» O leptons + jets

CMS, 1506.01010,
submitted to PRD
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ATLAS, arXi1v:1507. 04548 submitted to EPJC CMS, arX1v:1506.01010, submitted to PRD

+00 —t—i: H—bb  Bestfit (68% CL) Upper limits (95% CL)  Signal significance
S | W Channel Observed Observed Expected Observed Expected
i §s l i VH 0.89 £ 0.43 1.68 0.85 2.08 2.52
- ttH 0.7 :t l 8 4.1 3.5 0.37 0.58
VBF B Y 5.5 2.5 2.20 0.83
Combined #& 1.03% 1.77 0.78 2.56 2.70

2.60 significance
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3rd generation (t)

q q’ B
The largest, O(1), coupling in the Yukawa w
H
sector S §
: : b t b i
» no direct decay into top quarks . —
QQ0QQQQVQQO——>——
p tightest constraints from GGF and BR(H—YY) “
- complement with direct measurement L H
gummmw—<—5
CMS, arXiv:1509.08159, submitted to JHEP
§1600_.9M.S. B I AL A .19.|7 Tb.-1.(8. Tel\lg ATLAS, PLB 740 (2015) 222
5 :th, — Observed -y 5: L LA L L ) -
514000 - Expected 1 4 4.5 ATLAS =
E tH>YY, bb, WW; ... 3 E 2011-2012 -
(_-l) 1200— ‘:\ 120 exp. — ' 4;. .................................................................... .._:‘
I - 3.5 Ldt=4.5fo", Vs =7 TeV =
: af Ldt = 20.3 fb", /s = 8 TeV E
o E 250 m,, = 125.4 GeV -
600:— — 2;— —z
4oof— — 1'5;_ t(t)H’ H_’YY —;
: L E
2001~ E 0.5} -
o |0“"q(ct=1)| | | | | = -
0= IOI5I - I1I0I - I1I5I - I2.IOI - I2I5I - I3I0I | 0 _12 — 1
B(H—yy) /B (H—vy) K,
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TTbar + Higgs

JHEP 09 (2014) 087 EPJC 75 (2015) 349
ous orrossoson hmswiusure PLB 740 (2015) 222 | ) 3%
- - r ~ - 4
F | fiH, H— bb, tr, vy, WW, 2Z ) . — tot. ATLAS (s=8TeV,203f0
i 8; m = 12: SY;OV ; —Observed | 3 35;* 201"1T2L641§ ‘ Sl fiH (Hbb)  (tot) (stat)
o 7 g *10 -- Expected %* JLdt-d.SﬂJ",G =7TeV - Dilepton iy 2.8 220 (1.4)
: He =P 00 2.5} [lot-203M7" (s=8TeV H—>bb
B[ ) .
5 H—}YY, bb ww 1: My = 1254 GeV T=8TeV,203M 12+13 (08)
E ‘i 28 5
ab- N\ e 0.5F 1.5+1.1 (07)
. 28 7 H4
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2k 4} t—-e 18"
:,‘ 1027, 96 571734
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: ombined H—>WW+-.-4 2l arX1v:1506.05988,
S e accepted by PLB
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. obs. (exp.) Iimit best-fit value
Experiment
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(x10)

CMS

< 4.1 (3.5)

0.7 *19,,
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<3422
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2.7 t26 ¢
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ATLAS+CMS: Runllegacy

/+8 TeV “grand combination” of ATLAS+CMS. Largest pulls:

b o(ttH) at 2.30 from SM
» BRP®/BR%Z at 2.40 from SM

ATLAS and CMS Preliminary
LHC Run 1 SM p-value
B : 11%
Observed Expected Kz| —x, =1 —
Production process Significance(o)  Significance (o) — = BRggy=0 :
KW —_—t 1O —
— % 20 .
Kt
Ke ————
Kb
Kg — et
x, —
Pr—
BRgg
lllllllllllllllllllllllllllllllllllllll
0 02 04 06 08 1 1.2 1.4 16 1.8 2
Parameter value
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Search for ttH—bb

e Challenges:

» large irreducible background

- same final state, similar
diagrams

» combinatorial background
- not just a bump hunting

p jets not always come from top/
Higgs decay

- allow for ISR jets and partial
event reconstruction

Pursue an analysis strategy based
on an analytical Matrix Element
Method

CMS-PAS-HIG-14-010
CMS, EPJC 75 (2015) 212

g W~
t g0
Sizeable ISR \__~/ b-jets
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General formulation of the MEM

Assign each reconstructed event with its probability:

Prob{§ € [i, o + di | S, 0} = ps(i; 0)di / ps(F;0)dj = 1
A
» (normalised) differential cross section: ps(7;0) = 1 dos (73 0)
os(0) dy

dos(730) = | [ d@@doada, >4 Sz )i @0) g 0w (7,20 | di

_ : (1 440:5)Tazbs

H (2'”)32E Scattering Detector transfer
Numencal Parton density = amplitude function
integration functions (e.g. MCFM, MG3)  (MC simulation)

(e.g. VEGAS)  (e.g. LHAPDF)
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General formulation of the MEM

Assign each reconstructed event with its probability:

Prob{§ € [0, %0 + dg] | S, 0} = ps (7o; ¢)df / ps(§;0)dj = 1
A
» (normalised) differential cross section: ps(;0) = 1 dos (73 0)
os(0) dy

dos(730) = | [ de@doada, Z(f%f’gm’;f;}f;/w (@, 0)PW(7,30) | df

— —

» multi-channel processes: p(7;0) = As(D)ps(7;0) + Y Apjps;(¥)
J
(N ] —N(F})N(())N
. . R —). . —’. . e
p sample likelihood: L(y;0) = l:[p(yz ;) N

v
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MEM for hypothesis testing

Ratio of MEM probability densities is a powerful test statistic

» optimal properties (largest power at fixed error) L. Neyman, Phil. Trans. Royal Soc.

London 236 (1937) 333
ASPS 1
LR = or € 10,1
2_j AB;PB, 1+ LR 0,1]
CDEF, PRD 85 072001 (2012) CDF, PRL 103 (2009) 092002 ATLAS-CONF-2015-047
W + 2 Jets, SVSV
- 0Observ : 600 .1 reiminaT
10°] WH gg\{?:g";:%ev) ' \%L:t8=T233 ’ QS
a
10 sy |
: mOther 400
10 n 4 115X5

0.1F

s single-t

0 02 04 06 08 1 0 02 04 06 08 g -0 1 N
Event Probability Discriminant ME Discriminani %002 00078 0058 0102 T e
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Analysis strategy

Select high-purity events

Fit full MEM discriminant shape
p use only b-tag values of jets

p split into categories of “event
interpretation”:
19.5 o' (8 TeV)

CcMS SL —_— - SL & full reconstruction

S WY

”]Bkg. unc. L+D_ 1 1

S e g0 i1 b - SL & incomplete reconstruction
M Single t

_dswz - dileptonic
= = 19.5fb" (8 TeV)

Events

10°

10*

10’ @ Poy<0.5 | P,>0.5
£ 40-CMS w05 | P05 o Cat-1 (H)
- & -¢-Data 3 ttH (125)
F.Z1Bkg. unc. Wt s I
- ttH (125) x 10 Bt +cC
10 Bti+b
<tt+LF tt+HF= —
.‘ ; . B Single top
Y 01 02 03 04 05 06 0Z—® 09 - e WZ

- w W W w

_|_|_|.)

B L b L S ——— )

% 02 04 06 08 1 02 04 06 8,

Ps, = [ | + p(tt+bb)/p(ttH) ]!

M --
;rl-

CMS, EPJC 75 (2015) 212 !
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Results: 8 TeV

19.5 b (8 TeV) 19.5 b (8 TeV)
BEE Expected = 1o CMS
----- Expected = 20 L :
stm  Bhee Expected (sig. inj.) SL 5 -
-l Observed
DL DL n
Combined Combined — I
1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 i 1 I 1 1 1 I 1 1
1 10 -4 -2 0 2 4
95% CL limitonu = o/oSM at m, =125 GeV Best fit u = o/oSM at m, =125 GeV

Median exp. UL  Medianexp. UL  £1¢CL  £2¢ CL

Channel Best-fit 4 Observed UL o . .
(signal injected) (background only) interval interval

SL +1.77%9 5.5 5.0 42 [2.9,6.2] [2.1,9.1]
DL +1.0733 7.7 7.8 6.9 [4.7,10.6] [3.4,15.8]
Combined +1.277% 4.2 4.1 3.3 [2.3,49] [1.7,7.0]

Key feature:

p large ttbb/ttH separation => less sensitivity to ttbb normalisation
- less sentitive to a priori tt+bb theory uncertainty
- after-fit, tt+bb uncertainty is ~20%

CMS, EPJC 75 (2015) 212 2
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Looking ahead: Run 2

[ ) NeW MC Simulations ?MS Simulation (13 TeV) _ :
2000— —— Regresse
» NLO generators, new parton-showers 5" O erag
(PY8), new tunes. 1600 ~ Nominal
- under validation 1400 ou=15.6%
e Detector calibration 1200E
1000}
» b-jet energy regression, b-tagging SF soof-
- well progressed 6001
4oof—
R CMS Preliminary 26" (13 TeV) 200f— o
g ° ¢paa o Wezo Wieo Wi H‘ e b b b L -’a- Pl e
g o[ W Wsinget wewz WEWK —ttHon (30) % 20 60 80 100 120 140 160 180 200 220
- m; (GeV)
2  Recent ETH+UZH activity:
» new b-tagger (~30% less fake rate)
p fully hadronic ttH
p boosted top tagging
m p extending MEM using neural-networks
g

; 2 Numbe:r;of b-taggeél Jets 13 CERN Jamb()ree, 15 Dec. 2015
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CDF, PRL 101 (2008)

MEM meets aNN

252001

ATLAS, EPJC 75 (2015) 349

-1 . Top Variable Definitio NN rank
CDF Run ILL=22fb (a) Sngie ariable efinition g g
1000 .Wbt-: Wi Nevman Pearson MEM discriminant (Eq. (4))
Centrality tnll' | the le ¢ 2 2 1
) all jets and the lepton
“ ot . i - . d -
P pr of the fifth leading jet 3 i
Second Fox-Wolfram moment computed using , .
g 600 H1 all jets and the lepton | 3 B
w AR Average AR for all b-tagged jet pairs 5 G 5
400 SSLL Logarithm of the summed signal likelihoods (Eq. (2)) 6 |
min AR Mass of the combination of the two l»—tn;;gq--'l - o
07 075 08 085 09 095 1 My, jets with the smallest AR ! 12 | i
max pr Mass of the combination of a b-tagged jet and Q
M any jet with the largest vector sum py S :
p— AR between the two btagged jets with the
° AR T lare b o 9 . .
0 01 02 03 04 05 08 07 08 09 1 © 01 02 03 04 05 06 07 08 09 1 - _'{',‘"‘I“' vor ;ul? P ' T
»min AR t between the epton and the combnation
LF EPD ‘3"’- p—bb of the two h—tug;.u-ul jl'!h with the smallest AR 10 11 10
' Mass of the combination of the two untagged jets
min Al H . )
- 1w : mis® 2| with the smallest AR 1 9 - -
200 1.5A;. where A, is the second eigenvalue of the . )
180 o - Aplant—jet | momentum tensor[92] built with only btagged jets 12 8
160 120 : .\'];.u’ Number of jets with py > 10Gel 1 3
20 min AR Mass of the combination of a b-tagged jet and .
140 100 % M) any jet with the smallest AR v
120 0 max py Mass of the combination of any two jets with )
04 05 06 07 08 09 1 80 m;; the largest vector sum pr o
100 H}r' - Scalar sum of jet pr 7
& &0 min AR Mass of the combination of any two jc'l\ with ]
0 mi the smallest AR Y
- max Mass of the combination of the two b-tagged
o 20 ' jets with the largest vector sum pr I
20 min AR Scalar sum of the pr of the pair of untagged 3
° 0 T wu jets with the .\llml{l'\t AR B . )
4 08 060402 0 02 04 06 08 1 © 01 02 03 04 05 06 07 08 09 1 L Mass of the combination of the two b-tagged )
NN Combination: Super-Discriminant My, jets with the largest invariant mass - - o
— D AR®in AR Afinimum AR between the two untagged jets - - 6
.8 . (e) Signal Significance / Sensitivity (Gaussian Standard Deviations (SD)) . Mass of the jet triplet with the largest vector i . i -
— - 1) sum prr
5 + 20SD/35SD 358D/448SD 3.6SD/4.2S8SD 3.7SD/49 8D
= 3 F
Saf o : ° ttH: combination of MEM
w2 @47 +00 154408 ?21.0.0 155407 ¢
2 1F l‘oapb 357 PO 157 PO 25 PO . . . .
8 [ uiethood Funcion  Matrx Element  Neura Network  Combinain discriminant + other variables

o(single-t): 10% improvement using an artificial NI\

compared to single-best discr. 14
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Looking (even more) ahead

* [no theory, full theory]

ATL-PHYS-PUB-2014-016 #[1/2 theory & 1/+/L sys., Run | syst.]

CMS-NOTE-13-002

Ky Kw Kz Kg Kb K¢ Kt Kzy Ky BRasm

s TN 2 1 O M

CMS** 1 12,51 | [2,5] | [2,4] | [3,5] | [4.7] |[7,100] [2,5] |[10,12]] [8,8] | [7,!I]
Snowmass, arXiv:1310.8361

Optimistic scenario:

Kb

10"
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Measurement Precision

Gauge bosons

107 . — — - - — — - — -

1|Bottom Yukawa

Top Yukawa § Kt
g =
Leptons ;

10%

2nd family

TLEP

cuic 1400

ILC1000

a
3
S
&
(&)
=

ILC1000-up
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Conclusions

e Released our ttH—bb search with Run | data

» proof of principle of the method
- a few spin-offs inside CMS
» very performing, but not yet sensitive to SM

* Run | showed overall agreement with SM Higgs hypothesis

» but not all channels measured with conclusive evidence yet
- no evidence of H—=bb:a ~20 under-fluctuation!?
- “unexpected” evidence of ttH:a ~2.30 over-fluctuation!?

* We are continuing our effort on ttH—bb

p detector commissioning is done
p consolidating new improvements
p first preliminary results by Moriond2016
- 2015 data alone is like adding ~20% sensitivity to Run |

- need ~15fb! to reach 30 & end of 2016

|6
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Back up
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|t and 2"? generation

Y. Soreq, FCC-ee Workshop

* H — cc challenging at LHC

» recastVH—bb analysis into VH—cc "“H’-"—HC projections

2 oBRy L (eclecg) BRSM 12
"~ BR™M ™7 \ &6, ) BRSV < 10|
» from radiative decay H = J/Q vy 08|

ATLAS, PRL 114 121801 (2015)
CMS, arXiv:1507.03031 (2015)

B(H-)wy) | SM Obs. (Exp.)

95% CLU.L. |~3-10¢| 1.5(1.2)- 107

* What about even-lighter quarks!?
» radiative decays: H—®y, py, ...
- sensitive to Ks/d/u

BR;_4, K,[(3.0+0.3)k, ' )
BR)_bp 057k,

- up 0l

LRARERARE RARE RARE RARE RARE B
N NN\ ATLAS 3
AN (__) (s=8TeV [lLdt=19.21b" -
N ¢ Data x
Ay — S+B Fit :
[ Background E
[IH[B=107 =
[]zB=109 E
40 -20 0 20 E
He ) E
6 ﬂ =
4 E
2 e
0740 120 160 200
m,. [GeV]
S
S
_}’/- - - -
Y
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3rd generation (t)

The largest, O(1), coupling in the Yukawa sector

» no direct decay into top quarks

p tightest constraints from GGF and BR(H—YY)
- complement with direct measurement

L ATLAS, PLB 740 (2015) 222

= BT B
& R Y
»  10E .
i ‘ BR(H — 77)
O BRy(H = 77)
g 1 R o(ttH)/og,(tTH)
g 1 ee O{tH)/og, (H)
m 10
102k ATLAS
(tH, H — 7
10° ;
Is =8TeV, m,=125.4 GeV
.5 I l PSS RS SRR R | — ——
107 =7 0 > 4 6 8 10
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Single top + Higgs

Search for tH production (t- & tW

channel)

» smallin SM (OnLo~ 18 fb)
P sensitive to sign(gHww X yi)

ATLAS: inclusive t(t)+H search

- 5:11"1"'1‘*'1"'1"'1' B
€ 3 ATLAS 3
4.5F -

§ 4; 2011-2012 .
3.5 Ldt=4.5fb", (s =7 TeV =
aE Ldt=20.3fb", (s =8 TeV E
2.5)- my, = 125.4 GeV E

2F E
1.5F- =

1E- E

0.5 E

0 1

K,

ATLAS, PLB 740 (2015) 222
20

q q

95% CL limit on o (fb)

CMS: optimise for tHq
(H—YY, H—b, H>WW)

-1
1600 _IcllMISI T T T T 171 T 171 T T :|9|.|7 Tbl I(8| Tel\/lz
— Observed
1400— —
---- Expected
. +1o exp.
12001 \:\ *20 exp. B
1000— —
800 -
600:— —
400 —
2001 =
i |0“'"’|(ct = 1)I | | | |
0= I0I5I - I1I0I - I1I5I - I2;OI - I2I5I - I3I0I I
B(H—yy) /B (H—vy)
CMS, arXiv:1509.08159,
submitted to JHEP
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ttH—bb with Matrix Element Method

ratio of ttH(bb)/tt+bb
probability densities

o
w

o
o

©
—

o,

&ﬁmaaﬁa@eséﬁmﬁ
1

single-lepton di-lepton
“SL Cat-1" “SL Cat-3” “SL Cat-2” “DL”
tt = b/v bqq | tt = blv bgq |tt = bl/v bgqg + g|tt — b/V blV
all quarks all quarks all quarks all quarks
reconstructed but one W-quark but one W-quark reconstructed
reconstructed reconstructed
(+ gluon(s)) + > | gluon(s)
.07 CMS Preliminary Vs=8 TeV .07 CMS Preliminary Vs=8 TeV
EOG SL Cat-1 (H) | EOG E
= S 12 ey 00 tibb
PS/b= §O.5 §O.5 4444444 MC stat

.
mwmwmm

01 02 03 04

OO

o506 07 08 09
Poo
21

01 02 03 0.4

05 06 07 0.8 09 1
I:’s/b
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Comparing with MadWeight

arXiv:1304.64 4 Simulation {s=8 TeV

0.4
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NN
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0.15 ==\

NN
' N
» 0.1 %\ N Y
! N i
N L0
veey — < oY
005 | 0
T BRI xxggixxxxxxxxxxx e
R IRRRRRLRKS e e

fresgpene 22 T EEEL EEE i =
1 l“ l l [ ey z*><>x< \\&\\\ = X
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22 *|ooser b-tag cuts to enhance MC stat.
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tagged CategO ri eS

untagged
...... extra jets

all top/H quarks |
reconstructed |

SL
NjZS

53}’ one W-quark missed;
_extra gluon(s) from ’SR

. one W-quark missed |
| no extra-radiation |

DL

tall top/H quarks |

DL
NjZ4
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The likelihood ratio discriminant (LR)

® Take e.g. Njec=6. Define an event-wise discriminant LR

=P(TC, Ty, C3, T4, Cs, Ce) +
4 P(T, T G TCs s, Ce) +
P(Ti,Ca T3, TCa, Ts, Ce) +

Zi P(C....Cs | {qqbbbb}) V
! G | {aqbbbb}) + 3 P( Ci,-»Gs | {qqqqbb}i)

24

Thursday, December 17, 15



The likelihood ratio discriminant (LR)

® Take e.g. Njec=6. Define an event-wise discriminant LR

LR = .

=P(Ci,Ca, G, T4 G5, Ce) +
P(Ti,Ca T3, Ca, Ts, Ce) +
P(Ti,Ca T3, Cs, Ts, Ce) +

25
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normalized to unity

© o o o o o
«wo O O N ©©

o
hS)

0.1

CPU time

CMS Simulation \s=8 TeV

SL-cat1
SL-cat2
i | SL-cat3
:[”]pL

| .

30 40 50 60 102

26

2x10® 3x10°
CPU time/event (s)
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