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The Standard Model Higgs boson

— Unification of electromagnetic and weak interactions through
SU(2).®U(1)y local gauge symmetry; massless carriers

— Symmetry spontaneously broken - non-zero VEV of the Higgs field

— Three degrees of freedom of Higgs field — longitudinal polarizations of
the vector bosons [Mod.Phys.Lett. A29 (2014) 1450046], fourth is the Higgs boson.
H—VV defined by symmetry breaking
H—ffbar is ad hoc Yukawa coupling-ms

[Phys.Rev.Lett. 19 (1967) 1264]

————— JgHVV

VoLUME 13, NUMBER 9 PHYSICAL REVIEW LETTERS 31 Aucusrt 1964 2m

ghvv = YV
BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS* .
F. Englert and R. Brout BUT the Yukawa couplings are ad hoc:

Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium - BSM Scenarios prediCt enhanced YUkawa COUpIingS
(Received 26 June 1964)

| - Unitarity bounds (through EFT) for fermion mass —
Volume 12, number 2 PHYSICS LETTERS 15 September 1964 - v
generation scale (142" gen) A<20TeV A~ y/—
BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS [Phys. Rev. Lett. 59, 2405 (1987); Phys.Rev. D71 (2005) 093009]
P. W. HIGGS o

Tait Institute of Mathematical Physics, University of Edinburgh, Scotland
Received 27 July 1964
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS
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SM Higgs boson production and decay at the LHC
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The Standard Model Higgs boson

ATLAS-CMS Higgs boson mass combination; 0.19% precision
e ATLAS measurement: 125.36 *0-37 (stat) *0-18 0414 45 (syst) GeV

ATLAS-CONF-2015-044

° . +0.26 +0.14
CMS measurement: 125.02 -0.27 (stat) -0.15 (syst) GeV ATLAS and CMS Preliminary  ATLAS
Phys.Rev.Lett 114 (2015) 191803 LHC Run 1
L L L L L L e s "'CMS
ATLAS and CMS —e—i Total Stat. 1 Syst. N -o- ATLAS+CMS
LHC Run 1 Total  Stat. Syst. E
ATLAS H—yy SHED S 126.02 + 0.51 (+ 0.43 + 0.27) GeV uyy - —tTo
CMS H—yy —e— 124.70 + 0.34 (+ 0.31£0.15) GeV ——
ATLAS H—ZZ —4l I | 124,51+ 0.52 (£ 0.52 £ 0.04) GeV — §
CMS H—ZZ -4l ——— 125.59 + 0.45 (+ 0.42 + 0.17) GeV 77 o
ATLAS+CMS yy I-—EI—-I 125.07 + 0.29 (+ 0.25 + 0.14) GeV u ' e —
ATLAS+CMS 4l I—}E—i 125.15 + 0.40 ( + 0.37 + 0.15) GeV —
ATLAS+CMS yy+4l —— 125.09 +0.24 ( +0.21+ 0.11) GeV I
M BT . |l . o by b by HWW '
123 124 125 126 127 128 129 -
o ISR R I I I IR L my [GeV] B :
1 6__ ATLAS and CMS 7 1T E °
- LHC Run 1 . H -'
- . . i —
1.4 Preliminary - . B :
1.2F - ubb —
Common coupling . ] ——

Scalln fora” 1__ __ IIIIIlIIIlIIIIIIIIIIIIIlIIIIIllIIIIIIII
all Bosons (kv); no 0.8 N Parameter value
BSM contributions T ]

0-60 CIATLAS - This was not unexpected, given the level of {
[ xSM  —68%CL CMS ] _ .
0.4 st it om0t OL %ATLAS+CMS - | agreement of the SM predictions with the Js‘
07 08 09 1T i 2 3 4 precision electroweak data |
ATLAS-CONF-2015-044 Ky B - o
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Higgs boson and precision electroweak observables
Common coupling scaling for all Fermions (kr) and for all Bosons (kv); no BSM contributions

Combination of ATLAS and CMS results. Average neglects correlations.

z|.I. 1-8 B | | | | I | | | | I | | | | I | | | | I | | | | I | | | | _

1.6 — . LHC experiments . EW-fit + LHC experiments |

B 68% and 95% CL fit contours 68% and 95% CL fit contours ]

B [L =3 TeV] —

1.4 | * Standard Model prediction & Fit minimum ]

1.2 [— —

1 -

0.8 — —

B Kv H Kv ]

0.6 — —

- zZIw zZIw ]

B ZIw —

0.4 —June 2016 ]

B fitter[]: 3

0 2 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 N
0.7 0.8 0.9 1 1.1 1.2 1.3

Ky

Global EW fit still more precise for ky than Higgs boson measurements
Kv>1 preferred (many BSM scenarios require kv<1)
Global EW fit has no effect on determination of kr

e

f» EXperimentaI information on Yukawa couling esntl _. T
| fully chgracterize the observed Higgs boson!

K. Nikolopoulos
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Yukawa couplings so far...

E>|> ||||| T T T TTTT] T T TTTTI T T T T i ATLAS-CONF-2015-044
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Particle mass [GeV]

— Currently, with the exception of h—1T1, no conclusive direct evidence for h—ffbar
— Indications for h—bb and tth, to be followed up in LHC Run Il
— Indirectly; Higgs boson should be coupling to top-quark in the gluon fusion loop
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Charm-quark Yukawa coupling

CHARM QUARK TACHYON

SPARTICLLEZ!'0

-~ | UNIVERSITYO©F
-y BIRMINGHAM 7
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Charm-quark Yukawa coupling

Recent substantial activity on probing the charm-quark Yukawa coupling at the LHC.
Two lines of attack (non-exhaustive list of references):

— Charm-tagging either at decays h—ccbar or production pp—hc
[ Phys.Rev. D89 (2014) 3, 033014; Phys.Rev. D92 (2015) 033016, arXiv:1507.0291 ]

— Exclusive decays h—Qy
[ Phys.Lett. B82 (1979) 411; Phys.Rev. D27 (1983) 2762; Yad.Fiz. 46, 864 (1987); Phys.Rev. D88 (2013) 053003;

Phys.Rev. D90 (2014) 113010, JHEP 1508 (2015) 012]

These searches are sensitive to BSM physics
[arXiv:1508.01501, arXiv:1504.04022, Phys. Rev. D 80, 076002, Phys. Lett. B665 (2008) 79]

K. Nikolopoulos Higgs boson rare decays Sep 24, 2015 & e HF&&?&%‘EX%Z 3



Charm Tagging

One may “re-interpret” the h—bbbar search . ; v

for anomalous h—ccbar production

— In the SM BR(h—ccbar)/BR(h—bbbar) ~ 5.1%

— Enhancement Y.: 1BR(h—ccbar), |BR(h—bbbar) [through 1T ]
— Constrains only a linear combination of yp and pc

— Need multiple b-tagging points

~ 0BRy; 0 BRyj €, €p, + 0 BRez €y €,
Mo = SM

SM
USMBR(,E USMBRbE €p, €b,
SM
- BR.." €, €c, y
— Mb C
BR,E%\4 €by by
_ ar1+90(175)

\\\\\ e = 95—95(180) at 68.3(95)% CL.

. \\ 5fb~!(7TeV)+20fb' (8TeV) |
\ Stat.+Monte Carlo Error ]
— Extracting info about Yukawa couplings:
account for new production modes y ,
C &
> - — — — — —
ke < 234 at 95% CL, !
s/c W/Z

; \ \ \\\\ \ \ . . .

e e s wo sy — No detailed experimental analysis performed yet!
He

[Phys.Rev. D92 (2015) 033016]
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Charm Tagging

— 400 . —— . —
ATLAS Preliminary _S 300 ATLAS Preliminary tt simulation, vs = 8 TeV -
*8' 200 ¢ Pt > 20 GeV, || < 2.5 -
[ JetFitterCharm
= 100¢ r
_al_>‘ i C_ontours_ give
tt simulation IS : cJet efficiency J
Vs =8TeV ., @ b - —'9 gg
Jet > 20 GeV . : 20}
|77| <25 o
JetFitterCharm ' 10 _
Jet Flavor
M b 3
M c JetFitterCharm ol S
B light medium tag CI’
-4 -2 0 2 4 1 2 3 4 10 20 30 40
ATL-PHYS-PUB-2015-001 log( Pc / ‘Plight) ATL-PHYS-PUB-2015-001 b-jet rejection

To resolve the two contributions improved c-tagging is needed

— ideally completely separate b- and c-jets

Future H—ccbar searches will benefit from dedicated c-tagging (ATL-PHYS-PUB-2015-001), already
applied in ATLAS scalar-charm search. [Phys.Rev.Lett. 114 (2015) 161801]

— - g

‘However:
|- complicated analysis with large QCD backgrounds
- signal sits on top of large (x20) h—bbbar “background”

- sensitivity to systematics of b/c-tagging efficiency
- need dedicated simulations for decay and productlon

K. Nikolopoulos Higgs boson rare decays Sep 24, 2015 & i EF&%&%‘EXKZ 10



Exclusive Decays h—Qy

Exclusive decays lead to distinct experimental signatures
— High-pT quarkonium back-to-back with a high-pT photon.

“Direct” amplitude “Indirect” contribution
1% V V
—p+q p+q
[ R [ R
p+q —p+q H
P+ a+ Dy —p+q-pN\¢  ATTTTTT

...... e R ~

. Direct amplitude alone: -

. — BRsm(H—J/py) = 5.48:108 : Phys.Rev. D88 (2013) 5, 053003

. — BRsm(H—Yy) = 3.84:107 :

Indirect amplitude: significant contribution, larger than direct amplitude

Destructive interference between the two — resolve coupling sign-ambiguity
D(H = J/$+7) = |[(11.940.2) — (.04 + 0.14)k,|* x 107 GeV  Phys.Rev. D90 (2014) 11, 113010

Br(h — J/v¥~

2.9540.07,,, & 0.06direct £ 0.14py) - 107°,
10~
Br(h — T(25)

) = (

Br(h — Y(15)7) = (4.61 £0.06 4, s =157 direct £ 022554
7) =
7) =

) -
2.34 4 0.045, ,¢ 000 diveet £ 0.1155,) - 1077,
) -

Br(h — Y(39) 2134 0.045, .o 075 girect £ 0.104 ) - 1077

T (35)

JHEP 1508 (2015) 012
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Exclusive Decays Z—Qy: J/y and Y

— Analogous Z boson decays also attracting significant attention
[Nucl. Phys. B 174, 317 (1980), Theor. Math. Phys. 170, 39 (2012), Phys.Rev. D92 (2015) 014007, JHEP 1504 (2015) 101]

— These exclusive final states are experimentally unconstrained
— Could be sensitive to BSM contributions
— LEP has accurately measured couplings to b- and c-quarks (~1%),
but couplings to light quarks less constrained
— Also possibility to study potentially FCNC processes (constrained only indirectly)

Recently, a number of numerical results
have appeared, for these decay rates.

JHEP 1504 (2015) 101

Decay mode

Branching ratio

70 — 10y

Z" = p™y

70 — wy

70 — ¢y
Z% — T/~

7Y — Y(15)~y
7Y — Y(4S) v
ZY = T (nS)~

(9.80 T5) . £0.03; £0.61,, +0.82,,) - 10712
+0.16; + 0.24,, +0.37,,) - 107°
+0.15; £ 0.29,, &+ 0.25,,) - 1078
(8.63 1515, +0.41; +0.55,, +0.74,,) - 1077
) .
)-1078
) .

)- 1078

(419 7506

(289 7505

(8.027F
(5.39 F
(1.227F
(9.96

0.14 +0.39
0.15 p + 0-20f —0.360
0.10 +0.11
0.10 1 + 0-08f —0.08 0
0.02 +0.02
0.02 i + O'13f —0.020

0.18 +0.20
0.19 p + 0°09f —0.150

108

1078
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week ending

PRL 114, 121801 (2015) PHYSICAL REVIEW LETTERS 27 MARCH 2015

Search for Higgs and Z Boson Decays to J/wy and Y (nS)y with the ATLAS Detector

G. Aad et al.”

(ATLAS Collaboration)
(Received 15 January 2015; published 26 March 2015)

A search for the decays of the Higgs and Z bosons to J/yy and Y (nS)y (n = 1,2, 3) is performed with
pp collision data samples corresponding to integrated luminosities of up to 20.3 fb=! collected at
/s = 8 TeV with the ATLAS detector at the CERN Large Hadron Collider. No significant excess of events
1s observed above expected backgrounds and 95% C.L. upper limits are placed on the branching fractions.
In the J/yy final state the limits are 1.5 x 107> and 2.6 x 107® for the Higgs and Z boson decays,
respectively, while in the Y(1S,2S,3S)y final states the limits are (1.3,1.9,1.3) x 107 and
(3.4,6.5,5.4) x 107°, respectively.

DOI: 10.1103/PhysRevLett.114.121801 PACS numbers: 14.80.Bn, 13.38.Dg, 14.70.Hp, 14.80.Ec

ATLAS performed the first search for these exclusive decays of the Higgs and Z bosons
H/Z—Qy, where Q = J/y or Y(nS), n=1,2,3

K. Nikolopoulos Higgs boson rare decays Sep 24t 2015 Eﬁ?ﬁ%‘ﬁﬁi 13



A Tor0|dal LHC ApparatuS
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h—J/py and h—Y(ns)y

Phys.Rev.Lett. 114 (2015) 121801
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h/Z—J/ypy and h/Z—Y(ns)y

Phys.Rev.Lett. 114 (2015) 121801

Categories
For this search simple - detector performance driven categorisation

— Muon pseudo-rapidity
— Both Central/One Non-Central
— Photon Unconverted/Converted

% :l | I L I T T B I | I | | | [ l: % :l | I L | T T I I | I T T I I L I:
83505 | o ATLAS : S 2500 + a ATLAS -
§300;_F" s=8TeVJ-Ldt=19.2fb'1_f § E—Fit s=8TeVJ-Ldt=19.2fb'1E
— - Jiy Loose Isol. Soft p_ - — 200 vy Loose Isol. Softp_  —
..g 250:—_“ Backaround J/y v channel —: % - Bl Bockaround J/y v channel il
) B g Barrel Categories i ) i g Endcap Categories ]
|_|>JQ()0:_ G =44+1 MeV - i 150 G =74+3MeV -
150F E 1ooi -
1001 - I ]
- : 501 —
o0 ] i i
0_ ------------ v 0_||||||||||||-|-|-|-|-|-|--|-|-|-|-|-|-|-|-:-||||||||||||

2.7 2.8 29 3.0 3.1 3.2 3.3 34 35 2.7 2.8 29 3.0 3.1 3.2 3.3 34 35

M, [GeV] m,.,- [GeV]

K. Nikolopoulos Higgs boson rare decays Sep 24t 2015 § @ Eﬁ%ﬁ%&‘ﬁﬁi 16



h—J/yy and h—Y(ns)y: Mass Resolution

barrel endcap
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h/Z—J/ypy and h/Z—Y(ns)y

Phys.Rev.Lett. 114 (2015) 121801

Background

— mostly inclusive quarkonium with jet “seen” as y

— small component of combinatoric

— Non-parametric data-driven background estimation
— for Y(nS)y also Z—pupyrsr from side-band fit
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h/Z—J/py and h/Z—Y(ns)y: Results
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L1 == Y(nS) L == T(ns) i = 25 == T(nS)
=== ZFSR === 7 FSR - o F == ZFSR
50 [CJH[B=107] [ H[B=107] h Lﬁ C [ H[B=107]
) Z[B=107] 30 ) Z[B=107 . 20 ) Z[B=10"]
40 :
- 15
30 20 .
] ) . i
2 ’ A S 5
10 5 | |
O * * mtlﬁ}nmun 11 1 ] O:
40 80 120 160 200 0 50 100 150 200 8 85 9 95 10 105 11 115 12
m,,., [GeV] pi’” [GeV] m,, [GeV]
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10

95% CL upper limit on Branching Fraction

10—5 -
Theory
106 | A
C A )
5\& &Q’
7 2
2 5

h/Z—J/py and h/Z—Y(ns)y: Results

ATLAS  +s5=8TeV

H/Z - Qy
o Observed E
== Expected (+1, 20)

95% CL, Upper Limits

J[0 ] T(S) [ X(5) [ Y(35) [ 5" X(uS)

B(Z — Qv)[107°]

Expected | 2.0758 | 49137 | 6.2132 | 54137 8.8+ 7
Observed 2.6 3.4 6.5 5.4 7.9
B(H — Q~)[1073]
Expected | 12755 | 1.8702 | 2170 | 1.8%02 2.5103
Observed 1.5 1.3 1.9 1.3 2.0
o(pp— H) x B(H — Q) [fb]
Expected | 26712 | 38719 | 45720 | 38%19 54731
Observed 33 29 41 28 44

Phys.Rev.Lett. 114 (2015) 12, 121801

First search for H/'Z—Qy, will constitute the

" basis for Run 2 and HL-LHC extrapolations

BR 95% CLs upper limits:
~10-3 level for Higgs boson (SM production)
decays and ~10° for the Z boson decays

CMS recently obtained 95% CL upper limit on
BR[H—(J/w)y] < 1.5x10-3 [arXiv:1507.03031]
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h—ZJ/y and h—ZY(nS)

Deviation

. =
- H - H 500m
zZ 1% v 1%
| E h—>ZQ could be another way to approach the charm/bottom Yukawa
i couplings, quite similar to the exclusive h—Qy decays discussed earlier.
Br(H — ZV) J/(1S) T(1S) 0 5 X
Brr, 1.75 x 107° 1.68x107° I"' =I"1rE, +1'ok% .. + 1'ars+
Brr, 1.14 x 107° 8.33 x 107% 1™V 202y 7@
Brr 8.52 x 107° 5.80 x 1077 Tiokvk Tiak5v K Tock 7k
Brr.., 4.50 x 1077 1.10 x 10~° 12V zy 13RVAQ 232y VG
Brr,, 3.89 x 107%® 2.89 x 107°
Brr,, 1.97 x 10~ 7 4.40 x 10~7
2rXiv-1411.2210 , alas, need to account for additional
BR(Z—ee/uu) ~6%
~ - —— and properly evaluate S/B
| BRsm(h—J/py) = BRSM(h—>ZJ/L|J)

,/j '
4

K. Nikolopoulos
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LHC Run Il

LHC Pagel Fill: 4402 E: 6500 GeV t(SB): 00:46:54 21-09-15 21:47:16

PROTON PHYSICS: STABLE BEAMS

6500 GeV 1(B1): 1.24e+14 1(B2): 1.23e+14

,I_'_' : T T T | T T T | T T T I T T = 'LF T T TT | T 1T | L I T T | I | L | L | L I LI I 17171
O - . H - - . - —
S 900 ATLAS Online Luminosity  /s=13Tev 7 S B ATLAS Online Luminosity 2015, Vs=13 TeV -
Z 800k ] LHC Delivered E red - .
S 700§ ATLAS Recorded s > °C B 5S0ns: <u>=20 —
- — D - : _ .
g - Total Delivered: 710 pb™ Q - R 25ns: <u>=17 -
1 600 1 £ 4
= —  Total Recorded: 647 pb = = - .
o) - - S - -
g o I < =
8 400;— _; g : E
= 300 = 2 2 =
b - = e N ]
S 200 E 1 -
100 = - -
Ot |, S R o SWE N .
24/05 22/06 22/07 21/08 20/09 05 10 15 20 25 30 35 40 45 0
Day in 2015 Mean Number of Interactions per Crossing
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First resonances in Run |l

Candidates / 0.02 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-039
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-039
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/EGAM-2015-003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/EGAM-2015-003

J/y production at 13 TeV: prompt vs non-prompt fraction
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LHC/HL-LHC Plan

LHC / HL-LHC Plan

High
Luminosity
LHC

LHC
LS EYETS 14 TeV 14 TeV
13-14 TeV energy
injector upgrade S5to7x
splice consolidation cryogenics Point 4 o nominal
- SPS 2 : _cryolimit N i i R
7 TeV 8 TeV butl:;Ec::l:ir::‘tors = sT:‘;'::;?:n i :g;igﬁ gn HL-LHC installation luminosity
collimation

79%

nominal nominal luminosity

luminosity I experiment beam pipes I/"

radiation
damage

2 x nominal luminosity ‘I

]| experiment upgrade |l !

phrase 1

cmy 7

__Runl | | today

i ’Q

e B P |11 ] “

experiment upgrade phase 2

luminosity

" Runli " Run il HL-LHC

* Run Il will provide x5-6 more integrated luminosity compared to Run |
| « Aiming for 3000 fb-! by 2035
{ » Experiments will be upgraded ATLAS to go for an new all Si tracker

K. Nikolopoulos
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Charm Tagging in HL-LHC

Rb

LHC run H and HL- LHC LHC run H and HL- LHC
10 | Proﬁllng @ 95% oL G 10 | Proﬁhng @ 95% oL 7] €b €c €l
[ [fb=1] 2x300  2x3000 o ) [ [fb=1] 2x300  2x3000 ) -
[ Ky €[0.7,7.2] €[0.9,1.6] e _ [ Ky €[0.7,4.7] €][0.9,1.3] ] b-tagging 0% 20% 1.25%
ke <38 <5.6 /,/ /I ] i ke <21 <3.7 TN ] .
&y 7 _ [ 01 e /,' | c-tagging I 13%  19%  0.5%
// @0/ // / it /9@ / | c-tagging II 20% 30%  0.5%
Kol / / .
. /7 . | e J | c-tagging IIT  20% 50%  0.5%
7/ // / // - //
/s // e /// /s 1
/7 d. b-tag+c-t 1- " g / ’/ d. b-tag+c-t II- 2x3000 fb-
y; // med. b-tagtc-tagl| p—""7"  _ -~ / / me ag+tc-tag
/,/ e ——— 2%300fb~! e / ——= 2x300fb~1 |KC|525'55 at 95%CL
—— 2x3000fb~! / — 2x3000fb~1 .
e —— depending on the
Fie Fe c-tagging scenario

arXiv:1507.0291

For the HL-LHC the pp—hc could be potentially g@%@% /,h o
employed (using high purity Higgs boson decays) .\

to probe the charm Yukawa coupling . /

SM cross section o(pp—hc)~166 fb . NI N :
| —sch(—yy) 3000 b

Main backgrounds are kel O o.gg 0.5 é.?5vv)1 1.25/1.5]1.75] 2
pp—hg (0~12pb) [with g—cc (~55fb)] and s |I874] 877 [885] 899 [917/ 941 [973]1008] 1052
op—hb (G~200fb)
2%x3000 fb-" |KC|52 at 95%CL Kell2.25] 2.5 |2.75| 3 [3.25] 3.5 |3.75| 4 |4.25| 4.5
[PT>20 GeV, ||<5, DR(1j2)>0.4. £:=0.4. £y c=1%. €5 .c=30%] |5 111097]1148]1206]1276]1350] 1424 1504] 1590[ 1683[ 1786
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h/Z—J/py and h/Z—Y(ns)y: at Run ll/lll and HL-LHC

This is a nice and, relatively, clean final state.
| Fun and interesting thing to do!
' A few drawbacks of these exclusive decays:
1) Small branching ratio, a handful of events expected even at HL-LHC
2) At SM sensitivity significant contribution from non-resonant h—upy ~3xh—J/py and Z—puuy
3) This channel is also affected by potential “anomalies” in the h—yy loop

3000 fb' @ 14 TeV

J /W y Final state
Expected Background Signal
Inclusive QCD Other Backgrounds — I Ly B s e s s s B
Mass R GeV Z—-utu~y Hywy — utu” > - . : ]
80—12(1)55 angel[15?13']5 R vy T RRY 7 8 900:_ ATLAS Simulation _:
Cut Based Analysis ~ 7800+£500 3500+400 780 100  15.1 1.4 62+3  3.120.1 o - Preliminary ]
Multivariate Analysis 1700+200 13.7 1.3 2.8+0.1 g 800:— s=14 TeV, 3000 fb'1 —:
%) - e Data (Bkg. Only) -
§ 700 — S+B Fit B
L1 _ [] Background N
600 []H Signal x 100
Expected branching ratio limit at 95% CL 500 = [ZSignalx10 3
BH - J[yy)[1076] B(Z - Jyy)[1077 ] : .
Cut Based Multivariate Analysis Cut Based 400 - e
-1 81 69 2.7 - .
300 fb 18575, 1537 7.0"5, 300 =
-1 24 19 1.9 n .
3000 fb 55775 44705 4.477 200:_ E
Standard Model expectation - .
BH - Jpy)[107¢] B(Z > J/yy)[1077 ] 1001 =
2'9 i 0'2 O°80 i 0'05 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 :
60 80 100 120 140 160 180
m,., (GeV)
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Light-Quark Yukawa couplings

Initially, considered impossible at the LHC, recent activity on its feasibility:

— Exploit the exclusive decays H—Qy as direct probe to the quark Yukawa couplings
[ Phys.Rev.Lett. 114 (2015) 101802 ]

— Sensitive to BSM physics [Phys. Rev. D 80, 076002, Phys. Lett. B665 (2008) 79, Phys.Rev. D90 (2014) 115022]

The idea is to benefit from the interference of the “direct” and “indirect” amplitudes!

i ; N\
BRj.g K&,[(3.0£0.3)k, —0.78%,] x 107

BR, ,; 0.57k3

BR,_, & [(1.940.2)c,—0.24%,~0.12%,] x 10~

-—— - -———>-- BR,_ .5 0.57k3 ’

h h BR)_,, &, [(1.6+0.2)k,—0.59%, —0.29%,] x 10~
BR, ., 0.57k ’

W]

|

K g

N\ s Phys.Rev.Lett. 114 (2015) 101802

Br(h — p’v) = (1.68 £ 0.02;, £ 0.08),,,,) - 107,
Br(h — wvy) = (1.48 £0.03;, £ 0.07)_,,) - 107°,
Br(h — ¢7) = (2.31 £0.03y, £ 0.11;,,,) - 107°,

JHEP 1508 (2015) 012
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Light-Quark Yukawa couplings

BRh_,(m,/BRh_)M Phys.Rev.Lett. 114 (2015) 101802
1.5 Fromms

1.0
0.5t
1S 0.0}

_0.5F

—10f

07 08 09 10 L1 12 13

K
Ry
P—K*K- (BrR=48.9%), ~8 events 100 fb-' @14 TeV!
wW— T T 1Y (BR=89.2%) Similar rate
P—TT*1T" (BR~100%) €Xpect ~100 events!

Interesting/experimentally challenging topologies!
- triggering on a photon + narrow hadronic jet
— will benefit from ATLAS FTK
- boosted decays but overwhelming QCD backgrounds,
- ['v and w-p interference

arXiv:1505.06689
Preliminary “back-of-the-envelope” study gives pessimistic prospects of k<O (2000) at the HL-LHC
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Summary

1stzilfwa Sn%”gp;'{,‘?s 31 gen. EWSB Yukawa sector likely the least theoretically motivated
mas = <23 Mol marscee | wmsorcwe | o | and constrained part of the Standard Model
- @ @Y/ @ G — Particularly true for 1st/2nd generation.
up charm top gluon g'(')ggrs]
e e : A wealth of information has been collected over the
@ @@ | N last few years on the nature of the Higgs boson
down T bottom ohoton — Yukawa sector still relatively unconstrained
'@ . @!. @ a New Physics could be lurking here!
electron muon tau Z boson
(o 04 Gevic Currently, under intense phenomenological and
SR TR /R W experimental focus; new results
% r?tlaeu%rigg Neutno nelgztartilno W boson (H/Z_)J/LIJV’ H/Z_)YY’ etC)
and new ideas/approaches to probe this sector at
the LHC appear!
LHC / HL-LHC Plan @?H%‘y
LHC
| Most importantly: |
rrov STV | TR | e | 0, | ingenuity, both from both theory
B | e - - 11 » and experiment, will be crucial to
) - achieve such an enhancement of |
/::ﬁ:‘gz,i'wl e e B e A I i | the LHC phySICS pote nt|a|
Exs (150" (300 " s — —n —

‘Q} UNIVERSITY©F

Sep 24, 2015 BIRMINGHAM 13
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h/Z—J/yy and h/Z—Y(ns)y: Systematics

Source Signal Yield Uncertainty | Estimated From

Total H cross section 12% QCD scale variation and

Total Z cross section 4% PDF uncertainties

Integrated Luminosity 2.8% Calibration observ.abl.e ;j\rnd
vdM scan uncertainties

Trigger Efficiency 1.7%

Photon ID Efficiency Up to 0.7% Data driven techniques with

Muon ID Efficiency Up to 0.4% Z =00, Z = {74~ and

Photon Energy Scale 0.2% J/ — p"p” events

Muon Momentum Scale Negligible
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FCNC Z—Qy decays

relative to new physics

contributions
Decay mode Branching ratio SM background
7% — K% | [(7.70 £ 0.83) |vsq|* + (0.01 £ 0.01) |asq|?] - 1078 sinQ)\HW @ 2.1073
s Dy | (63080 o+ 02 ) ] 107 | g 210
2% = B | [(2.08T83) [obal? + (0.777035) lapal?] - 1077 | 25— 2 ~8-107°
205 By | [(264798) [opl? + (0.8793) agef?] - 107
K. Nikolopoulos Higgs boson rare decays Sep 24", 2015 § @ BIRMINGHAM
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« Most promising for down-type fermion/lepton couplings Evz:t?:zé;‘;gigog 2012-11-05 09:48:46 UTC
« Backgrounds ;j-prong
« Z — 1T dominant [embedding]
» “Fakes”: Multijet, W+jets, top [data-driven]
 “Other”: Dibosons/H->WW* [MC]
* Three sub-channels: TiepTiep, TiepThad, ThadThad

« Two exclusive categories/final state: VBF (2 jets with
large An) and Boosted (large di-tau pT)

« BDT for each category: di-tau properties (m, AR, ...), jet | Y ‘ AT I.AS
topology (mj, Anj, ...), event activity/topology (scalar/vector | ¥ * -?_ L EXPERIMENT
pT Sum, ObJeCt CentralltleS, ) epT = 56 GeV Thad pT =27 GeV MET=113 GeV Mmj1 12—1 53 TeV
nMMC=129 GeV, BDT score = 0.99. S/B ratio of this bin 1.0
> 0,22_ T T I I | I T I I | I I I T T I I L l\ N T T I I | I T I I T T I I | T I I ! i v I T I I | I T T T T T I I I T T I =
8 0 zi_mhad + et,,, VBF ATLAS q4 - 10%E Hhad * €Thag VBF —e— Data 1o . ThadThad VBF —e— Data
© 54 8— — 7o Myen(Z—77) = 92.4 GeV 2 " \s=8TeV,20.3fb" L Z§]§§§ gﬁ: )4)§B 10 \s=8TeV, 20.3 fb _ Zgggg Eﬁz )4)
~0. e H{125)tr  MeeadHoT) = 1232 GeV % ,[ ATLAS — AN 1 g 10° ATLAS B 7 ]
T 0.16 FWHM/m,, = 30 % ] G>J 10 E B Others _E Lﬁ I Others E
S C ’ I Fake 1 : I Fake 1
w 0.14¢ E = 2222 Uncert. 10° 2222 Uncert. 3
50.12)- 4 10
c - ]
2 0.1 E 10
T 0.08] = 10 1
0.061 =
:_ —: E T T I T T | T T T | T T T I E T I T T T | T T I T T
0.04 1 8 15 ; g 1.5
002:— ¥ _: E 1-eo—e—0—5 L) ME 1 ® ¥ ////*#///W /%///L ______
T ek A S R R T = © I (qv] L
OO 50 100 150 2004(_6‘ 0.5 1 1 1 1 | 1 1 1 1 l 1 1 1 1 I 1 1 1 1 E 0.5 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
mMMC [GeV] -1 -0.5 0 0.5 = -1 -0.5 0 0.5 1
arXiv:1501.04943 BDT output BDT output
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H—T1T: Results

_ o arXiv:1501.04943 > s ,
5 10°F o 4 8 [ ATAS o Data 1 . Evidence observed for Higgs
5 | losganaer | = OOp % VBFBoosted -l IS | hoson decays to T-leptons
C e IPUPUNE LTS Background (u=0) | 'g [ 1s=7TeV,4.51b 1 Il Others ] 1 i
2 100k B ooy 4 2 60 15=8TeV.20307 o Fales - significance at 125 GeV
: S NS e E ATLAS: 4.50 (3.40)
B 1 @ B -
£ . = 20 ]
: : B - Rate measurement
e - 0 ATLAS |J=1 .43+0'27-0.26(Stat)
- ATLAS = g 20F | $ 11 79325 25(syst) £ 0.09 (theo syst)
_ \s=8TeV,203f0" |7 : i g [ @ mr=125.36 GeV ]
TE 1s=7TeV, 451" E s | CMS p=0.78 + 0.27
‘I_' | I iy | | | i I | I | I s W | [ | I s W | | 11 1 I 1 I: g : _
-4 -3 -2 -1 0 1 ° § ' . . . - — [@mH2 GeV] ——
2 50 100 150 200
Iogm(s / B) MMC [GeV]

CMS, 4.9 fb"at 7 TeV, 19.7 fb"' at 8 TeV

; L S 4(I)- ZZ SM H(125 GeV)—l-n - d:, 1 I I : —O—l Obs:arvedl !
Q 5 Ut , €Ty, Ty Ty, U —— Data - background I B . N—— R TR ! Parabolic fit P A
O 2500 |- 4[] Bkg. uncertainty S107'F 0. A B . H (125 GeV) Expected /|
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— L — - o E d
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€ 2000 |- S
O I =l 43
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3 1500 [ R . IS
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'g, 1000 |- o= == (s)rs:(r::z eV —e— Observed p-value
.d-) [ | I Z—1t
= I O s T 1A S —— Expected for SM H(m )
Py B [ Electroweak 7 E 20
m 500 C—J acp 7 -
+ [ JHEP 1405 (2014) 104
L - 1
-’ B (0]
\ 0 1 I 1 1 L I 1 1 1
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. . UNIVERSITYOF
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H—J/yy and H—>Y(ns)y

_IlllllllllllllIlIIIIIIIlIIIIIIIIIIIII_ _IIII|IIII|IIII|IIIIIIIII|IIIIIIIIIIIII_
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H—J/yy and H—-Y(ns)y

Phys.Rev.Lett. 114 (2015) 12, 121801

—III|IIIIIIIIIIIIIIIIII|IIIIIIIII|IIIII

ev

i 1 > -
- | IIII|IIII|IIIIIIII|IIII|III]|IIII|IIII
5 180F ATLAS Inclusive Category - 8 1 40: ATLAS Inclusive Category : E 1 00_— ATLAS Indlusive Category -
<t L s=8TeV J. Ldt=20.3fb" Loose Isol. Nominal p 1 < L s=8TeV J. L dt=20.3fb" Loose Isol. Nominal p 4 | 4 ) |
—~ 160+ T 120 T 1 s=8TeV j Ldt=20.3fb Loose Isol. Nominal p_
[9)) L Y(nS) y channel ¢ Data 1 o»n ~ Y(nS) y channel ¢ Data 1 < B T
= 140__ B 1ol BKod 1 € - == 1ol Bad i O 80 Y(nS)ychannel ¢ Data —
2 I N A 1 2100 R nen oo 1 & - ~ Incl. Bkgd. :
1 1 20__ Izncl. il::;j Shape Syst. 11 - Izncl. i'::’: Shape Syst. . £ : Incl. Bkgd. Shape Syst. :
C - < ] - - 4 O o
100E ——Z 5 Y(nS) y(B=5x10°) " 80 —Z > TMS) Y(B=5x10°y] |§) 60__ _z_”;“; 55 10
C —H > Y(nS) y(B=2x10")] - —H > Y(nS) y(B=2x10")" i = Y(nS) v (B =35 x .3)_
80:— _: 60— ] i —H->Y(nS)y(B=2x10")
60: . $ i 40
B i 40_— ] L
40'_ _‘ N i -
- . 20§ N 20
20 e i ] '
O:¢ ’ L2 - lllllllllll’l-l,l’l-l 0_&_LIII|IIIIIlI|III ‘ .‘-‘Efu-ﬂ- 0_|'|||||1||_M ||||||||||1-
20 100 150 200 0O 20 40 60 80 100 120 140 8 85 9 95 10 105 11 115 1
Wy
My [GEV] P, [GeV] M- [GeV]

K. Nikolopoulos Higgs boson rare decays Sep 24t 2015 EF&?&%‘EX;Z 37



H—J/yy and H—>Y(ns)y
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Light-Quark Yukawa couplings

This was also considered impossible for the LHC. Recent activity on its feasibility:

— Exploit the exclusive decays H—Qy as direct probe to the quark Yukawa couplings
[ Phys.Rev.Lett. 114 (2015) 10, 101802 ]

— Sensitive to BSM physics [Phys. Rev. D 80, 076002, Phys. Lett. B665 (2008) 79, Phys.Rev. D90 (2014) 115022]

The idea is to benefit from the interference of the “direct” and “indirect” amplitudes!
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Higgs in Run Il and beyond
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Prospects for Run lI/lll and HL-LHC
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