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Standard Model nggs boson decays

s

LHC HIGGS XS WG 2013

The talk title is a bit too wide:
— Many “rare” Higgs boson decays

i

Focus on exclusive Higgs bon )
decays that carry information on |
(Ilght) fermion Yukawa couplmgs 1‘

|

—h
Q
N

Higgs BR + Total Uncert
S
|

Concentrate on ATLAS results,
but when relevant/available CMS

1 0-3 — plots also shown
; Also relevant theory results presented
] As suggested, will not focus on the
al o . 1 o results, but try to give an idea of the
107 ¢, \ 500 300 400 1000 experiment/theory issues
M, [GeV]

mnr~125 GeV gives access to several decay channels
Gauge bosons: vy, ZZ*, WW* Zy
Fermions: bb, 11, uM
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Yukawa couplings so far...

19.7fb" (8 TeV) + 5.1 16" (7 TeV)

>> _|||||| T T TTITTT] T T TTTTT T T T TTTT] T I— g :"l LR AL | LR R AL T T TTTIT] .
EJ; .| ATLAS Preliminary t. = [CMS L
— E_ Ra . = N — enTTR . -
_ " s=7TeV,45-47 {0 B =, 3 A -
° F s=8Tev, 2031 L1 2 :
e ) = - [=-68%CL | A .
u 10 — Observed - _10F | — aro =
- - --- SM Expected ] < - 9% (_:L =
- : [ |---SM Higgs u
Al re . 10%E E
10 - IT - : .
- P fc - — -
_ b : oL M.e)fit | _
10° - E : =68%CL | 1
: [ 5 —95%CL | -
_|.|1 Ll Ll Ll I |_ 10'4 1 lllllllI I lllllll | lllllll ] —

10" 10 102 0.1 1 10 100
Particle mass [GeV] Particle mass (GeV)

— Currently, with the exception of h—1T, 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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Higgs boson and precision electroweak observables
Common coupling scaling for all Fermions (kr) and for all Bosons (kv); no BSM contributions

ATLAS CONF 2015 007
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h—pp

- Attainable probe for 2nd gen. Yukawa Howw 197" (8TeV) Howw : 19'7.ff’_1.(§Te.V)
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Will benefit from detector upgrades.

m,., [GeV]
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h—ee

Very rare decay of the SM Higgs BR~5- 19;9

[“direct” process non-Yukawa suppressed contributions
need to be included Phys.Lett. B727 (2013) 424]

- BRsm(h—711)/BRsm(h—ee) ~ 1.3-107
Not promising to constrain the electron
SM Yukawa coupling meaningfully

Performed by CMS, together with h—pp
- simple final state:
electron-positron pair, pT>25GeV
- backgrounds: Z/y*—ee, and some ttbar
- Categorization:
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Charm-quark Yukawa coupling

CHARM QUARK

sPARTICLLEZ 10

Substantial recent activity on probing directly the charm-quark Yukawa coupling at the LHC.

Two lines of attack (non-exhaustive list of references):

— Look for H—ccbar using charm-tagging, in a manner similar to the H—bbbar

| Phys.Rev. D89 (2014) 3, 033014; arXiv:1503.00290 ]

— Exploit the exclusive decays H—Qy as direct probe to the quark Yukawa couplings

[ arXiv:1505.03870, Phys.Lett. B82 (1979) 411; Phys.Rev. D27 (1983) 2762; Yad.Fiz. 46, 864 (1987);
Phys.Rev. D88 (2013) 5, 053003; Phys.Rev. D90 (2014) 11, 113010, arXiv:1505.03870 [hep-ph] ]

— Sensitive to BSM physics [arXiv:1504.04022, Phys. Rev. D 80, 076002, Phys. Lett. B665 (2008) 79]

UNIVERSITY©F
BIRMINGHAM 7
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Charm Tagging

One may “re-interpret” the h—bbbar search to include the possibility of anomalous ¢ Z

h—ccbar production

— In the SM BR(h—ccbar)/BR(h—bbbar) ~ 5.1% q
— Enhancement in the charm Yukawa: 1BR(h—ccbar), |BR(h—bbbar) [through 1T ]
— Constrains only a linear combination of y, and uc — need multiple b-tagging pointsq

o) BR’bE
osmBR:

0 BRyj e, €0, + 0 BRez €, €y

Uy = SM
O'SMBRbE Ebl 652

SM
BR:" €, €c,

— Mp + C
H BR,%\4 €b, €by H

[arXiv:1503.00290]

He = 957 g0t 100 at 68.3(95)% CL.

T SO S~ (7TeV)+20fb ™ (8TeV). — Extracting info about Yukawa couplings:
\\\ \ Stat.+Monte Carlo Error | accou nt for new production mOd es
2:\\ N ¢ h
1 - '
o | ke < 234 at 95% CL
0 o |
| \(\:\ s/c . W/Z
_2
NN N — No experiment has performed this analysis yet!

[arXiv:1503.00290]

- = UNIVERSITYO©F
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Charm Tagging

a} ATLAS Preliminary _S 300 ATLAS Preliminary tt simulation, vs = 8 TeV -
~ 2 ‘g 200} Pt > 20 GeV, || < 2.5 -
E"_/ [ 100 JetFitterCharm
&0 = 2 __
ie) _dl_>, C_ontours_ give

O ¥ simulation Em c-jet efficiency |

Vs=8TeV =
P > 20 GeV
-2 |77| <25

JetFitterCharm

-4 1 Jet Flavor

JetFitterCharm Q

1M 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 you would like to completely separate b- and c-jets

— Future H—ccbar searches will benefit from dedicated c-tagging, already applied in ATLAS
scalar-charm search. [arXiv:1501.01325]

However:

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

- sensitivity to systematics of b/c-tagging efficiency

- need dedicated simulations for decay and productlon
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Exclusive Decays h—Qy

These exclusive decays can lead to quite distinct experimental signatures:
— Decay of a high-pT Quarkonium back-to-back with a high-pT photon.

"Direct” amplitude “Indirect” contribution
V V 1%
—p+q p+q
[ G 7 G
p+q —p+q o
P+ a+p, -ptg-p,N¢ T
Y e S ~

. Direct amplitude alone:
. — BRsm(H—J/ypy) = 5.48-108 : Phys.Rev. D88 (2013) 5, 053003

— BRsm(H—YY) = 3.84:107

However, the indirect amplitude corresponds to a significant contribution

— Larger than the direct amplitude

— Negative interference between the two amplltudes could help resolve coupling sign-ambiguity
D(H = J/+7) = |[(11.940.2) — (.04 + 0.14)k,|" x 10710 GeV

Bsm(H — J/¢ +7) = 2797515 x 107°, Br(h — J/¥7) = (2.95 £ 0.07;,,, % 0.06direce £ 0.14 ) - 1075,
Bsm[H — T(18) + 4] = 6.117371 x 10717, Br(h — (1)) = (4.61 £ 0.064, 4 123 direct = 0.224,) - 1077,
Bam[H — Y(25) + 7] = 2.027158 x 1077, Br(h — Y(28) 7) = (2.34 £ 0.04f, 5, T 09 direct £ 0.11j5) - 1077,
Bsu[H — T(3S) + 1] = 2.44+17 « 1070, Br(h — T(35)7) = (2.13 £ 0.045, ;¢ =713 direct £ 0.104,,) - 1077

Phys.Rev. D90 (2014) 11, 113010 arXiv:1505.03870 [hep-ph]
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Exclusive Decays Z—Qy: J/y and Y

— The analogous Z boson decays also attracting significant attention
[Nucl. Phys. B 174, 317 (1980), Theor. Math. Phys. 170, 39 (2012), arXiv:1411.5924, 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.

Deviation

=

[500m

Recently, a number of numerical results have appeared,

regarding the predictions on these decay rates.

JHEP 1504 (2015) 101

Decay mode

Branching ratio

Bsy(Z — J/ +7) = (9.96 £ 1.86) x 107°,

~~
~.
~.
~.

Bsy(Z — Y(1S) +7) = (4.93 £0.51) x 107%, |«

~.
~.
~~
~.
~..
~a.
~ o

Z° — 7% | (980 %01, £0.035 £0.61,, +0.82,,) - 107"
arxiv:1411.5924 70 = Oy | (419799 +£0.165 £ 0.244, +0.37,,) - 1077

70 — wy (2.89 008 o £ 0.15; £ 0.29,, +0.25,,) - 1078
2 20— oy (8.63 7005, +0.41; +0.55,, = 0.74,,) - 1077

................... A 20y Ty (8.0270M +£0.20, 703 y.10%

Bsyu(Z — ¢ +7) = (1.17£0.08) x 107°.| R0 T (1S) A (5.39 7010 £ 0.08, 0L ). 1078
70 — Y(48) v (1.227002  +0.13; 7592 ,)- 1078

70 = Y(nS)y (9.96 7015, +£0.09, 3% ,)- 1078

9
. | 2
consistent when rescaled
to up-to-date value of 7y
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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
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h—J/pgy and h—Y(ns)y

Phys.Rev.Lett. 114 (2015) 12, 121801 > A U AR - P A R AR RN
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h—J/pgy and h—Y(ns)y

Phys.Rev.Lett. 114 (2015) 12, 121801
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h—J/yy and h—Y(ns)y: Results
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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

107°

95% CL upper limit on Branching Fraction

10°©

h—J/yy and h—Y(ns)y: Results

2
A Y
& & &

ATLAS  s5=8TeV

20.3fb

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

20.3 fb! o
20.3 fb 20.3 b

19.2 fb! ---

S0 2 & S & S S
Ve Ve 2 A 2 2 Ve Ve
Q Ny Q 4% 0% 4% 4%

95% CL, Upper Limits

J/0 T Y(AS) [ Y(2S) [ Y(BS) [ X" Y(nS)
B(Z — Q~v)[107°]
Expected | 2.075% | 4.9775 | 62133 | 54721 8.8+ 7
Observed 2.6 3.4 6.5 5.4 7.9
B(H — Q~)[1073]
Expected | 1.2705 | 18702 | 2.1%54 | 1.8702 | 25733
Observed 1.5 1.3 1.9 1.3 2.0
o(pp— H) x B(H = Q~) [fb]
Expected | 26712 3811 45193 3811 54121
Observed 33 29 41 28 44

2) At SM sensitivity significant contribution from non-

3) This channel is also affected by potential “anomalies” in

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

resonant h—upy ~3xh—J/py

the h—yy loop

K. Nikolopoulos

Higgs boson rare decays

UNIVERSITY©F

May 227, 2015 %@ BIRMINGHAM 44



h—ZJ/y and h—2ZY(nS): A short note

arXiv:1411.2210

Z
SRR TR
Z 1% o 1%
| h%ZQ could be another way to approach the charm/
| bottom Yukawa couplings, quite similar to the
m exclusive h—Qy decays discussed earlier.
arXiv:1411.2210
Br(H — ZV) J/(1S) T(1S)
Brr, 1.75 x 107° 1.68x 107 ° " Plh‘, - an - I‘3n +
Brr, 1.14 x 10~ 8.33 x 10~% 4 Zn Q
BTPS 8.52 x 1079 5.80 x 107 F Kiv K F Kv K F K K
Brr., 4.50 x 1077 1.10 x 1078 120V vz 13V IRQ 232y G
Brr,, 3.89 x 107%® 2.89 x 107°
Brr,, 1.97 x 10~ 7 4.40 x 10~7 unfortunately

[

g

need to account for the additional
BR(Z—ee/upy) ~6%

!‘ BRSM(hﬁJ/ py) =

BRSM—>ZJ/L|J

and properly evaluate S/B
A

K. Nikolopoulos
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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) 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!

S ; AN
;L— - - - }—L -— - -
\ . Ty
~ —6
BRy_z, K,[(3.00.3)c,—0.78%,] x 10~ BRh—mS'y 310 Br(h — pov) = (1.68 £0.02f, £ 0.08;,) - 1072,

BR, ,; 0.57x2

BRh_W_Ky[(1.9:i:0.2)1<7,—0.24l_<u—0.12l_cd]X10_5’ BRh_)p’Y 1.9 . 10_5 Br(h — (U’Y) = (]_48 + OOwa + O-O7h—>77) . 10_6,

BR, ,; 0.57k2
BRiy, K, [(1.6£02),~0.59%, ~0.29%,] < 10° . Br(h— ¢y)=(231+0.03;, £0.114_,,) - 1079,
BR,_s5 0.57x; ’ BRh—>w’y 16 y ]_O 6 ’ e

arXiv:1505.03870 [hep-ph]
Phys.Rev.Lett. 114 (2015) 10, 101802
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Light-Quark Yukawa couplings

BRh_,m,/BRilfq,y

L5 F

1.0
0.5t
S 00F

_0.5F

—10f

07 08 09 1.0 L1 12 13

 @—K'K- (8r=48.9%), ~8 events 100fb"! @14 TeV!
| wW— T T 1TV (BR=89.2%) Similar rate
O—TT* 11" (BR~100%) eXpect ~100 events!

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

- ['p and w-p interference

K. Nikolopoulos Higgs boson rare decays May 22nd, 2015 Eﬁ?ﬁ%‘ﬁﬁi 19



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 oo : New Physics could be lurking here!
O 9-0| @

e S o ohoton A wealth of information has been collected over the
Jm— — —— — last few years on the nature of the Higgs boson
'@ . @ . @ a — Yukawa sector still relatively unconstrained

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_)J/LIJV’ H_)YY’ etC)

and new ideas/approaches to probe this sector at
the LHC appear!
LHC / HL-LHC Plan @?H%‘y
LHC
| Most importantly: |

pry STev | EEEEED g | o | 2, | ingenuity, both from both theory
B | e - - 11 » and experiment, will be crucial to

) - achieve such an enhancement of |
/::ﬁ:‘g;ﬂwl cxpariment b ies e D e ‘ th e LHC phySICS pote ntlal

Extil X Exsl s — — —

‘Q} UNIVERSITY©F

May 227, 2015 BIRMINGHAM o
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SM Higgs boson production at the LHC

- I ; I 4 86%
. — . S my = 125 GeV
O B S
o N o
< g
X 10 g
E
B 7%
| i e Mk = 125 GeV
o 1 B =
b \E
O |
107 P 5%
E : E my = 125 GeV
10° :
— . | g 00000 ————
= ' l I : ‘ T H m =11.5205A)Gev
80 90 100 200 300 "
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A Tor0|dal LHC ApparatuS

Magnets 2T solenoid,
3 air-core toroids
Tracking silicon + transition
radiation tracker
EM Calorimetry sampling Liquid Argon
’ Hadron plastic scintillator (barrel)
2 PR N Calorimetry Liquid Argon(endcap)
:%‘ ‘ %’ ﬁ § v Muon independent system
o /& x \ R\ \ﬁ) L AN\ - with trigger capabilities
. *ﬁ - B = \‘:\\' Tile calorimeters Trigger 3 Level Implementation
[ \ : LAr hadronic end-cap and from 40 MHz to 400 Hz
S forward calorimeters

LAr eleciromagnetic calorimeters

25m

Toroid magnets

1207 7T T T T

Muon chambers Solenoid magnet | Transition radiation fracker '*E B ATLAS Onllne \s = 8| TeV | i

Semiconductor tracker o B == . _

o 110~ Total Efficiency: 93.5% —

= General purpose detector designed for the harsh LHC environment % - ———— .

: S 100 E
ATLAS p-p run: April-December 2012 S -
= B
Inner Tracker Calorimeters Muon Spectrometer Magnets o . -
Pixel SCT TRT LAr  Tile MDT RPC CSC TGC Solenoid Toroid 5  gof
(&] -
[V} L
99.9 994 998 99.1 Hos 6 sl 6 99.8 100. 99.6 99.8 995 X -

70
(AII good for physics: 9@ N
Luminosity weighted relative detector uptime and goo qua| ata delivery during 2012 stable beams in pp collisions at 88/03 31/05 06/08 11/10 17/12

Vs=8 TeV between April 4™ and December 6% (in %) — corresponding to 21.6 fb™! of recorded data.

Day in 2012

UNIVERSITY©F
BIRMINGHAM 23
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The Standard Model Higgs boson

Substantial progress made in understanding its nature ATLAS Preliminary Input measurements
ATLAS-CMS Higgs boson mass combination; 0.19% precision ™=12536Gev. | = " +iconp
e ATLAS measurement: 125.36 *0-37 (stat) *0-18041 4 45 (syst) GeV Overall = 1177 [1254 — T T 5
e CMS measurement: 125.02 *0-26 9 o7 (stat) 0149 15 (syst) GeV H— vy goF: = 132°% |125.4 e g
— T T T T T T T T T T T T T T T T T T T T T T T T VBF:u=0.8£§E 125.4 l—o——l
ATLAS and CMS —— Total Stat. = Syst. V;:iln s : ¥
LHC Run 1 Total Stat. Syst. Overall:p=1.44'°";° 125.36 — . ' l.l ’ I ’ ‘._.l_| — I . l
ATLAS H—yy F——e—— 126.02%0.51 (+0.43 £ 0.27) GeV Ho 2z e 179 || 0 B
CMS H-yy i 12470 + 0.34 (+ 0.31+ 0.15) GeV VBFVH =05 [ liassg | e |
ATLAS HoZZ 4 ——— 124.51+0.52 (+ 0.52 + 0.04) GeV H - Www* ogg:i;: i:: :
CMS H—ZZ—4l ——— 125.59 + 0.45 (+ 0.42 + 0.17) GeV VBFin=12807 liasasl 1 1 H'*—'
ATLAS+CMS yy I—EI—I 125.07 +0.29 (+ 0.25 + 0.14) GeV Mt PN U R 5 1 -
ATLAS+CMS 4l I-—I'E—I 125.15 + 0.40 ( + 0.37 + 0.15) GeV :
ATLAS+C;‘MS oy | I—%H | 12|5.09 +0.24 iI0.21 +0.11) thaV A HVV (V=W,Z,Y) Coupling \
> T E ° l ° | | lsinz(e' )LEP+|SLC 1o . my; [GeV] SM t th d t
8 80.48 - 68% and 95% CL contours et * e rales agree wi dla :
._;. . E - girect M, an_dzsir:z(e;ﬁ) mea.surements E PreCiSiOn at ~20_40%
< 80.46 — itw/o M, sin (6 and Z widths measurements T . . . :
- fit w/o M,,,, sin*(6,) and M_ measurements ] SyStemat|C uncertainties :
80.44 | fit w/o M,, sin®(6 ), M_ and Z widths measurements ] becoming important
80.42 F E N /

80.4 —] ‘ """"
80.38 Lo SN T - \s=7TeV, 4547 b —2 0 2 4
80.36 E_ M,, world comb. = 1o _E \s =8TeV, 20.3 o S|gna| Strength (u)
80.34 — ; This was not unexpected, given the level of

L — | . . .
80.32 |- fter:] | agreement of thg SM predictions with the
Y S S O B e S observed precision electroweak data

0.2308 0.231 0.2312 0.2314 0.2316 0.2318 0.232  0.2322
sin®(6.)

(even w/o knowledge of mn)
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Overview of rate measurements

ATLAS Preliminary Input measurements
m, = 125.36 GeV +
H . (GeV) + 1o on 9
Overall: p = 1.17°°" |125.4 : : .
H— vy ggF:p=1.3270" 11254

VBF: u = 0.8;2; 125.4
WH: = 1.0"77 | 1254

ZH:p = 0‘1;2:: 125.4

‘0= +0.40 1125.36
H — 77* Overall: n = 1.4470‘33

ggF+ttH: = 1.7 |125.36
VBF+VH: p = 0.3
0.9

12536), | | L e

. Overall:p=1.167%" |125.36 ; ot
H—WW ggF:p =0.98"" 112536 H-'
VBF: 1 =1.28'0% 1425 36 H-°—|
VH:p=3.07"° 12536 | ‘ ) | ) 1 , : l
H o Overall: p = 1.43')% |125.36 I : : T

ggF:u=2.0"" 12536

= 1047059 . . . : .
VBF+VH: n =1.24 054 |125.36 o o e o
Overall: p = 0.52°° [125.36 ; : O
VH — Vbb 07 : : : )
WH:p = 11771125 : ) L —e—

ZH: u = 0.05%%2

cwoltos | e |

H— uu Overall:p =-0.77>7 11255
1
H - Zy Overall:u =277 11255
bb: = 1.5'"1|125 : : . 4B
ttH " :

Multilepton: p = 2‘1'1: 125

4 26 ) : ) : : )
wen=tS s | —

|| L | L 1 Il 1 | L 1 L 1 | 1 1 I 1 I 1 ||

\s=7TeV, 4.54.7 fb” —2 0 2 4
\s=8TeV, 203 fb" Signal strength (u)

UNIVERSITY©F

e
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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 /|
: C 6_ - 10 Expected
— L — - o E d
B [ = =1 ®© 10 -2 ’// ........................... 2 ....... xpecte ...............
€ 2000 |- S
O I =l 43
E 1 0 s\s \\'/‘/( /"
-c :-_ -40 N N N - F T 4 "
3 1500 [ R . IS
et L
'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
7y} 0 100 200 300 1 00 120 140 100 120 140
m_ [GeV] m,, [GeV] m, [GeV]
. . UNIVERSITYOF
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HoT1T

Standard Model Production Cross Section Measurements  siuws: varch 2015

o 10" o
ol 80 b ATLAS Preliminary
Rd
b 106 0.1<pr<2TeV Run 1 \/_ = 7, 8 TeV
@
0.3 s<5TeV
10° o g LHC pp Vs =7 TeV LHC pp Vs =8 TeV
B Theory B Theory
104 nj=0
o Observed 4.5-491b" Observed 20.3 fb
5 pb™
103 n=1 n; =0
35 pb™*
y n52 - '9;'13(— 95% CL
10 o _o_'ﬂ_ N total upper
“12.3 N> p ®W 13010 :‘.'
1 /] g_ - Oy O.7:fb+
10 n>4 ¥ 20107 HoWW o -t |
o "iz3 X == 5 R
_o_ 9] > 5 - ] 85% CL :
. upper
1 > nj=4 226 @ =0 limi :
-3 0 _l - !
n;=>6 1 1
n; z 7 VBF ‘ 1 I
1 G © H—WW ﬂ '
10 n; 2 8 : :
26 g B | “—“— I
o I I
— ;>
10 n;z 7 nﬂ : :
Ha va{ i -.- E
1
PP Jets Dijets W Z  tf tecan WW 7Y Wt H WZ 2zZ Wy W+ 7y gw tiz tty Zii Wyy wwiitechan
Ru0.4 Ru0.4 WZ EWK EWK
total |y|<3.0 |y|<3.0 fiducial fiducial fiducial total  total fiducial total fiducial total  total fiducial fiducial fiducial total = total fiducial fiducial fiducial fiducial total
y'<3.0 semilept. njet=0
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H—J/yy and H—>Y(ns)y

_IlllllllllllllIlIIIIIIIlIIIIIIIIIIIII_ _IIII|IIII|IIII|IIIIIIIII|IIIIIIIIIIIII_

> >
8350F | pue ATLAS 1 250 4 ome ATLAS .
83003—_':“ s=8TerLdt=19.2fb'1_f g o Fit s=8TeVJLdt=19.2fb’1:
S : I:l Jhy Loose Isol. Soft p_ . S 200:—'] Jhy Loose Isol. Soft p_ —:
% 250 . Background J/yy channel . _: 'g i . Background Ay y channel _ ]
(O] Barrel Categories 7 () B Endcap Categories i
|_|>J200 ' G =44+1MeV ] |_|>J 150 G =74+3MeV .
1 100 .
. 501 -
. 3 > VCTRYy
O | | w I LI hT Y] hd iqffdgqufffffdgu,ujffL\_qufpj_ld,,;\_l;b,\‘_lgj
2.7 28 29 3.0 3.1 3.2 33 34 35 2.7 28 29 3.0 3.1 3.2 33 34 35
m,.- [GeV] m,.- [GeV]
% Ellllllllllllll||||||||||||I||I||l|||||£ %140__IIII|I|IIIIIII|||||||||||||l|||l||||ll__
G 80} t pata ATLAS 4 O [ ¢ paa ATLAS )
g 70}__ Fit s=8TerLdt=20.3 fb“_} ; 120 _ 4 s=8TeVJLdt=20.3 o' —
; g === Y(nS) Loose Isol. Soft P, g ; 1 B ===T(nS) Loose Isol. Soft P, :
[ 60 Y (nS) y channel ] [ OO—_ Y (nS) y channel N
) - . Background . . o - - Background * _ -
> - Barrel Categories ] > L Endcap Categories -
L 50;_ 6,s=108+13MeV - L 80__ 0,=222+t53MeV |
o EI -
30F - A .
- + . 401 -
20 E i
10 g 2 ;
of — — — 0 —
8.0 85 9.0 9.5 10.010.511.011.512.C 8.0 85 9.0 9.5 10.010.511.011.512.0
Phys.Rev.Lett. 114 (2015) 12, 121801 m,.. [GeV] m,. [GeV]
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H—J/yy and H—>Y(ns)y

Phys.Rev.Lett. 114 (2015) 12, 121801
216001~ ATLAS Simulaton 4
<]>) I Barrel Unconverted H— J/y vy ]
w1400 Sigma = 1.50+ 0.02 GeV -

i Mean = 124.85+ 0.02 GeV ]
1200~ -
1000 [ -

800 =
600 .
400 =
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i ® | ° i
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ﬂ 900 r 1T T 1771 1T 17T T 1T I | | T 1771 —E
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H—J/yy and H—-Y(ns)y

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

—III|IIIIIIIIIIIIIIIIII|IIIIIIIII|IIIII
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i 1 > -
- | IIII|IIII|IIIIIIII|IIII|III]|IIII|IIII
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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!

BR)_g4 K,[(3.0£0.3)x,—0.78%,]x 10~° S s AN
BR)_,, K[(1.9£0.2)k,~0.24%,—0.12%,] x 1073 5
BRh—>bl_) 0577?% ’ §
BR)_,, &,[(1.6£0.2)x,—0.59%, —0.29%] x 10~ - -——— -
BRh—>¢y/BRh—)¢y
L5 Figi = | N .
N 4

10F

0.5 i Phys.Rev.Lett. 114 (2015) 10, 101802

BRyY, ~3-107°
R’S — ms/mb ~ 002 =
Fa = mg/mp~1-107° BRh_>m 1.9-10

R = My /My ~ 4.7-107%
o = T/ BRyM  ~1.6-107

07 08 09 10 11 12 13
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LHC/HL-LHC Plan

High
LHC / HL-LHC Plan Luminosity
LHC
LHC
LS1 EYETS 14 TeV 14 TeV
13-14 TeV - B energy
8 TeV splice cons:_:lidation SPS clr;l:;te?'irlcuspg::f 4 crvolimit ) _ i;?n;;
7 Tev e butl:;Ec::gir::‘tors co sT:‘;p:::?:n in: gé Efgﬁ gn HL-LHC installation luminosity
collimation

2013 2015 2020 | o021 b 2oz IIII“

5%
nominal

luminosity I experiment beam pipes I/"

nominal luminosity

" Runl

N

radiation
damage

2 x nominal luminosity ‘I

]| experiment upgrade |l !

phrase 1

} today

i ’Q

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
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Higgs in Run Il and beyond

_ The LHC is a Higgs Factory R T ciom e st
* Run Il x5-6 more integrated luminosity compared to Run | 8 & (mH=125 GeV) ]2
« x2.3 - 3.9 increase in Higgs production cross section from 8TeV to 13TeV < Y 17.4pb@7TeV ¢
. B : o TR + N 22.1 pb @ 8 TeV 2
x3.4-5 improvement in statistical sensitivity T 1oL ° % 57.02pb @ 14 TeV
In Run Il several Higgs analysis may become systematics limited (- % .
need to work on reducing those 8 I ™ -
e I R §
ATLAS Simulation Preliminary ATL-PHYS-PUB-2013-014 1 0}5’5}%@, -
's =14 TeV: [Ldi=300 b ; [Ldt=3000 fb™" & [ T T = Y N -
1 - X BestFit * Standard Model E - X ’Fé’o sl\ L ]
[ T - — w/ theory - w/o theo . /‘*.‘ ..
H_)uu (comb.) : 1.3 6% CLry — 95% CL ? = i [<9:\) O 7
(InCI ) _________________________________________________________________________ - . 10-1 - )é\’\ .. -
(ttH-like) 1-25— E E Lo, T E
H—tt (VBF-like) 1.1 - - _
ZZ Comb :_ _: |IIII|IIII|IIII|IIII|IIII|IIII|I I|IIII|IIII.|
H= (\(,H ,,ke; ““““““ k& 1 100 200 300 400 500 600 700 800 9001000
(ttH-like) s —— 0SE E M, [GeV]
(VBF ||ke) 0.8:— ATLAS Simulation Preliminary_T] :
( gF |Ike) - | | \s= 14TeV _[Ldt 300 fb 5
ASWW (comb) B %-6.9 095 1 105 EK
(VBF-like) e w  Several open topics in the Higgs
(+1) O T ' E sector for future studies:
A7y (|(ncIJ; jof ey woton E - Rare decays & Couplings
Hoyy  (comb) [EE® 12F £ - CP studies
(VH-like) 3 E - BSM Higgs boson searches
(\fgﬁ :'ie; — '15 : - Higgs boson pair production
IKe — -
(+1) SERHGHEHEE | oof £
(+OJ) ::=::E W I E— I I — 0.85— ATLAS Simulation Preliminary_T] g
0.2 0.4 g \s= 14TeV _[Ldt 3000fb' :
ATL-PHYS-PUB-2013-014 A 69 0.95 1 05 &
‘.:V
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H—-ZZ*)—4l: Fiducial/Differential cross sections
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BSM examples

ATLAS-CONF-2014-010

Addltlonal EW smglet fle|d ATLAS Preliminary EW singlet
Simplest extension of SM Higgs sector :2_;13 }tj::;lobj:fs fb1 oo (E)f: ;’25 St
Results in two CP-even Higgs bosons: h, H Combined h — vy,2ZZ* WW*ttpb  —— — SM
(assumed non degenerate) 2 ;E_ ZTabagegssaeCatigbia gt it et
Couplings similar to SM Higgs boson, but each scaled by o 0.8H Wi :
common factor, denoted as Kk (k') for h(H). 0.7F | AN Rl beae >
From unitarity: k2+k2=1 8'25 A AR A 3
= op X BRy, _ e 04;% ““‘ \“‘ 5 X3 X ~\~
(@ X BRy)sm 03?_ 1%“0) \‘.‘ : D 2 \ Ls = \
oy X BRy " 02%: ".-o"‘\ 7‘;3 ﬂg\ e | B R R S 0 A
M= o xBRygy ¢ (T BRiaew) 0.35 R e TN et netee -
0 0.2 0.4 0.6 0.8 1
gu_ 4_""|""'I.""l""l""l""I"" uH
- ATLAS Preliminary + sy X Bost fit

- \s=7TeV, det - 46-481fb"

3 atev fLot =203 1" — ows. 68% CL - - obs. 95% cL. | Minimal Composite Higgs Model
Combined hs 77,22 W+ ob5  — EXP-68% CL =~ Exp. 95% CL Higgs Is pseudo.Nar_nbu-GoIdstone boson
2 Neglecting contributions from new heavy resonances the

Higgs couplings modified wrt SM as a function of
compositeness scale: g — 02 / f2

IllLullllllllIII
I

MCHM4: k = kv =kr = 1 =& 710 (460) GeV at 95%CL

IIIIIllllIlIlIIIllIlIIIIIII

ky = 1 =€
e, 1 MCHMSS 12 f>640 (550) GeV at 95%CL
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 KE= e
Ky
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H—ZZ™*)—4l: Coupling Results
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Prospects for Run lI/lll and HL-LHC

ATL-PHYS-PUB-2013-014
ATLAS Simulation Preliminary

's = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb"

Several open topics in the Higgs sector for future studies:
- Rare decays & Couplings - CP studies
- BSM Higgs boson searches - Higgs boson pair production
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(+0j
i SR SRR R R AR R AR R 5 AR AN LARAN RS LAY IARRE RAAAN R i
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-lIKe C ] - ]
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