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Higgs Production
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Cross section increases by a factor
of 2.6 or more from 8 to 14 TeV

Cross sections in pb for my = 125 GeV

/s (TeV) eoF VBF VH #H
7 151 1.22 0014 0.086
3 195 158 1.0 0.130
14 409 418 238 0.611

Ac /o for pp at 14 TeV

Process QCD scale PDF+a, Total (linear sum)
oo +10% +7% +17%
ttH +8% +9% +17%
VBF +0.5% +2.5% +3.0%
VH +0.5% +3.5% +4.0%

Already a major systematic to analysis
in jet-bins.
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Higgs Decays

q@ | I T T lr,l-“;_-l T T T I — E mH = 125 Ge‘l’r
E : V/s=14TeV oy =57.1 pb
+ 107 Branching ratio
o H — bb b7.7%
n
2 H—WW* 21.5%
10-._'-" = H — TT 6.32%,
- H—ZZ" 2.64%
i H — ~~ 0.23%
. VAN S H — pp 0.02%
107 o0 200 300 400 500 1000
My [GeV]
[ ~0.57T", = Am, has a large impact
ABR/BR at My =125 GeV
decay theory parameters total (linear sum)
H — bb +1.3% 1.5% +2.8%
H— 711 +3.6% +2.5% +6.1% H H
H o Thoq | iaey e Need to.m.vprove SM calculations
and their inputs as we enter a
H - WW* £22% +2.5% +4.8% . . . .
H_ 72  129% \ 195% 487 new era of precision Higgs physics!
H — vy +2.9% 2.5% +5.4%

A. Denner et al., arXiv:1107.5909
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Higgs Event Rates

pp — H + X at /s =14 TeV for my = 125 GeV

gglF VBF VH ttH Total

Cross section (pb) 49.9 4.18 2.38 0.611 57.1
Numbers of events in 3000 fb—1 TN

H — vy 344.310 28.842 16.422 4.216 393.790
H - Z7% — 4f 17.847 1,495 851 219 20,412

H— WW* — fvlv 1,501,647 125,789 71,622 18,387 1,717,445

H—rrt 9,461,040 792,528 451,248 115,846 10,820,662
H — bb 86,376,900 7,235,580 4,119,780 1,057,641 98,789,901
H — pup 32,934 2,759 1,570 403
H — Z~ — 15,090 1,264 720 185
H — all 149,700,000 12,540,000 7,140,000 1,833,000 171,213,000

An ultimate Higgs factory!

Granted, only a small fraction of all events will be recorded.

Jianming Qian (University of Michigan) 4



Higgs Boson Mass

Events / 2 GeV
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Uncertainty of energy/momentum scale
is the dominant systematic uncertainty
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= should largely scale with 1/\/2

ATLAS:

m, =125.5+0.2(stat)" (syst) GeV
CMS:

m, =125.7+0.3(stat)+0.3(syst) GeV

CMS Preliminary ¥s=7TeV,L=51f";ys=8TeV,L=196"
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Higgs Boson Mass

Martin, arXiv:1303.3342

With 300 fb™", ATLAS estimates a
precision of 0.07% @ 125 GeV
= Am, =90 MeV.

Precision in MeV on my

A(stat) A(syst) A(total)
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ATLAS TDR: CERN-LHCC-1999-15
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@ All channels (scole known to 0.02 %)

3
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my,; (GeV)

For H— yy, precision measurement will
] - need to take into account the interference
with the continuum.

Am,, ~100 (50) MeV for 300 (3000) fb™*
should be achievable at the LHC.
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/TDR/access.html

Higgs Total Width

Diffcult to extract from the rate measurements without some assumptions

on couplings: o -BR(i—>H —> f)o

Examples: only SM decays or weaker assumptions g,,, <g,.. ...

In these scenarios, the sensitivity ~T7,".

I',, can be determined model-independently
through the fits tom  and m,, distributions.

The problemisthat," =4.1 MeV < o,

From the m  distribution of the 7+8 TeV
dataset, CMS observed (expected) an
upper limit ", <6.9 (5.9) GeV @ 95% CL.

Assuming it scales with luminosity, an upper
limit of ~300 MeV or ~80xI"," with 3000 fb™".

-2ALL

{s=7TeV L=5.1f!
CMS Preliminary {5=8TeV L=19.6fb

5| - 7+8 TeV (observed)

= =7+8 TeV (expected)

== FC 95% Upper Limit (observed)

= =FC 95% Upper Limit (expected) ~ .**

4

3

8
Higgs Decay Width (GeV)
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Higgs Total Width

yy Interferometry: Dixon & Li, arXiv:1305.3854

FT
300F

H — yy interference with the

=
=
TT
n f— — — —

continuum leads to shift in m// toof
I 4 47 2 of
ArnH = mH _mH o \/FH E: 1005 [ Destructive Loter. (S
= —lor e
Potentially sensitiveto I',, <~2xI}" 7 1 Q) Comenctive et
with 3000 fb™". b |
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Ca/T5™
Off-shell gg — H — ZZ production: Caola & Melnikov, arXiv:1307.4935

2 2 2 2
do 9,°9; ~_ 94°9; —  Off-shell: determine g;-g;

2 2 2 \? 212 2 2
dmy, (mM—mH) +m,Ll', (mM—mH) On-shell: extract I,

Expected sensitivity: I',, <~ 10T,
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Coupling Deviations

How large are potential deviations from BSM physics? How well do we

need to measure them to be sensitive?
To be sensitive to a deviation A, the measurement precision needs to be
much better than A, at least A/3 and preferably A/5!

Since the couplings of the 125 GeV Higgs boson are found to be very close
to SM = deviations from BSM physics must be small.

Typical effect on coupling from heavy state M or new physics at scale M:
2
A~(ﬁj ~5% @ M~1TeV

(Han et al., hep-ph/0302188, Gupta et al. arXiv:1206.3560, ...)

. .. ‘ 4
MSSM decoupling limit IV 1-0.3% (200 Ge‘)
A at sub-percent to a few percent, IhsuV'V 2051; e
will be challenging to distinguish ghtt _ Ghee 1 _17% ( Te )
. .. Ghg Ghappce ULy
the MSSM decoupling limit from ; M ;S“ 500 C;I,_. 2
the SM in the case of no direct o= S~ 1440% (d ) -
Ghspabb Gheyrr m 4

discovery.
y (ILC DBDPhysics)
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Inputs to Coupling Fits

Measured rates of different production and decay combinations

== o(stat) . |
ATLAS oeysy  rotal uncertainty s=7TeV,L<51f" Vs=8TeV,L<19.6 0"
my, = 125.5 GeV 5(theo) T lconpu Combined .
H +0.23 ; u=080+0.14 CMS Preliminary m,=125.7 GeV
-y | g5 o [£015 —t H — bb (VH tag) ., =094

__________________ ez 0,15 A |
Lowp, b6 s | H — bb (itH tag) =
Highp, w=17"|r05 —— H — yy (untagged)
Zjethigh T e :
massvor) 190|108 = H - vy (VBF tag)
VH categories 1 =1.3"%|10.9 L } | ! H— TY (VH tag)

* +0.33 :
H-2zz > sl — H - WW (0/1 jet)

' 035 (£0.14 i
gz;:ﬁ:keu _12;; I.E.J:.g... PR _I,__._. : P H N WW {VBF tag) .
roies 1= 14505 [t035 —t— H— WW (VH tag) ———
* +0.21 H

H— WW “—> |Ov;\; lg_; o ; H— 1t (0/1 jet) ——
| T Teml30.12 ' H— 1 (VBF ta
0+1 jet w=08277 |+0.22 .—I— ( 9)

2 jet VBF n=14"7los .._I_f H— 1z (VH tag)
Comb. H-syy, ZZ*, WW+[+0.14 § H— ZZ (0/1 jet)

k=133 oot il H - 7Z (2 jets)
\s=7TeV [Ldt = 4.6-4.81b" 0 1 2 3 -4 4
\s=8TeV [Ldt=20.7 15" Signal strength (u) BESt flt Gfﬁ SM

At the LHC, only the products of o -BR's are measured.

There is no model-independent way to separate o and BR.
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H->uu Decay

Small BR(H — =2.2x10™" @ 125 GeV, good mass resolution ~2 GeV,
MU

10 times smaller than BR(H — yy) with a larger background
ATLAS-CONF-2013-010
ATLAS has searched this decay in My, — ma| < 5 GeV
the 8 TeV dataset, the background Background  Signal (125 GeV)  Data
is dominated by Z+jets: S/B~0.2% 17,700 + 130 377 +£0.2 17,442

The 95% CL limit on oxBR relative to the SM: 9.8 (8.2) observed (expected).
the analysis will clearly benefit

from high luminosity E 110(;: t’}ﬁes;e”minarb (SimUIétiT)zﬂu
o L dt = 3000 fb"
For 3000 fb?, the H>pp decay 2 10 J X
is expected to be observed with S 10 B 09 H > s, m =125 Gev
a significance more than 6c. 10°
Moreover, 30 events are expected 1o -
from ttH and H->pup with a S/B 1o*
better than 1 = A/ 1~ 25% o i
(assuming current theory uncertainty) 1080 100 120 140 160 180 200

m,, [GeV]
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http://cds.cern.ch/record/1523695
http://cds.cern.ch/record/1523695
http://cds.cern.ch/record/1523695
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http://cds.cern.ch/record/1523695
http://cds.cern.ch/record/1523695

ttH with H->yy

ATLAS has searched for ttH with

120 < my < 130 GeV

H->yy Decay in the current dataset

Two analysis categories:
Leptonic: N, 21, N, =21 and £, >20
Hadronic: N, 26, N, 22

At m, =126.8 GeV, the 95% CLlimit on
o XBR relative to the SM: 5.3 observed
(6.4 expected).

With 3000 fb!, expect to observe

several hundred ttH->ttyy candidates
and achieve A/ ~20%

(assuming current theory uncertainty)

Analysis Npg Ny (mg =125 GeV)
category ttH H +other
Leptonic 1.2 (40.6,—0.5) 0.46 0.10
Hadronic 1.9 (+0.7.—-0.5) 0.32 0.03
B~1:4
GeV S/
ATLAS Preliminary (Simulation) ttH

Events / GeV

)

15 =14 TeV E
[ Ldt =3000 fb =
=

[ ]

==

130 140 150
diphoton mass [GeV]
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Coupling Scale Parameters

Parametrizing deviations from SM using scale parameters: (SM: K= 1)

HEf — r Ypw = s N
7D v TN H N
m o PO
Quee =K ——, Gy =K, P =
Hf £, I v . L,
2 2
K g K y

For example: (o-BR)(99 >H—>y7)=| o(99 > H)-BR(H—>yy) |

X 2
SM
KH

K, is the scale factor to the total Higgs decay width
Kb =) ki -BR(H—> xx) —femensMdeee 5 42 = "2 - BR,,, (H — xx)

BR,,, (H — xx)
K -
“ 1-BR

With non-SM decays 2 2 : 2

non—-SM

Benchmark models with different assumptions. Most models assume

no non-SM decays (BR =0).

non—-SM
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Five-Parameter Model

K, =0.577x, +0.215k,, +0.086x; +0.063x. +0.029x

K,, K, K., K ,6 K
wr *zr Rty Rpr Mg +2.63x10 K, +2.28x107° K +...

up-quarks: k> =«x;; down-quarks: k? =k,

CMS Preliminary fs=7TeV.L<51f" Vs=8TeV.L<19.6f"

s‘\l“ B I Ll 1 LI III| Ll T 1 LI III|""II ! “:
Decompose loop diagrams: S | [=sewcl :
D qL|—95%cCL .
g TUTTH = TF 7 I3
2 2 4 2 i Wﬂ :
Ky =Ky [ o ]
g 0000000
107 E
i b ‘ ]
H L 5 .
10_2 E_ f,v'*‘ _E
2 2 i 1 1 | 1| III| 1 1 | 1 1 III||||||||||||||||||:
Kk, ~[1.26x, —0.26x, 1 2 345 10 20 100 200
mass (GeV)

Good agreement with SM expectation = SM-like Higgs boson
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Coupling Projections

Many studies done for European Strategy planning summarized in the
Physics Briefing Book. Studies are being revisited and expanded.

ATLAS Preliminary (Simulation) CMS Projection
. . . T T | T T T T | T T T T | T T T T | T T
Vs =14 TeV: |Ldt=300 fb"' ; J.Ldt=3[]DID i*] Expected uncertainties on F— soma e 44Ty
Ldi=300 fv™! extrapolated from 7+8& TeV Higgs boson couplings 1 oo’ a e 1 T scaled sym e
T, /T, K, , )
. 300 fb
E’?
/T,
T h-b
r,/T, | K,
[ K,
1 1 L L L | L L L L | L L L L | L
T /T, . 0.00 0.05 0.10 0.15
expected uncertainty
r, /T F
(Extrapolated from 2011/2012 results)
Tl /T, ﬁt
0 02 04 06 08 Two assumptions on systematics:
ATJT,) Ak K,
T 2 1. no change

2. A(theory)/2, restoc 1/\/Lumi

(Based on parametric simulation)

Ratios can be measured with better precisions,
some can be measured at percent level.
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http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/Briefing_book.pdf

Projection for 7-Parameter Model

K, K, Ky Kz, Ky Ky K,

KK, for loop diagrams = allow potential new physics;
K, ,k,: forvector bosons;
Kk,,k,: forup-and down-type quarks;

K, : for charged leptons.
Coupling parameter 300 fb~! 3000 fb—!
Fim (5—7)% (2 —5)%
Ky (6 —8)% (3 —5)%
KW (4—-5)% (2 —3)%
Kz (4—5)% (2 —3)%
Ky (14 — 15)% (7—10)%
K (10 — 13)% (4—7)%
Ko (6 —8)% (2 —5)%

(*assumed custodial symmetry, will be updated without it)

Most of the couplings can be measured with a precision of ~5% or better.
HL-LHC will improve the precision roughly by a factor of 2.
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Other Rare Decays
Ho>Zy —>lly

is another high resolution channel, similar to H— yy, but with a smaller
BR(H — Zy)=0.15% and further suppressed by BR(Z — £/).

CMS Preliminary ‘ H—=2Zy
eie . . . e C (s=7 TeV, L=5.0 fb"
Current sensitivity is ~13xSM, statistics 1600} s =8 TeV, L= 196 1b"

Electron + muon channels
—&— Data

1400

limited analysis, should largely scale with
luminosity = sensitivity @ ~ 0.7 xSM
with 3000 fb™.

—— Background Model
— Signal m, = 125 GeV x 100

g B
S S

Events/(2 GeV)
g

H%j/wy_)fgj/ foo™ =m0 120 130 140 150 160 170 180

m,,, (GeV)
A recent suggestion (Bodwin et al., arXiv:1306.5770) to use this decay
to get a handle on Hcc coupling:
BR(H— J/y y)=2.5x10" and BR(J/y — (£)=5.9%
= ~50 events in 3000 fb™

A tough one, but it is important to explore. New physics could enhance
the rate.
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Invisible Decay

One non-SM Higgs decay that has garnered interests is the decay to “invisible”.
VBF and ZH productions are expected
to have the best sensitivity.

Both ATLAS and CMS have results
on ZH. Assuming SM production,
the observed (expected) limits are

ATLAS: BR,, <65% (84%)
CMS: BR,, <75% (91%)

CMS Preliminary
\\‘\IlllllllIIIIIIII|IIII|IIII|I\\\‘

= F =

¢ 3— — Observed ZHoI+MET -]

bN i Expected Vs=7 TeV,J L=5.1 " .

2 25 55?23:3?;2 Y5=8 TeV, [ L=19.6 fb" -]

No estimate of sensitivity at HL-LHC ~ #  © Pectec ]
. . . 21— -
is available. Cannot be easily scaled A ;
. . N ~ -

from luminosity. MET performance e 15¢ .
. e} L ]
is the key. 2 1 B
Back-of-envelope estimate: o 05 3
32 n .

BR,, <~(10-20)% S 0405 0 M5 420 425 430 435 40 145

M, [GeV]
is possible.
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Spin Determination

Higgs decay kinematics depends on its properties
of spin and parity. H— 3y, H—> ZZ" — 4/ and

H— WW — ¢v/v final states have been analyzed
to determine these properties.

CMS preliminary Ys=7TeV,L=51fb" ys=8TeV,L=196"
L T 177 L T T T T

| | LB UL B
'%' 0.1~ 2;(991 B
Z oosl T e oen ] SM prediction of JP=0* is strongly favored,
8 i ] most alternatives studied are excluded
& o0o6F . @ 95% CL or higher.

o4 E The spin of the 125 GeV boson is already

0.0oL ] tightly constrained. Limited parameter

i space of spin-2 hypothesis remains.

% 20 10 0 10 20 30
2xIn(L /L)
21(99)
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CP Admixture

H->VV coupling:

Av/17 2. o o . (1) p(2). 01 «(1) £=(2).ur
"—h Vv o< a1Mmi€€y + Hﬂf;r;:/ }f (@)1 + a‘ij%f,tu(f }f ().

al: tree-level coupling to WW and ZZ
a2: loop-induced processes such as Zy, yy and gg
a3: pseudoscalar coupling

Scalar couples to VV at tree-level, pseudoscalar couples to VV at loop-level
= strong suppression of CP admixture effect.

H->ff coupling: m;

U2 (py + poys) v

A x
17

No loop-suppression for pseudoscalar coupling to fermions. Can be studied
in Higgs decays such as H->1t as well as in the Higgs production of the ttH
process.
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CP Admixture

2
Parametrizing CP admixture using the CP-odd fraction: £, = |03| O3

Z|a, |2 O;

CMS has measured f., by analyzing kinematics of H - 77" — 4/ candidates
of the current dataset: f., =0.00"2 or f., <0.58 @ 95% CL

-0.00

) SsPrlminay | fe7TehLosimlfE-sTiLe tos’ The expected uncertainty is 0.4 which
o L i
g 10- 1 projects to

R i / 3 Af., =+0.07 at 300 fb™

Af., =40.02 at 3000 fb™

However, f., in H—>VV decay is expected
to be small due loop-suppression. A ~10%

e TSI CP admixture will lead to f., <10~

faS
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Higgs Potential and Self-Coupling

At the heart of the theory is the Higgs potential
V = — “2(1)1' D+ )\ ((I)T (I))2

Spontaneous symmetry breaking leads to

1 1 1 ,
AL = —5?3’1?{H2 — ﬁgHHHHS - ITQHHHHH4 Re(4)

with ” s ~

‘ . 3m¥, ‘ 3m%,
mpg = V2 v, ggppg = 6\v = . ggppgog = 6\ =
v |

Once the Higgs mass is known, the two parameters are fixed:

2
2 12~ (80 GeV)? and A= K
It —£)113Hm(<_L V)" and A =

_ 92

— —

~ (.13

Any new measurement will over constrain the system and therefore test
the validity of the Higgs potential.
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Higgs Pair Production

o(pp—>HH+X)~34fb @ 14 TeV

O ==+ V/ (§) =" (¢'¢) + A(¢'9)

Small cross sections, destructive interference between self-coupling and non-
self-coupling diagrams. Cross section reduced by x2 with the self-coupling.

o(pp — HH + X) [fb | ' ' T '
- olpp o HEA X)[fB] [ o(pp — HH +X) [fb]
1000 L My =125 GeV P =25 i _ ol o
- ] 1000 L V5 =14 TeV, Ml 2 125 GeV -
I e 2= ' L gg +HH Lo -
i ’“ - I 1o
100 - . qq’ —+ HHqq’ 100 | ! -
s / qq/gg — ttHH | [ aqq' —+ HHqq' :‘ : ]
: _ I N yd
: , ol ] | I
0% e qd — WHH; 10 o ]
' ML S qq — ZHH | - M|
L ] __ - ] L I | )
Lpo . 1+ qfq - WHH - o .
e ] - qq — ZHH |k
S
0.1 ' ! L L 0.1 - - - . ]
B 25 a0 h 100 -5 -3 _ -1 0 1 3 5
Vs [TeV] AunH/ M

Baglio et al., arXiv:1212.5581
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Higgs Self-coupling Studies

o(pp — HH)Q14 TeV 34 th

Many final states to explore, small

number of events for clean channels. .
Events in 3000 fb—!

Several studies by theorists, some HH — bbyy 270

very preliminary studies by ATLAS. HH — bbrT 7,400
HH — bbWW 25,000

HH — bbyy is likely the most sensitive channel with major backgrounds from
ttH — bbyy + X and ZH — bbyy, a signal-background ratio better than 1:3 can
be achieved. HH — bbrr should help too. Will likely need to combine many
final states to maximize the sensitivity.

More studies are clearly needed from ATLAS and CMS experiments. But a
~30% measurement on the self-coupling is possible with 3000 fb-! combining
two experiments.

Higher energy will help. At 33 TeV, cross section increases by ~x7 for both the
signal and main backgrounds
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Summary

With 3000 fb! at 14 TeV, HL-LHC has the highest statistics
than any future Higgs factory = unique opportunity for
precision Higgs physics.

e The Higgs boson mass can be measured with a precision of ~100 MeV
for 300 fb! and ~50 MeV for 3000 fb1.

e LHC s the place to study Higgs boson in the next decade. The expected
precision of Higgs couplings to fermions and vector bosons are estimated
to be 4-15% for 300 fb! and 2-10% for 3000 fb-1. Better precisions can be
achieved for some ratios.

e A ~30% ultimate measurement on the Higgs self-coupling is expected
from HL-LHC, but this needs to be confirmed with more studies.

The full potential of the Higgs physics
at the HL-LHC is yet to be studied!
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Beyond Standard Model

Understand the implication of a 125 GeV Higgs boson,

whatever it is, it’s SM-like...
Arbey et al., arXiv: 1112.3028

= 140 L UL AL I B ILILIL U B
For pMSSM, favoring large Ms ‘ 3_135 i |
= opens up small tanf3 regions

M, =1255+£3

M, =1255¢+2

LHG excl, 4 ' T R T ] P

LEP 100 R oy e
excl. 1 4 3 2 ) s 3

X, /My

Develop new benchmark models
- Electroweak singlet

- Composite model

- 2 Higgs doublet model

- MSSM

400 600

Carena et al., arXiv:1302.7033
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2 Higgs Doublet Model

5 Higgs bosons, the neutral scalars h and H share the role of electroweak
symmetry breaking. Four types of general models:

Type |: one doublet couples to bosons, Couplings relative to SM

the other to fermions; Coupling Type I Type 11
Type Il: one to up-quarks, the other hVV sin(f — a) sin(8 — a)
to down-quarks or leptons hQu cosa/ sin 3 cos o/ sin 3
T ther t . hQd cosa/sinf3 —sina/cosf3
wo other ypes... . hLe cosa/sinf# —sina/cosf3
Lepton-specific and flipped vV cos(f — a) cos(f — a)
Type-IL, M,;=200 GeV HQu sin ¢/ sin 3 sin ¢/ sin 3
559 Conidense Level -0 . HQd sin ¢/ sin 3 cos o/ cos [3

» HLe sin ¢/ sin 3 cos o/ cos [3
— Current Limit - -
—- 300 fb" Limit

IR
0 3 ab Limit

Heavy Higgs will primarily decay to
WW and ZZ bosons

HL-LHC will significantly increase the
discovery potential or tighten the limit.

22 0 02 04 06 08 1
cos(B-or)

Chen et al., arXiv:1305.1624
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Beyond Standard Model

Gianotti et al., hep-ph/0204087
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the Seattle workshop

Most projections haven’t been updated for
10 years <= having too much fun with data

Nevertheless, the sensitivities are not
expected to change much.

We know more than we did before

Extrapolation of Expected CMS bounds
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LHC — High Luminosity Upgrade

Update of European Strategy for Particle Physics:

“Europe’s top priority should be the exploitation of the full potential of the LHC,
including the high-luminosity upgrade of the machine and detectors with a view

to collecting ten times more data than in the initial design, by around 2030.”
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20307

K

LHC startup, Vs 900 GeV

Vs=7+8 TeV, L~6x10¥cm?s", bunch spacing 50ns Run 1
~25 b

Go to design energy, nominal luminosity - Phase 0

Vs=13~14 TeV, L~1x10**cm™3s", bunch spacing 25ns
~75-100 ib”
Injector + LHC Phase | upgrade to ultimate design luminosity

Vs=14 TeV, L~2x10*cm3s”, bunch spacing 25ns

~350 fb
HL-LHC Phase |l upgrade: Interaction Region, crab cavities?

-1
3000 fb !
Vs=14 TeV, L~5x10*cm?s”, luminosity levelling ~3000 fb-
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Production Processes
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